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Preface

Air, water, and ground pollutants are undeniably a major problem for the environment. Adverse effects caused by auto emissions, 
unsafe disposal of toxic waste, and harmful by-products of industrial processes on the environment and human health are well 
established. Generation and accumulation of contaminants is a continuous process, and therefore is an increasing concern, 
which is especially noticeable near large cities and industrial centers. Classic purification techniques are frequently insufficient 
or too expensive and cannot be relied upon as the only ways of removing pollutants from air, groundwater, and soils. It is 
exciting to see that nanotechnology has been used increasingly to address these environmental pollution control and remedia-
tion needs. During the past decade, most of the nanotechnology applications related to the environment have focused on the 
water sector: removal of toxic organic compounds with special emphasis on chlorinated aromatics, remediation of heavy metals 
such as chromium(VI) or radionuclides, disinfection of drinking water, and desalination of seawater. To achieve these goals, 
nanostructurized metals (such as silver and iron), photocatalysis and nanofiltration methods, nanoceramics, nanoadsorbents, 
and nanoparticle-containing membranes have been employed. Several techniques have reached pilot plant and larger scale 
applications, such as the use of Fe0 nanoparticles, for remediation of organic pollutants in soils. Other uses of nanomaterials to 
address environmental issues are growing but are still at the research level.

In this book, we have presented a comprehensive view of applications of nanomaterials for environmental protection and 
remediation. The chapters have been written by well-known specialists in corresponding fields worldwide. On behalf of the 
Editorial Office and John Wiley & Sons, we would like to thank all participating authors for their hard work in creation of 
this book.

The Editors
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1.1 introduction

Zero valent metals (ZVM) and ZVM combinations, including magnetic ZVM [1–4] and reduced ZVM [5–7], are highly  efficient 
water treatment agents [8–12]. They will remove ions, chemicals, compounds, and biota from water. The principal ZVM used 
in pilot and commercial water treatment are Fe0 and Fe0 + Cu0 [13–17]. Prices for ZVM powders are a function of commodity 
prices, particle size, particle shape (e.g., dendritic, spherical, platy, irregular, etc), manufacturing method, source, and quantity 
ordered. Current (June 2014) prices (k$ FOB t−1) for powders are (i) 13,000–400,000 nm (Fe = 0.6–1.6; Cu = 1–7; Al = 5–20), (ii) 
<3,000 to >8,000 nm (Fe = 5–15; Cu = 9–18; Al = 9–850), (iii) 10–1000 nm (Fe = 30–1100; Cu = 9–1000; Al = 9–900). n-ZVM 
powders are either used to treat water in a reactor [10], or are injected into an aquifer [10, 17], or are placed in a  permeable 
reactive barrier (PRB) within the aquifer [10, 18].

Use of n-ZVM in a fixed (packed) bed reactor (where all the feed water flows through the n-ZVM) is impractical, as n-Fe0 
rapidly corrodes and expands to form hydrated, low-density hydroxides (Fe(OH)

2
, Fe(OH)

3
) and peroxides (FeOOH). This 

results [10] in a decrease in porosity, decrease in permeability, increase in the proportion of dead end pores, and a decrease in 
pore throat size. Associated gas bubble formation (O

2
, H

2
 [10]) results in permeability reduction [18, 19] due to gas occlusion 

switching water flow from viscous flow to Knudsen diffusion [20–22]. The net effect is a major reduction in permeability (and 
water flow rate) over a short time period (Fig. 1.1a) in the reactor, or aquifer [10]. Fluid flow (Q

f
, m3 m−2 s−1) = k

p
 D

f
 [20–22]. A 

list of abbreviations is provided in Appendix 1.A. The dominant fluid flow mechanism switches over a period of 2–6 weeks from 
viscous flow to Knudsen diffusion due to the generation and presence of trapped nano/micron-sized gas bubbles [10, 20–22].

Changing the reactor type to a diabatic diffusion reactor (where a body of water overlies a static body of ZVM, and all water 
enters and leaves the reactor through the water body), mimics the situation that occurs in an aquifer, during remediation, 
 following n-ZVM injection. A policy of groundwater abstraction, treatment, and reinjection allows the remediation to be under-
taken in a short time period in a controlled environment without creating long-term damage to the aquifer [10]. In an uncon-
fined, diabatic, diffusion environment (e.g., shallow contaminated aquifer or soil), the principal controls on Eh, pH, EC 
(electrical conductivity), and remediation are [10]: (i) flowing water space velocity (SV = Q

fr
/W

zvm
); (ii) the stored water to ZVM 

ratio, [SWZ = S
w
/W

zvm
]; (iii) the water composition; (iv) atmospheric/groundwater temperature fluctuations; (v) atmosphere 

composition variation (principally humidity); (vi) atmospheric pressure fluctuation; (vii) vertical infiltration recharge (associ-
ated with storm events) into the aquifer/soil; (viii) water losses from the aquifer/soil, due to evaporation, leaching, and the 
interaction of the n-ZVM (and n-ZVM products) with minerals and biota; and (ix) porosity occlusion resulting from the 
movement of  displaced air as the water levels rise and fall (during and following infiltration recharge) [20–23].
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fiGure 1.1 nano-Material Behavior During Remediation. (a) n-ZVM permeability decline in a fixed (packed) bed multi-tubular reactor 
[10]. (b) Impact of 7.2 t, pneumatically injected n-Fe0 (>1000 nm) into 1839 m3 soil, on Eh and pH with time. Hunters Point, San Francisco, USA) 
[17]. Q = equilibrium Mol l−1 TCE/DCE; (c) Impact of 7.63 kg infiltrated n-Fe0 (50–300 nm) (containing 0.15% Pd) into 808 m3 soil, on Eh and 
pH with time (12 months): nAS Jacksonville, Florida, USA [17]. (d) n-ZVM: pH vs. Eh over time in a static diffusion reactor showing typical 
trajectories. Data points taken at 0, 1, 10, 20, 30, 40, 50, 60 day intervals [135]. (e) pH oscillation with time, n-Fe0[135]. Oscillation value = change 
in pH from previous measurement. (f) Eh oscillation with time, n-Fe0: Data: [135]. Oscillation value = change in Eh from previous measurement.
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This review considers (i) the contaminants that can be removed by n-Fe0; (ii) the factors and mechanisms that impact on the 
remediation rates; (iii) the interaction between n-Fe0, water, ZVM corrosion/remediation products; and (iv) Eh, pH oscillations, 
and trajectories and their impact on remediation.

1.2 contaminants removed by n-fe0, n-cu0, and n-al0

Contaminants removed from water in a diffusion environment at temperatures in the range [<0 to >70°C] by n-Fe0, n-Cu0, and 
n-Al0, include 
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1. Pollutants of the form MO
x
, where M = S, n, C, P, Cl (e.g., nitrates [24–30], nitrites [30–33], perchlorates [34–37], 

carbonic acids [38–45], phosphates [46], sulfates [47–50]). Pollutants are removed within green rust, or ZVM-hydroxide/
peroxide structures, or polyoxometallate (POM) structures, by cation/anion substitution, or by layer accretion [38–50]. 
Green rusts are highly reactive structures comprising [38–50] alternating positively and negatively charged hydroxide/
peroxide layers and hydrated anion layers with the general composition [Cation

a
ICation

c
II Cation

b
III (OH)

m
 (OOH)

d
]x+ 

[(A
y/nv

 yiH
2
O]x−. Cations and anions can be substituted [38–50]. A is an anion (e.g., Cl−, SO

4
2−, CO

3
2−, Br−, I−, nO

3
−, 

ClO
4

−, SO
3

2−, SeO
4

2−, PO
4

2−, OH−, OOH−, O
x
y−, etc.); nv = valency; yi = the inter-layer water and is typically between 2 

and 4. A typical green rust forms as plates 5–2000 nm in diameter and about 40 nm thick, for example, [50]. Green rusts 
(ZVM degradation products) are highly efficient anion and cation scavengers and may be as reactive, or more reactive, 
than Fe0 [9, 49]. During scavenging operations, the “green rusts” can incorporate cation layers of the form [Cation

e
I(OH)

m
 

(OOH)
d
]x+ and [Cation

f
IV(OH)

m
 (OOH)

d
]x+ and higher valent cation hydroxides/peroxides.

2. Gases, including H
2
S [51], O

2
 [52], CO

2
 [53], CO [53], H

2
 [53].

3. Halogenated ions of the form [halogen]
x
O

y
 (e.g., chlorates, bromates, perchlorates, etc.), and C

x
[Halogen]

y
O

z
  [34–37] and 

halogenated organic compounds of the general form C
x
H

y
[Halogen]

z
, where y can be 0. The halogen is one or more of Cl, 

Br, I, F. [54–57], for example, chloromethane (CM), trichloromethane (TCM), dichloromethane (DCM), tetrachloro-
methane; perchloroethylene (PCE), trichloroethylene (TCE), dichloroethylene (DCE); vinyl chloride (VC); hexachloro-
ethane,  tetrachloroethane, trichloroethane, dichloroethane, chloropropane (etc.), chlorobutane (etc.), chlorobenzene, 
(etc.), ethylene dibromide (EDB), perchlorate, polychlorinated biphenyls (PCB’s). The end degradation products take the 
generic form C

x
H

y
 (e.g., methane, ethyne, ethene, ethane, propane, butane, pentane, hexane, heptane, octane). These may 

be further altered to form products of the form: H
x
C

y
O

z
 or ring structures.

4. Organic peroxides (e.g., triacetone triperoxide (TATP))[58].

5. Organic nitrogenous compounds, including azo dyes [59–61], atrazine [62, 63], cyclonite/hexogen (RDX) [14, 64], 
 dinitrotoluene (DnT) [65, 66], nitrosodimethylamine (nDMA) [67, 68], nitrocellulose [69], tetramethylenetetranitra-
mine (HMX) [70–72], trinitrotoluene (TnT) [73–75], disinfection by-products (DBPs) [76, 77], fertilizers [78, 79], 
 pesticides [80–83], herbicides [84, 85], fungicides [86].

fiGure 1.1 (Continued ) (g) pH
2
 vs. time in a static diffusion reactor for nano-ZVM (Fig. 1.1e and f). (h) Typical declining EC oscillations 

with time. n-Fe0 [135]. (i) Variation in temperature with time (Figs. 1.1e–h) (j) Temperature oscillations with time.
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6. Organic compounds including Methyl tert-butyl Ether (MTBE) [87], aromatics (e.g., BTEX) [88–91]), hydrocarbons 
[21, 92–98], hormonal pollutants [99]. Metal carbonyl pollutants (e.g., Fe(CO)

5
, Fe(CO)

4
) can be reduced to n-Fe0 

(5–15 nm) by thermolysis in the presence of functional polymers [100].

7. Most metals, metalloids, and nonmetals, including their oxides, hydrides, hydroxides, peroxides, nitrates, nitrites, 
 sulfides, sulfates, halides, carbonates, bicarbonates, and phosphates. ZVM is used to adjust the Eh and pH. This 
shifts the water redox environment into a redox environment, which will allow either direct precipitation, or 
 precipitation by substitution of Fe in a precipitated Fe corrosion product [10, 101–113]. Examples of contaminant 
ions and the associated precipitated products, which can be formed by the presence of ZVM, are summarized in 
Appendix 1.B.

8. Microbiota [10, 114–128] including Escherichia coli [115–118, 123, 124, 128], colliforms (e.g., Enterococcus faecium, 
Enterococcus faecilis) [128], Klebsiella pneumoniae [125], Salmonella typhimurium [10], Salmonella enterica [124], 
Salmonella paratyphi [125], Shigella spp. [125], Salmonella spp.[124], Staphylococcus aureus [117, 118], Streptococci 
spp. [126], Bacillus cereuis [118], Bacillus subtilis var. niger [116, 119, 123], Dehalococcoides spp. [123], Pseudomonas 
spp. [118], Pseudomonas fluorescens [116, 118, 123], Pseudomonas aeruginosa [125], Vibrio parahaemolyticus [118], 
Vibrio cholerae [126], phiX174/FX174 [120, 128], T1 [121], Aichi virus [120], adenovirus 41 [120], MS-2 [116, 120, 
128], Hepatitis A [122], norovirus [122], rotavirus [122], f2 virus [128], Alcaligenes eutrophus [123], Aspergillus versi-
color [116, 119, 122], Cryptosporidium spp. [126], Naeglaeria spp. [126], Naeglaeria fowleri [128], Giardia spp. [126], 
Hartmannella veriformis [128], Tetrahymena pyriformis [128], Daphnia magna [116], Pseudokirchneriella subcapitata 
[116], Dunaliella tertiolecta [116], Thalassiorsria pseudonana [116], Isochrysis galbbana [116], fungi [127], prions 
[127], viruses [127], protozoa [127], bacteria [127], algae [127], etc. n-Fe0 (20–30 nm) rapidly inactivates microorgan-
isms by coating them with Fe(OOH) [119]. Inactivation is by one or more of Eh:pH changes and the interaction of Fe 
corrosion products (oxides, hydroxides, and peroxides), for example, [114, 119].

9. Macrobiota. n-Fe0 in soil (0.1 to >1 g n-Fe0 kg−1 soil) adversely affect worms (e.g., Eisenia fetida and Lumbricus rubellus) 
and springtails (e.g., Folsomnia candida) [123].

10. Plants. Concentrations of n-Fe0 in excess of 250 mg kg−1 soil have been found to stunt the growth of rye grass and  
clover [123].

1.3 remediation mecHanisms

The mechanisms associated with ZVM remediation are the subject of conflicting, overlapping, and competing hypotheses, and 
more than one mechanism applies in each remediation environment. The principal hypotheses are 

1. Catalyst Model: ZVM acts as a Langmuir-Hinshelwood catalyst (e.g., [55, 95], that is, adsorption of reactants on ZVM 
surface and desorption of products [55, 130, 131]), or Eley-Rideal catalyst (e.g., [95, 129], i.e., adsorption of one or more 
reactants on the ZVM surface with reaction of the adsorbed species with one or more fluid-phase reactants that are not 
adsorbed on the ZVM surface to produce a product [129–131]), or acid catalyst (Fe-Hn+) [10, 21, 96–98].

2. Redox Model: ZVM changes the water Eh and pH, thereby forcing remediation by changing both K and ΔG for the reme-
diation reaction [10]. Under this model, n-ZVM reactions are essentially fluid phase electrochemical reactions, or contact 
surface reactions [10].

3. Galvanic Model: ZVM ionization (Appendix 1.B, Appendix 1.C) results in n-ZVM acting as self-charging galvanic 
cells (Fig. 1.2) that adjust the water pH and Eh. This adjustment forces a change in the cation:anion equilibrium 
state within the water [10]. The change in equilibrium state forces the reduction/oxidation of specific cations and 
anions, and a change in the Gibbs Free Energy associated with the remediation reaction [103, 104]. The presence of 
ZVM (and ZVM-ion adducts) in water creates (in a diabatic environment) a perpetual oscillation between higher 
and lower Eh and higher and lower pH [10] (Fig. 1.1b–j). This oscillation, which can be interpreted as alternating 
charging and discharging of the galvanic cells (Fig. 1.2): (i) creates, discharges, and adsorbs H+ (protons, H

3
O+, 

H
5
O

2
+, H

7
O

3
+, H

9
O

4
+, FeH2+, FeH

2
+), e− (H−, H

2
O−, electrons), O−, O2−, O

2
−, H

2
O

2
, OH, OH−, O

2
H, and O

2
H−; (ii) cre-

ates a unique (ZVM specific) trajectory of Eh/pH change with both residence time and space velocity [10]. This 
galvanic discharge–recharge mechanism results in substantial water consumption (>0.18 t H

2
O t−1 n-Fe0), but drives 

fluid phase (and ZVM/ion surface) Fenton Reactions, electron shuttle reactions, proton shuttle reactions, and oxide 
(H

x
O

y
(c+/−)) shuttle reactions within water [10, 96]. These reactions undertake the reduction/oxidation of pollutants, 
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removal by incorporation into hydroxide/peroxide precipitates of anions and cations, and the reformulation of 
organic pollutants into simple alkanes and alkenes [10, 21, 95–98].

4. Adsorption Model: ion substitution (Fig.  1.3) of ZVM corrosion products and nano–molecular growth in 
 self-assembly molecules nucleating around ZVM corrosion products results in the removal (by substitution/adsorp-
tion) of pollutant ions [38–50, 101, 102]. This model is treated in this study as a subset (Figs. 1.2 and 1.3) of the 
Galvanic Model.
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fiGure 1.2 Fe–Hydrogen Redox Cell: Simplified relationship between n-Fe0, Fe0 products, oxidation number (brackets), and stored 
charge in the various ZVM components.

Fe0

Fe(Az)n+/– M(Az)n+/–

(OxHy)–

H+

ne–

M(OxHy)n+/–

Mn+

Fe(OxHy)n+/–Fen+

H2O

An–

fiGure 1.3 Fe-water Redox cell, simplified sequence of anion and cation exchange.
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The generic remediation reaction takes the form aA + bB = dD + eE. If C
t = 0

 = the contaminant at time, t = 0, then the observed 
rate of reaction (k

observed
), between t = 0, and t = m, can be determined [130, 131] as 

 
k

C C

t m
t m t

observed s
=
( )

=
= =/

( ( ))
0  (1.1)

 

Ln observed

C

C
k tt

t m

=

=









 = [ ]0  (1.2)

Equations 1.1, 1.2 apply to each remediation model.

1.3.1 catalyst model

The hypothesis [48] that ZVM acts as a catalyst will result in decreasing particle size, increasing particle surface area, and/or 
increasing the quantity of ZVM, automatically increasing the observed rate of reaction (k

observed
) [48, 55, 129–131]:

 

k
k

a psa

s t n m

=
=( )

observed Normalised Reaction Rate[ ]  (1.3)

 

k A
E

RTsa sa

a sa=
−









( )exp  (1.4)

 

k A
E

RT
a

observed observed

observed=
−







( )

( )exp  (1.5)

 
Reaction rate mol l s A B C, ,v k

m n

a

p− −( ) = [ ] [ ] [ ]1 1  (1.6)

It is commonly assumed that if a plot of ln(k
sa

 or k
observed

) vs. time and pollutant concentration can be interpreted as a negative, 
or positive, zero-, first-, second- or third-order reaction [130, 131], then the ZVM must be acting as a catalyst. However, the 
primary interaction of the ZVM is with water (e.g., n-Fe0 + H

2
O = HFeOH2+ + 2e−), and this interaction generates e− [103] 

(Appendix 1.C). e− is a powerful catalyst (used in electron shuttle reactions) [130]. It is therefore possible that much of the 
catalytic activity attributed to n-Fe0 (and other ZVM) has been misattributed, and the actual catalytic activity/remediation 
reactions are undertaken by e− [10] (as the availability of e− is directly linked to the corrosion of ZVM (Appendix 1.B, 1.C)).

The catalytic model assumes that the remediation reactions may take the form, A + ZVM = {A[ZVM]} = products, or 
A + ZVM hydride, oxide, hydroxide, peroxide = {A[ZVM hydride, oxide, hydroxide, peroxide]} = products, The associated 
reaction rates are [130]: k

d
 = A + ZVM = {A[ZVM]}; k

−d
 = {A[ZVM]} = A + ZVM; k

r
 = {A[ZVM]} = products. The overall rate of 

reaction (v) = k
r
[{A[ZVM]}] = k

d
 k

r
 [A{ZVM}]/(k

−d
 + k

r
) [130] and the overall rate coefficient k

observed
 = v/{A[ZVM]} = k

d
k

r
/

(k
−d

 + k
r
) [130]. The equilibrium constant (K

{A[ZVM]}
) for the encounter pair {A[ZVM]} is k

d
/k

−d
 and k

observed
 = k

r
 K

{A[ZVM]}
[130].

In groundwater, the ZVM diffusion environment results in k
observed

 (m3 s−1) = 4πr
{A[ZVM]}

D
{A[ZVM]}

[130]. Transition state theory 
(absolute rate theory) [130] defines: k

observed
 = k

B
T/h exp(−ΔGǂ/RT). The concentration of dissolved ions in the water impacts 

directly on the reaction rate (k), that is, k
observed

 = (k
B
T/h) Kǂ (γ

A
 γ

ZVM
/γ

{A[ZVM]}
) [130]. These interactions are rarely accounted for 

in studies that suggest that ZVM acts as a remediation catalyst.

1.3.2 redox model

In groundwater [103, 104, 131]:

 

∆ ∆
∆

∆E E
RT

nF

G

nF
E

RT

nF
Eh Q K( ) = ° − [ ] = ( )

= − ° − [ ]ln ln  (1.7)

 

∆
∆

E
RT

nF

G

nF
° = [ ] = °

( )
ln K  (1.8)
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A non-catalytic redox remediation reaction can be expressed as a[A] + mH+ + ne− = b[B] + c[H
2
O]. This generic equation 

allows the relationship between Eh, pH, E, ΔG°, and ([B]b/[A]a) associated with each remediation reaction to be summarized 
[103, 131] as 

1. when A is an aqueous ion (oxide, hydroxide, peroxide) and B is a precipitate as Eh = ΔG°/(nF) + (0.0591/n) log([B]b/
[A]a) + ([−0.0591m/n [pH]]); where ΔG°/(nF) = ΔE° = −RT ln[K]: pH = −log H+; (H

2
O)c = 1

2. when [A] and [B] are dissolved substances (M L−1), and m > 0 and n = 0, then, log([B]b/[A]a) = ΔE° + m[pH]

3. when [A] and [B] are dissolved substances (M L−1), and m = 0 and n > 0, then, Eh = ΔE° + (0.0591/n) log([B]b/[A]a)

4. when [A] and [B] are dissolved substances (M L−1), and m = >0 and n > 0, then, Eh = ΔE° + (0.0591/n) log([B]b/
[A]a) + ([−0.0591m/n [pH]]

5. when [A] and [B] are solid substances, and m > 0 and n > 0, then, Eh = ΔE° + ([−0.0591m/n [pH]])

6. when [B] is a solid substance and [A] is a dissolved substance (M l−1), and m > 0 and n = 0, then, log([A]) = ΔE° + m [pH]

7. when [B] is a solid substance and [A] is a dissolved substance (M l−1), and m > 0 and n > 0, then, Eh = ΔG°/(nF) + (0.0591/n) 
log([A]) + ([−0.0591m/n [pH]]).

The partial pressure of the gaseous reactants/ions (e.g., H, O, CO, CO
2
, C

x
H

y
, etc.) alters k

observed
, as k

observed
 = k(P

p
)xm and 

K
p
 = K(RP)cp, [21, 131].
The interactions between Eh, pH, partial pressure of (pH

2
), and partial pressure of [O

2
] (pO

2
) are defined by the relationships 

[103]: (i) Hydrogen: Eh = 0.00–0.0591 pH–0.0295 log (pH
2
) [2H+ + 2e− = H

2
(g, aq)], (ii) Oxygen: Eh = 1.228–0591 pH + 0.0147 

log (pO
2
) [2H

2
O = O

2
(g, aq) + 4H+ + 4e−].

These relationships imply [10, 103, 104] that if ZVM is able to alter the Eh and pH of water, that the resultant remediation 
(e.g., Appendix 1.B) is both non-catalytic, and a natural consequence of an Eh, pH modification of pore water chemistry. This 
model assumes that the primary role of ZVM during the remediation process is to alter the water Eh and pH [10].

1.3.3 Galvanic model

The presence of ZVM creates two primary products in water [103, 104]. They are e− and H+. Secondary products include H, H
2
, 

O, O
2
, O

2
−, O2−, OH, OH−, O

2
H, O

2
H−, H

2
O

2
 [103, 104, 132]. The ZVM gradually degrades to produce ZVM ions [Fen+, Al3+, 

Cun+] and associated ion adducts [103, 104, 132].

1.3.3.1 Diabatic Environment Remediation by ZVM injection into soil, or groundwater (<25 m depth), takes place in a 
diabatic environment where the temperature, T, is a function of atmospheric temperature [133, 134]. T varies during the day 
and seasonally over the year [133, 134]. Daily variations in T decrease with increasing depth [133]; daily variations of T are 
within the range <1 to >15°C; annual variations are within the range <1 to >50°C. Changing T will change the partial pressures 
of H

2
 (and O

2
) and one or more of pH, Eh, K, Q, k

observed
 [103, 104, 131, 132]. Where the remediation reaction is reversible, and 

E
a
 > 0, decreases in temperature may result in k

d
 < k

−d
 and reversal of the remediation reaction (and vice versa). When Eh and pH 

are largely unaffected by changes in T, and ion removal is by precipitation (Appendix 1.B) then, a change in T of 1°C changes 
log([B]b/[A]a) by (R ln[K])/(0.0591/n) [103]. Consideration of temperature variation is therefore a major variable when predict-
ing the effectiveness of a groundwater remediation program.

1.3.3.1.1 Redox Trajectory Placement of n-ZVM in a diabatic groundwater environment results in a gradual change in Eh, pH 
over time [10, 17, 135] as the oxidation state of the Fe0 increases (Fig. 1.1b–d). The redox trajectory is a function of Fe0 particle 
size [10, 17, 135] (Fig. 1.1b and c), Fe0:water ratio [10, 17] (Fig. 1.1b and c) and ZVM composition [10, 135] (Fig. 1.1d) [10, 
135]. Daily variations in temperature [134] force an oscillation in both Eh and pH [10, 96, 135] (Fig. 1.1e and f), while maintaining 
a relatively constant hydrogen partial pressure (pH

2
) (Fig. 1.1g). pH

2
 can be independent of ZVM composition (Fig. 1.1g).

The general redox oscillation (Fig. 1.1e and f) is accompanied by a cyclic oscillation in EC [10, 135] (Fig. 1.1h), which 
reflects adjusting Fe(OH)

x
, FeOOH, Fe

x
O

y
 composition [10, 96, 135]. Each oscillation cycle commences with a large swing in 

EC, which dampens with time (Fig. 1.1h). These EC oscillations (Fig. 1.1h) reflect oscillations in Eh, pH, K, log(B]b/[A]a) and 
are directly linked to cyclic changes in temperature (Fig. 1.1i and j).

1.3.3.2 Remediation Types Fe0 remediation reactions fall into two basic groups: (i) irreversible, ZVM, or e−, catalyzed 
reactions, or reaction sequences (Type A) (e.g., nitrate, PCE removal [10]), and (ii) reversible redox, or ZVM (oxide, hydroxide, 
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peroxide) substitution reactions (Type B) [10, 101–104]. Type A reactions are described by the Catalyst model, Redox model, 
and Galvanic model, while Type B reactions are described by the Redox model, Galvanic model, and Adsorption model.

1.3.3.2.1 Galvanic Type A Reactions Type A reactions require e−, or H+, or O
2
 (e.g., electron shuttle and Fenton Reactions 

[10, 135]) to produce a product. They are favored by changes to the redox (Eh:pH) environment as [103]

 

log
[ ]

[ ]

[ . / [ ]]

. /

B

A
Eh

pHb

a
E

n

n









 = − ° +

−
∆

0 0591

0 0591

m  (1.9)

Type A reactions are theoretically reversible, but in practice many are effectively irreversible (e.g., nitrate removal [10, 24–33, 
129], TCE removal [10, 17, 54–57, 136]). For example [57], PCE (C

2
Cl

4
) degrades to C

2
Cl

2
 and TCE (C

2
CH

3
H). TCE 

degrades to DCE (C
2
Cl

2
H

2
) and C

2
ClH. DCE degrades to VC (C

2
ClH

3
), C

2
H

2
, and C

2
H

4
. VC degrades to C

2
H

4
. C

2
Cl

2
 degrades 

to C
2
ClH, which then degrades to C

2
H

2
, which is then hydrogenated to C

2
H

4
. C

2
H

2
 and C

2
H

4
 are hydrogenated to C

2
H

6
 and C

x
H

y
 

[94, 96]. E
a
 for nitrate removal is in the range 21–46 kJ mol−1[6, 30]. E

a
 for PCE/TCE/chlorinated hydrocarbon removal is in the 

range 9.8–80 kJ mol−1[11, 136]. Since ΔEo = −RT ln[K] and ln[K]= ΔE°/RT [103, 104], it follows that increasing temperature, 
while maintaining a constant Eh and pH (when ΔE° > 0), will decrease the equilibrium ratio ([B]b/[A]a). It will also increase the 
reaction rate (k

observed
) (Eq. 1.4).

From Equation 1.3, it follows that the principal controls on a Type A remediation program are ZVM particle size, particle 
type, mass ratio of pollutant:injected ZVM, and the injected ZVM:water/gas slurry concentration (g l) [137]. A relatively small 
reduction in particle size (from >1000 to 50–300 nm) can allow a major reduction in the amount of ZVM required to remove 
greater than 99% of the TCE in the groundwater (Fig. 1.1b and c).

From Equation 1.9, it follows that remediation is enhanced by increasing the availability of e− by increasing the O
2
 saturation 

of the pore water [138, 2, 139–141], while maintaining a constant, or decreasing, pH, and/or decreasing the aquifer pH by injec-
tion of CO

2
 [94, 96, 2, 139–141] or addition of acidic components, for example, FeCl

y
, while maintaining a constant or 

decreasing Eh [[10], [21], [95], [103], [142]]. It also follows (from Eqs. 1.3–1.5) that increasing the groundwater temperature 
by water injection, steam injection, or gas injection may reduce the time and amount of n-ZVM required to achieve a specific 
level of remediation from, for example, 100 days, to between <1 day and >50 days.

1.3.3.2.1.1 galvanic type a reactions: impact of oxygenation In oxygenated water, n-Fe0 behaves as an iron–oxygen 
redox cell [138], where the overall reaction is Fe0 + 0.5O

2
 + H

2
O = Fe(OH)

2
 [Cathode {+} reaction : 0.5O

2
 + H

2
O + 2e− = 2OH−; 

Anode [−] reaction: Fe0 + 2OH− = Fe(OH)
2
 + 2e−; pH = <10.53]. Fe0 = Fe2+ + 2e−; Fe2+ + 2OH− = Fe(OH)

2
 when the Fe2+ 

concentration is greater than (log (Fe2+) = 13.29–2pH [103]. At a pH > 10.53, FeOOH− + H+ = Fe(OH)
2
 when the FeOOH− 

concentration is greater than (log (FeOOH−) = −18.30–pH [103]. The relative stability of the Fe2+ and FeOOH− ions is provided 
by the molar relationship log[FeOOH−/Fe2+] = −31.58 + 3pH [103]. The addition of oxygen into the iron–air cell modifies the 
standard redox cell used to produce Fe(OH)

2
 from: (i) Fe + 2H

2
O = Fe(OH)

2
 + 2H+ +2e− (Eh for phase boundary is [103]: 

Eh = −0.047–0.0591 pH) to; (ii) Fe0 + 0.5O
2
 + H

2
O = Fe(OH)

2
 (Eh for phase boundary is [103]: Eh = −1.29–0.0591 pH). The net 

effect is an increase in the availability of e−, and an increase in the associated remediation rates. At any given time, the 
concentration of e− in the water is [103]: e− [M l−1] = 10((Eh (water) + 1.125)/0.0295)–pH (water)). Magnetised n-Fe0 will preferentially attract O

2
 

(e.g., Fe0 + O
2
 + 2H+ = Fe2+ + H

2
O

2
; Fe2+ + H

2
O

2
 = Fe3+ + 2HO + e−) [2]. Chlorinated organics are removed from oxygenated water 

by an electron shuttle mechanism using Fe0 or Al0. A simple shuttle mechanism, where e− acts as a catalyst [130], is provided 
as H

z
C

x
Cl

y
 + e− + H = [H

z+1
C

x
Cl

y−1
] + Cl + e−. The electron shuttle model predicts that increasing the availability of e− by oxygen-

ation, or another mechanism, will increase the remediation rate. Experiments have established that oxygenation increases the 
rate of remediation reaction (for As removal) by greater than 4 fold (over a 60-min period) but does not necessarily reduce Eh 
[139–141], through the reversible equilibrium reactions Fe0 + 2H

2
O = Fe2+ + H

2
 + 2OH−; Fe2+ + H + e− = FeH+; FeH+ + O = FeOH+; 

Fe0 + 2H
2
O + O

2
 = 2Fe2+ + 4OH−; 2Fe2+ + nOH− = Fe(OH)

n
, etc. (Fig. 1.2). Effective anion removal (e.g., As) is enhanced in an 

acidic environment [101–104, 2, 139–141]. This can be achieved by acidifying the water by CO
2
 injection [139–141] or acid 

injection [2, 139–141], prior to n-Fe0 injection, and oxidation [139–141]. e− generation through a strategy of cyclic n-Fe0 
oxidation and reduction appears to be effective over greater than 4000 redox cycles [138].

1.3.3.2.2 Galvanic Type B Reactions Type B remediation reactions occur when (i) the interaction of T, Eh, pH changes 
resulting from the presence of ZVM, results in a change in K, which allows pollutant ions to be precipitated as oxides, peroxides, 
hydroxides, sulfides, carbonates, etc (e.g., Appendix 1.A), and (ii) when the Fe0 corrodes to one or more of n-FeHn+, n-Fe(OH)

x
, 

n-FeOOH, n-Fe-[O
x
H

y
](n+/−)) (Fig. 1.2). Subsequent Fe ion substitution/adsorption (or Fe ion adduct formation) of cations and 
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anions (Fig. 1.3) results in pollutant cation/anion removal from the water, with precipitation within a n-Fe-[O
x
H

y
] structure–Adsorption 

Model [101, 102].
At any specific (constant) pH (e.g., pH = 7), both cations and anions are removed [143]. The total amount of cations removed 

may increase, or decrease, with changing temperature [144], and may be a function of both pollutant concentration, and the 
concentration of other anions (e.g., humic acids) within the groundwater [144]. Anion and cation removal increases with 
time [145], and the ratio of cations:anions removed by incorporation/substitution varies with the pollutant ion adduct:Fen+ ratio 
in the water [144]. Fe(II) ions (and other cations) hydrolize on the surface of FeOOH particles [146].

1.3.3.2.2.1 galvanic type b reactions: pom and hpom products Polyoxometalates (POMs) (Fig. 1.2) are self-assembly 
accretionary molecules that take the form of a sandwich composed of a central core fragment FeII

n
 FeIII

m
O

z
.(H

2
O)

y
 surrounded 

by external fragments of FeII
n
 FeIII

m
O

z
.H

2
O

y
 linked by two distinct edge sharing dimeric clusters of (Fe(OH)

2
 [147, 148]. The 

formation of POMs greatly increases the rate of n-ZVM water remediation by serving as an electron shuttle and ion chelating 
agent [149]. A POM (Fig. 1.2) may potentially remove (Fig. 1.3) greater than 10 g Cation g−1 n-Fe0. The associated by-product 
Type A reactions, involving e− catalysis, may remove greater than 1 g pollutant g−1 n-Fe0.

Heteropolyoxometallates (HPOM) are derived from metal cages of the form (MO
n
)

x
, which incorporate anion templates of 

the form (AO
x
n−) [150]. However, their pentagonal building blocks form around a pentagonal bipyramidal core (MO

n
), which 

can be hydrated [150]. A typical HPOM nucleates around a cluster of 2 Fe ions (oxidation state 2+ or 3+ or 4+). They seed a 
linkage, which allows clusters of pentagonal, or another structural form, of M(1)O

n
 to accrete [150]. In saline water, the 

monomer may take the form [K
8+x

na
9+y

H
29+z

[H
34

M(1)
119

M(2)
8
Fe

2
O

420
(H

2
O)

34+n
]](8−x−y−z)−; the diamer may take the form [K

16+x
na

1

9+y
H

57+z
[H

34
M(1)

119
M(2)

8
Fe

2
O

420
(H

2
O)

74+n
]](16−x−y−z)− [150]. M(1) and M(2) are different metal cations incorporated in the HPOM 

from the water. An individual HPOM molecule may have a size of less than 3 nm [150]. HPOM formation is slow and conversion 
of 4% of the n-Fe0 to HPOM may take greater than 4 weeks [150]. However, they are highly effective remediation agents [149] 
with a potential absorption capacity of greater than 100 g pollutant cation g−1 n-Fe [150]. Injection of 100 kg n-Fe0 into ground-
water can potentially result in greater than 400 kg of pollutant cations being removed in HPOM structures over a 4-week period.

1.3.3.2.2.2 galvanic type b reactions: impact of hydrogen In poorly oxygenated water, the n-Fe0 gradually corrodes 
(Appendix 1.C, Fig. 1.2) to form a corrosion zone of Fe-hydroxides and peroxides at the n-Fe0–water interface [10]. The inter-
face acts as a hydrogen electrode (cathode) and the Fe0 acts as a current electrode (anode). During remediation, Fe/Cu acts as a 
cathode to an Al anode. The Cu acts as a cathode to a Fe anode [151–154]. The basic process involves charge transfer (and OH 
ion formation) at the ZVM–water interface and includes electron transfer via conduction, electron insertion into active sites, and 
conduction by hopping through electron-deficient lattice sites within the active material [151].

In a diabatic environment, the perpetual oscillation and change in temperature (Fig.  1.1i and j), results in a perpetual 
 oscillation between forward and backward reactions (Fig.  1.2). This oscillation allows the hydrides/hydroxides/peroxides/
oxides (Fig. 1.2) to be used as stores of protons (H+) and electrons (e−) [151–154], which can be accessed for Type A remedia-
tion reactions. All changes that increase the oxidation number of the ZVM ion adducts, effectively result in electron storage 
(charging) occurring and vice versa [151] (Fig. 1.2). Ions (aqueous or solid) that contain an oxidation number greater than the 
stoichiometric charge are overcharged [151] (Fig. 1.2).

1.3.3.2.2.3 galvanic type b reactions: discharge During discharge, electrons flow from the current electrode (Fe0 
 particles [Fe0 = Fen+ + ne−] and other ZVM and ZVM adducts (Figs. 1.2 and 1.3, Appendix 1.C)), through the hydroxides, per-
oxides (Fig.  1.2)–charge transfer sites [e.g., FeOOH + H

2
O + e− = Fe(OH)

3
 + e−; FeOOH + OH− + H+ + e− = Fe(OH)

3
 + e−] to the 

hydrogen electrode (Cu0 particles) [151]. Hydrogen generation occurs at the particles, which act as a hydrogen electrode 
[2H

2
O + 2e− = 2H+ + 2OH− + 2e−; 2H

2
O + 2e− = H

2
 + 2OH−].

1.3.3.2.2.4 galvanic type b reactions: recharge During recharge, the electron flow is reversed [151] and oxygen forms 
at the cathode as a by-product of electron generation [cathode–electron generation: 4OH− = O

2
 (g) + 2H

2
O + 4e−; hydroxide 

reduction to peroxide in the charge transfer sites: Fe(OH)
3
 = FeOOH + H

2
O + e−; Fe ion reduction to Fe0] [151].

1.3.3.2.2.5 galvanic type b reactions: gas evolution During recharge, oxygen accumulates in the charge transfer sites 
[151]. During discharge, hydrogen accumulates in the charge transfer sites [151]. Both gases show very different morphologies 
at the ZVM–water interface [10]. Oxygen bubbles tend to form in, and are commonly encased by, the cathodic particles (e.g., 
Cu) [10], and form rapidly after a ZVM mixture (Fe+Cu, Fe+Cu+Al (Fig. 1.4a–d)) is placed in the reactor. The initial corrosion 
reactions are recharge reactions forming FeOOH. The FeOOH forms active charge sites. The formation of hydrogen gases 
 initially results in the adsorption of the O

2
 gas bubbles, with no hydrogen gas discharge (i.e., 2H

2
 + O

2
 = 2H

2
O + heat) [151]. 
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After the FeOOH corrosion products (Fig. 1.2) reach a critical mass, the ZVM switches from operating in a net recharge mode, 
to operation in a net discharge mode. During this phase, distinctive hydrogen gas bubbles form on the ZVM/FeOOH surface 
(Fig. 1.4e). Unlike the O

2
 bubbles, H

2
 bubbles are not associated with a specific cathodic ZVM, but instead form on the surface 

(and in) active charge transfer sites (e.g., FeOOH, Fe
3
O

4
 (Fig. 1.4e)).

1.3.3.2.2.6 galvanic type b reactions: hydrogen evolution The amount of hydrogen generated is a function of ZVM 
composition, water composition, and operating conditions (pressure, temperature) [155–157]. The maximum hydrogen produc-
tion occurs when the n-ZVM is reduced to the ZVM oxide (Fig. 1.2). For example, xZVM + yH

2
O = ZVM

x
O

y
 + yH

2
. For the 

reaction 3Fe + 4H
2
O = Fe

3
O

4
 + 4H

2
 (Figs. 1.2 and 1.4e), 167 g n-Fe0 (50 nm) + 72 g H

2
O = Fe

3
O

4
 + 8 g H

2
 (89.64 l) [158]. This pro-

cess can be undertaken over a short time period using n-Fe0 (50 nm). Increasing the temperature of a water:n-Fe0 mixture from 
<20 to 350°C over a 90-min period, in a sealed diffusion reactor, will result in a H

2
 yield of about 450–540 m3 H

2
 t−1 n-Fe0, and 

a gas pressure of greater than 5 MPa [159]. Cooling the reactor to 20°C provides a deliverable H
2
 gas at less than 3 MPa [159]. 

Reduction of the Fe
3
O

4
 to Fe0 allows the cycle to be repeated (e.g., Fe

3
O

4
 + 4CO = 3Fe0 + 4CO

2
; Fe

3
O

4
 + 4H

2
 = 3Fe0 + 4H

2
O) [159, 

160]. In a confined diffusion reactor, the general reactions (Fig. 1.2), result (at T = <50°C) in low levels of pressurized H
2
 gas 

evolution as the Fe0 oscillates between charged (FeIII) and discharged (FeII) states [155–157].
The oscillating combination of H+ and e− generation from the cathodic sites during recharge and discharge [151, 153] creates 

the driving force for chlorinated hydrocarbon (and other Type A) remediation [161].

fiGure 1.4 Morphology of common gas bubbles associated with n-Fe0 (nanofer Star (supplied by nanoiron s.r.o.; www.nanoiron.cz), 
50 nm, BET = 20m2 g−1; mixed with n-Al0 and n-Cu0) (a) Oxygen bubbles encased by Cu0 on the surface of n-Fe0 [5 g n-Fe0 + 5 g n-Cu0 + 0.25 l 
saline H

2
O [Eh = 0.095 V; pH = 7.01; EC = 1.993 mS cm−1; T = 12.8 C – gas composition checked using TCD GC]]. (b) O

2
 gas venting where 

n-Al0 rests on top of n-Fe0. The O
2
 gas bubbles are encased by n-Cu0. [5 g n-Fe0 + 5 g n-Cu0 + 5 g n-Al0 + 0.25 l saline H

2
O [Eh = 0.073 V; 

pH = 7.00; EC = 1.981 mS cm−1; T = 12.9 C– gas composition checked using TCD GC]]. (c) O
2
 gas venting where n-Al0 rests on top of n-Fe0. 

[5 g n-Fe0 + 5 g n-Cu0 + 5 g n-Al0 + 0.25 l saline H
2
O [Eh = 0.073 V; pH = 7.00; EC = 1.981 mS cm−1; T = 12.9 C– gas composition checked using 

TCD GC]]. (d) O
2
 filled spheres of n-Cu0 developing on the n-Fe0 – water interface, 5 min after loading into a reactor. [40% n-Fe0 + 20% 

n-Cu0 + 40% n-Al0]. (e) H
2
 gas bubbles developing on the ZVM-water interface (Fig. 1.4d), 3 weeks after loading [H

2
 composition verified by 

TCD GC]. Part of the n-Fe0 has been corroded to form agglomerated FeOOH and Fe
3
O

4
 nodules or clods (0.5–4 mm in diameter). Some of 

the nodules are coated with n-Cu0. Each nodule forms an accreting galvanic cell (Fig. 1.2) with an anodic core (e.g., n-Fe0, n-Al0, Fe(OH)
2
) 

and a cathodic exterior (e.g., n-Cu0, n-FeOOH, n-Fe
3
O

4
). Individual gas bubbles are 3–6 mm in diameter.

(a)

(b) (c)

(d)
(e)
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1.4 remediation market

Contaminated sites (soils and groundwater) vary in size from <100 m2 to >10 km2. The number of contaminated sites, which 
could benefit from n-ZVM treatment, is estimated at 350,000–400,000 in Europe, 235,000–355,000 in the United States [136, 
162]. There are probably a similar number of contaminated sites in Canada, S. America, China, Russia, India, The Middle East, 
Asia, Australia, and Africa. To date, only a few sites have been treated using n-ZVM.

1.4.1 remediation costs

A typical PCE/TCE/DCE groundwater remediation costs around $200–$700 kg n-Fe0 used [137, 162], and utilizes less than 
1–280 t n-Fe0 for each t PCE/TCE/DCE in the soil/aquifer [17, 137]. The cost comprises a n-Fe0 cost (e.g., $30–$100 kg−1) + injec-
tion/infiltration + monitoring costs. Since the radius of influence of an injection well/infiltration point source is typically less 
than 40 m [22, 23], reducing the n-Fe0 cost will not necessarily reduce the costs associated with injection/infiltration and mon-
itoring. Remediation adds value by either allowing the land to be rehabilitated, for industrial, domestic, or agricultural applica-
tions, or by allowing the water to be used for municipal, industrial or agricultural purposes. The sustainable remediation cost is 
a function of the overall value added by the remediation.

1.4.1.1 Reduction of Type A Remediation Costs Type A remediation costs are reduced by (i) reducing both particle size and 
the amount of ZVM injected (Eq. 1.3). Compare with Figures  1.1b, c, which both achieved greater than 99% removal of 
25–88 mg TCE l−1 H

2
O [17]; (ii) increasing groundwater temperature [130] (Eq. 1.4, and/or oxygen levels [138, 2, 139–141], 

and/or increasing groundwater acidity [10, 103, 104, 135, 142] (Eqs. 1.4 and 1.9), in order to both accelerate the remediation 
and reduce the overall amount of n-Fe0 required. The catalytic model assumes that 1 mol n-Fe0 can only generate 2 or 3 mol 
e− (Appendix 1.C) and that increasing particle size will increase the active life of the n-Fe0 [163]. The galvanic model assumes 
that the perpetual oscillations [10] within the groundwater will allow a substantially greater amount of e− and H+ to be formed 
using a cyclic process. That is,

1. H
2
O− + Fe2+ = FeH2+ + OH−; H + Fe2+ = FeH2+;

2. H
3
O+ + FeH2+ = H

2
O + H

2
 + Fe3+; H

2
 = 2H+ + 2e−; H+ + e− = H

3. H + Fe3+ = H+ + Fe2+ [132]

Fresh oxygen contained in recharge water entering the remediation zone will be initially removed [132] as O
2
 + Fe2+ = O

2
− + Fe3+; 

O
2
 + FeOH+ = O

2
− + FeOH2+; O

2
 + Fe(OH)

2
 = O

2
− + Fe(OH)

2
+, O

2
 + Fe(OH)

3
− = O

2
− + Fe(OH)

3
, etc. The O

2
− interacts with FeO

x
H

y
n+/−, 

H
2
O, O

2
H, OH and H to form O−, O2−, O

2
 O

2
H, OH, H

2
O

2
 and FeO

x
H

y
n+/− [132]. This allows recharge of oxygenated water (from 

surface precipitation and subsurface flow) to provide a natural drive for the galvanic cell.

1.4.1.1.1 Reduction of Type A Remediation Costs: Catalytic Model The cathodic model focuses on reducing particle size 
and increasing temperature to increase remediation rates and reduce the amount of ZVM required. Figures 1.1b, c demonstrate 
that the same degree of TCE remediation can be achieved using 3.9 kg n-Fe0 (>1000 nm) m3 soil and 0.009 kg n-Fe0 (50–300 nm) 
m3 soil. The total n-Fe0 surface area in Figure 1.1b is about 20 times greater than the n-Fe0 surface area in Figure 1.1c. Brownfield 
development land may economically sustain a remediation cost of $3–$6 MM/acre (i.e., $75–$1500 m3 soil/aquifer), depending 
on location and final use. Comparative costs for surface reactor treatment of industrial water and agricultural water to remove 
chlorinated hydrocarbons and nitrates using ZVM in fixed/packed bed reactors are in the order of $0.03 m−3 H

2
O for greater than 

90% removal [10, 13].

1.4.1.1.2 Reduction of Type A Remediation Costs: Galvanic Model The galvanic model indicates that the concentration 
of Fe2+, FeO

x
H

y
n+/− ions and the presence of a controlled instability in the groundwater following ZVM injection (e.g., 

temperature variation, oxygen variation, acidification) controls the rate of Type A remediation. These factors facilitate 
remediation through electron shuttle reactions [164–166]. A galvanic cell of this type (Fig. 1.2) can be sustained through 
greater than 200,000 cycles/oscillations [151]. Application of this model to brownfield site remediation will (i) reduce the 
amount of n-Fe0 required to achieve a specific level of remediation within a specific timeframe; and (ii) reduce the 
remediation time required using a specific amount of n-Fe0. Remediation time frames for TCE removal can be potentially 
reduced from >1 year to <1 week.
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1.4.1.2 Reduction of Type B Remediation Costs Type B remediation (Appendix 1.B, Fig. 1.3) can be undertaken using 
n-ZVM or ZVM corrosion products (Fig. 1.2). The remediation occurs over a long timeframe (days to years), which is  controlled 
by the ZVM concentration, Eh, pH, and ion type. The amount of contaminant removed increases with time, and is typically in 
the range less than 0.01–0.3 g contaminant g−1 n-Fe0. The galvanic model allows the timeframe required to remove specific pol-
lutants (Appendix 1.B), and the total amount of pollutant removed to be reduced by controlling the Eh, pH environment, and 
ZVM composition with time. Remediation rates during active galvanic management can potentially exceed 1 g pollutant g−1 
n-Fe0. Active subsurface Eh:pH management using the galvanic model may be able to reduce the treatment costs to less than 
$2 MM/acre (i.e., $5–$150 m3 soil/aquifer).

1.5 conclusions

Groundwater remediation (Type A and B) using ZVM is typically undertaken by ZVM infiltration, or pneumatic injection of 
ZVM [17, 137] using a passive process of injection followed by monitoring over a number of years. This approach, which 
assumes that the catalytic model applies, provides little, or no, effective day to day control over the rate of remediation. The 
observation that bimetallic ZVM (e.g., n-Fe0 + one or more metals where E° < Eo FeII (Appendix 1.C)) shows increased reactivity 
(and delayed rates of Fe0 oxidation) when compared with n-Fe0 [179] is consistent with the galvanic model. The close proximity 
of the cathodic and anodic species coupled with diabatic oscillations results in continual oscillating reduction and oxidation of 
the bi-metal species. In mono n-Fe0 the initial oxidation (formation of Fe-(OH)

2
) (associated with galvanic oscillation between 

FeII and FeIII (Appendix 1.C)) results initially in exponential particle growth [179]. This switches to logarithmic particle growth 
as the cathodic species Fe(OH)

3
, FeOOH, and Fe

x
O

y
 start to form [179]. The associated by-products, which react [10] to remove 

contaminants, are [e.g., 103] e−, H, H+, OH, OH−, O
2
H, O

2
H−, H

2
O

2
, O, O−, O

2
−, and O2−. Particle growth and agglomeration is 

rapid with 50 nm particles forming agglomerations of greater than 1 mm within 21 days (e.g., Fig. 1.4e, see also [10]). n-FeO
x
H

y
 

expulsion with (H
2
, O

2
) gas bubbles results in a rapid and effective dispersion of colloidal FeII–FeIII galvanic cells throughout 

the water column. These grow with time (Figs. 1.2 and 1.3) to form colloidal particles greater than 1 mm in diameter, which 
settle on the ZVM–water interface [10]. The n-colloid clouds in the water within the diffusion environment tend to be mono-
specific, color coordinated (e.g., white = Fe(OH)

2
; yellow/orange = Fe(OH)

3
; blue-green = green rust; dark-red brown/

black = FeOOH; oxygenated blood red = Fe
2
O

3
; grey/black = Fe

3
O

4
), and indicate the galvanic charge status within the reaction 

environment (Fig.  1.2). The dominant colloid species changes with Eh, pH, and charge status of the water. The accreting 
growing colloidal particles, which can grow from 50 nm to greater than 5 mm, obtain buoyancy from H and O, which are pre-
sent on the active sites.

An understanding of the corrosion of n-Fe0 in the remediation environment and the controls that allow the net reaction directions 
(Fig. 1.1e–h) to be switched between recharge (formation of FeIII ion adducts) and discharge (formation of FeII ion adducts) (Figs. 1.2 
and 1.3) is an essential prerequisite to understanding how to reduce the cost and increase the efficiency of the remediation program.

The galvanic model requires active post-injection management of the groundwater Eh, pH temperature, and oxygenation levels. 
It has the potential to allow 15–100 nm Fe0, Cu0, Al0 (typically spherical/blocky) particles with a surface area of 10–80 m2 g−1, and 
costing $20,000–$850,000 t−1, to be restructured and replaced by specific galvanic components (5–80 nm) with a layered structure 
[(e.g., Fe(OH)

x
, FeOOH, etc. (Fig. 1.2)) and a surface area of <100 to >30,000 m2 g−1 Fe0, costing around $300–$15,000 t−1]. The 

net effect of this restructuring is to reduce the amount of n-Fe0 required, the rate of remediation, the time frame for remediation, 
and the overall cost of the remediation while increasing the amount of pollutant removed g−1 n-Fe0.

appendix 1.a list of abbreviations and equation symbols

1. a, b, d, e, m, n, and p are constants which are determined experimentally. In a simple non-catalytic example where b = 0, 
m = the reaction order [130]. The reaction order is calculated as m + n + p [130].

2. A’ = a constant (0.509 dm1.5 mol−0.5 at 298K);

3. A
f
 = pre-exponential factor [E

a(sa)
 & A

(sa)
 = normalized for p

m
 and a

s
; E

a(observed)
 & A

(observed)
 = E

a
 and A

f
 calculated without 

correction or normalization for p
m
 and a

s
.

4. a
s(t = n)

 = ZVM surface area(m2 gm) at time t. a
s(t=n)

 decreases with increasing time as the ZVM surfaces become oxidized;

5. B’ = a constant; a = radius of the ion;

6. C
a
 = catalyst (e.g., ZVM);

7. C
t = n

 = contaminant concentration at time, t = n (seconds) [mg l−1, M l−1];
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8. C
t = 0

 = initial contaminant concentration at t = 0 [mg l−1, M l−1];

9. c
i
 = concentration (mol dm−3; mol l−1) of the ith ion of charge, z

i
.

10. cp = moles gaseous reactants-moles gaseous products;

11. D
{A[ZVM]}

 = diffusion coefficient = k
B
T/ πβη r

s
;

12. D
f
 = Driving force, Pa (1 m head = 10,000 Pa);

13. E
a
 = Activation energy (kJ Mol−1);

14. F = Faraday constant;

15. H = Planck’s constant;

16. I = ionic strength of the water = 0.5 Σ c
i
Z

i
2;

17. log (γ
A
) = −A’z

A
2 I0.5 (lower ionic strengths);

18. log (γ
A)

 = −A’z
A

2 I0.5/(1+B’a I0.5) (higher ionic strengths);

19. log (k
observed

/k
o
) = 1.018 z

A
 z

B
 I0.5;

20. k
B
 = Boltzmann’s constant;

21. k
o
 = the rate coefficient at zero ionic strength = k

r
K

AB
;

22. k
observed

 = observed contaminant removal rate constant [proportion removed s−1]; k
observed

 can also be expressed as mg 
removed s−1, or [moles removed mole reactant−1 s−1], or another suitable set of units;

23. k
p
 = permeability, m3 m−2 s−1 Pa−1;

24. k
sa
 = reaction rate constant which has been normalized for ZVM surface area and ZVM concentration in the water;

25. K, K
AB

 = Equilibrium constant;

26. K
p
 = equilibrium constant adjusted for pressure;

27. Kǂ (γ
A
 γ

ZVM
/γ

{A[ZVM]}
) = exp(−ΔGǂ/RT) and RT(Ln (Kǂ (γ

A
 γ

ZVM
/γ

{A[ZVM]}
)) = −ΔGǂ;

28. n = number of electrons transferred;

29. P = pressure;

30. P
p
 = reactant partial pressure;

31. p
m
 = mass concentration of ZVM at t (g l−1). p

m
 decreases as ZVM ions are removed with the product water and as ZVM 

is replaced with ZVM-hydroxides, peroxides, oxides, carbonates, sulphates, sulphides, etc.;

32. Q = reaction quotient;

33. Q
fr
 = flow rate, m3 hr;

34. R = gas constant;

35. r
{A[ZVM]}

 = encounter radius (nm) of the reactant [A]: ZVM interaction;

36. r
s
 = hydrodynamic radius (nm) of the diffusing species;

37. SV = space velocity, m3 hr−1 t−1 ZVM;

38. SWZ = stored water to ZVM ratio in the reaction environment, m3 H
2
O t−1 ZVM;

39. S
w
 = Volume of water contained in the reaction environment, m3;

40. T = Temperature, K;

41. t (time) can be expressed in seconds, minutes, hours, days;

42. W
zvm

 = weight (t) of ZVM in the reaction environment;

43. Xm = number of moles of the gaseous reactant;

44. z
A
 = charge number of ion species;

45. z
B
 = charge number of ion species, B;

46. ZVM = zero valent metal;

47. Η = viscosity;

48. Β = a constant (continuum solvent, β = 6; molecular diffusion, β = 4);

49. K = transmission coefficient (e.g., 1.0);

50. ΔEo = standard potential for the reaction; ΔE = Eh;

51. ΔGǂ = overall Gibbs free energy of activation = ΔGo
{A[ZVM]}

 + ΔG*;

52. ΔGo = standard Gibbs free energy for a reaction;
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53. ΔGo
{A[ZVM]}

 = free energy change on forming the encounter pair;

54. ΔG* = free energy of activation from the encounter pair;

55. ΔG = ΔH−T ΔS;

56. ΔH = heat of reaction;

57. ΔS = entropy;

appendix 1.b ions (oxides, Hydrides, peroxides, and Hydroxides) removed by 
precipitation due to tHe alteration of eh and pH in Groundwater by zvm

Data Sources: [10, 103, 104, 167–175]
In the simplest case, n-ZVM addition leaves pH effectively unaltered (e.g., Fig. 1.1c).
Eh prior to addition of n-ZVM = Eh [103, 104, 131] = ΔEo + (0.0591/n) log([B]b/[A]a)

t = 0
. For an example contaminant 

removal reaction,

Cd2+ + H
2
 = Cd(s) + 2H+

(the half reactions are Cd2+ + 2e− = Cd0 and H
2
 = 2H+ + 2e−; see Appendix 1.C); K = Q = [H+]2/([Cd2+]P

H2
) = Bb/Aa [131]. After 

n-ZVM addition, at time t = m, the Eh changes (Fig. 1.1b–d) result in a new equilibria, where the new log([B]b/[A]a)
t = m

 = (Eh−ΔEo)/
(0.0591/n); ΔEo is corrected to the actual groundwater temperature. In this example, if the groundwater at t = 0 contains a 0.001 M 
Cd2+ l−1 and an Eh of 0.13 V (Fig. 1.1c), then Eh = 0.13 = ΔEo (−0.4 V—Appendix 1.B) + 0.0591/2 log Q; that is, log Q = 18; if −log 
(H+) = pH [103, 131], then for pH = 6.5, at t = 0, P

H2
 = 10−22. Changing the Eh to −0.2 V (Fig. 1.1c) after 1 month, while maintaining 

a pH of 6.5, changes log Q to 6.7. The Cd2+ concentration in the water at time, t = 1 month, is therefore a function of P
H2

 in the 
groundwater resulting from the presence of n-Fe0 (Fig. 1.4e). Increasing P

H2
 to 10−10 could achieve the observed Eh (−0.2 V) 

while leaving the Cd2+ concentration unchanged. Increasing P
H2

 to 10−8 reduces the Cd2+ concentration in water to 0.00001 M Cd2+ 
l−1 from 0.001 M Cd2+ l−1; that is, the effectiveness of the n-Fe0 treatment program for any specific Eh and pH, where the product 
is a zero valent metal (Appendix 1.B), is maximized by increasing the H

2
 partial pressure. The alternative remediation strategy of 

using O
2
 injection to oxidize cations (e.g., Cd2+ + 0.5O

2
 + H

2
O = Cd(OH)

2
, where 0.5O

2
 + H

2
O + 2e− = 2OH−; Cd2+ + 2OH− = Cd(OH

2
), 

and H
2
 = 2H+ + 2e−) effectively changes Q to Q = [H+]2/([Cd2+] P

H2
P

O2
), and ΔEo to 0.4 V [177]. This alternative strategy uses the 

n-Fe0 to control the groundwater pH (i.e., H+ and P
H2

) and the P
O2

 associated with O
2
 injection to control the rate and degree of 

remediation [139–141]. For example, if at t = 0, Eh = 0.13 V, pH = 6.5, and the water contains 0.001 M Cd2+ l−1 and P
H2

 = 10−22, 
P

O2
 = 0, then instigation of an oxygen injection scheme following n-Fe0 injection into the groundwater, while maintaining a 

constant Eh and pH, will result in both P
H2

 and P
O2

 increasing [e.g., [139–141]]. Once P
H2

 and P
O2

 have exceeded a critical level 
(e.g., 10−11), any subsequent increases in partial pressure will be compensated for by either decreases in Eh, or the removal of Cd2+ 
as Cd(OH)

2
. Increasing P

H2
 and P

O2
 to 10−9, will reduce the molar concentration of Cd2+ to 0.0000001 M Cd2+ l−1 (i.e., 0.146 g 

Cd(OH)
2
 l−1 H

2
O will have been precipitated into the ZVM bed). This simple example has been used to demonstrate how a tradi-

tional ZVM remediation program [e.g., [17]] can be modified using the galvanic model [138, 2, 139–141] to both accelerate and 
control the rate of remediation. Once the bulk of the cations have been converted to oxides/hydroxides/peroxides, the diabatic 
galvanic model (Figs. 1.2 and 1.3) controls the rate of remediation.

Contaminant Ion/Ion Adduct Potentially precipitated by ZVM as

Ac3+, AcOH2+, Ac(OH)
2
+ Ac(OH)

3
, AcOOH

Agn+, AgO+, AgO−, AgOH, AgOH
2
−, AgCl

2
− Ag, AgCl, AgOH, Ag

2
O, Ag

2
O

2
, Ag

2
O

3

Aln+, HAlO
2
, AlO

2
−, AlOH2+, AlOH3, Al(OH)

2
+, Al(OH)

4
− Al(OH)

3
, AlOOH, Al

2
O

3

Amn+, AmOH2+, AmO
2
+, Am(OH)

2
+ Am(OH)

3
, Am(OH)

4
, AmO

2

AsH
3
, HAsO

2
, AsO+, H

3
AsO

4
, H

2
AsO

4
−, HAsO

4
2−, AsO

2
−, AsO

4
3− As, AsO

3

Aun+, H
2
AuO

3
, H

2
AuO

3
−, HAuO

2
2− Au, Au(OH)

3
, AuOOH, AuO

2

Ba2+, BaOH+ Ba(OH)
2
, BaO

2

Be2+, Be
2
O

2
− Be(OH)

2
, BeO, Be

2
O(OH)

2

Bi3+, BiOH2+, BiO+, BiO
2
−, BiO

3
− Bi, Bi(OH)

3
, BiOOH, Bi

2
O

3
, Bi

2
O

5
, Bi

4
O

7
, Bi

2
O

4

Ca2+, CaOH+ Ca(OH)
2
, CaO

2
, CaCO

3
, CaSO

4

Cd2+, CdOH+, HCdO
2
− Cd, Cd(OH)

2

Ce3+, CeO+, Ce(OH)3+, Ce(OH)
2
2+ Ce(OH)

3
, CeOOH, Ce

2
(CO

3
)

3
, CeO

2

Cm3+, CmOH2+, Cm(OH)
2
+ Cm(OH)

3
, CmOOH
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Contaminant Ion/Ion Adduct Potentially precipitated by ZVM as

Co2+, HCoO
2
− Co, CoO

2
, Co(OH)

2
, Co(OH)

3
, CoOOH, CoS

Crn+, Cr
2
O

7
−, Cr

2
O

4
2−, CrO

4
2−, HCrO

4
−, CrO

2
−, CrO

3
3−, CrOH2+, 

Cr(OH)
2
+, Cr(OH)

4
−

Cr, Cr(OH)
2
, Cr(OH)

3
, Cr(OH)

4
, CrOOH, Cr

2
O

3

Cs+ CsO
2

Cun+, Cu(OH)+, HCuO
2
−, CuO

2
2−, CuCl2-, Cu(OH)

2
−, Cu(OH)

4
2− Cu, Cu(OH)

2
, CuO, Cu

2
O, CuCl

2
.3Cu(OH)

2

Dy3+, DyOH2+, DyO+, DyO
2
− Dy(OH)

3
, DyOOH, Dy

2
O

3
, Dy

2
(CO

3
)

3

Er3+, ErOH2+, ErO+, ErO
2
− Er(OH)

3
, ErOOH, Er

2
O

3

Eun+, EuOH2+, EuO+, EuO
2
− Eu(OH)

3
, EuOOH, EuO

3
H

3
, Eu

2
(CO

3
)

3

Fen+, FeO
x
H

y
n+/−, FeSO

4
+, FeSO

4
, Fe(SO

4
)

2
−, Fe

2
O

3
, Fe

3
O

4
, Fe(OH)

x
, FeOOH, Fe

8
O

8
(OH)

6
SO

4
, Fe

6
(OH)

12
SO

4
, 

FeCO
3
, FeS

2
, FeS, Fe(HS)

2

Ga3+, GaOH2+, GaO+, GaO
2
−, HGaO

3
2−, GaO

3
3 Ga(OH)

3
, GaOOH, Ga

2
O

3

Gdn+, GdOH2+, GdO+, GdO
2
H, GdO

2
− Gd(OH)

3
, GdOOH, Gd

2
O

3
, Gd

2
(CO

3
)

3

Ge2+, H
2
GeO

3
, HGeO

3
−, GeO

3
2− Ge, Ge(OH)

2
, GeO, GeO

2

Hf4+, HfO2+, HHfO
2
−, HHfO

3
−, HfO2− Hf(OH)

n
, HfO(OH)

2
, HfO

2

Hg2+, HHgO
2
−, Hg(OH)

2
Hg, HgO, HgO

2

Ho3+, HoOH2+, HoO+, HoO
2
H, HoO

2
− Ho(OH)

3
, HoOOH, Ho

2
O

3

In3+, In+, InOH2+, In(OH)
2
+, HInO

2
, InO+, InO

2
− In, In(OH)

3
, InOOH, In

2
O

3

Ir3+, IrO
4
2− Ir, IrO

2

La3+, LaOH2+, LaO+, LaO
2
H, LaO

2
− La(OH)

3
, LaOOH, La
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Contaminant Ion/Ion Adduct Potentially precipitated by ZVM as
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appendix 1.c Half reactions and redox potentials associated witH zvm

All ZVM, when present in the water form redox half cells with the potentials indicated. These form separate hydrogen cells, 
which interact with the ZVM and ZVM corrosion products (Figs. 1.2 and 1.3). Species that act as cathodes to n-Fe0 have 
Eo < Eo Fe0. Fe0 can act as both a cathode (FeIII) and an anode (FeII). Species that act as anodes to n-Fe0 have Eo > Eo Fe. 
Each ZVM species acts as a cathode or anode to one or more ZVM species present in the water. Figure 1.2 illustrates the 
dominant corrosion species types associated with the anodic ZVM species. Similar relationships exist between ZVM, 
hydroxides, oxides, and peroxides (where appropriate) for each species listed in Appendix 1.B and 1.C in the diffusion 
remediation environment.

Data Source: [131, 176–178] 

Half Reaction Eo(V) Half reaction Eo(V) Half reaction Eo(V)

Sr0 = Sr+  + e− 4.10 Hf0 = Hf4+ + 4e− 1.55 Ge0 = Ge4+ + 4e− −0.12
Ca0 = Ca+  + e− 3.80 Zr0 = Zr4+ + 4e− 1.45 Ge0 = Ge2+ + 2e−− −0.24
Li0 = Li+ + e− 3.04 Mn0 = Mn2+ + 2e− 1.19 Re0 = Re3+ + 3e− −0.30
Cs0 = Cs+  + e− 3.03 V0 = V2+ + 2e− 1.18 Bi0 = Bi3+ + 3e− −0.31
Rb0 = Rb+ + e− 2.98 nb0 = nb3+ + 3e− 1.10 Cu0 = Cu2+ + 2e− −0.34
K0 = K+ + e− 2.93 Cr0 = Cr2+ + 2e− 0.91 Tc0 = Tc2+ + 2e− −0.40
Ba0 = Ba2+ + 2e− 2.91 Zn0 = Zn2+ + 2e− 0.76 Ru0 = Ru2+ + 2e− −0.46
Sr0 = Sr2+ + 2e− 2.90 Cr0 = Cr3+ + 3e− 0.74 Bi0 = Bi+ + e− −0.5
Ca0 = Ca2+ + 2e− 2.87 Ta0 = Ta3+ + 3e− 0.60 Cu0 = Cu+ + e− −0.52
na0 = na+ + e− 2.71 Ga0 = Ga3+ + 3e− 0.55 Te0 = Te4+ + 4e− −0.57
Mg0 = Mg+ + e− 2.70 Fe0 = Fe2+ + 2e− 0.44 Rh0 = Rh2+ + 2e− −0.60
La0 = La3+ + 3e− 2.38 Cd0 = Cd2+ + 2e− 0.40 Rh0 = Rh+ + e− −0.60
La0 = La3+ + 3e− 2.38 In0 = In3+ + 3e− 0.34 Tl0 = Tl3+ + 3e− −0.74
Mg0 = Mg2+ + 2e− 2.37 Tl0 = Tl+ + e− 0.34 Rh0 = Rh3+ + 3e− −0.76
Ce0 = Ce3+ + 3e− 2.33 Co0 = Co2+ + 2e− 0.28 Po0 = Po4+ + 4e− −0.76
Th0 = Th4+ + 4e− 1.90 ni0 = ni2+ + 2e− 0.26 Ag0 = Ag+ + e− −0.80
Be0 = Be2+ + 2e− 1.85 Ga0 = Ga+ + e− 0.20 2Hg0 = Hg

2
2+ + 2e− −0.80

U0 = U3+ + 3e− 1.80 Mo0 = Mo3+ + 3e− 0.20 Pd0 = Pd2+ + 2e− −0.95
Al0 = Al3+ + 3e− 1.66 In0 = In+ + e− 0.14 Ir0 = Ir3+ + 3e− −1.16
Md0 = Md3+ + 3e− 1.65 Fe0 = Fe3+ + 3e− 0.04 Pt0 = Pt2+ + 2e− −1.18
Ti0 = Ti2+ + 2e− 1.63 H

2
 = 2H+ + 2e− 0.00 Au0 = Au3+ + 3e− −1.50

Hf0 = Hf4+ + 4e− 1.55 2H+ + 2e− = H
2

0.00 Au0 = Au+ + e− −1.69
Zr0 = Zr4+ + 4e− 1.45 W0 = W3+ + 3e− −0.10
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2

2.1 iNtroductioN

Wastewater generation and release into the environment is a major concern because of its impact on surface and underground 
water quality. This is particularly important in developing countries where, in many of the cases, domestic and industrial waste-
water is discharged into natural water bodies with improper or no treatment. As an example, in Mexico, the annual production 
of both domestic and industrial wastewater is estimated to be as high as 13.5 km3/year. Only 30% (about 3.9 km3/year) of this 
wastewater is treated. The estimated amount of pollutants generated is 9 million tons of BOD

5
 per year, with only 20% (1.94 

million tons of BOD
5
) being removed [1].

There may be many different undesirable consequences associated with the release of such significant amounts of contami-
nants into natural water courses. Among them, probably the most disturbing is the dissemination of pathogenic microorganisms 
causing waterborne diseases through the ingestion of wastewater effluents in the water source downstream. The prevalence of 
such pathogenic microorganisms in water is probably among the most important human health problems. It is known that 
unsafe drinking water is related to millions of deaths yearly (around 1,400,000 yearly worldwide) as a result of waterborne dis-
eases [2, 3]. One-sixth of the world’s population has been estimated to lack access to water and sanitation services [4] usually 
associated with poverty [5]. Waterborne diseases affect the poorest sectors of society and are recognized by the United Nations 
to be the cause of infections for around one billion people in developing countries [6]. Removal of pathogenic microorganisms 
capable of causing waterborne diseases has become one of the most important scientific and technological tasks, and many dif-
ferent sanitary engineering processes have been developed for achieving this goal [7, 8]. Chlorination is probably the most 
widely used cost-effective water disinfecting methodology around the world; nevertheless, in some cases chlorination is not 
capable of inactivating these microorganisms, and it has been associated with unpleasant taste and several concerns on the 
 toxicity of its reaction by-products [9].

Among the alternative methodologies developed to generate safe drinking water, advanced oxidation processes (AOPs) have 
been identified as emerging technologies for inactivating pathogens in water. Destruction of parasites by applying ozone, ultra-
violet (UV) radiation, and homogeneous and heterogeneous photocatalysis (HP) has been discussed in the past for bacteria, 
fungi, viruses, and other highly resistant microorganisms [10–13]. Among all these interesting alternatives, HP is the tech-
nology most extensively discussed in the literature [14] for inactivating microorganisms in water.
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2.2 Photoactive Metal oxides

Photocatalysis is defined as the acceleration of a reaction by using a photocatalyst [15]. The initial step in HP is the absorption 
of a quantum of energy by the catalyst (usually a semiconductor). Once energy absorption occurs, the catalyzer (C) generates 
charge carriers (electrons, e−, and holes, h+), and excited electrons are transferred to the oxidant (Ox

1
). simultaneously, the cat-

alyzer accepts electrons from the reducer (Red
2
) to fill the holes generated at its valence band. Electron flux in both directions 

is null and the catalyzer remains unaltered as proposed in reaction sequence (2.1) [16]:

 

C C e h
h d Ox
e Ox ed

hv → +
+ →
+ →

− +

+

−

( )
Re

R
2 2

1 1

 (2.1)

HP uses a dispersed solid semiconductor (TiO
2
, ZnO, etc.) to generate a stable colloidal suspension under radiation for 

 stimulating a reaction at the solid/liquid interface. At the interphase between the semiconductor and a solution containing a 
redox pair, charge transference occurs to balance chemical potentials between the two faces. Metallic oxides and sulfurs are 
among the most commonly used semiconductor materials available for photocatalytic (PC) purposes. Nowadays, titanium 
dioxide (TiO

2
) is  frequently used as a semiconductor for HP processes and is reported to be among the most active [17]. 

Table 2.1 gives some of the most common semiconductor materials used in PC reactions, their band-gap energy, and the max-
imal wavelength values required for catalyst activation.

Degradation of organic pollutants by HP is among the most successful applications of AOPs for eliminating toxic substances 
in water [18] as suggested by the wide variety of research groups, facilities, scientific reports, and patents around the use of this 
technology. Use of HP water disinfection has given rise to the design and synthesis of new nanostructurated photocatalysts with 
interesting properties for more efficient environmental applications.

2.3 KiNetics aNd reactioN MechaNisMs

for a long time, several groups working on the analysis of HP mechanisms have hypothesized on the photogeneration of 
holes (h+) and surface-trapped hydroxyl radicals (HO•) [19]. Initial steps involved in band-gap irradiation of TiO

2
 particles 

(or any other semiconductor) have been studied in detail by laser-flash photolysis measurements [20, 21]. It is well 
established that TiO

2
 illumination with radiation of the proper wavelength (≥E

g
) generates an electron/hole pair that can 

recombine or dissociate (both reactions are in competition) to produce, in the latter case, a conduction band electron and a 
valence band hole that are able to migrate to the particle surface. Once on the surface, both charge carriers are able to 
interact with adsorbed electron acceptors and oxidize electron donors. In the aqueous phase, oxygen is often present as an 

table 2.1 band-gap energy and activation 
wavelength for some semiconductors [16]

Material
Band-gap  

energy (eV)
Activation 

wavelength (nm)

BaTiO
3

3.3 375
CdO 2.1 590
Cds 2.5 497
Cdse 1.7 730
fe

2
O

3
2.2 565

GaAs 1.4 887
GaP 2.3 540
snO

2
3.9 318

srTiO
3

3.4 365
TiO

2
3.2 387

WO
3

2.8 443
ZnO 3.2 390
Zns 3.7 336
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electron acceptor and HO− and H
2
O are available as electron donors to yield hydroxyl radicals. It is well documented that 

these trapping reactions occur in a lapse time shorter than 30 ps [22].
Considering the importance of mass transference in the process, initial practical approaches for a quantitative description of 

HP kinetics have been commonly carried out using a Langmuir–Hinshelwood (L–H) kinetics model [23]. This mathematical 
model assumes that the reaction occurs on the catalyst surface. According to the L–H model, the reaction rate (r) is proportional 
to the fraction of particle surface covered by the pollutant (θ

x
). Mathematically,

 
r

dC

dt
k

k KC

KC K Cr x
r= − = =

+ +
θ

1 s s

 (2.2)

where k
r
 is the reaction rate constant, K is the pollutant adsorption constant, C is the pollutant concentration at any time, K

s
 is 

the solvent adsorption constant, and C
s
 is the concentration. During the 1980s, many authors presented their data using the L–H 

kinetic approach. Nevertheless, despite fitting well with the experimental data, the L–H approach does not consider the role of 
the radiation field on the mechanism [24, 25].

Other kinetic studies on HP suggest that the reaction rate increases with catalyst concentration to get a maximum value 
concentration depending on the compound and the reactor used. for these concentrations, the reaction rate remains 
unchanged or decreases with further increments of catalyst concentration [25]. An interesting problem is the relation 
between catalyst concentration, reaction rate, radiation absorption, and process improvement. Considering this, many 
different models have been proposed. studies have suggested relationships aiming to estimate the radiation absorbed by the 
catalyst [24, 25]. from these results, several models, most of them based on complex mathematical or statistical computational 
approaches, have been developed. These models are able to predict radiation absorption and scattering as a function of 
catalyst concentration, optical path and catalyst type, and its relation to pseudokinetic constants obtained experimentally 
[24–26]. Based on the radiation absorbed by the catalyst, Alfano’s group as well as other authors have focused on the a 
priori design of photochemical reactors, the improvement of HP reactions, and the generation of intrinsic reaction kinetic 
that may lead to process scaling-up [27–29].

Besides reactor design, heterogeneous PC degradation reaction can be enhanced by the use of higher active catalyst or inor-
ganic oxidizing species. In the first case, activation of TiO

2
 under visible light is a desirable technological approach. In order to 

utilize visible light for TiO
2
 excitation, dye-sensitized and ion-doped TiO

2
 has been developed in recent years and has yielded 

promising results for the photocatalyzed degradation of different substrates [30, 31].

2.4 visible light absorbiNg seMicoNductors

According to reaction sequence (2.1), the production of charge carriers is a fundamental step in the degradation processes using 
HP. Once generated, these species may lead to hydroxyl radical generation (and the subsequent organic matter degradation) 
or can recombine to generate the initial state and energy emission. This latter reaction, known as recombination, is a practical 
problem when using a TiO

2
 catalyst, and it is extremely efficient (reaction rate = 10-9 s) when no proper electron acceptor is 

present in the reaction media [32]. This side process is energy-wasting and limits the achievement of high quantum yields (i.e., 
number of primary chemical reactions per photon absorbed). In most of the cases, dissolved oxygen is used as the electron 
scavenger, and several works have dealt with its efficiency as an oxidant agent to complete organic matter mineralization [33]. 
Nevertheless, it has been demonstrated that only low mineralization is reached when dissolved oxygen is used as an oxidant 
agent [34].

The recombination of charge carriers seriously affects the actual photonic yield of the photocatalyst; however, this is not the 
only variable related with the effectiveness of the process. One of the main disadvantages in its use is related to the wavelength 
required for activating TiO

2
. The HP process using titanium dioxide occurs only when it is irradiated with ultraviolet 

(UV, λ < 400 nm) radiation and photon energy is absorbed by the crystal structure of the semiconductor, transferring electrons 
from the valence to the conducting band. This specific characteristic limits the photocatalyst sensitivity when solar radiation is 
intended to be used since only a small part of the solar spectrum (about 5%) falls within the UV radiation [2, 35]. In order to 
avoid this limitation, several modifications have been attempted to the TiO

2
 PC structure in order to make it active under visible 

spectral irradiation, improve its photosensitivity and quantum yield, as well as reduce its band-gap energy requirements for PC 
activation. These modifications follow different approaches: (i) dye sensitization, (ii) TiO

2
 coupling with other semiconducting 

materials with appropriate band-gap energy, (iii) surface deposition of metal clusters, and (iv) doping the crystal lattice with 
metallic and nonmetallic foreign atoms; see figure 2.1 [36, 37].
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several years ago, sato discovered that the addition of NH
4
OH in a titania sol–gel formulation followed by calcination of the 

precipitated powder at temperatures of 300 °C and higher resulted in a material that exhibited visible light sensitization [38]. 
It was not until a few years ago that a first explanation of this phenomenon was provided by Asahi and coworkers who reported 
that nitrogen-doped TiO

2
 could absorb in the visible light. It was a yellowish material prepared by sputtering a TiO

2
 target under 

a N
2
(40%)/Ar gas mixture followed by annealing under N

2
 at 550 °C for 4 h, and it was photocatalytically active for the degra-

dation of methylene blue and acetaldehyde under visible light [39–42].
Nitrogen is one of the most widely reported dopants for shifting TiO

2
 spectral absorption into the visible range. substitution 

of N in the titania lattice has been proposed to contribute to a narrow band gap by merging nitrogen and oxygen 2p states on the 
top of the valence band as nitride (Ti–N) or oxynitride (Ti–O–N). Another theory is the formation of oxyanion species at 
interstitial lattice sites, where N is bonded to one or more oxygen atoms creating localized intergap states. Both arrangements 
are considered to change the energy photothreshold responsible for the red shift of the optical absorption toward the visible 
spectra region [43].

several recent studies in this emerging field of N-doped TiO
2
 catalyst activated by visible light deal with the fundamental 

physics to explain the electronic properties of N-doped TiO
2
 [44–46] and provide solid evidence for the promising properties 

of this environmentally “green” material [47, 48]. However, some other reports have suggested that anion-doped TiO
2
 photo-

catalysts have low efficiency due to charge carrier recombination from anion doping [49] and that metal ion modification influ-
ences light absorption and photoreactivity of TiO

2
 acting as electron/hole traps [50].

silver-, vanadium-, iron-, and palladium-modified nitrogen-doped TiO
2
 have been tested to enhance titania’s PC performance 

in inactivating Gram-negative bacteria, such as Escherichia coli, Pseudomonas aeruginosa, and Prevotella intermedia [50–55], 
as well as some Gram-positive bacteria, such as Methicillin-resistant Staphylococcus aureus (MRsA), Staphylococcus epider-
midis, Staphylococcus saprophyticus, Streptococcus pyogenes, and Saccharomyces cerevisiae [56–59], and a few protozoa, 
such as Tetraselmis suecica, Amphidinium carterae, Chlorella vulgaris [60, 61], in water.

Nonmetallic ion doping has also been shown to be effective to induce modifications of the electronic structure of TiO
2
 by 

creating surface oxygen vacancies due to charge compensation between the nonmetallic ion and Ti4+ but without producing a 
significant change in the optical absorption of the photocatalyst [37, 62]. Moreover, codoping of TiO

2
 with nitrogen and fluorine 

has demonstrated high PC activity in the visible region with beneficial effects induced by both dopants [63–65]. Huang et al. 
confirmed strong visible light absorption and high PC activity of N–fTiO

2
 for p-chlorophenol and rhodamine B degradation 

under visible light irradiation [64]. xie et al. effectively decomposed methyl orange with a visible light–activated N–f–TiO
2
 

photocatalyst [65]. Both attributed their findings to the synergistic effect of nitrogen and fluorine doping. More recently, 
Dionysiou’s group has shown the effectiveness of N–TiO

2
 in removing cyanobacterial toxins in water by using visible radiation 

[37, 66]. Castillo-Ledezma et al. have recently demonstrated the capability of N–f–TiO
2
 in inactivating E. coli using solar radi-

ation under several different reaction conditions, including pH value and radiation wavelengths (visible and UV + visible), and 
they showed that the N–f–TiO

2
 process possesses higher efficiency than the regular TiO

2
 and solar disinfection processes [2]. 

similar results were found by Wong et al. for nitrogen-doped TiO
2
 in inactivating E. coli and several other pathogenic microor-

ganisms [67]. They also found that proteins and light-absorbing contaminants reduce the bacterial activity of the photocatalyst 
as a result of their light-shielding effects. Liu et al. found that extracellular polymeric substances (EPs) generated by some 
heterotrophic bacteria play an important role in controlling the kinetics of the solar-induced PC process by generating a 
protective layer against the presence of photogenerated reactive oxygen species (ROs) during the photocatalyst activation [68].
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 photocatalyst’s band-gap modification for undoped (hν
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), and nonmetal doping (hν
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In a very interesting synergistic approach, Wu et al. developed and tested a metal-/nonmetal-doped TiO
2
 catalyst for the inac-

tivation of Gram-negative (E. coli and P. aeruginosa) and Gram-positive (S. aureus) cells [69]. They found that by combining 
both metal and nonmetal dopants, PC activity was much higher than using the dopants separately under visible light 
illumination.

2.5 slurries or iMMobilized Photocatalyst

The generation of catalyst sludges as by-products is one of the main disadvantages of HP processes in water treatment. At the 
pilot-plant level, HP uses suspended TiO

2
 in photoreactors where the semiconductor is recovered after the treatment. According 

to various lab-scale research reports [14], the use of TiO
2
 in suspensions is more efficient than their use in immobilized forms. 

Nevertheless, this latter form possesses specific advantages, such as cost reductions, a decrease in material losses, and the 
likelihood of skipping recovery steps in the process, which make it possible to produce immobilized titania photocatalysts with 
higher efficiency as compared with those reported to date [70, 71].

several supporting materials, from sand to quartz optical fiber, have been reported so far for TiO
2
 immobilization. During 

the past few years, the in situ generation of catalysts seems to be the most promising technology for catalyst immobilization 
[71]. Other authors [72] have demonstrated that by using this method, the generated fixed form of titanium dioxide presents 
equal efficiency as Degussa P-25 (considered the most efficient form of titanium dioxide) suspended catalyst for bacteria inac-
tivation. However, more research is needed before this can be considered for the future design of efficient PC processes.

2.6 tio
2
 Particles aNd NaNotubes

Nanostructured TiO
2
 with different sizes, shapes, and morphologies (nanoparticles, nanofibers, nanowires, nanorods, nano-

porous materials, and nanotubes) have been prepared and their unique properties tested for several applications [73]. The 
preparation method plays a key role on the variety of structures formed. some well-known methods to prepare TiO

2
 nano-

structures are sol–gel, microemulsion, hydrothermal, solvothermal, vapor deposition, and anodization [74, 75]. The main idea 
behind this molecular design is to improve the physical and chemical properties of TiO

2
, including their PC activity and PV 

response [76].
One of the most promising TiO

2
 nanostructures for environmental applications is titanium dioxide nanotubes (TDN). 

Literature on TDN is the second most abundant only after that on carbon nanotubes. TDNs prepared from the anodization of 
metal plates have attracted interest because they can improve performance on well-known titania applications such as water 
photoelectrolysis, photocatalysis, heterojunction solar cells, gas sensing, and environmental purification [77, 78] since they 
provide a highly ordered TiO

2
 nanotubular array with a large specific surface area. Two important structural characteristics of 

these TDN arrays are their inner diameter of approximately 100 nm and an average length of 3 μm (fig. 2.2).
The highly ordered structure can improve the transport of photogenerated electrons in the TiO

2
 film by providing a 

unidirectional electric channel and reducing grain boundaries in photocatalysis and photoelectrochemical applications, while 
the large surface area can allow more efficient light harvesting [79, 80].

500 nm 500 nm

figure 2.2 standard electron microscope (sEM) images of TDN obtained by anodization. Left top view; right cross-sectional image.
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figure 2.3 (a) PbO
2
 deposited on TDN; (b) sb–snO

2
 deposited on TDN.

2 µm

(a) (b)

5 µm

As a material for electrocatalytic oxidation of azo dyes, TDNs show null or very low capability to oxidize them [80]. 
However, when electrochemical oxidation is combined with UV irradiation, degradation becomes more effective as in the case 
of methyl orange degradation reported by Zhang, who achieved a degradation efficiency of 56.3% for an irradiation time of 
90 min with an initial dye concentration of 2 × 10-4 M [80].

Also, in electrocatalysis, TiO
2
 nanotubes have been used as a substrate to support electroactive materials like noble metals 

(Ag, Au, Pd, Pt, and Ru) [81–83] or metal oxides. As mentioned earlier, TiO
2
 itself is a widely used material in electrochemistry 

due to its semiconductive properties, insertion host capacity, and long-term stability [81]. These characteristics make TDNs 
very suitable to hold other materials providing a large surface area and a chemically stable structure that can be repeatedly used 
[83]. Gold nanoparticles (3 nm) loaded on TDN layers have proven to be more effective for the reduction of oxygen than gold 
nanoparticles dispersed on a compact flat TiO

2
 film. Gold as well as other noble metals like silver, palladium, platinum, and 

ruthenium have been deposited on TDNs in order to enhance TiO
2
 PC properties [81].

2.7 Photocatalysis oN tio
2
 NaNotubes

In recent years colloidal and particulated TiO
2
 have been used to photodegrade pollutants in both liquid and gas phases. 

However, these suspended systems must face three inherent technical problems: (i) separation or filtration after the reaction, (ii) 
particle aggregation, and (iii) the problems associated with continuous flow systems. Methods to prepare TiO

2
 on a solid 

support have been reported, but the efficiency of the immobilized system is much lower than that of suspended ones because of 
the reduction of surface active area on the immobilized catalyst. Therefore, TiO

2
 nanotubes might overcome this drawback due 

to its high specific surface area [84]. Toward this end, the PC activity of TDNs toward methyl orange discoloration was evalu-
ated and compared with that of a TiO

2
 nanoparticle film. In this study, the authors reported a more efficient degradation activity 

on the nanotubes than on the nanoparticle film. This higher efficiency is attributed to a more effective separation of the photo-
generated electron–hole pairs and the higher inner surface area of the nanotube structure [84].

In general, in order to enhance TiO
2
 PC activity, a deposit of noble metal particles increases electron–hole separation and 

promotes electron transfer processes. It has been stated that nanotubes loaded with gold and silver nanoparticles form local 
schottky junctions that present a higher potential gradient than at the TiO

2
/electrolyte interface [82]. Photocatalysis can be 

improved if two metals are simultaneously used to modify TiO
2
 as it was investigated for a Au–Pd-comodified TiO

2
 nanotube 

film (Au–Pd–TiO
2
). The activities of naked TiO

2
 and Au–Pd–TiO

2
 toward malathion degradation were compared. The study 

showed that 73.8% of malathion was removed in the presence of naked TiO
2
, but 98.2% malathion removal was achieved when 

Au–Pd–TiO
2
 was used instead of naked TiO

2
 [83].

As we can see, one of the major trends in the environmental use of TiO
2
 nanotubes is combining them with another material, 

metal, or semiconductor in order to enhance their PC properties or to obtain a dual material that has the properties of both parent 
materials. In some cases, the TiO

2
 nanotube array plays the role of a substrate, which has a large surface area, good mechanical 

resistance, and greater adsorption capacity to support a highly electroactive metal oxide such as PbO
2
 (fig. 2.3a) or snO

2
 doped 

with sb (fig. 2.3b) [85–87].
PbO

2
 and snO

2
 are known to have a high oxygen evolution potential, which makes them more efficient for electro-oxidation 

of organic pollutants. These active oxides loaded on ceramics, Ti, and other support materials are suitable for environmental 
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applications due to their low cost, good corrosion resistance, and high conductivity, but mechanical instability of their coatings 
is a major disadvantage that has to be overcome. To achieve that goal, several efforts are being made, including the use of TiO

2
 

nanotubes prepared by the anodization of Ti plates, which provides a stake structure where the electroactive materials can 
 penetrate and combine more firmly, thereby increasing the stability of electrodes [85, 87].

Relatively few works dealing with TDN tests for water disinfection have been reported. Ng et al. synthesized TDNs via elec-
trochemical anodization followed by calcination and used these materials for E. coli inactivation in water [88]. They found that 
over 95% of the initial E. coli viable counts were inactivated in only 50 min under UV-A radiation. Presence of ionic species 
and organic compounds in water did not produce any observable effect in the inactivation rate.

2.8 Photoelectrocatalysis oN tdN

The idea of combining TiO
2
 with other oxides in order to obtain an electrode that presents both PC and electrocatalytic prop-

erties is not new [89]. However, the possibility of using TDNs, prepared anodically on Ti plates, as both support and photoactive 
material, makes it easier to grow or implant electroactive oxides to create an electrode material with photoelectrocatalytic 
(PEC) properties. Thus, great attention has been paid recently to prepare electrodes of this type.

The use of naked TDN as photoelectrocatalysts has been reported for azo decolorization, for example, in the cases of methyl 
orange (MeO) or acid orange 7. In the case of methyl orange, PEC and PC activities of the nanotube electrode were compared 
for decolorization experiments where a 0.5-V potential was applied and a UV illumination was utilized. A 99% removal was 
achieved under PEC conditions, while only 21.5% of the MeO was removed by the PC process for a total time of 90 min [80]. 
for acid orange 7, total removal (discoloration) was achieved after 45 min of PC decomposition under an applied potential of 
1.0 V versus the Ag/AgCl reference electrode [90]. According to this author, applying an electrochemical potential helps to 
control the band bending, which can result in more efficient charge carrier separation.

One way to enhance the PEC properties of TDNs is to couple them with other materials like sb-doped snO
2
, siO

2
, Bi

2
O

3
, 

fe
2
O

3
, ZnO, and Cds [87, 91, 92]. Thus, for example, a photocatalyst like Bi

2
O

3
 that is capable of oxidizing water under a 

visible light irradiation could be loaded onto a TiO
2
 nanotube array electrode, and the composite electrode achieved higher 

catalytic activities toward 2,4-dichlorophenol degradation than the individual Bi
2
O

3
 or TiO

2
 electrode materials did. An effec-

tive photocatalyst for the elimination of environmental pollutants should present high PC activity both in the UV and in the 
visible light regions. This can be accomplished by a composite electrode like Bi

2
O

3
/TiO

2
, where Bi

2
O

3
 is photoactive under 

visible light and TiO
2
 is active under UV irradiation [87].

PEC using TDN has also been briefly reported for application as a promising and powerful tool for bacteria inactivation 
[93]. Current work deals with the development of TDN through electrochemical anodization in aqueous solution. The nanotube 
electrode built by this procedure was compared with a mesoporous TiO

2
 electrode for E. coli inactivation. High surface TiO

2
 

nanotubes resulted in high photocurrent and an extremely rapid E. coli inactivation rate ( 1̴06 CfU mL−1 killed in less than 
10 min). Recently, a Ag/AgBr/TiO

2
 nanotube array with enhanced visible light activity was synthesized and its PEC activity 

tested for inactivation of E. coli under visible radiation (λ > 400 nm) resulting in complete sterilization highly superior than 
with other reference photocatalysts [94]. However, other authors disagree with these results, and there is a controversy on the 
real advantages of PEC for bacteria inactivation [95].

2.9 other NaNostructured Metal oxides

Metals have been used in water treatment for long. for example, silver has been in use for the treatment of infections and wounds 
as well as for water disinfection due to its antimicrobial activity since Roman times. More recently, other metal derivatives, such 
as metal oxides but also metal chalcogens, have drawn attention because of their potential applications in inhibiting microorganism 
growth due to their high surface areas, unusual crystal morphologies, and high catalytic activity. The use of oxide nanomaterials 
for environmental remediation has been reviewed recently [96, 97] and is a hot research field. They can be used for fast and 
cost-effective cleaning procedures for contaminants in comparison to traditional methods [98, 99]. In particular, the use of nano-
materials for wastewater treatment has attracted the attention of some groups, as there are several reports on the specific biocide 
action of some nanomaterials against different types of microorganisms that show low general toxic profiles and good stability 
[100, 101]. This property of nanomaterials may be exploited for use as effective disinfectant agents. It remains a complex issue to 
understand the several factors involved in toxicity, such as chemical composition, surface reactivity, size, distribution, cell type, 
experimental setup, as it requires an interdisciplinary view. However, before their large-scale use for water disinfection, it is 
necessary to understand the real environmental impact that engineered nanomaterials have [98].
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Magnesium oxide (MgO) nanoparticles showed biocidal activity against certain Gram-positive and Gram-negative bacteria, 
as well as spores, in particular against E. coli, B. megaterium, Streptococcus pneumoniae, and Bacillus subtilis. [102, 103]. 
Alumina (aluminum oxide, Al

2
O

3
) nanoparticles have also shown mild antibacterial activity against E. coli, S. pneumoniae, P. 

aeruginosa, and B. subtilis cultures [104–106]. Bulk versus nanoalumina comparison showed that the nanosized Al
2
O

3
 had higher 

toxicity at the same concentration [107, 108].
Copper (II) oxide (CuO) and copper (I) oxide (Cu

2
O) are both semiconducting compounds that are cytotoxic to several types 

of cells [109, 110]. In fact, they are considered among the most toxic nanomaterials based on several studies. In the case of envi-
ronmental effects, it has been reported than CuO nanoparticles with sizes lesser than 50 nm are toxic when tested against 
Nitellopsis obtusa, Chlorella, shrimp Thamnocephalus platyurus, and rotifer Brachionus calyciflorus [111]. In that sense, copper 
oxides may be useful for applications in water disinfection. for example, CuO nanoparticles were effective in killing several 
pathogenic bacteria (P. aeruginosa, Proteus spp., B. subtilis) when used in high concentrations [112]. several reports relate the 
toxicity to copper ions more than to the presence of nanoparticles, but sometimes the nature of the specific toxic agent is unclear. 
Coordinative interactions with chemical moieties with great affinity to copper ions such as carboxylic or amine groups, as well 
as the probability of intercalation into DNA structures to form complexes with nucleotides, may cause disruption of biochemical 
process and thus be the reason for their toxicity [113]. Cu

2
O nanoparticles supported onto natural clinoptilolite showed 100% 

antiprotozoan activity against Paramecium caudatum and Eurytemora affinis after 1 h of contact and inhibitory growth effects on 
E. coli and S. aureus in tests specifically designed to measure the effectiveness of these materials for disinfection of secondary 
effluent water and removal of pathogenic microorganisms in the tertiary stage of wastewater treatment [114].

Zinc oxide (ZnO), on the other hand, has been used in several commercial applications such as in sunscreens, cosmetics, 
pharmaceutical, and the plastic and food industry due to its semiconducting properties, stability, and antibacterial activity. It has 
been tested against bacteria such as B. subtilis, E. coli, Pseudomonas fluorescens, Listeria monocytogenes, Salmonella 
enteritidis, Salmonella typhimurium, and S. aureus, showing from mild to strong microbicidal activity, although the 
studies were more oriented toward finding novel food and agricultural applications than toward finding a utility for wastewater 
treatment [107, 115–118]. The mechanism of antibacterial activity is suggested to proceed through generation of hydrogen per-
oxide on the ZnO surface. It has also been suggested that the release of Zn(II) ions may damage the cell membrane, and they 
may interact with specific biomolecules [119, 120]. Cobalt-doped ZnO antibacterial activity was tested against E. coli, Klebsiella 
pneumonia, Shigella dysenteriae, Salmonella typhi, P. aeruginosa, B. subtilis, S. aureus, and the fungi Fusarium sp., showing 
significant results [121, 122]. The use of thin films of ZnO is also being considered to avoid the growth of biofilms, which may 
be very useful for wastewater treatment technologies involving large active surfaces or membranes [123].

Cerium oxide (CeO
2
) nanoparticles have shown antimicrobial activity by electrostatically binding the cell membrane of 

Gram-negative cells [124]. They have been detected by monitoring the bacterial growth on a solid medium of S. aureus, P. aeruginosa, 
Klebsiella sp., S. pneumoniae, and S. aureus [104, 125]. When compared with bulk and nano CeO

2
, bulk CeO

2
 showed less toxicity 

than their nanosized counterparts [126].
Nitrogen-doped ZrO

2
 has been reported to effectively inhibit the growth of E. coli and biofilm heterotrophic bacteria under 

solar light illumination [68]. Iron oxides (feO, α-fe
2
O

3
, β-fe

2
O

3
, γ-fe

2
O

3
, fe

3
O

4
) are also of chemical interest as they are bio-

compatible and some of them are magnetically active. They are able to participate in light-driven or pH-induced redox changes 
that are responsible for the generation of ROs and other highly reactive chemical species (such as primarily hydroxyl radicals), 
following fenton-like mechanisms. Just as in the case of TiO

2
, the use of such reactive species for water disinfection is attractive 

as they are produced by the illumination of a suspension of contaminated water and nanoparticles for a short time, and solar 
light may be used when the shifting of the optical response from UV to visible light is to be achieved. In that sense, the growth 
of S. aureus cultures was inhibited significantly compared to control samples when 3 mg/ml of iron oxide dose was used [127]. 
It has also been reported than fe

3
O

4
 nanoparticles have an inhibitory effect on E. coli in a concentration-dependent manner; 

although no correlation to light exposition was made, the authors suggested than ROs may be responsible for growth inhibition 
[128]. However, a recent study warns that superparamagnetic iron oxide nanoparticles (sPIONs) may have a negative effect for 
wastewater remediation as they induce an increase of P. aeruginosa biofilm biomass [129].

2.10 coNclusioNs

The specific biocide activity of some nanomaterials against microorganisms present in wastewater is a very attractive property 
for their eventual incorporation in large-scale methods for water disinfection. However, several important challenges remain 
with respect to their commercial use. first, it is necessary to remove particles from water as they may negatively interfere in 
secondary treatment processes or, due to their inherent toxicity, may present a risk for the environment (biomass) or water 
consumers. second, electrostatic or van der Waals interactions among nanoparticles to form larger aggregates may be useful 
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to obtain particle sizes easily trapped by traditional filtration methods or to induce spontaneous precipitation. But then, they 
may be incorporated into activated sludge, creating another type of problem—affecting microorganisms present there. Their 
size may also increase due to interactions with organic matter dispersed in solution (humic and fulvic acids, carbonaceous 
materials, among others). Core–shell nanoparticles involving a ferromagnetic layer is another attractive option as the latter may 
be used to remove nanoparticles by simply applying a strong external magnetic field. functionalization of their surfaces to 
maintain their solubility, increase their stability against aggregation, decrease their chemical reactivity at a wide range of pH 
values, or avoid interactions with chemical substances present at solution is also key for their eventual consideration in wastewater 
treatment procedures. Biological interactions with other organisms (not only microbes, but also other phyla such as invertebrates, 
vertebrates, and plants) may prove to be another challenge, as the nanoparticles may biodegrade, suffering biologically induced 
chemical and physical transformations, which affects their stability and chemical reactivity, or even changes their biological 
activity from nontoxic to highly toxic or vice versa.

All these problems make the field more attractive for further research in order to overcome the difficulties and better exploit 
the unique properties of nanomaterials for wastewater treatment.
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3.1 iNtrOduCtiON

Photocatalytic organics degradation and H
2
 evolution by using semiconductor photocatalysts have attracted considerable 

interest since the pioneering work of Fujishima and Honda [1], who proved that water can be photoelectrochemically decom-
posed into hydrogen and oxygen by using a semiconductor (TiO

2
) electrode under ultraviolet (UV) irradiation. Photocatalysis 

for water purification and wastewater treatment was also extensively studied, and it was proven to be a cost-effective, safe, and 
promising alternative since Matsunaga et al. [2] first reported the efficiency of photocatalytic oxidation of Saccharomyces 
 cerevisiae (yeast), Lactobacillus acidophilus, Escherichia coli, and Chlorella vulgaris (green algae) in water using a Pt–TiO

2
 

photocatalyst upon illumination with near-UV light in 1985. In the past few decades, improvements in photocatalytic efficiency 
have focused on the following two aspects: (1) increasing the absorption range of the solar spectrum and enhancing quantum 
efficiency by modifying TiO

2
, for example, with noble metals [3–10], by doping, [11–14] and by coating with other semicon-

ductors (Fe
2
O

3
 [15, 16], WO

3
 [17–19], V

2
O

5
 [20], Cu

2
O [21], CdS [22]), which were done in the late 1980s to develop second-

generation TiO
2
 photocatalysts that could absorb both UV (290–400 nm) and visible (400–700 nm) light and thereby enhance 

the overall efficiency; (2) screening other substitute materials of photocatalytic semiconductors, for example, CdS [23], Cr
2
O

3
 

[24], BiOX (X = Cl, Br, and I) [25], SrTiO
3
 [26], ZnS [27], Fe

2
O

3
 [28], ZnO [29], and Cu

2
O [30].

Copper (I) oxide (Cu
2
O, cuprous oxide) was the first substance known to behave as a semiconductor, together with 

selenium. In 1916, photoconductivity of cuprous oxide was observed. After that, its semiconductor properties were inves-
tigated. Historically, the first real solar cell with Cu

2
O was fabricated by the end of 1920 [31, 32]. Rectifier diodes based 

on this material were used industrially as early as 1924, and most theories on semiconductors were developed using the data 
on Cu

2
O-based devices. Before the application of silicon, the use of Cu

2
O in the transistor industry was reported. In the 

early 1950s, doping of silicon and germanium was discovered; these elements became the standard, and the attention on 
Cu

2
O declined.

As a matter of fact, during the oil crisis of the 1970s, significant research effort was devoted to the study of alternative energy 
supplies, and Cu

2
O, a very potential candidate material for solar energy conversion, came back into the limelight after several 

decades. In 1998, Hara et al. [30] reported that illuminated Cu
2
O particles acted as photocatalysts in the evolution of H

2
 and O

2
 

from water and that the particles displayed long-term (up to 1900 h) stability. Since then, extensive investigations on the photocatalytic 
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activity of Cu
2
O have been carried out. The reasons Cu

2
O is considered a potential solar-driven photocatalyst are as follows: 

(i) it is nontoxic; (ii) it is composed of two very abundant elements; (iii) it has a good absorption coefficient for light with wavelength 
above 580 nm [33] and high theoretical solar cell conversion efficiency (up to 18%) [34]; and (iv) it is easy to prepare. However, 
it is well known that Cu

2
O can easily be deactivated by photocorrosion [35], although it was reported that photocatalytic 

splitting of water on Cu
2
O powder proceeded without any noticeable deactivation for more than 1900 h [30]. Stability of Cu

2
O 

has been studied by some researchers [36–41]. It is very clear that Cu
2
O can be oxidized easily if photogenerated holes cannot 

be scavenged efficiently because it is thermodynamically favorable for photogenerated holes to oxidize Cu
2
O to CuO. In order 

to improve stability and photocatalytic activity of Cu
2
O, numerous efforts have been undertaken on Cu

2
O modification for its 

application in the degradation of organic pollution, photocatalytic disinfection, and photosplitting of water. In this chapter, 
based on the work done by other groups and in our lab, Cu

2
O-based nanocomposites for environmental protection have been 

reviewed for disinfection and degradation of organic pollutants, with a focus on the structural characteristics of Cu
2
O and its 

modification, the relationship between structure and photocatalytic activity, and photocatalytic mechanism.

3.2 struCtural feature aNd Cu
2
O mOdifiCatiON

3.2.1 structural feature of Cu
2
O

Cu
2
O has a very simple structure that crystallizes in a high-symmetry cubic lattice, as shown in Figure 3.1 [42]. The crystal 

structure of Cu
2
O is called the cuprite structure [43], which can be viewed as two sublattices, a body-centered cubic (bcc) 

 sublattice of oxygen anions (Fig. 3.1a), and a face-centered cubic (fcc) sublattice of copper cations (Fig. 3.1b). The oxygen 
atoms occupy tetrahedral interstitial positions relative to the copper sublattice, a simple cubic Bravais lattice with the symmetry of 
the 224th space group ( , )O Pn mh

4 3 , so that oxygen is tetrahedrally coordinated by copper. However, copper is linearly coordi-
nated by two neighboring oxygen atoms. These low coordination numbers are very unusual for metal oxides and only two other 
substances—Ag

2
O and Pb

2
O—have this crystal structure. Also, a short copper–oxygen bond length in Cu

2
O is unusual, which 

is strongly suggestive of metal–metal (Cu–Cu) bonding.
In order to gain a deeper insight into the chemical bonding of Cu

2
O, Gordienko et al. [44] proposed the mechanism 

responsible for the formation of Cu–O bonds and possible direct Cu–Cu bonds. The d states of the metal hybridize not 
only with the p states of the anion but also with the s and p orbitals of the metal itself. The elucidation of the mechanism 
responsible for s–d and p–d hybridizations is of particular importance in explaining the mechanism of chemical bonding 
between atoms with filled d shells. As mentioned earlier, Cu

2
O has a cuprite structure, in which oxygen is tetrahedrally 

coordinated by copper, whereas copper is linearly coordinated by two neighboring oxygen atoms. The linear coordination 
of copper to oxygen and the short interatomic distances in crystals cannot be explained by simple models of interaction 
between O2− and Cu+ ions with a  completely filled 4d shell but can be interpreted only if it is assumed that copper atoms 
form a direct Cu–Cu bond. Several experimental and theoretical works have been dedicated to the study of the electronic 
structure of Cu

2
O [45–48]. As shown in Figure 3.2, the valence band (VB) of Cu

2
O is mainly formed by Cu 3d levels, 

together with a small contribution from 4s orbitals, and the hybridization of Cu 3d levels and empty Cu 4s levels forms 
the conduction band (CB) [49]. The same parity of the bands suggests that Cu

2
O is a semiconductor with a direct gap at 

O Cu

(a) (b)

figure 3.1 Unit cell of cuprous oxide lattice (cuprite structure): (a) origin on an oxygen site; (b) origin on a copper site. dashed lines 
represent the bonds whereas solid lines are only a guide for the eyes. This structure contains two Cu

2
O formula per unit cell [42].
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the center of the Brillouin zone (Γ point) [42]. The experimental band gap is about 2.0 eV [33, 50]. Theoretical 
 calculations using local density functional theory (LdFT) yielded values between 0.45 and 0.8 eV [51], while Hartree–
Fock (H–F) calculations reported a value of 9.7 eV [48]. It is well known that LdFT underestimate band gaps while H–F 
calculations  overestimate them.

The special crystal structure of Cu
2
O results in an energy band configuration different from other common metal oxide 

semiconductors. The top of the VB of common metal oxide semiconductors is usually composed of an O2p orbit with a local 
area distribution charge so that its band gap can only be narrowed by doping with other elements. As for Cu

2
O, the Cu+ ion 

electronic structure ends up with 3d104s0, in which the energy for 4s orbitals is only slightly higher than that for the 3d levels. 
So, the band gap of Cu

2
O can be widened by reducing the interaction of Cu d–d of the upper VB, and the band gap of Cu

2
O can 

also be adjusted by doping with different elements to change Cu–Cu interaction [52].

3.2.2 modification

Though Cu
2
O has been reported to be used as a stable photocatalyst with exposing (111) facets [53], Cu(I) in Cu

2
O is 

unstable because it is easily oxidized to Cu(II) by photogenerated holes or another oxidant, or it might be reduced to 
Cu(0) by photogenerated electrons. The thin-layer CuO on the surface of Cu

2
O can prevent further photocorrosion of 

Cu
2
O to form a stable Cu

2
O/CuO core/shell structure [36], but it also reduces the photocatalytic activity of Cu

2
O because 

CuO has a less narrow band gap (1.4 eV [46]), which suggests a weak redox ability and high combination rate of photo-
generated electrons and holes. Additionally, though Cu(I) in Cu

2
O may be reduced to Cu(0) by photogenerated electrons, 

it cannot easily happen since photogenerated electrons are dominantly captured by oxygen in the process of photocatalysis 
[40]. In the contrary, Cu(0) is usually oxidized to Cu(I) to form a passivation layer of Cu

2
O if Cu(0) is exposed to air [54]. 

Thus, in order to improve stability of Cu
2
O, it is very important to prevent Cu

2
O from photocorrosion by holes. doping 

[55] and hybridization [56] have been proven to be effective in the improvement of photocatalytic activity and stability of 
narrow semiconductors. Our theoretical calculations and experimental results show that Zn-doped CdS [55] indeed had 
much higher photocatalytic activity and stability than pristine CdS. So, in order to improve photocatalytic activity and 
stability for Cu

2
O, it is promising to modify Cu

2
O by doping it with other elements, coating with other semiconductors, 

and morphology control.

3.2.2.1 Doping It is known that impurities in semiconductors play a fundamental role in determining the electronic quality 
of a semiconductor. even a very small concentration of impurities can significantly alter the properties of a semiconductor, and 
therefore a systematic study of the most common impurities and their effects as a function of concentration is necessary. The 
existence of Cu–Cu interactions in the cubic Cu

2
O structure plays a key role in the unusual behavior of Cu

2
O. Through doping, 

these interactions can be disrupted and the band gap for Cu
2
O may be changed.

O 2pCB

VB

Cu 3d–4s

2.17 eV

Cu 3d

Cu 3d–4s

O 2p

τ1
τ3

τ2

figure 3.2 Schematic diagram of the energy band of bulk Cu
2
O semiconductor. Reproduced by permission from Ref. [45]. © 2010, 

American Institute of Physics.
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Band structure and electric properties of doped Cu
2
O are extensively investigated based on the first principles of dFT. Nolan 

et al. [52] proposed two conditions related to the dopant that are key for increasing the band gap. The first condition is that 
 dopants with ionic radii (La3+, Sr2+, and Ba2+ dopants) larger than Cu+ will result in a larger band gap over stoichiometric Cu

2
O, 

while other dopants with ionic radii smaller than Cu+ will show no enhancement of the band gap. The second condition is avoid-
ing misalignment of dopant electronic states with Cu

2
O bands, which turns out to be the most important aspect of doping. If 

dopant electronic states interact with the VB or CB of Cu
2
O, for example, In3+ or Cd2+, or produce defect states in the Cu

2
O band 

gap, for example, Ce4+, the band gap is reduced. Nolan et al. [49] also reported that substitutional cation doping with Al and Au/
Ag decreases the band gap of Cu

2
O. Martínez-Ruiz [48] have drawn the conclusion that doping with Ag atoms decreases the 

band gap, while doping with Ni results in a p-type semiconductor with impurity levels above the allowed VB maximum and 
doping with Zn results in an n-type semiconductor with impurity levels above the CB minimum.

N [57–59] and Cl [60–62] elements are mostly experimentally studied as dopants for Cu
2
O. Nitrogen is an impurity that can 

be easily incorporated in Cu
2
O at high concentrations [57] and is a very effective p-type dopant [58], in agreement with the 

hypothesis that nitrogen acts as a substitutional impurity for oxygen atoms. Nakano et al. [57] investigated the effect of N 
doping for Cu

2
O films deposited by reactive magnetron sputtering. N-doped Cu

2
O films have a positive shift in the position of 

the VB edge. Here, the CB shift ΔE
C
 of the Cu

2
O : N films is estimated from the optical band gap ΔE

g
 and VB shift ΔE

V
. More 

interestingly, the CB edge is found to be negatively shifted, with a value a little more than the ΔE
V
. Band-gap diagrams of Cu

2
O 

and Cu
2
O : N with N-doping concentration of 2.9% are typically shown in Figure  3.3. In this case, the ΔE

V
 and ΔE

C
 are 

 estimated to be 0.17 and 0.23 eV, respectively. Both band edge shifts tend to enlarge with increasing N-doping concentration up 
to 3%. However, Malerba et al. [63] excluded the band-gap widening observed by Nakano et al. [57]. They studied the optical 
properties of sputtered Cu

2
O thin films doped with nitrogen concentrations between 1 and 2.5 at.%. All of the doped samples 

exhibited two clearly defined absorption bands at energies below the gap, with an intensity well correlated with the N 
concentration. This result show that both the two-subband absorption processes are related to optical transitions toward two 
impurity levels introduced by nitrogen or by more complex defects formed by nitrogen. The current main reason for the studies 
on Cl-doped Cu

2
O is that Cu

2
O has potential for application in solar cells [60, 61]. Han et al. [61, 62] found a remarkable improve-

ment in electric conductivity and no significant change in the band gap for Cu
2
O. Other nonmetal-doped (such as Si [64, 65]) 

and transition metal (Cd [66], Ni [67], Co [68], Mo [69])-doped Cu
2
O were also investigated. Additionally, Tseng et al. [70] 

reported that the absorption edges shift to the right (red shift) with an increase in Ag content, which implies shortening of optical 
band gap due to Ag doping.

3.2.2.2 Hybridization The semiconductor hybridization approach has been shown to be another effective method for 
improving photocatalytic activity through good photogenerated charge separation with the formation of heterojunction  structure. 
In this configuration, several advantages can be obtained: (i) an improvement of charge separation; (ii) an increase of the charge 
carrier lifetime; and (iii) an enhancement of the interfacial charge transfer efficiency to adsorbed substance on the surface. As 
is well known, Cu

2
O used as a photocatalyst has low energy-conversion efficiency (<1% [71, 72]), which is due to the fact that 

the light-generated charge carriers in Cu
2
O cannot be efficiently transferred to the surface and are lost during recombination 

[73]. Moreover, semiconductor materials with band gaps suitable for capturing a significant fraction of the incident solar 
 spectrum energy (≈0.8–2.4 eV) typically suffer from UV-induced photocorrosion [74], as does Cu

2
O. Combining Cu

2
O com-

posites with other semiconductors or conductive materials may be a good solution to these problems. Cu
2
O-based cocatalysts 

such as Cu
2
O/TiO

2
 [75, 76], Cu

2
O/ZnO [77], Cu

2
O/chitosan [78], Cu

2
O/multiwalled carbon nanotubes [79], and Au/Cu

2
O [80, 

81] show enhanced charge separation efficiency. Cu
2
O-based heterojunction devices such as Cu

2
O/ZnO [82] and Cu

2
O/NiO 

[83] show better electric and photo properties or higher quantum efficiency than pure Cu
2
O. Among these composites, the 

Cu
2
O/TiO

2
 system has attracted the most extensive research. The band-gap energies of Cu

2
O and TiO

2
 are around 2.0 and 3.2 eV, 

respectively. As shown in Figure 3.4, the CB minimum and the VB maximum of Cu
2
O lie above those of TiO

2
. Therefore, the 

Cu2O Cu2O:N

2.1 eV 2.5 eV

EC

EV EV

EC

ΔEV

ΔEC

figure 3.3 energy level diagram of Cu
2
O reference film and Cu

2
O : N film with N-doping concentration of 2.9%. Reproduced by 

 permission from Ref. [57]. © 2009, American Institute of Physics.
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electrons excited to the CB of Cu
2
O can transfer to TiO

2
, whereas the holes generated in the VB in TiO

2
 prefer opposite transfer 

to Cu
2
O. Charge carriers separated in different semiconductors effectively reduce the chance of electron–hole pair recombination 

and also prolong their lifetime, thereby increasing quantum efficiencies. In addition, the working wavelength range extends to 
a visible region due to the absorption of visible light (VL) by Cu

2
O, which further enhances the efficiency of solar energy 

transition. Synergy between these effects enables the Cu
2
O/TiO

2
 system to exhibit great potential for solar cell and photocataly-

sis applications. Additionally, the stability of Cu
2
O and heterojunctions thereof are significantly affected by the material that 

Cu
2
O is coupled with. For example, Cu

2
O heterojunctions with In

2
O

3
, SnO

2
, and ZnO were reported to be unstable, while 

Cu
2
O–CdO junctions were relatively stable [84, 85]. And a thin layer of TiO

2
 deposited on p-type Cu

2
O successfully protects 

the Cu
2
O film against photocorrosion, suggesting that TiO

2
 may be one of the best candidates to couple with CuO and/or Cu

2
O 

to enhance stability [56].

3.2.2.3 Morphology Control Because of the anisotropy of crystals, people found different crystal faces usually exhibit 
 different properties, such as stability and activity. In the past few decades, great achievements have been made by investigating 
the chemical properties of definite crystal faces by employing bulk single crystals. Many photocatalysts have been observed to 
show different photoactivities on different faces; for example, the {001} facets of anatase TiO

2
 show higher activity than the 

{101} facets [86], the {001} facets of ZnO display high activity than that of other facets [87], the {110} facets of Ag
3
PO

4
 exhibit 

higher surface energy than that of {100} planes [88], and the tetrahexahedral Pt and Au nanocrystals enclosed by 24 {037} or 
{122} facets possess excellent electro-oxidation activity [89]. The study of the properties of definite crystal facets not only 
helps us to precisely control their structures and shapes, but also offers an opportunity for discovering multifunctional materials 
with potentially exciting and unique properties. Hence, it is necessary to develop effective and facile methods for the control-
lable synthesis of Cu

2
O as well as to investigate corresponding growth mechanisms. Cu

2
O nanocrystals are relatively easy to 

prepare and low in cost because of abundant copper sources, simple preparation process, and low energy consumption. They 
can also form a wide variety of morphologies. Various interesting Cu

2
O nanostructures such as rods [90], wires [91, 92], spheres 

[93–95], flowers [96], towers [97], flower leaves [98], dendritic structures [99], cacti [100], whiskers [101], bipyramids [102], 
eight-pod cubes, six-armed star-like structures [103], different polyhedral structures (such as cubes [104–106], octahedra [107–109], 
50-facet microcrystals [110], truncated octahedrons [111], triangular nanoplates [112]), and different hollow structures (such 
as spheres [113–116], cubes, [117] truncated rhombic dodecahedral Cu

2
O nanocages and nanoframes [118]) have been 

synthesized.
Here, we pay more attention to the synthesis of Cu

2
O nanostructures with well-defined morphologies with sharp facets. 

These nanostructures possess well-defined facets and sharp edges and are ideal for facet-dependent property studies. Hollow 
Cu

2
O nanostructures are also reviewed here. These are usually synthesized directly without the use of templates or through the 

dissolution of preformed solid Cu
2
O nanocrystals. For this reason, it is possible that they have well-defined morphologies such 

as cubic, octahedral, and other complex but symmetrical shapes.
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figure 3.4 energy band diagram for the Cu
2
O/TiO

2
 heterostructure. The TiO

2
 layer is very thin and considered fully depleted with 

 negligible band bending at the electrolyte interface compared to the Cu
2
O/TiO

2
 interface. Reproduced by permission from Ref. [56]. © 2002, 

elsevier Science B.V.



46 Cu2O-BASed NANOCOMPOSITeS FOR eNVIRONMeNTAL PROTeCTION

3.2.2.3.1 Controllable Synthesis of Cu
2
O with Different Polyhedral Structures A number of studies have described the 

synthesis of Cu
2
O nanocubes. Guo and Murphy [119] prepared Cu

2
O nanocubes with edge lengths of approximately 450 nm by 

mixing a solution of CuSO
4
, cetyltrimethylammonium bromide (CTAB) surfactant, sodium ascorbate, and NaOH at a reaction 

temperature of 55°C. Wang et al. [104] synthesized uniform crystalline Cu
2
O cube in high yields by reducing the copper–citrate 

complex solution with glucose. A series of shape evolutions for Cu
2
O particles from the transient species such as multipod and 

star-shaped particles to cubic crystals have been captured based on transmission electron microscope (TeMic) and scanning 
electron microscope (SeMic) observations. It was concluded that a higher growth rate along the [111] direction induces 
shrinking of the eight {111} facets, while six {100} facets remain to form Cu

2
O cubes because of their lower growth rate. Kim 

et al. [120] heated a solution of ethylene glycol at 140°C and added NaCl, Cu(NO
3
)

2
, and poly(vinyl pyrrolidone) (PVP) to 

synthesize Cu
2
O nanocubes with an average edge length of 410 nm. Chloride ions were found to play a pivotal role in the 

formation of nanocubes, and only polycrystalline spheres were generated in the absence of chloride ions.
Reports primarily on the synthesis of octahedral Cu

2
O nanocrystals are also available. Zhang et al. [107] successfully pre-

pared monodispersed submicron-sized Cu
2
O octahedra in large quantities assisted by the capping reagent PVP-K30 

(MW = 58,000). The mechanism of Cu
2
O octahedra formation can be explained as the cooperative effect coming from the 

growth units of the anion coordinative polyhedra theoretical model and polymer selective adsorption. He et al. [108] prepared 
monodispersed cuprous oxide octahedron nanocrystals with sizes smaller than 100 nm under controlled conditions. The method 
is based on the reduction of copper nitrate in Triton X-100 water-in-oil (w/o) microemulsions by γ-irradiation. The average 
edge length of the octahedron-shaped nanocrystals varies from 45 to 95 nm as a function of the dose rate. Guo et al. [109] 
described a simple electrochemical route for the controlled synthesis of a Cu

2
O microcrystal from perfect octahedra to mono-

dispersed colloid spheres via the adjustment of electrodeposition potential without the introduction of any template or surfactant. 
High yields (~100%) of perfect Cu

2
O octahedra and monodispersed colloid spheres were obtained. In their electrochemical 

synthesis system, Cu(OH)
4
2− exists in the following equilibrium condition 3.1:

 Cu OH Cu OH( )4
2 2 4− + −↔ +  (3.1)

Cu2+ can be slowly reduced to Cu
2
O in an alkaline solution under a certain potential range (from −0.5 to −0.6 V). Also, the OH− ions 

might be selectively adsorbed on (111) facets of Cu
2
O crystals, and it may slow the growth rates along the [111] direction, 

which results in the final morphology of octahedra with (111) facets. As a comparison, when the electrodeposition potential was 
changed to −0.4 V for 15 min, no particles could be obtained. It can be concluded that the reduction potential of Cu(OH)

4
2−/Cu

2
O 

can be estimated at −0.4 V versus Ag/AgCl (saturated KCl), which is slightly higher than the potential range employed (from 
−0.5 to −0.6 V). Thus, Cu(OH)

4
2− will gradually reduce in this case. However, changing the electrodeposition potential to −0.7 V 

will improve the reaction kinetics and result in an increase in the reaction rates. Thus, it is hard to adjust the growth of certain 
facets of Cu

2
O via OH− adsorption. Therefore, monodispersed Cu

2
O colloid spheres are finally produced. In addition, the 

potential-dependent adsorption of OH− on the preformed Cu
2
O facets {100} and {111} is probably a key factor. When the 

potential is moved to a more negative one, fewer OH− ions are adsorbed on the Cu
2
O surface because the surface concentration 

of OH− decreases, leading to the formation of spherical particles without preferential growth on certain facets.
The synthesis of polyhedral Cu

2
O with high-index facets is of great interest since it may exhibit higher chemical activities in 

practical applications. Leng et al. [110] reported a solution-based approach for the preparation of unusual polyhedral 50-facet 
Cu

2
O microcrystals, whose surfaces are enclosed by high-index {311} facets in addition to low-index {100}, {110}, and {111} 

facets. The formation of the 50 facets can be geometrically viewed as the truncation of all 24 vertices of a small rhombicuboc-
tahedron with 26 facets (Fig. 3.5). during growth in solutions, the anisotropic growth rates along the [100], [110], and [111] 
 directions might be responsible for the formation of this morphology. The Miller index of the 24 nearly isosceles trapezoids could 
be assigned to the {311} planes based on geometrical analysis, and this was verified by simulated models using the WinXmorph 
software and supported by TeMic and electron diffraction (ed) observations. Sun et al. [121] described the synthesis of highly 
symmetric multifaceted polyhedral 50-facet polyhedral Cu

2
O crystals with high-index {522} facets and polyhedral architectures 

Cu
2
O crystals with high-index {544} and {211} planes via a template-free complex–precursor solution route. Later, they [122] 

 presented another route for the synthesis of highly symmetric polyhedron-aggregated multifaceted Cu
2
O homogeneous structures 

composed of a cubic core and many abridged polyhedral building blocks with different index facets (including high-index {522} 
facets and low-index {111}, {100}, and {110} facets). Wang et al. [123] developed a facile wet chemical method to  synthesize 
truncated concave octahedral Cu

2
O microcrystals mainly enclosed by {hhl} high-index facets using an aqueous solution of 

Cu(CH
3
COO)

2
, sodium dodecyl sulfate (SdS) surfactant, NaOH, and d-(+)-glucose reductant. In this system, SdS was found to 

be crucial for the formation of the concave Cu
2
O microcrystals, and the crystal growth rate also affected the morphology of Cu

2
O 

microcrystals. Wang et al. [124] described a facile strategy for crystal engineering of Cu
2
O polyhedrons with high-index facets 

developed in the system of CuSO
4
/NaOH/ascorbic acid. Novel micron-sized Cu

2
O 74-facet polyhedrons with the exposure of 
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high-index {744} and {211} facets (Fig. 3.6) were first achieved in the process of systematic shape evolution. According to the 
facile strategy, the morphologies of the products could be precisely tuned from cubic, 18-facet, and 26-facet polyhedrons exposing 
low-index facets to the 50- and 74-facet polyhedrons exposing high indexes of {211}, {522}, and {744}, by simply altering the 
NaOH concentration. Based on the control experiments, it was found that high NaOH concentration could promote crystal growth 
along the [100] direction and increase the ratio (R) of the growth rates along the [100] and [111] directions, which caused the 
shape evolution of the Cu

2
O polyhedrons with different index facets. Figure 3.7 shows the SeMic images and the corresponding 

simulated structures of a series of Cu
2
O polyhedrons by changing the concentration of NaOH from 1.5 to 9.5 M in the aqueous 

solution of CuSO
4
 and ascorbic acid. Figures 3.7a and b shows the SeMic images of Cu

2
O cubes when the NaOH concentration 

was set as 1.5 M. Figure 3.7c presents the corresponding simulated structure of the Cu
2
O cube with exposed {100} facets, which 

are square facets. As the NaOH concentration increased to 2.5 M, the 18-facet polyhedron was obtained (Fig.  3.7d and e). 
Compared with the Cu

2
O cube (Fig. 3.7c), the emerging new facets in the 18-facet Cu

2
O crystal are {110} facets hexagon facets, 

which grow between any two adjacent {100} facets. The corresponding simulated {110} facets are hexagon facets, which are 
shown in Figure 3.7f. When the NaOH concentration was elevated to 4 M, the 26-facet polyhedron evolved along with the {111} 
facets (Fig. 3.7g and h). The {111} facets in Figure 3.7i are presented by triangles, grown among the relatively newer facets {110} 
shown in Figure 3.7f. As the NaOH concentration reached 6.5 M, a 50-facet Cu

2
O crystal exposing {522} facets was formed 

(Fig. 3.7j and k), and every four {522} facets, given by hexagons adjacent to squares facets, grows around every single (100) facet 

figure 3.5 Typical FeSeM images of as-synthesized polyhedral 50-facet Cu
2
O microcrystals (a) and observed and simulated (bottom) 

individual polyhedra with different polygons facing up (b)–(e). Scale bar: 2.0 µm. Reproduced by permission from Ref. [110]. © 2010, 
American Chemical Society.
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(Fig. 3.7l). Because there are 6 (100) facets in a 50-facet Cu
2
O crystal, 24 {522} facets are observed in a 50-facet Cu

2
O crystal. 

When the NaOH concentration further increased to 8 M, another type of 50-facet Cu
2
O crystal exposing {211} facets was obtained 

(Fig. 3.7m and n). The new exposing {211} facets shown as long hexagons adjacent to squares facets also grow around every single 
(100) facet (Fig. 3.7o). Finally, when NaOH concentration reached 9.5 M, a well-defined 74-facet Cu

2
O polyhedron with exposing 

{744} facets was produced (Fig. 3.7p and q). The newest {744} facets given by isosceles trapezoids grew between a single (100) 
facet and 4 newer {211} facets (Fig. 3.7r), so there are 24 {744} facets and 24 {211} facets in a single 74-facet Cu

2
O crystal.

3.2.2.3.2 Controllable Synthesis of Cu
2
O with Hollow Structures The general method for chemical synthesis of hollow 

nanostructures is template strategy, using either a hard or a soft template. In addition, templateless synthesis through self-
assembly of nanoparticles (NPs) is also achievable for forming hollow materials [125]. The use of templates that serve as cores 
is for the subsequent growth of shells. The cores need to be removed by dissolution, etching, or thermal treatment. Templateless 
synthesis by self-construction, which is based on the ability of spherical nanocrystallites to stabilize certain crystallographic 
planes as they undergo two-dimensional (2d) and then 3d aggregation, represents another mechanism for fabricating hollow 
nanostructures [118]. Zhang et al. [113] reported a simple liquid reduction approach to prepare a Cu

2
O hollow microsphere film 

and hollow nanosphere powder with Cu(OH)
2
 nanorods as the precursor and ascorbic acid as the reductant at 60°C. When a 

Cu(OH)
2
 nanorod array film grown on a copper foil was used as a precursor, a Cu

2
O thin film made up of hollow microspheres 

with average diameter of 1.2 mm was successfully prepared. When the Cu(OH)
2
 nanorods were scraped from the copper foil 

and then used as the precursor, Cu
2
O hollow nanosphere powder with average diameter of 270 nm was obtained. Xu et al. [115] 

synthesized the nanosized Cu
2
O/poly (ethylene glycol 400) (PeG-400) composite hollow spheres (HSs, 50–80 nm in diameter) 

with mesoporous shells of approximately 15–20 nm. In the hollow nanostructures, the polymer content is about 18.1 wt.%, and 
the mean sizes of the component nanocrystals and the pore diameter are about 5 and 3.8 nm, respectively. In the fabrication 
process, PeG-400 molecules self-assemble to form micelles, which act as templates for the formation of hollow structures. PeG 
also acts as a reducing agent, solvent, and complexing agent. The formation of mesoporous structures is due to the oriented 
aggregation of composite NPs. Xu et al. [116] successfully prepared multishelled structures as well as a single-crystalline shell 
wall Cu

2
O by two stages. In the first stage, Cu

2
O NPs (2–5 nm) underwent a 2d-oriented attachment under the direction of 

CTAB multilamellar vesicles to form the primary well-crystallized porous-shelled hollow spheres, which serve as the base 
framework for the single-crystalline multishelled hollow spheres (MHSs). In the second stage, densification of this porous shell 
wall via Ostwald ripening took place to achieve compact multishelled hollow spheres with a single-crystalline shell wall. 
Remarkably, the formation of the porous shell wall is important for the formation of the multishelled hollow spheres for 
providing exchange channels for reactants. Pang and Zeng [93] successfully fabricated monodispersed Cu

2
O spheres with 

diameters of 130–135 nm. Using the Cu
2
O spheres thus prepared as solid precursors, uniform hollow CuS and CuSe derivatives 

have also been synthesized. More importantly, a range of 2d and 3d superlattices of Cu
2
O, CuS, and CuSe solid/hollow spheres 

have been assembled for the first time. Xu et al. [117] assembled single-crystalline hollow Cu
2
O nanocubes with well-defined 

shape and tunable size (50–200 nm) (Fig. 3.8) by a PeG-200-assisted precursor hydrolysis process in aqueous solution at room 

figure 3.6 SeMic image (a) and the corresponding simulated structure (b) of a single74-facet Cu
2
O crystal: squares for {100}, hexagons 

for {110}, truncated triangles for {111}, long quadrangles for {211} and isosceles trapezoids for {744}. Reproduced by permission from 
Ref. [124]. © 2013, The Royal Society of Chemistry.
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figure 3.7 And the corresponding simulated structures of Cu
2
O crystals were expressed with different polygons in Fig. 1c, f, i, l, o and r: 

square facets for {100} facets, hexagons for {110} facets, triangles for {111} facets, hexagons adjacent to squares facets for {522} facets, 
long hexagons adjacent to squares facets for {211} facets, and isosceles trapezoids for {744} facets. Reproduced by permission from Ref. [124]. 
© 2013, The Royal Society of Chemistry.
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figure 3.8 TeMic images and SAed patterns (a), (b), HR-TeMic image (c), and Fe-SeMic images (d)–(f) of as-prepared products. 
Reprinted with permission from Ref. [117]. © 2010, American Chemical Society.
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figure 3.9 SeMic and TeMic images of the truncated rhombic dodecahedral Cu
2
O nanoparticles: (a)–(d) type-I nanoframes, (e)–(h) 

 nanocages, and (i)–(l) type-II nanoframes. The magnified images clearly show the hollow structures of the nanoparticles. Reprinted with 
 permission from Ref. [118]. © 2008, American Chemical Society.
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temperature. Figure 3.9 displays SeMic and TeMic images of the Cu
2
O nanoframes and nanocages. each truncated rhombic 

dodecahedral particle contains 12 hexagonal {110} faces and 6 {100} faces. Type I nanoframes are constructed from the 
hexagonal {110} skeleton. They are 300–350 nm in diameter. The {100} faces are formed in the nanocages so that they have a 
truncated rhombic dodecahedral morphology. Nanocages have larger diameters (350–400 nm) and thicker walls than type I 
nanoframes. The added HCl promotes the etching process. When ethanol is added and sonication of the solution is carried out, 
the adsorption of SdS molecules on the nanocage surfaces may be temporarily disrupted. Removal of SdS facilitates the 
reaction of Cu

2
O and HCl to form HCuCl

2
. The faster etching rate on the {110} faces than on the {100} faces transforms the 

nanocages into type II nanoframes with thinner walls and smaller particle sizes. Type II nanoframes are 200–250 nm in diameter. 
The nanocages are not stable under acidic conditions and collapse after the solution is aged for 6 h.

3.3 Cu
2
O-Based NaNOCOmpOsites fOr eNvirONmeNtal prOteCtiON

Semiconductor photocatalysis has been one of potential solutions to energy shortage and environmental pollution worldwide in 
recent years. The ability of this advanced oxidation technology has been widely demonstrated to remove persistent organic 
compounds and microorganisms from water, and produce hydrogen via water splitting, which is not only low cost but environ-
mentally friendly. In this section, we will first discuss Cu

2
O-based nanocomposites for environmental protection through the 

degradation of organic pollutants, focusing on the relationship between structure and photocatalytic activity and photocatalytic 
mechanism. Then, Cu

2
O-based nanocomposites for disinfection and hydrogen evolution will be introduced.

3.3.1 Cu
2
O-Based Nanocomposites for Organics degradation

This section begins with an introduction to facet-dependent photocatalytic activity of Cu
2
O crystals. Then, some examples of 

organics degradation over Cu
2
O without sharp crystals is described. Finally, Cu

2
O-based nanocomposites for organics deg-

radation is presented. Here, the Cu
2
O/TiO

2
 nanocomposite, the most extensively investigated Cu

2
O-based cocatalyst, will be 

highlighted by introducing related mechanisms for organics degradation. Particularly, the mechanism for Cu
2
O working as a 

photo-oxygen cathode will be described in detail for photocatalysis due to the formation of photogenerated Fenton reagents in 
the presence of Fe2+.

3.3.1.1 Facet-Dependent Photocatalytic activity of Cu
2
O Crystals As we know, on the one hand, crystallography of a 

semiconductor photocatalyst determines the semiconductor’s electric and energy band structure, which is crucial to its physical 
and chemical properties. On the other hand, the morphology of the  photocatalyst is also important for its photocatalytic prop-
erties. Over the past few decades, a lot of work has been done on the chemical properties of definite crystal planes. It is gener-
ally considered that the chemical reactivity of crystals can be significantly affected by their shapes, due to surface atom 
arrangement, bonding, surface energy, and so on. Inorganic single crystals with highly reactive surfaces are therefore desired. 
Unfortunately, surfaces with high reactivity usually possess high surface energy, and such surfaces tend to shrink rapidly during 
the crystal growth process to minimize total surface energy. Thus,  crystals with a dominant high reactivity surface are of great 
interest, yet challenging. The facet-dependent photocatalytic activities of Cu

2
O nanocrystals have been studied recently. 

The special O–Cu–O 180° linear coordination makes the crystalline surfaces of {111} and {100} possess distinctive chemical 
activities.

Xu et al. [126] used the synthesized Cu
2
O nanocrystals with well-defined structures and sharp faces to investigate their 

 comparative photocatalytic activity. They found that the octahedral Cu
2
O with exposed {111} crystal surfaces show improved 

ability on adsorption and photodegradation of methyl orange than Cu
2
O cubes with exposed {100} crystal surfaces. Two years 

later, Kuo et al. [127] reported similar results that octahedral Cu
2
O crystals with entirely {111} facets are photocatalytically 

more active than truncated cubic crystals with mostly {100} facets. The {111} planes of Cu
2
O are also found to show higher 

catalytic activity (two times at 30°C) than that of {100} facets on the N-arylation reaction of iodobenzene with imidazole [128]. 
A crystal model analysis shows that the (100) planes contain oxygen atoms as they do in the unit cell. However, a cut of the unit 
cell over one of the (111) planes reveals the presence of surface Cu atoms with dangling bonds. This simple comparison indi-
cates that the {111} faces have higher surface energy and are expected to be more catalytically active than the {100} facets. 
Furthermore, Cu

2
O crystals bounded by the {111} facets contain positively charged copper atoms at the surfaces, whereas those 

bounded by the {100} facets such as the cubes are electrically neutral. This observation suggests that Cu
2
O bounded by the 

{111} facets should interact more strongly with negatively charged molecules, and the corresponding photodegradation of these 
molecules is more effective. That is why methyl orange, a negatively charged molecule, was first chosen for the photodecom-
position experiments. So, Cu

2
O has a poor performance with regard to the degradation of a positively charged molecule. Kuo 
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and Huang [129] mentioned in their review paper that when methylene blue, a positively charged molecule, was used for 
 photodegradation experiments, neither the cubes nor the octahedra caused any photodegradation. On the other hand, Cu

2
O crys-

tals bounded by the {100} are less sensitive to the charge of the adsorbed molecules and are not photocatalytically active. Pang 
et al. [130] reported that the efficiency and selectivity of bacteriostatic effects vary with Cu

2
O morphology. Octahedral Cu

2
O 

with {111} crystal surfaces exhibits high selectivity and better bacteriostatic effect for five different bacteria than cubic Cu
2
O 

with {100} crystal surfaces. These results are further confirmed by Ren et al. [131], that is, they observed that Cu
2
O octahedral 

crystals exhibited higher activity in inactivating E. coli than Cu
2
O cubic crystals. They suggested the difference in the antibac-

terial activity of Cu
2
O crystals can be ascribed to the atomic arrangements of different exposed surfaces.

Cu
2
O with high-index facets may exhibit higher chemical activities that are of great importance in practical applications. In 

2010, Leng et al. [110] reported the synthesis of 50-facet Cu
2
O polyhedral microparticles partially enclosed by {311} high-

index planes in a water–ethanol mixed alkaline solvent using d-(+)-glucose as a reductant at 60°C. The microcrystals prepared 
in this manner show a higher specific catalytic rate toward CO oxidation. The observed enhanced specific catalytic rate toward 
CO oxidation over the polyhedral 50-facet Cu

2
O microcrystals is ascribed to the presence of these high-index facets. In order 

to study the shape-dependent catalytic activity of Cu
2
O with high-index planes, Leng et al. [132] selected five of the typical 

morphologies of Cu
2
O, including cubes, octahedra, 18-facet polyhedra, small rhombicuboctahedral, and a 50-facet polyhedral. 

They found that among the three kinds of particles enclosed by low-index planes, for example, (111), (110), or (100) planes, 
the octahedral particles show the highest specific catalytic activity followed by rhombic dodecahedral and then cubic particles. 
The much higher specific catalytic activity observed for the 50-facet polyhedral particles (big 50-facet polyhedra) prepared 
using d-(+)-glucose as the reductant can be attributed to the presence of (311) high-index planes possessing surface defects or 
steps, and kink atoms with low coordination numbers. Sun et al. [133] also systematically investigated the crystal-facet-depen-
dent effect of polyhedral Cu

2
O microcrystals on photodegradation of MO. The sequence of photodegradation of the MO 

aqueous solution under UV irradiation in the presence of different polyhedral Cu
2
O microcrystals is as follows: 50-facet poly-

hedral Cu
2
O with high-index {522} facets greater than 50-facet polyhedral Cu

2
O with high-index {211} facets greater than 

26-facet Cu
2
O cubes greater than 26-facet polyhedral Cu

2
O octahedra. The photocatalytic superiority of the novel 50-facet 

polyhedral architectures can be attributed to the introduction of highly active components of high-index surfaces, which can 
offer a higher number of unsaturated Cu dangling bonds and surface oxygen vacancies, and accelerate the formation of highly 
oxidative ∙OH radicals, leading to enhanced decomposition of MO dye. This study not only provides convincing evidence that 
the performance of catalysts can be enhanced by crystal-facet tailoring, but also promotes the synthesis and application of other 
polyhedral crystals with high-index surfaces in the catalytic field.

Additionally, the catalytic activity of Cu
2
O with high-index surfaces was also investigated by Wang et al. [123]. They 

 synthesized truncated concave octahedral Cu
2
O microcrystals mainly enclosed by {hhl} high-index facets using an aqueous 

solution of Cu(CH
3
COO)

2
, SdS surfactant, NaOH, and d-(+)-glucose reductant. In this system, SdS was found to be crucial 

for the formation of concave Cu
2
O microcrystals, and the crystal growth rate also affected the morphology of Cu

2
O microcrys-

tals. In the catalytic oxidation of CO, truncated concave octahedral Cu
2
O enclosed mainly by {332} high-index facets exhibited 

enhanced catalytic activity in comparison with that of low-index {111} and {100} facets, which can be due to the presence of 
high-density steps on {332} high-index facets. The order of CO catalytic activities of the crystal facets was found to follow the 
sequence {332} > {111} > {100}. These results indicate that we can make use of surface-engineering strategies to improve the 
catalytic activity of materials due to the different activities of different crystal facets.

3.3.1.2 Cu
2
O without Sharp Crystals for Organics Degradation Cu

2
O without sharp crystals is also important for applica-

tion in photocatalysis. The photocatalytic activity of materials is closely correlated not only to the crystal plane structure, but 
also to the surface state and microstructure. It is demonstrated that the Cu

2
O nanowhiskers composed of quantum dots have 

good photocatalytic activity under VL [134]. Tang et al. [135] reported that the highest decolorization ratio of 90% was observed 
for the Cu

2
O sample prepared by the addition of 0.05 g/l CTAB. Zheng et al. [53] compared the efficiency of MO degradation 

between Cu
2
O microcrystals and N-doped TiO

2
 (1 g/l). Although the Cu

2
O microcrystals prepared thus have lower surface 

areas, they show much higher photocatalytic activities for MO bleaching. After being irradiated under VL for 60 min, the MO 
dye was completely bleached over Cu

2
O in the first run, while only 40% of MO dye was bleached over N-doped TiO

2
. However, 

as the irradiation time increases, the photocatalytic activity of Cu
2
O gradually decreases. After 16 runs of MO bleaching, Cu

2
O 

microcrystals completely transformed into nanosheets, and the photocatalytic activity of nanosheets was only half of that from 
microcrystals in the first run. However, it still shows higher activity than N-doped TiO

2
. Shoeib et al. [136] reported that the 

decolorization efficiencies of MO reached 98.7% in 30 min without any further decrease in photocatalytic efficiency with 
increase in the irradiation time to 120 min. Zhang et al. [137] reported that the photocatalytic degradation ratio of methyl orange 
over Cu

2
O microcubes reached 98.1% under natural solar light with constant stirring for 3 h at room temperature. Besides MO, 

other organics or toxic gases have also been reported as models for the studies on Cu
2
O photocatalytic activity. Leng et al. [110] 



reported a solution-based approach to prepare unusual polyhedral 50-facet Cu
2
O microcrystals with a morphological yield 

higher than 70%. And the microcrystals prepared in this manner showed a higher specific catalytic rate toward CO oxidation. 
Active brilliant red X-3B and p-chloronitrobenzene were used as models for the studies on Cu

2
O photocatalytic activity by our 

group [134, 138]. The degradation of methylene blue can reach a maximum of 89% after 150-min irradiation due to the synergistic 
effect of Cu

2
O and H

2
O

2
 [139].

3.3.1.3 Cu2O-Based Nanocomposites for Organics Degradation Cu
2
O-based cocatalysts (such as Cu

2
O/TiO

2
 [35, 140–145], 

Cu
2
O/ZnO [77, 145, 146], WO

3
/Cu

2
O [147], Cu

2
O/CeO

2
 [148], Cu

2
O/BiVO

4
 [149], Cu

2
O/Bi

2
O

3
 [77], Cu

2
O/SiC [150], Au/Cu

2
O 

[80, 81, 151], Ag/Cu
2
O [152], Ag/POM/Cu

2
O [153], Fe

3
O

4
/C/Cu

2
O [154], Cu

2
O/polyaniline (PANI) [155], Cu

2
O nanocube/

polycarbazol [81], Cu
2
O/carbon [156], Cu

2
O  nanocubes and multiwall carbon nanotubes with poly tetrafluoroethylene (PTFe) 

(Cu
2
O/CNTs/PTFe) [157]) have been extensively investigated for photocatalytic organics degradation. Among these Cu

2
O-

based cocatalysts, bi-semiconductor systems (Cu
2
O/TiO

2
, Cu

2
O/ZnO, WO

3
/Cu

2
O, Cu

2
O/CeO

2
, Cu

2
O/BiVO

4
, Cu

2
O/Bi

2
O

3
, and 

Cu
2
O/SiC) have similar band matching structure (Fig. 3.10). The CB of Cu

2
O is higher than that of other semiconductors, while 

the VB of Cu
2
O is lower. Thus, photogenerated carriers experience similar transfer process when these bi-semiconductor 

systems undergo proper irradiation. The generated electrons in Cu
2
O and holes in counterpart semiconductors migrate to the 

CB of counterpart semiconductors and the VB of Cu
2
O, respectively. Thus, the photogenerated electron–hole pairs are sepa-

rated more effectively in the Cu
2
O-based cocatalysts. As for the noble metal/Cu

2
O composite structure (such as Au/Cu

2
O, Ag/

Cu
2
O), the noble metal/semiconductor architecture usually exhibits improved carrier separation and plasmonic enhancement of 

VL photocatalytic activity. Three-body composite systems and Cu
2
O/organic composite systems are also found to have an 

improved photocatalytic activity for the synergistic effect at work in these compounds. However, we are not going to enumerate 
the photocatalytic activity for all Cu

2
O-based  co-catalysts because of space constraints. Here, we just want to focus on some 

typical Cu
2
O-based cocatalysts: (i) Cu

2
O/wide-gap semiconductor (such as Cu

2
O/TiO

2
, Cu

2
O/WO

3
), (ii) noble metal/Cu

2
O 

(such as Ag/Cu
2
O, Au/Cu

2
O), and (iii) Cu

2
O/polymer (such as Cu

2
O/PANI).

3.3.1.3.1 Cu
2
O/Wide-Gap Semiconductor for Organics Degradation The combination of Cu

2
O and TiO

2
 is most extensively 

investigated for photocatalytic organics degradation. Our group synthesized Cu
2
O/TiO

2
 particle composites and Cu

2
O/TiO

2
 

composite films for organic pollutant degradation under UV or VL. In 2004, we [75] synthesized nanosized Cu
2
O/TiO

2
 particle 

composites by an electrochemical method and found that the photocatalytic activities of the composites prepared by this 
method exceed that of degussa TiO

2
 (P25). In 2007, we [141] prepared Cu

2
O/TiO

2
 composites by a simple electrochemical 

method, and we coated them on a glass matrix through a spraying method. It was found that the photocatalytic activity of the 
Cu

2
O/TiO

2
 composite film in the presence of FeSO

4
 and edTA was much higher than that for a similar system with only TiO

2
 

and Cu
2
O film, respectively. Without the presence of FeSO

4
 and ethylene diamine tetraacetic acid (edTA), there is no degradation 

of methylene blue. As can be observed from Figure 3.11, the Cu
2
O/TiO

2
 composite film with the ratio of TiO

2
 : Cu

2
O = 1 : 1 

(w/w) has much higher activity for photodegradation of methylene blue under VL than that of the TiO
2
, Cu

2
O control film, and 

the composite film with only 3 wt.% Cu
2
O, respectively. Furthermore, the photocatalytic activity of the composite film with 

only 3 wt.% Cu
2
O is slightly better than that of the TiO

2
 and Cu

2
O film. Thus, there should be a synergistic effect in the 

composite film. Additionally, the ratio of TiO
2
 and Cu

2
O for the composite is critical for the activity of the composite film. The 

mechanism for the great improvement of photocatalytic activity of the TiO
2
/Cu

2
O composite film is proposed by the VB theory. 

Photodegradation of organic pollutants by a semiconductor is usually completed by photoexcited electrons and holes together. 
Thus, it is important to improve quantum efficiency by effective electron and hole separation.

The band edge positions of TiO
2
 and Cu

2
O are presented in Figure 3.4. The internal energy scale is shown on the right for 

comparison to normal hydrogen electrode (NHe). It is well known that the band gap of TiO
2
 is about 3.2 eV and the CB of TiO

2
 

Cu2O-based cocatalyst

Cu2O

VB

hυ

h+

e–

h+

e–
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figure 3.10 Scheme of band structure Cu
2
O-based cocatalysts.
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is about −0.2 eV [158]. The difference between rutile TiO
2
 and anatase TiO

2
 is not under consideration here. Cu

2
O is one of the 

semiconductors that have the highest CB. The band gap of Cu
2
O is about 2.0 eV, and the CB of Cu

2
O is −1.4 eV [159]. Coupling 

of the two kinds of semiconductors allows the vectorial displacement of electrons from Cu
2
O to TiO

2
. Thus, under VL excita-

tion, photogenerated electrons resulting from Cu
2
O accumulate in the lower-lying CB of TiO

2
 to form the Ti3+ electron center, 

whereas holes can accumulate in the VB Cu
2
O to form the hole center, which can be consumed during weak oxidation. 

Accumulated electrons in the CB of TiO
2
 can be transferred to oxygen adsorbed on the surface to form O2− or O

2
2−, which com-

bines with H+ to form H
2
O

2
. Therefore, the probability of photogenerated electrons in TiO

2
 to recombine with the holes in the 

Cu
2
O VB is very low, which leads to the enhancement of the photocatalytic activity of Cu

2
O. The photocatalytic reaction paths 

for the TiO
2
/Cu

2
O composite system are shown in equations 3.2–3.7. Highly mobile electrons first transfer from the CB of 

Cu
2
O to that of TiO

2
. The hole stays in the Cu

2
O VB for weak oxidation reaction. Finally, the hydrocarbon resulting from the 

photodegradation of a pollutant (methylene blue) and Fe2+ (which is a kind of effective hole scavenger) causes hole 
consumption.

 Cu O h h evb cb2 + → ++ −υ ( ),  (3.2)

 e Ti OH Ti OHcb
IV III− + > → >  (3.3)

 hvb hole scavenger weak oxidation+ + →  (3.4)

Ti3+ acts like e
cb

− with the reaction of O
2
.

 Ti OH O O Ti OHIII IV+ → + >−
2 2

•  (3.5)

As H
2
O

2
 is evolved from O

2
•−, with the existence of an electronic donor, the following equations can be driven.

 O H HO2 2
• •− ++ →  (3.6)

 HO H e H Ocb2 2 2
• + + →+ −  (3.7)

Because the VB of Cu
2
O is not high enough, the oxidation ability of holes from Cu

2
O under VL to form the peroxide radical is 

limited. When Fe2+ is present in the solution, Fenton reagent with H
2
O

2
, which evolves according to equations 3.5, 3.6, and 3.7, 

is formed, and the advanced oxidation process can start. This is why the TiO
2
/Cu

2
O composite reported earlier [76] has good 

photocatalytic activity only under UV light without the presence of Fe2+ and edTA. This photocatalytic reaction path works 
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figure 3.11 Photodegradation of methylene blue by TiO
2
/Cu

2
O composite film (with the ratio of  TiO

2
 and Cu

2
O 1:1 (w/w)), the composite 

film made by previous method (with only 3 wt.% Cu
2
O), TiO

2
 film and Cu

2
O film, respectively, in the same condition. pH 4, [FeSO

4
] 0.10 g/l, 

[edTA] 0.05 g/l. Reproduced by permission from Ref. [141]. © 2007, American Chemical Society.



well in the decomposition of organic contaminants. The efficiency for this kind of photocatalytic system is related to the ratio 
of TiO

2
 and Cu

2
O in the composite. When the amount of TiO

2
 in the composite is very close to that of Cu

2
O, almost all of the 

electrons generated from Cu
2
O have place to transfer. If the amount of TiO

2
 is much higher than that of Cu

2
O, a significant 

number of the electrons generated from Cu
2
O under VL cannot be transferred, leading to low efficiency for dye degradation, or 

the inability to produce enough H
2
O

2
.

Wei et al. [147] fabricated WO
3
/n-Cu

2
O and WO

3
/p-Cu

2
O composite films on titanium (Ti) substrates with a consecutive 

cathodic electrodeposition route. They found that the photocatalytic activity of WO
3
/n-Cu

2
O was higher than that of WO

3
 but 

lower than that of n-Cu
2
O. On the contrary, WO

3
/p-Cu

2
O exhibited higher photocatalytic activity than both WO

3
 and p-Cu

2
O 

alone. The suppression of photocatalytic activity for n-Cu
2
O when it is combined with WO

3
 can be interpreted using a sche-

matic diagram of energy band structure of the WO
3
/n-Cu

2
O film shown in Figure 3.12a. Under simulated natural light illumi-

nation, the electrons in the VB of Cu
2
O and WO

3
 are excited to their corresponding CB according to processes (1) and (3) shown 

in Figure 3.12a, respectively. The CB edge of Cu
2
O (−0.28 V versus NHe) is higher than that of WO

3
 (+0.4 V versus NHe); the 

VB edges of Cu
2
O and WO

3
 are situated at +1.92 and +3.1 V versus NHe, respectively [160, 161]. From the thermodynamic 

viewpoint, the photogenerated electrons can transfer from CB of Cu
2
O to that of WO

3
 (process (2)), while the photogenerated 

holes can migrate in the opposite direction from VB of WO
3
 to that of Cu

2
O (process (4)). Because it is impossible for the pho-

togenerated electrons in the CB of WO
3
 to be consumed by the adsorbed oxygen through one-electron reduction, such a charge 

transfer weakens the stronger reduction power of photogenerated electrons in the CB of Cu
2
O. As a result, the WO

3
/n-Cu

2
O 

composite film shows photocatalytic activity lower than that of a single n-Cu
2
O film. This mechanism can also be used to 

explain similar results obtained by others for ZnO/Cu
2
O and TiO

2
/Cu

2
O composite photocatalysts [162, 163]. For the WO

3
/p-Cu

2
O 

composite film, it is more likely that the WO
3
/p-Cu

2
O composite film shows a different mechanism for photogenerated charge 

transfer. This can be explained based on the model of the p–n photochemical diode shown in Figure 3.12b rather than the 
charge separation model (shown in Fig. 3.12a). In this p–n heterojunction, the majority of electrons in WO

3
 and the majority of 

holes in p-Cu
2
O combine by transfer through the interface between the two semiconductors (process (3)), while the recombina-

tion of photogenerated charges in the respective semiconductors is suppressed. Consequently, the photogenerated electrons 
with strong reduction power in the CB of Cu

2
O and the photogenerated holes with strong oxidation power in the VB of WO

3
 

are retained. In such a case, two photons must be absorbed to generate one net electron–hole pair for redox reactions at the 
photocatalyst surface.

3.3.1.3.2 Noble Metal/Cu
2
O for Organics Degradation Semiconductor/noble metal nanocomposites as photocatalysts have 

been extensively studied [164–167]. It is believed that in these semiconductors/noble metals, photoexcited electrons in the CB can 
be transferred to noble metals, which act as electron sinks due to the Schottky barrier at the metal/semiconductor interface, while 
the holes can remain on the semiconductor surface [168]. The recombination of electrons and holes can therefore be prolonged and 
the photocatalytic efficiency thereby improved [169]. In addition, the surface plasmon resonance of noble metal NPs is expected 
to enhance the absorption of incident photons, which enhance the photocatalytic efficiency of semiconductors [170].

figure 3.12 Schematic diagram for the charge-transfer process in WO
3
/n-Cu

2
O composite film (a) and in WO

3
/p-Cu

2
O composite  

film (b). Reproduced by permission from Ref. [147]. © 2012, elsevier B.V.
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Pan et al. [151] have developed a facile strategy for coupling Au NPs onto the surface of Cu
2
O nanowires. The presence of 

Au NPs enhances the photodegradation efficiency of Cu
2
O nanowires. These Cu

2
O/Au nanocomposites display tunable optical 

properties, and their photocatalytic properties are dependent on the coverage density of Au NPs. The enhanced photocatalytic 
efficiency is believed to be due to the enhanced light absorption by surface plasmon resonance and the electron sink effect of 
Au NPs. Charge separation prevents the recombination of electrons and holes (as shown in Fig. 3.13) and thus enhances the 
photocatalytic activity of Cu

2
O nanowires. At the same time, the absorption of VL for semiconductors can be enhanced by 

 coupling with plasmonic metal nanostructures through a local field enhancement effect, leading to an enhanced photocatalytic 
property.

Ag@Cu
2
O core–shell NPs exhibit photocatalytic activity over an extended wavelength range because of the presence of 

localized surface plasmon resonance in the Ag core in comparison to pristine Cu
2
O NPs [151]. The photocatalysis action spectra 

and transient absorption measurements show that the plasmonic energy is transferred from the metal to the semiconductor via 
plasmon-induced resonant energy transfer and direct electron transfer simultaneously, which can generate electron–hole pairs 
in the semiconductor. The localized surface plasmon resonance band of the Ag@Cu

2
O core–shell shows a red shift with an 

increase in the Cu
2
O shell thickness, extending the light absorption of Ag@Cu

2
O heterostructures to longer wavelengths. As a 

result, the photocatalytic activity of the Ag@Cu
2
O core–shell NPs is varied by the modulation of the shell thickness on the 

nanometer scale. The Ag@Cu
2
O core–shell heterostructure is an efficient VL plasmonic photocatalyst, which allows for tunable 

light absorption over the entire VL region by tailoring the shell thickness.

3.3.1.3.3 Cu
2
O/Polymer for Organics Degradation Besides inorganic quantum dots [171], organic dye molecules 

[172] have also been used as “photosensitizers.” Wang et al. [155] successfully synthesized Cu
2
O/(PANI) nanocomposites 

by a simple, one-step hydrothermal method. The Cu
2
O NPs with a diameter of 40 nm disperse in the PANI. The 

nanocomposites, for the first time, are used as a photocatalyst for the degradation of organic pollutants. The combination 
of Cu

2
O NPs with PANI leads to high photocatalytic activity for the degradation of dyes under VL irradiation, which is 

much higher than that of TiO
2
 and pure Cu

2
O. A possible photocatalytic mechanism is proposed to explain the improvement 

of the photocatalytic activity (Fig. 3.14). The significant enhancement of photocatalytic performance is attributed to the 
synergistic effect between PANI and Cu

2
O. The band gap of Cu

2
O is 2.17 eV, and PANI has a band gap of 2.8 eV, which 

indicates that both Cu
2
O and PANI can be excited by VL. After the Cu

2
O/PANI composites are synthesized, the two types 

of materials closely combine together and form interfaces. The Cu
2
O in the photocatalyst absorbs photons and excites 

electron and hole pairs when the system is irradiated with VL. The PANI also absorbs photons to induce π–π* transition, 
transporting the excited electrons to the π*-orbital. Thus, the excited-state electrons produced by PANI are injected into 
the CB of Cu

2
O. Subsequently, simultaneous holes on the VB of Cu

2
O migrate to the π-orbital of PANI because of the 

enjoined electric fields of the two materials. The photoexcited electrons are effectively collected by Cu
2
O, and the holes 

by PANI. The recombination process of the electron–hole pairs is hindered, and charge separation and stabilization are 
achieved. Therefore, efficient electron–hole separation leads to significant enhancement of photocatalytic dye degradation 
in the Cu

2
O/PANI composites. Based on this understanding, the role played by PANI can be illustrated by injecting 

electrons into Cu
2
O CB under VL illumination and triggering the formation of a very reactive radical superoxide radial 

H2O + O2
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H+ + •OH
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V
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h+

figure 3.13 Scheme of proposed ∙OH generation process on the surface of Cu
2
O-Au nanocomposites. Reproduced by permission from 

Ref. [151]. © 2012, American Chemical Society.



ion O2− and a hydroxyl radical ∙OH, which are responsible for the degradation of the organic compound. The possible 
photocatalytic reactions are proposed as follows (eqs. 3.8–3.12):

 Cu O PANI h Cu O PANI e2 2/ /+ → ++ −υ  (3.8)

 e O O− −+ →2
2  (3.9)

 O e H OH OH2 2 2− − + −+ + → +  (3.10)

 h H O H OH H OH+ + − ++ ↔ + → +( )2 •  (3.11)

 Dye OH oxidation products+ →• .  (3.12)

3.3.2 Cu2O-Based Nanocomposites for water disinfection

Water disinfection means the removal, deactivation, or killing of pathogenic microorganisms including a variety of helminthes, 
protozoa, fungi, bacteria, rickettsiae, viruses, and prions. The conventional method for water disinfection is commonly accom-
plished by the addition of a strong oxidant such as free chlorine. However, the treatment process results in the formation of toxic 
disinfection by-products (dBPs) such as trihalomethanes and haloacetic acids. Moreover, free chlorine is ineffective in controlling 
some pathogens like Cryptosporidium parvum and Mycobacterium avium. UV/chlorine and ozone/chlorine  combinations are 
effective in killing the C. parvum oocyst. However, viruses are resistant to both UV and combined chlorine disinfection. 
Additionally, ozonation and chlorination of water containing bromide can form other unregulated dBPs like haloacetonitriles 
and iodoacetic acid, which are more toxic and carcinogenic than those associated with free chlorine. Thus, disinfection regula-
tions now require minimization of such by-products, and there is a strong demand for alternative technologies [173].

A promising disinfection method is to enhance the utilization of photons by integrating engineered photocatalytic 
nanostructures in the treatment system. In 1985, Matsunaga et al. [2] reported the microbicidal effects of TiO

2
. Their 

excellent research work gave rise to extensive research in the field of oxidative photocatalysis, mainly dealing with TiO
2
 

suspensions and targeting bacteria, viruses, fungi, algae, and protozoa. However, this approach has its own limitations: 
(i) The efficiency of photocatalytic materials is limited by the recombination of photogenerated charges, and the bacteria 
need to contact with the catalyst; (ii) the adsorption–desorption problems in the reaction systems have not been fully 
addressed; (iii) it is still quite challenging to fabricate stable photocatalytic materials with high efficiency in the VL 
spectral range. The discovery of new photocatalytic materials will be a major driving force for future developments in 
the field of photocatalyzed disinfection. Novel photocatalysts such as titanium-free materials, coupled binary nanostruc-
tures, and even complex ternary composites are of great interest. Copper has a long history as an antimicrobial agent, 
with its earliest recorded use in 2600 BC [174]. This metal in the form of copper ions [175], metals and alloys [176–
178], and oxides (Cu

2
O, CuO) [179] has been shown to exhibit excellent antimicrobial activity against a number of 

microorganisms including bacteria and viruses, yet it is relatively safe for humans [180]. Cu
2
O is commercially used in 

paints in the health care sector and as antifouling surfaces on a ship hull [181]. Crystallography facet–dependent anti-
bacterial activities of Cu

2
O were reported by Ren’s [131] and Pang’ groups [130]. Ren et al. [131] synthesized Cu

2
O 

cubic and octahedral crystal samples and evaluated their bactericidal activity by the inactivation of E. coli. Owing to the 
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figure 3.14 Scheme of the separation and transfer of photogenerated charge carriers in the Cu
2
O/PANI system under visible light 

 irradiation. Reproduced by permission from Ref. [155]. © 2012, elsevier B.V.
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different atomic arrangement of the exposed surfaces, Cu
2
O octahedral crystals bounded by {111} facets exhibited 

higher activity in killing E. coli than cubic ones bounded by {100} facets. There is a difference in the inactivation activ-
ities between Cu

2
O cubic crystals and octahedral crystals because of the atomic arrangement of the exposed crystallo-

graphic facets. Cu
2
O has a cuprite crystal structure, which is composed of a body-centered cubic packing of oxygen 

atoms with copper atoms occupying half of the tetrahedral sites. As shown in Figure 3.15, the structural arrangement 
perpendicular to the [100] direction alternates between copper- and oxygen-containing planes. The two layers repeat 
alternatively to maintain stoichiometry and charge neutrality. An ideal {100} plane should be either copper- or oxygen-
terminated. However, considering that the synthesis process was carried out in an aqueous medium, a copper-terminated 
plane would be rather unstable due to the active interaction with the hydroxyl group. Here, the oxygen-terminated {100} 
plane is expected for Cu

2
O cubic crystals. As regards the [111] direction, an ideal {111} plane possesses hexagonal sym-

metry. every Cu-containing plane is sandwiched between two O-containing planes. The three-plane unit repeats to sat-
isfy stoichiometry and charge neutrality. Thus, the ideal {111} plane should be terminated by an outer layer of oxygen 
anions, with a second atomic layer of Cu+ cations and a third atomic layer of oxygen anions. every two Cu atoms have 
a dangling bond perpendicular to the {111} planes. Thus, the {111} plane is expected to possess a higher energy status 
than the {100} plane that is 100% oxygen terminated. On the basis of the analysis of the relationship between the mor-
phology of different exposed surfaces and chemical activities, it is predicted that the octahedral crystals bounded by the 
{111} facet are more active than the cubic crystals exposed with the {100} plane. experimental results agree well with 
this analysis.

Though antibacterial activities of Cu
2
O were extensively investigated, very little attention has been paid to photocata-

lytic antibacterial activities of Cu
2
O. To the best of our knowledge, the photocatalytic activity of disinfection for pristine 

Cu
2
O has been reported only by our group [182] until now. We prepared different morphologies of Cu

2
O films by copper 

anode oxidation by controlling the reaction conditions (current density, temperature, and the reaction time). With the 
increase in current density, nanonet, nanosheet, and nanorod arrays of Cu

2
O can be obtained. The Cu

2
O nanorod shows the 

best photocatalytic activity for disinfection, and the disinfection efficiency can reach 90.85% in 1 h and 100% in 2 h. As we 
know, Cu

2
O is unstable in aqueous solution under irradiation, and the oxidation product Cu2+ ion or CuO and the reduction 

product Cu can inactivate bacterium directly. Thus, compared with traditional TiO
2
 photocatalysts for water disinfection, 

Cu
2
O can not only harvest solar light due to its narrow band gap and inactivate bacteria under irradiation, but also kill 

bacterium in the dark.
Cu

2
O-based NPs were extensively investigated for photocatalytic water disinfection. Wang et al. [183] prepared Cu

2
O 

 NPs-sensitized ZnO nanorod arrays on the indium tin oxide coated glass substrate via a facile electrodeposition process. Under 
simulated sunlight illumination, the Cu

2
O NPs-sensitized ZnO nanorod arrays show a significant photocatalytic antibacterial 

performance. Wong P.K.’s group [184] synthesized a VL-driven photocatalyst Cu
2
O–CuO/Sr

3
BiO

5.4
 by the precipitation 

method; 5.4 log of E. coli can be inactivated within 3 h in a Cu
2
O–CuO/Sr

3
BiO

5.4
 suspension under VL irradiation provided 

by the fluorescent lamps. Compared with Cu
2
O–CuO/Sr

3
BiO

5.4
 suspension, a Cu

2
O/TiO

2
 nanotube (TNT) [185] film 

O2–

Cu+

(a) (b)
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[011]
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figure 3.15 The atomic arrangement in (100) (a) and (111) (b) planes of the Cu
2
O structure, respectively. Reproduced by permission 

from Ref. [131]. © 2011, American Chemical Society.



 photocatalyst shows much higher activity in the inactivation of E. coli. It is capable of complete inactivation of E.  coli 
in  5 × 107 colony-forming units/ml within a record short disinfection time of 20 min under VL irradiation. The average 
 bactericidal percentages of the Cu

2
O/TNTs for E. coli are 20 times and 6.6 times higher than those of TNTs under the same 

conditions and Cu
2
O/TNTs without light, respectively. This superior bactericidal performance is mainly attributed to the high 

ability to produce ∙OH radicals by both the photogenerated electron and the hole of the prepared photocatalyst under VL. The 
mechanism of Cu

2
O/TNTs for photocatalytic disinfection is proposed based on Figure 3.16, which  schematically illustrates 

photocatalytic generation of ∙OH at the Cu
2
O/TNTs film. Cu

2
O is a p-type semiconductor having a direct band gap and its CB 

edge potential is approximately 1.2 eV more negative than that of TiO
2
, which makes it  suitable as a VL sensitizer for TiO

2
 

[76]. The narrow band gap of Cu
2
O makes it capable of absorbing VL to generate photoelectrons and holes at the CB and VB, 

respectively. The CB edge potential difference between Cu
2
O and TiO

2
 serves as a motive force driving the photoelectrons 

from the CB of Cu
2
O to the CB of TiO

2
. The synergetic effect results from the matched electron structure of Cu

2
O and TiO

2
 

facilitates the charge separation to minimize the recombination, which in turn prolongs the lifetime of holes to enhance the 
production of ∙OH at the VB of Cu

2
O via an oxidative process. On the other hand, the electrons transferred to the CB of TiO

2
 

react with adsorbed oxygen to form active oxygen species such as O2−, O2−, and H
2
O

2
 via a reductive process; ∙OH can then 

be produced through further chemical reactions of the active oxygen species. The ability to produce ∙OH by both a photogen-
erated electron and a hole is believed to be an important advantage for the high concentration of ∙OH and thereafter the high 
bacterial performance.

It is worth mentioning that Fenton-like reactions play an important role in photocatalytic disinfection due to Cu+/Cu2+ 
 reaction [186]. Paschoalinoa et al. [186] proposed the mechanism of Fenton-like reactions. They described CuO powders with 
 different specific surface areas that inactivate E. coli in aqueous solution under VL irradiation >360 nm. The CuO in contact 
with the bacterial suspension shows a change in its surface oxidation state from Cu2+ to Cu+. The outermost layer of the catalyst 
(5–7 nm) becomes mainly Cu

2
O (80%) and CuO (20%), as observed by X-ray photoelectron spectroscopy (XPS). The  suggested 

mechanism of reaction at the CuO under light irradiation is as follows:

 CuO h CuO e hcb vb+ → − +υ ( , )  (3.13)

The e
cb

− in equation 3.13 is produced from the CuO (p type) with a band-gap energy of 1.7 eV, a flat-band potential of −0.3 V 
saturated calomel electrode (SCe) (pH 7), and a VB at +1.4 V SCe [75]. The electron–hole pair is formed when photon energies 
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figure 3.16 Scheme of inactivation mechanisms of E. coli by Cu
2
O/TNTs under visible-light irradiation. Reproduced by permission 

from Ref. [185]. © 2012, Springer-Verlag.
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exceed the band gap of CuO. The excited electron can either react directly with O
2
 for O

2
∙− formation (reaction 3.14) or reduce 

the Cu2+ lattice to Cu+, leading to reactions (3.15)–(3.16) with the formation of O
2

∙− radicals

 CuO e O CuO Ocb( )− −+ → +2 2
•  (3.14)

 
CuO e CuO Cu

cb
− +( ) → ( )  (3.15)

 CuO Cu O CuO Cu O( ) )(+ + −+ → +2
2

2
•  (3.16)

equation 3.17 shows that the equilibrium between H+ and O
2
∙− leads to the formation of the HO

2
∙ radical. The HO

2
∙ in equation 3.17 

leads to the production of H
2
O

2
 in equation 3.18:

 H O HO partial O+ − −+ =2 2 2
• •( )  (3.17)

 CuO Cu HO partial O H CuO Cu H O( ) ( )( )+ − + ++ + → +2 2
2

2 2
• •  (3.18)

or the alternative reaction

 2 2 22 2 2Cu I O H Cu II H O( ) ( )+ + → ++  (3.19)

equation 3.18 is analogous to the behavior of Fe2+ ions (Fenton reaction) in the Haber–Weiss cycle [187]. Indeed, the produc-
tion of H

2
O

2
 as expected based on equation 3.19 was evaluated experimentally in both the dark and illuminated culture 

medium in the presence and absence of bacterial cells, respectively. Production was observed to be higher than that for the 
sample kept in the dark at the beginning of the experiment, but showed similar values after a 4-h reaction. This behavior was 
observed both in the presence and in the absence of E. coli, although higher levels of H

2
O

2
 were measured in the culture 

medium containing E. coli. Paschoalinoa et al. suggested that the Cu(I) ions on the CuO is the active catalytic species in accor-
dance with equation 3.20:

 
CuO Cu CuO Cuvacancy( )1 1+ +→ +  (3.20)

The oxidative side of the redox cycle would involve the h+ in equation 3.14 and convert H
2
O into ∙OH, allowing for the hole 

transfer and finally the formation of H
2
O

2
 in equation 3.22.

 h H O H OH+ ++ → +2 •  (3.21)

 • •OH OH H O+ → 2 2  (3.22)

This mechanism for copper toxicity implies the capacity of CuO to generate reactive oxygen species (ROS) involving Cu ions 
via Fenton-like reactions through the Haber–Weiss cycle. The inhibition of E. coli enzymatic activity is due to Cu ion binding 
with the E. coli cell walls and thiol proteins [188] since Cu+ has the ability to bind indiscriminately to cell walls [189]. It is 
worth noting that Fenton-like Cu+/Cu2+ reactions can also take place in the absence of irradiation [190, 191]. This reaction 
without irradiation can be concisely described as copper-catalyzed Haber–Weiss reactions. Cu(II) is initially reduced by the 
reductant X

red
 (eq. 3.23), followed by reoxidation with hydrogen peroxide (eq. 3.24), resulting in a net production of the 

hydroxyl radical [165].

 X Cu II X Cu Ired ox+ → +( ) ( )  (3.23)

 Cu I H O Cu II OH OH( ) ( )+ → + +−
2 2 •  (3.24)

3.3.3 Cu2O-Based Nanocomposites for h2 evolution

TiO
2
 nanomaterials represent the most important semiconductor catalysts for hydrogen production from splitting water. The principle 

of the TiO
2
 photocatalytic system for water in Fujishima and Honda’s pioneering work is depicted in Figure 3.17 [56]. A photocatalyst 

absorbs UV and/or VL irradiation from sunlight or an illuminated light source. The electrons in the VB of the photocatalyst are excited 
to the CB, while the holes are left in the VB. This, therefore, creates the negative-electron (e−) and positive-hole (h+) pairs. This stage 
is referred to as the semiconductor’s “photoexcited” state. After photoexcitation, the excited electrons and holes separate and migrate 
to the surface of the photocatalyst. Here, in the photocatalytic water-splitting reaction, they act as both a reducing agent and an 



oxidizing agent to produce H
2
 and O

2
, respectively. Water splitting into H

2
 and O

2
 is an uphill reaction. It needs the standard Gibbs free 

energy change ΔG0 of 237 kJ/mol, corresponding to 1.23 eV, as shown in equation 3.25:

 H O O H kJ mol2 2 2 237→ + = +, /∆G  (3.25)

Therefore, the band-gap energy (E
g
) of the photocatalyst should be greater than 1.23 eV to achieve water splitting. Furthermore, 

the width of the band gap and the potential of  CB and VB are critical for efficient water splitting. The bottom level of the CB 
has to be more negative than the reduction potential of H+/H

2
 (0 V versus NHe), while the top level of the VB has to be more 

positive than the oxidation potential of O
2
/H

2
O (1.23 V).

Since the band-gap energy (E
g
) of the photocatalyst should be greater than 1.23 eV to achieve water splitting, the band gap 

of a semiconductor should be less than 3.0 eV (>400 nm) to use VL. However, TiO
2
 is a wide band-gap semiconductor 

(E
g
 = 3.2 eV), which limits the absorption of sunlight to the major portion of the solar spectrum. The approach to solving the 

water-splitting problem has focused on exploring new materials for both anodic and cathodic processes and integrating config-
urations that utilize photovoltaic cell junctions. The ultimate goal of these efforts is an efficient photoelectrolysis cell design 
that can simultaneously drive, in an unassisted fashion, both hydrogen evolution and water oxidation reactions. Water-splitting 
cells require semiconductor materials that are able to support rapid charge transfer at a semiconductor/aqueous interface, 
exhibit long-term stability, and efficiently harvest a large portion of the solar spectrum. In 1998, Hara et al. [30] reported that 
illuminated Cu

2
O particles were needed for the evolution of H

2
 and O

2
 from water. Since then, Cu

2
O- and Cu

2
O-based semicon-

ductors were extensively investigated for photocatalytic water splitting. In Hara et al.’s experiments, H
2
 and O

2
 were evolved 

over a period of 1900 h, without a noticeable decrease in activity. In later studies, they also observed that water splitting 
continued under stirring conditions for many hours after the light was switched off [192]. This dark reaction was observed for 
a variety of oxides including Cu

2
O, NiO, Co

3
O

4
, and Fe

3
O

4
 with a reaction rate about one-third that of the photochemical exper-

iments with Cu
2
O. To explain their results, Ikeda et al. [193] proposed that the mechanical energy supplied by the stirring was 

converted into chemical energy with the metal oxide acting as a catalyst. However, de Jongh et al. [194, 195] presented a neg-
ative result that the presence of Cu

2
O electrodes for reduction of water is kinetically unfavorable, although high photocurrent 

efficiency was observed in the presence of oxygen or electron scavengers. Vacuum studies on the decomposition of d
2
O by 

Cu
2
O using UV light, on the other hand, showed no evidence of photosplitting [196]. Most recently, photocatalysis by Cu

2
O 

powders was investigated in distilled water, and it was found that hydrogen evolution was possible only with freshly prepared 
Cu

2
O powder, while oxygen evolution could not be observed [197]. With a cathodic bias of −0.3 V versus Ag/AgCl, Nian et al. 

[198] directly evidenced that the photoinduced charges in the CB of p-type Cu
2
O are capable of reducing water to H

2
. Kakuta 

and Abea [199] evaluated the photocatalytic potential of Cu
2
O powder by studying its ability to stoichiometrically decompose 

water into O
2
 and H

2
. Although thus far it has been indicated that Cu

2
O can function as a photocatalyst for overall water 

splitting, H
2
 evolution is found to take place solely when there is no generation of O

2
. Moreover, the evolution rate of H

2
 grad-

ually decreases with prolonged irradiation, and, consequently, ceases. From the structural analyses of deactivated Cu
2
O, it 

appears that H
2
 evolution commences with the self-oxidation of Cu

2
O to CuO. From the band structure of Cu

2
O in Figure 3.17, 

–1.0

–0.5

0.0

0.5

1.0 O2 + 2H2O + 4e–

Po
te

nt
ia

l/V
 v

er
su

s 
SH

E
 (

pH
=

7)
2H+ + 2e–

Cu2O + H2O + 2e–

2CuO + H2O + 2e–

Cu2O + OH–

2Cu + 2OH–

CB

2.0 eV
(Typical value)

VB
OH–

hυ

H2O

H2

H2

2H+

h+

CuO generation

Cuprous oxide
(Cu2O)

4OH–

e–

figure 3.17 Fundamental principle of semiconductor-based photocatalytic water splitting for hydrogen generation. Reproduced by 
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it can be concluded that the redox potentials for H
2
 and O

2
 evolution and the oxidation of Cu

2
O to CuO are all within the band 

gap, and, therefore, all of these processes are possible in principle. However, the driving force for water oxidation is minimal, 
while the oxidation of Cu

2
O is thermodynamically favorable. In the presence of light, morphological instabilities due to the 

oxidation and reduction of Cu
2
O induced by photogenerated electrons have been observed, and the photocorrosion of Cu

2
O has 

been recognized as a reason for the decay of its photocatalytic property.
In order to be a viable material to be used in direct H

2
 production, particularly under solar energy, Cu

2
O was used to couple 

with other semiconductors such as TiO
2
 [21, 200, 201], WO

3
 [202], and Cu/TiO

2
 [203]. Our previous studies found a Cu

2
O/TiO

2
 

bilayer film [200] and Cu
2
O/TiO

2
 [201] nanocomposites as photocatalysts for water splitting, while Cu

2
O film and Cu

2
O NPs 

prepared by the chemical deposition method were completely nonactive. Similar results were also reported by Yasomanee’ 
group [201]. In our study, neither Cu

2
O nor TiO

2
 could produce H

2
 from water splitting, but the combined systems could 

 produce H
2
 from water splitting. The mechanism of photocatalytic reaction is proposed based on energy band theory and exper-

imental results. The photogenerated electrons from Cu
2
O were captured by Ti4+ ions in TiO

2
, and Ti4+ ions were further reduced 

to Ti3+ ions. Thus, the photogenerated electrons were stored in Ti3+ ions as a form of energy. These electrons trapped in Ti3+ can 
be released if a suitable electron acceptor is present, whereas holes stay in the VB of Cu

2
O to form hole centers. This hampers 

the recombination of the photogenerated electrons with the holes. Thus, electrons trapped in Ti3+ ions may have a long lifetime 
and can be transferred to the interface between the composite and solution. These electrons can be directly combined with H+ 
to produce H

2
. Additionally, holes are accumulated in the VB of Cu

2
O to form hole centers, which can be consumed by weak 

oxidation. Senevirathna and Pitigala [21] deposited quantum-sized Cu
2
O on TiO

2
 NPs to produce the catalyst TiO

2
/Cu

2
O and 

found that this composite system can photogenerate hydrogen from water under sacrificial conditions.
Hu et al. [202] coupled Cu

2
O with WO

3
 to form a heterocontact for the improvement of photoinduced charge separation in 

Cu
2
O. Prior to the experiments of the Cu

2
O/WO

3
 suspension system, pristine Cu

2
O was detected and no trace of H

2
 was evolved 

from Cu
2
O/pure water suspensions even in the presence of methanol (a sacrificial hole scavenger). The results indicate that the 

photoinduced carriers within Cu
2
O are lost to back reactions due to inefficient charge transport. This is generally encountered 

for narrow-gap semiconductors. For the Cu
2
O/WO

3
 suspension system, charge transfer between p- and n-type semiconductors 

through a mechanism denoted as “interparticle electron transfer” is essential for improving charge separation. The n-type semi-
conductor employed should have a VB edge more positive than that of the p-type Cu

2
O. The working scheme is demonstrated 

in Figure 3.18. In this p–n coupling, two photons have to be absorbed to produce one net electron–hole pair for redox reactions 
at the solid/liquid interface. This electron–hole pair consists of the minority hole and minority electron from the n- and p-type 
semiconductors, respectively. On the other hand, the majority electrons and holes of the respective semiconductors combine 
during the instant particle contact. Through this coupling, the number of photoinduced charges lost to back reactions in Cu

2
O 

can be reduced. In this p–n coupling, WO
3
 was chosen as the n-type semiconductor to couple with the p-type Cu

2
O since it has 

a VB edge (about +2.54 V versus Ag/AgCl at pH = 7), much more positive than the water oxidation potential and its CB edge. 
Additionally, its CB edge is not negative enough to reduce H

2
O to H

2
 (Fig. 3.18).
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Li et al. [203] fabricated an ohmic nanojunction photocatalyst by assembling Cu@Cu
2
O core–shell NPs on TNT arrays. The 

prepared photocatalysts show great enhancement in the evolved H
2
 rate due to the efficient transfer of photoexcited electrons 

and holes. This approach puts forward a facile, low-cost method to improve photocatalytic efficiency and is helpful for exploring 
and developing new photocatalysts based on the heterojunction working principle.

3.4 CONClusiONs aNd OutlOOk

Structural characteristics, modification, photocatalytic mechanism, the relationship between structure and photocatalytic 
activity, and research progress of Cu

2
O-based nanocomposites for environmental protection are summarized. As a nontoxic, 

abundant, high absorption coefficient and theoretical solar cell conversion efficiency semiconductor, Cu
2
O is a potential candidate 

in solar energy applications. However, the low efficiency and weak oxidation ability of Cu
2
O hinder its application in photoca-

talysis particularly for the application of solar hydrogen production from water. Moreover, Cu
2
O is unstable since it typically 

suffers from photocorrosion under irradiation. Thus, we may need to continue this study focusing on these two aspects. On the 
one hand, controllable synthesis of Cu

2
O nanocrystals shows that there are still significant challenges to tune the band structure 

and morphology for the enhancement of photocatalytic efficiency. On the other hand, based on solid-state electronics, electro-
chemistry/photoelectrochemistry, different modification approaches such as doping, coupled or mixed with other materials, 
need further screening and investigation for the improvement of stability under irradiation. In addition, the studies related to 
mechanisms of photocatalytic activity of Cu

2
O-based nanocomposites are still insufficient. Fenton-like Cu+/Cu2+ reactions are 

proposed and mainly used for interpreting Cu
2
O disinfection in the absence of irradiation. We need to delve into what happens 

during Fenton-like Cu+/Cu2+ reactions in photocatalytic organics degradation and H
2
 evolution under irradiation. Besides, since 

H
2
O

2
 proves to be one of the ROS produced both in pristine Cu

2
O and in Cu

2
O/TiO

2
 nanocomposites under VL, it is of interest 

to discover the synergistic effect in detail for Cu
2
O-based nanocomposites in the presence of Fe2+. If so, it is possible to generate 

low-cost and high-efficiency in situ Fenton reagents from Cu
2
O-based nanocomposites, which do not require the supply of H

2
O

2
 

in comparison with traditional Fenton reagents.
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4

4.1 introduction

Nanocomposites are materials that are composed of more than two components with at least one in the nanoscale (1–100 nm) 
range. The central theme of making nanocomposites is to integrate nanomaterials with others into one entity, thus generating 
so-called synergistic properties and/or performances. Multifunctional nanocomposites are an excellent illustration of targeting 
nanocomposites, in which each of the components is structure- and property-integrated uniquely to produce hybrid materials 
that possess multifunctionalities in both structure and properties. Reflecting the authors’ research interests and experiences, in 
this chapter we mainly focus on polymer-based and carbon-based multifunctional nanocomposites. Polymers have been con-
sidered as excellent host matrices for nanocomposite materials. They have been extensively investigated for their potential wide 
applications because of their easy processability, low-cost manufacturing, good adhesion to substrates, and unique physico-
chemical properties. Polymer nanocomposites (PNCs) are polymer composites using nanostructured materials as fillers. 
Depending on the type of filler material, different properties can be achieved for PNCs. The types of polymer matrices, insu-
lating or conducting, also render the nanocomposites with significantly different synergy. Carbon-based structures as another 
type of matrix for nanocomposites may include carbon nanotubes, carbon nanofibers (NFs), carbon nanoplatelets, and gra-
phenes. The unique and interesting chemical and electronic structures of carbon have rendered carbon-based nanocomposites a 
variety of noteworthy applications, including anticorrosion in electronic devices and sensors, environmental remediation for 
heavy metals and other toxic species, and magnetic data storage and magnetic imaging.

Owing to the inherent synergistic properties of multifunctional nanocomposites, including electronic, optical, magnetic, and 
mechanical, they have seen wide applications spanning the broad areas of electronics, energy, space, and biomedicine. For 
example, magnetic PNCs that generally consist of magnetic nanofillers have shown great potential in high-density magnetic 
recording, magnetic sensors, magnetic carriers, magnetic storage, and color imaging [1–4]. Multifunctional nanocomposites 
have also found applications in electrochemical energy storage especially for developing Faradic supercapacitors (FS), which 
currently suffer from low power density due to the slow faradic process during charge/discharge and poor cycling stability as a 
result of the redox reaction that takes place on the electrode [5–7]. Multifunctional nanocomposites may comprise pseudoactive 
materials (large faradic capacitance) such as metal oxide [8, 9] or conductive polymer nanostructures [10, 11] in a carbon matrix 
(high conductivity and large specific surface area); thus it can potentially enhance the capacitance of the resulting composite 
electrodes. For example, flexible polyaniline (PANI) film/graphene composite paper was produced via an in situ anodic elec-
tropolymerization process, and this material generated a capacitance of 233 F/g [12]. Furthermore, PANI nanowire arrays [13] 
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and PANI nanofibers (PANI-NFs) [14] were successfully grafted on a graphite oxide (GO) sheet using a rapid mixing reaction 
method; both composite materials reached high capacitances of 555 and 480 F/g, respectively.

Moreover, multifunctional nanocomposites have also found great potential in biomedical applications, which can be attrib-
uted to the complex structure and functionalities inherent in this type of synergistic materials. Compared to the widely accepted 
traditional metallic and ceramic biomaterials, multifunctional nanocomposites are able to offer high biocompatibility, light 
weight, anticorrosion, relatively easy fabrication and processing, and low cost. In addition, it has been realized that the mis-
match in the mechanical elastic modulus and tensile strength between the metal and ceramic biomaterials and the targeting hard 
tissues is due to the negative effects in tissue remodeling. Composites, however, can offer greater potential to structurally match 
the biological environment, by adjusting the reinforcing material types and morphology, volume fraction, and interaction and 
distribution in the matrix [15]. Furthermore, a broad range of functionalities and properties are able to be tailored into the 
composite entity to suit various intended biological functions.

In this chapter, we mainly review and report the environmental applications of polymer-based and carbon-based multifunc-
tional nanocomposites, using our own research as well as published results by other groups. The targeting remediation is  centered 
on nanocomposite solid wastes, wastewater, heavy metals, arsenic, and organic dyes. In the following, we will also introduce the 
major techniques used for developing these multifunctional nanocomposites in our lab, as well as the major corresponding 
 characterization and property analysis methods. Finally, we will give our opinion on the perspectives of multifunctional 
 nanocomposites, especially their potential for environmental remediation and sustainability. As a result, this chapter does not 
extensively cover every aspect of multifunctional nanocomposites, but rather selectively reports what we have achieved to date.

4.2 Multifunctional nanocoMposites developMent:  
froM fabrication to processing

In order to produce synergistic entity nanocomposites with multiple functionalities, the method of dispersion of the nanofiller in 
the matrix and subsequent processing are crucial for their targeted properties and applications. Since nanofillers have diverse 
chemical compositions and physical forms, it has been one of the most challenging and targeted topic of discussion in the nano-
composites regime. The traditional direct mixing method is not able to attain uniform dispersion and retain the strong connection 
between the filler and the matrix, thus failing to achieve the desired properties. Scientists and researchers have explored alternative 
means to integrate multiple components through either ex situ or in situ techniques. The key step very often lies at the surface 
functionalization stage of one or more components simultaneously to the blending process. In the following, we will elaborate 
what we have achieved in polymer-based nanocomposites as well as carbon-based nanocomposites.

4.2.1 fabrication and processing of Multifunctional polymer-based nanocomposites

Over the years, we have developed several effective methods to fabricate and process polymer-based multifunctional nanocom-
posites, namely, surface-initiated polymerization (SIP) and monomer-stabilized polymerization (MSP), which have been proven 
to enhance the interaction between the polymer matrix and the nanofillers, improve the dispersion of the nanofillers in the 
polymer matrix, and greatly contribute to the respective mechanical, magnetic, and conducting properties [16, 17]. In the SIP 
method, briefly speaking, it typically starts with mixing the monomers and the nanofillers and then interconnection is initiated 
when the preadsorbed catalyst or initiator starts polymerization of the monomers from the nanofiller surface. For example, 
highly flexible polyurethane nanocomposites with high loading of iron nanoparticles (NPs) were successfully prepared using 
the SIP method, and the resulting nanocomposites displayed favorable mechanical strength and magnetic properties. The SIP 
scheme is demonstrated in Figure 4.1.

The SIP method has also been widely applied to other PNC systems, including conducting polymers PANI-, polypyrrole 
(PPy)-, and thermoplastic polymers polypropylene (PP)-and polyethylene (Pe)-based. Nanofillers are generally nanostructured 
ceramic and ceramic oxides, as well as the various carbon nanostructures. For example, magnetic polyaniline PNCs [18] were 
successfully prepared using the SIP method and showed negative permittivity in both the neat PANI and the PANI–magnetite 
nanocomposites. More interestingly, large-room-temperature magnetoresistance (MR) was observed in both the neat PANI and 
the PANI–magnetite nanocomposites, with the latter being much larger (MR ~95%) than the former (MR ~53%). Furthermore, 
temperature-dependent resistivity study indicated a variable range hopping (vRH) mechanism for the electron conduction in all 
the materials in the aforementioned PANI PNCs.

In the PANI–barium titanate system synthesized from the SIP method, an interesting correlation was observed between the 
particle size, loading level, and mixing methods of the ferroelectric barium titanate in the PANI matrix, and the corresponding 
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magnetic and dielectric properties. The PNC samples synthesized using the SIP method showed negative permittivity in  contrast 
to the positive real permittivity in the PNCs prepared by physical mixing. Moreover, positive MR was observed in all the PNCs, 
which was analyzed by the wave function shrinkage model. The external magnetic field contracted the electronic wave function 
at the impurity center, while the introduction of barium titanate reduced the contraction effect and thus PNCs showed lower 
magnetic resistance than the neat PANI.

The MSP method usually avoids the use of additional surfactants, but instead the monomer itself serves as the coupling 
agent with one end bonding to the NP surface and the other continuing polymerization with other monomers, thus forming a 
well-dispersed and uniform PNC network. For example, through this unique MSP method, a robust entity of Fe/vinyl ester 
resin nanocomposites was fabricated, which demonstrated enhanced mechanical strength [17]. Figure 4.2 shows a scheme in 
which iron NPs are stabilized by vinyl ester monomer and facilitate further polymerization with other monomers, thus forming 
the interconnecting system. In addition, we have also successfully prepared PP- and Pe-based PNCs by in situ thermal decom-
position of the organometallic iron precursor in the polymer solution at high temperatures [19–22] in which size- and phase-
controlled iron NPs were synthesized in situ and uniformly dispersed in the polymer matrix to form PP or Pe magnetic 
nanocomposites.
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figure 4.1 Schematic of the surface-initiated polymerization (SIP) process. Adapted with permission from Ref. [16]. © IOP.
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4.2.2 fabrication and processing of Multifunctional carbon-based nanocomposites

In general, carbon-based nanocomposites may be prepared via two pathways. One is by directly using carbon-based chemical 
structures (carbon nanotubes, carbon NFs, carbon nanoplatelets, graphene, and/or graphite) as the composite matrix and doping 
other fillers into it. The limited doping level and the chemical mechanical compatibility between the carbon matrix and the nano-
fillers have witnessed a great change in this research field. The other is by starting with PNCs, and, through carbonization and/or 
graphitization, forming carbon-based nanocomposites. As PNCs have been developed over a much longer period, various tech-
niques and/or potential to make well-compatible and synergistic composites are available. The carbon-based nanocomposites in 
our research were generally derived using the second pathway, and it typically resulted in complex carbon structures; the nanofill-
ers incorporated initially often facilitate this carbonization process, resulting in various preferred carbon nanostructures.

Carbon-stabilized iron NPs have been prepared using poly(vinyl alcohol) (PvA) as the carbon source, and carbonization was 
achieved by annealing at a high temperature of 750°C. briefly speaking, iron nitrate, sodium chloride, and PvA were dissolved 
in deionized water at an iron nitrate to sodium chloride ratio of 1 : 20. The solution was then heated to 70°C to remove deionized 
water. The solid sample was further heat-treated through two necessary steps. First, it was heated at 190°C in a tube furnace for 
about 2 h under air atmosphere to produce Fe(NO

3
)

3
, and then it was decomposed to form Fe

2
O

3
 NPs. In the second step, PvA 

was carbonized and Fe
2
O

3
 was reduced by the carbon decomposed from PvA to Fe NPs at 750°C in a nitrogen atmosphere, and 

the resulting carbon served as a protection shell against oxidation of the iron in air. Salt, NaCl, was initially added to serve as a 
spacer to prevent iron NP aggregation during the formation process. When the core–shell C@Fe NPs were formed, NaCl was 
removed by washing with deionized water multiple times. Hydrochloric acid at a pH of 1.0 was used to remove uncoated Fe 
NPs as well as to introduce carboxylic acid on the NP surfaces.  Finally, the sample was dried in a vacuum oven at 40°C for 24 
h to remove any residual water and acid. Finally, the sample was dried in a vacuum oven at 40°C for 24 h to remove any residual 
water and acid. A schematic of the carbonization of PvA and the formation of core–shell C@Fe is shown in Figure 4.3 [23].
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4.3 characterization and property analysis of Multifunctional nanocoMposites

As their nature indicates, multifunctional nanocomposites generally demonstrate a variety of unique properties associated with 
the integration of multicomponents in the entity and because of the synergy induced during material fabrication and processing. 
In this section, we mainly focus on the thermal, mechanical, magnetic, and rheological properties relevant to our research 
interests.

4.3.1 thermal properties analysis with tga and dsc

Thermal stability of multifunctional nanocomposites can be analyzed by thermal gravimetric analysis (TGA) either in air or of 
inert gases such as nitrogen. Through TGA, changes in the mass of nanocomposites over a wide range of temperatures will 
reflect the thermal behavior of integrated components within the composites as well as those adsorbed on the surface, such as 
moisture and residual solvents. It typically involves both thermal degradation and oxidative decomposition of the polymer if 
analyzed in air, but merely thermal degradation in inert gases. The residual mass is usually metal or ceramic species that will 
not decompose and be released into the gas phase at the final high temperature. Incorporation of nanofillers has, in general, been 
proven to enhance thermal stability; that is, the polymer or carbon matrix can only be degraded at higher temperatures. 
Differential scanning calorimetry (DSC) is another important thermal analysis technique that is widely used to determine glass 
transition temperature (T

g
), melting temperature (T

m
), as well as crystalline properties of nanocomposite samples. The inherent 

characteristic temperatures T
g
 and T

m
 reflect the atomic, molecular, and stereomicrostructures of the respective polymer and/or 

carbon matrix in multifunctional composites, and nanofiller components may affect both temperatures by interaction with the 
matrix, thereby affecting the corresponding rigidity as well as the crystallinity of the polymer and/or carbon.

In the PP/iron core–shell nanocomposite system, thermal behavior was affected not only by the molecular weight of the PP, 
but also by the relative density of the grafting maleic anhydride (MA) functional groups on the polymer chain. In Figure 4.4, 
both neat low molecular weight (lM)–PP and high molecular weight (HM)–PP show different thermal decomposition profiles 
in air and in nitrogen; neat lM–PP demonstrated slower degradation kinetics than HM–PP in both air and nitrogen, which can 
be attributed to the relatively higher density of MA groups on lM–PP compared to HM–PP, and thus much higher intermo-
lecular interactions (mostly notably through hydrogen bonding) between polymer chains for lM–PP. The peaks of melting 
temperature recrystallization in the DSC graph indicate that HM–PP is highly crystalline while lM–PP is amorphous.

4.3.2 Mechanical properties analysis: young’s Modulus and tensile strength

Mechanical properties are critical evaluation aspects for multifunctional nanocomposites, no matter what type of application 
they are targeting, which may include electronic devices, magnetic sensors, drug delivery vehicles, and so on. Generally 
speaking, the mechanical properties in consideration mainly focus on Young’s modulus, which is the ratio of the tensile stress 
(MPa) and the tensile strain (dimensionless) in the elastic portion of the stress–strain curve. Figure 4.5 shows the tensile stress–
strain curves for polyurethane/iron nanocomposites formed through either the direct method (DM) or the SIP method. It dem-
onstrates that the product derived from the former method showed large cracks, while that derived from the latter was much 
more flexible and showed no cracks. Figure 4.5 presents a quantitative measurement of the mechanical behaviors via the tensile 
stress–tensile strain curves of the Fe

2
O

3
/polyurethane (Pu) composites fabricated from the DM and SIP methods, respectively. 

Young’s moduli and tensile strengths are similar in both composites. However, the elongation of the SIP composite is about four 
times that of the DM composite. The strong chemical bonding between Fe

2
O

3
 NPs and polyurethane as well as the uniform 

particle distribution within the polymer matrix contribute toward the mechanical behavior of the SIP composites.

4.3.3 Magnetic properties, Mr, and giant Magnetoresistance in Multifunctional nanocomposites

Multifunctional magnetic composites have found wide applications in electronics, magnetic sensing, and environmental reme-
diation. Compared to their metallic counterpart, polymer- and carbon-based multifunctional nanocomposites have the advan-
tages of light weight, flexibility, processability, and anticorrosion. The high specific area of these structured materials offers 
enhanced adsorption capacity, while their magnetic property enables recycling of the new family of adsorbents. Figure 4.6 
shows the magnetic properties of magnetic graphene nanoplatelet composites (MGNCs); a large coercivity of 496 Oe was 
observed in core–double shell MGNCs, which indicates that they are ferromagnetic and harder than bare Fe NPs (5.0 Oe) of 
comparable size [17, 24] at room temperature after they were placed on the graphene sheet. MGNCs are tested to be stable after 
a 4-h immersion in 1 M HCl [25]. This further confirms the formation of a protective carbon shell around the magnetic core. 
This unique magnetic property enables easy recycling of MGNC adsorbents for environmental remediation, leaving no 
secondary pollution, and simultaneously improving the economic value of MGNCs.
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MR is a phenomenon where resistance of a material changes when an external magnetic field is applied. Giant magnetore-
sistance (GMR) is the large resistance change that occurs when the relative orientation of the magnetic domains in adjacent 
layers is adjusted from antiparallel to parallel under an applied magnetic field. It is defined as the ratio (R

AP
–R

P
)/R

P
, where R

P
 

and R
AP

 are the resistances of materials for parallel and antiparallel alignments, respectively. The GMR phenomenon was first 
discovered in multilayered structural materials, in which ferromagnetic Fe metal layers were separated by a nonmagnetic Cr 
layer in 1988. large GMR values can be obtained typically at very low temperatures, while obtaining large-room-temperature 
GMR is still a challenge. In addition, similar GMR was reported in granular-structured materials, in which a granular structure 
with ferromagnetic nanograins is dispersed in a nonmagnetic metal. The first reported granular GMR was in Cu/Co composites 
where Co granules were embedded in a Cu matrix [26]. Since then, other metal composites have been found to exhibit GMR 
with a reported maximum signal of 60% at 4.2 K [27].

Most recently, molecular and composite systems have exhibited interesting MR phenomena in which both positive and neg-
ative resistance changes were observed upon applying an external magnetic field. This is intriguing, in particular, for conduct-
ing polymer–based multifunctional nanocomposites, as the conducting polymer is a conjugated structure with electrons being 
exchanged and transported along the backbone in the case of oxidative remediation of heavy metal species. Figure 4.7 shows 
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the MR properties of carbon nanostructure–derivatized PANI-based nanocomposites at two different temperatures; at the lower 
temperature of 130 K, all samples demonstrated small, negative MR, while at the higher temperature of 290 K all samples 
showed large, positive MR. This phenomenon indicated that at different temperatures, electron transport is affected differently 
by the external magnetic field, which further indicates that at different temperatures, electron transport takes place via different 
mechanisms.

4.3.4 rheological analysis of Multifunctional nanocomposites

Dispersion of nanofillers in a polymer or carbon matrix may have a significant impact on the rheological behavior, which 
subsequently affects the processing and properties of multifunctional nanocomposites. The difference in rheological behavior 
can in turn provide insights into the structural variations of nanofillers in host polymer or carbon matrix. The characteristic 

12

10

8

6

4Te
ns

ile
 s

tr
es

s 
(M

Pa
)

2

0
0 200 400 600

Tensile strain (%)

DM
SIP

800 1000

figure 4.5 Tensile stress–strain curves of 65 wt% nanocomposites fabricated by the DM and SIP methods; insets show the optical micro-
graphs of composites obtained using DM (left), pure polyurethane (middle), SIP (right). Adapted with permission from Ref. [16]. © IOP.

–20,000

MGNCs

–600

1.5

–400

Mr= 1.36 emu/g

496 Oe

–200 0

M
ag

ne
tiz

at
io

n 
(e

m
u/

g)

10

5

0

–5

–10
–10,000 0 10,000

(a) (b)

M
ag

ne
t

Magnetic �eld (Oe)

20,000

1.0

0.5

0.0

figure 4.6 Room-temperature hysteresis loop of MGNCs. Top inset shows the enlarged partial curve and bottom inset shows MGNCs 
dispersed in acid and magnetic separation. Adapted with permission from Ref. [25]. © ACS.



78 MulTIFuNCTIONAl NANOCOMPOSITeS FOR eNvIRONMeNTAl ReMeDIATION

parameters involved in the rheological analysis versus the oscillation frequency sweeping include complex viscosity (η*), 
storage modulus (G′), loss modulus (G″), and damping property (tan δ). There are generally two major types of fluid behaviors: 
the Newtonian frequency–independent fluid and the shear thinning fluid. Figure 4.8 shows an example of a PP-based nanocom-
posite where the PP matrix is doped with a small percentage of MA-grafted PP, with in situ synthesized cobalt NPs as nanofill-
ers. As is noted from the complex viscosity graph, the PP/PP–g–MA demonstrated Newtonian behavior at a lower frequency 
range (below 1 Hz), while it showed apparent shear thinning behavior at a higher frequency range (between 1 and 100 Hz). 
PNCs with relatively low-level nanofillers show similar behavior as the blend polymer matrix, while with high-level nanofillers, 
the shear thinning phenomenon occurs throughout the whole frequency range.

4.4 environMental reMediation through Multifunctional nanocoMposites

Rapid industrialization has led to an increased discharge of wastes into the environment, posing potential harm to society and 
human health. Among these are the heavy metal species found in underground and surface water, as well as the solid plastic 
wastes accumulating in landfills and other locations.

Among these heavy metal species, Cr(vI) is a commonly identified contaminant because of its high toxicity and mobility 
[30]. The maximum permissible limit of Cr in drinking water as recommended by the u.S. environmental Protection Agency 
(ePA) is 100 µg/l [31]. Arsenic is also known for its toxicity and carcinogenicity to human beings [32–34]; drinking water con-
taminated with arsenic is becoming an increasingly significant concern throughout the world. long-term exposure to arsenic 
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can cause cancers of the bladder, lungs, skin, kidney, liver, and prostate [35]. Many countries have set strict regulations to limit 
arsenic level in drinking water, which adds to the technical challenges as well as places financial burden on water facilities to 
reach the 10 ppb requirements set by the u.S. ePA. Thus there is urgent need for efficient and economic methods to remove 
heavy metal species and arsenic.

In the following sections, we will discuss in more detail our research on chromium removal, arsenic remediation, and sus-
tainable treatment of plastic solid wastes. both polymer- and carbon-based multifunctional nanocomposites have been explored 
for application in environmental remediation especially for heavy metal removal, targeting trace-level metal concentration as 
well as fast kinetics and comprehensive utilization of composite materials.

4.4.1 solid Wastes treatment—comprehensive and sustainable recycling

Solid wastes treatment has become a challenge with the advancement of industrialization and the expanded use of plastics. 
There are generally three strategies to deal with solid wastes: incineration, landfilling, and recycling. Incineration may generate 
toxic gases causing secondary pollution, and landfilling is also not practical in the long term considering the limited land 
resources and possible leaching of hazardous substances from landfill sites. Therefore, comprehensive recycling has become 
the most favorable method for the treatment of solid wastes. Here we take PS/Ni@NiO PNCs recycling as an example [36] 
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(d) damping property of PP and its nanocomposites with different particle loadings. Adapted with permission from Ref. [29]. © ACS.



80 MulTIFuNCTIONAl NANOCOMPOSITeS FOR eNvIRONMeNTAl ReMeDIATION

where magnetic core@shell structured Ni@C NPs as well as liquid fuel products were generated. The former is an excellent 
adsorbent that can be used for environmental remediation due to the high specific surface area of the carbon shell and the high 
magnetization of the Ni core. liquid fuels produced from the PNCs contain more saturated components than those from PS, 
which is attributed to catalytic hydrogenation by the Ni nanofiller during the pyrolysis process (Fig. 4.9).

4.4.2 Wastewater treatment—adsorption and/or redox remediation

A number of technologies for wastewater treatment and remediation, such as cyanide treatment [37], electrochemical precipi-
tation [38], reverse osmosis (RO) [39, 40], ion exchange (Ie) [41, 42], and adsorption [23, 43–49], have been developed. Among 
these technologies, however, chlorination of cyanides can result in highly toxic intermediates and other toxic organochlorines. 
These compounds together with residual chlorine create additional environmental problems. Precipitation is considered to be 
the most applicable and economical approach, but this technique may generate a large amount of precipitate sludge that requires 
additional processes for further treatment. Though RO can effectively reduce metal ions, its applications are limited due to high 
costs and low pH value [50]. There are very limited studies on the removal of Cr(III) by Ie [41, 42, 51], and its operation cost 
is also higher compared to other techniques [39]. In addition, Cr(vI) reduction by bulk zero-valence Fe [52, 53], Fe(II) [54, 55], 
hydrogen [56, 57], dissolved organic compounds [58], and sulfur compounds [59] was also reported to have reached satisfac-
tory removal capacity over an extended treatment time.

More recently, nanostructured iron and iron oxides have proven highly efficient for heavy metal removal through either 
reduction or adsorption [60–62]. However, using these nanomaterials still has two major challenges; one is easy oxidation/dis-
solution of pure Fe NPs especially in acidic solutions and the other is the recovery of minute NPs, especially in a continuous 
flow system. To prevent oxidation/dissolution of NPs, a chemically inert shell structure is usually introduced around the NP 
core. The shell material may include silica [63–66], polymer [67, 68], carbon [23], and noble metals [69–71]. Among these 
alternatives, carbon shell has proven to be favorable due to its low cost and high specific surface area [72, 73]. Furthermore, 
among the various carbon materials, graphene, an ultrathin and high surface area carbon structure, stands out as the best choice 
as an adsorbent owing to its unique electronic and chemical structures. Magnetic graphene nanocomposites, with added 
magnetic property as well as enhanced specific surface areas, have been prepared by our group, and have successfully been 
applied as efficient and fast adsorbents in heavy metal remediation. Figure 4.10 demonstrates chromium removal efficiency by 
pristine graphene and magnetic graphene nanocomposites; the latter demonstrated much higher efficiency than the former, and 
within 5 min of treatment, Cr(vI) can be removed almost completely at an adsorbent loading level of 3.0 g/l.

4.4.3 Wastewater treatment—arsenic removal from Wastewater

Arsenic is another species that poses serious health and environmental concerns. In general, arsenic in inorganic form is more 
toxic than in organic form, and arsenite [As(III)] is more mobile and toxic than arsenate [As(v)] [74]. There have been various 
efforts on remediation of arsenic from the disposal scene, including ion exchange [75], RO [76], and adsorption. Compared to 
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others methods, adsorption has the advantages of low cost and low technology demand for operation and maintenance. As for 
chromium removal, MGNCs with core–shell Fe–Fe

2
O

3
 NPs also showed great potential in the remediation of arsenic species 

[77]. As can be seen in Figure 4.11, the removal rate of arsenic reached 7 mg/g after a 2-h interaction at room temperature when 
the starting concentration of As(III) was 4 ppm and the pH 7.

4.4.4 Wastewater treatment—residual dye removal

Dyes are commonly used in many industries such as paper, textile, pulp, pharmaceutical, and bleaching. Residual dyes discharged 
into natural water resources consist of serious organic pollutants, posing health and environmental concerns. The textile industry 
is a major source of dye pollutants in significant amounts. As the degradation products of those dyes, such as benzidine, naphtha-
lene, and other aromatic compounds, are potentially carcinogenic or mutagenic to life forms, treatment of dye-polluted water is 
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of urgent importance. because of the superior performance of multifunctional nanocomposites in the remediation of heavy metal 
species and arsenic, they could be potential candidates for organic dye removal from wastewater, as the dyes are basically organic 
molecules, which are anionic, nonionic, or cationic. Thus by adjusting the pH, porosity, and integrated functionalities of multi-
functional nanocomposite adsorbents, organic dyes can be removed, and their comprehensive reuse is expected in the near future.

4.5 suMMary

In this chapter, we mainly focused on what we have achieved in environmental remediation with multifunctional polymer- and 
carbon-based magnetic nanocomposites. The preparation, characterization, and property analysis of these materials are detailed. 
Moreover, the superior performance of these synergistic materials in the remediation of waste species such as for chromium and 
arsenic removal, especially when compared to the widely accepted activated carbon, indicates their great potential for applica-
tion in other types of pollutants, including, but not limited to, organic dyes that are discharged into the environment.
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5.1 iNtroductioN

Volatile organic compounds (VOCs) are naturally occurring or man-made hydrocarbons with high saturation vapor pressures 
(>102 kPa) at room temperature conditions (25°C) [1]. Examples of VOCs include BTEX (i.e., benzene, toluene, ethylbenzene, 
and p-xylene), chlorobenzenes, and chlorinated alkenes. Extensive use of VOCs in various industrial processes results in the dis-
charge of large annual amounts of these compounds into the aqueous environment [2]. VOCs are highly reactive and are among 
the most toxic chemicals for human health and the environment [1]. Most VOCs are known as carcinogens (i.e., benzene), while 
some (toluene, xylenes) are associated with acute effects [3]. Persistent release of toxic VOCs into the aquatic environment is a 
growing concern. Therefore, there is great demand to develop novel, cost-effective, and environmentally friendly methods for 
their destruction [3].

Many remediation processes such as sorption, redox reactions, and photocatalytic transformations are currently being 
improved or initiated by using nanomaterials (NMs) for the removal of organic pollutants from wastewater and drinking 
water [4]. For instance, sorption into NMs has proven to be an effective method for the removal of VOCs from aqueous solu-
tion. Carbon nanotubes (CNTs) as well as metal and metal oxide nanoparticles (NPs) have unique properties that make them 
more efficient sorbents for the removal of VOCs as compared to traditional sorbent materials. Two key properties that make 
NMs attractive sorbents are (i) on a mass basis, NMs have significantly higher surface areas as compared to the bulk species 
and (ii) NMs can be functionalized with various types of functional groups to increase their affinity toward target compounds 
[5]. Photocatalysis and redox reactions mediated by NPs have also been tested for the decomposition of VOCs present in 
aqueous solutions [6, 7]. The current chapter aims to give an overview of the potential uses of NMs for the removal of VOCs 
from aqueous solutions.

5.2 Nms for BteX removal

The BTEX VOCs benzene (B), toluene (T), ethylbenzene (E), and p-xylene (X) are important solvents commonly used in 
industrial operations [2]. A large amount of BTEX wastewater is discharged annually into the aqueous environment, posing 
public health and environmental risks [2]. Research studies reported the use of various types of NMs such as CNTs and gold 
NP–poly(dimethylsiloxane) (Au–PDMS) nanocomposites for the removal of BTEX from contaminated water [2, 8].
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5.2.1 cNts for BteX adsorption

Since their discovery in 1991 by Sumio iijima, CNTs, a new member of the carbon family, have gained widespread attention 
because of their outstanding physicochemical properties [9, 10]. Nanotubes are categorized as (i) multiwalled carbon nanotubes 
(MWCNTs) that consist of up to several tens of graphitic shells with adjacent shell separation of ~0.34 nm, diameters of ~1 nm, 
and a large length to diameter ratio and (ii) single-walled carbon nanotubes (SWCNTs) that usually have a diameter close to 
1 nm, with a tube length that can be many millions of times longer [9, 11].

Because CNTs provide chemically inert surfaces, large specific surface areas, hollow structure, and light mass density, they have 
been tested as adsorbents for various types of hazardous pollutants such as heavy metals, radionuclides, and organic compounds 
[12–14]. Furthermore, CNTs demonstrated superior adsorption capabilities than conventional adsorbents (e.g., activated carbon) 
because their structure at the atomic scale is far more well defined and uniform [9, 15]. The adsorption properties of CNTs depend 
on the adsorption sites, surface area, surface functional groups, purity, and porosity [16].

CNTs have four possible adsorption sites: internal sites, interstitial channels, external groove sites, and external surfaces. 
On the external sites (grooves and outer surfaces), the adsorption reaches equilibrium much faster than on the internal sites 
(interstitial and inside the tube) under same pressure and temperature conditions [9]. This is attributed to the direct exposure 
of the external sites to the adsorbing materials as compared to the adsorption process on the internal sites, which has to be 
initiated at the end of the pores, followed by diffusion to the internal sites [17, 18].

Su et al. [2] employed MWCNTs fabricated by the catalytic chemical vapor deposition method and oxidized by sodium hypo-
chlorite (NaOCl) solution as adsorbent for BTEX in aqueous solution. The CNTs (NaOCl) exhibited significantly higher BTEX 
adsorption capacity than raw CNTs. The oxidation process of the CNTs using NaOCl resulted in a decrease in the surface area 
of CNTs (NaOCl) in all pore size ranges (1.7, 1.7–5, and 5–100 nm). The authors attributed this decrease in surface area to the 
formation of functional groups on the external and internal surface of CNTs (NaOCl) that are a direct product of oxidation. The 
introduction of surface oxygen functional groups (e.g., carboxylic groups) into CNTs provides various chemical sites for BTEX 
adsorption. Additionally, X-ray diffraction (XRD) data showed that the intensity of the CNT peak become considerably stronger 
after CNTs are oxidized. This indicates an increase in the purity of CNTs after oxidation.

The affinity of BTEX to CNTs (NaOCl) was in the order of X > E > T > B. The increase in molecular weight (B < T < E, X), the 
decrease in solubility (B > T > E > X), and the increase in boiling point (B < T < E, X) may explain the observed order of BTEX 
adsorption on CNTs (NaOCl). Changes in solution pH [3–11] did not significantly impact the BTEX adsorption on CNTs 
(NaOCl), which imply that BTEX are in molecular form during the adsorption process and that ion exchange does not play a part 
in the BTEX solution. Similar to pH, changes in solution ionic strength (0–0.2 M NaCl) had no significant impact on BTEX 
adsorption, reflecting high stability of CNTs (NaOCl) as BTEX adsorbents in a wide range of ionic strengths for solutions.

in another study by Su et  al. [19] NaOCl-oxidized CNTs were compared with CNTs oxidized by other chemical agents 
including HCl, H

2
SO

4
, HNO

3
, or NaOCl solutions for enhancing BTEX adsorption in aqueous solution. The results showed that 

NaOCl-oxidized CNTs showed the greatest enhancement followed by HNO
3
-oxidized CNTs, and then H

2
SO

4
-oxidized CNTs.

in the same study, Su et  al. [19] tested BTEX adsorption on granular activated carbon (gAC) and gAC (NaOCl) for 
comparison with CNTs (NaOCl). The gAC (NaOCl) achieved lower BTEX adsorption than gAC as a result of the collapse of 
the pore structure after oxidation. The NaOCl-oxidized CNTs showed the best adsorption performance of BTEX followed by 
gAC and then CNTs. This adsorption affinity trend may be explained with two possible reasons: (1) the surface carboxylic 
groups concentration followed the order of CNT (NaOCl) (1.039 mmol/g) > gAC (0.252 mmol/g) > CNTs (0.161 mmol/g) and 
(2) the surface total acidity that can enhance electrostatic interactions between BTEX molecules and adsorbent surface followed 
the order of CNTs (NaOCl) (1.17 mmol/g) > gAC (0.7 mmol/g) > CNTs (0.22 mmol/g). Furthermore, the order of BTEX adsorp-
tion was inconsistent with the order of surface area, pore volume, and average pore diameter. This clearly indicates that BTEX 
adsorption is dependent on the surface chemistry of the adsorbents rather than on its characteristics.

The mechanism responsible for the adsorption of BTEX on CNT (NaOCl) was identified as π–π electron–donor–acceptor 
mechanism involving the carboxylic oxygen atom of the CNTs (NaOCl) acting as the electron donor and the aromatic ring of 
BTEX acting as the electron acceptor, as presented in Figure 5.1 [19]. This mechanism is similar to the adsorption mechanism 
of BTEX on powdered activated carbon.

Carrillo-Carrion et  al. [20] exploited the strong adsorption affinity of CNTs toward organic compounds for the 
development of analytical methodologies. in their study, BTEX were liquid–liquid extracted from olive oil samples 
using aqueous dispersion of sodium dodecyl sulfate (SDS)-coated MWCNTs as the extracting medium. Then, head-
space/gas chromatography/mass spectrometry (HS/gC/MS) was used for the analysis of the aqueous phase. liquid–
liquid extraction was the key step in the entire analytical process for measuring BTEX concentrations in the samples as 
it is the source for sensitivity and selectivity enhancement. Selectivity and sensitivity determination is enhanced by the 
presence of SDS-coated MWCNTs in the aqueous phase resulting in detection limits at least 10 times lower than the 
direct HS method. Coating the MWCNTs with surfactants such as SDS enhances their adsorption properties because it 
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reduces the aggregation potential of MWCNTs and consequently results in maintaining the active surface area of the 
materials, which is responsible for the material’s effectiveness.

5.2.2 Nanocomposites for BteX removal

gold NP–poly(dimethylsiloxane) (Au–PDMS) nanocomposite was employed by gupta and Kulkarni [8] for the removal of 
BTEX compounds from water. The Au–PDMS nanocomposite was prepared by incorporating the highly compressible porous 
foam PDMS with Au NPs (10–15 nm). Au–PDMS exhibits high swelling ability (~600%) against BTEX. Swelling ability is a 
property that has been utilized to remove oil spills from water. The use of Au NPs in nanocomposites results in a highly expanded 
porous PDMS structure compared to normal PDMS. Furthermore, an increase in the percentage of Au in the nanocomposite 
results in an increase in the degree of compressibility of the PDMS foam. The sorbent capacity of the Au–PDMS nanocomposite 
for BTEX in aqueous solution was nearly six times higher than that of PDMS foam without the Au NPs. An advantage of using 
the Au–PDMS nanocomposite for adsorbing BTEX from water compared with sorbents in the form of particulates is its capacity 
to be molded into any shape during or after synthesis and to fit into water bodies for practical applications.

5.3 NaNomaterials for chloroBeNzeNe removal

large quantities of chlorobenzenes are widely employed for many industrial processes [21]. Because of their extensive use over 
several decades, chlorobenzenes are common in natural and engineered environmental systems. Chlorobenzenes contaminate 
groundwater, wastewater, and the marine environment. Because of their acute toxicity, chlorobenzenes are of grave health and 
environmental concern. The u.S. Environmental Protection Agency has listed dichlorobenzene (DCB), 1,2,4-trichlorobenzene 
(1,2,4-TCB), 1,2,4,5-tetrachlorobenzene (1,2,4,5-TeCB), and hexachlorobenzene (HCB) as priority pollutants [22]. Adsorption 
is the traditional method for the removal of chlorobenzenes. Besides adsorption, advanced oxidation processes (AOPs) are 
 successfully employed to destroy chlorobenzenes. Various types of NMs have recently been utilized in the removal of chloro-
benzenes from aqueous solutions through adsorption and AOPs.

5.3.1 metal oxides for chlorobenzene degradation

Selli et al. [23] compared the efficiency of three different advanced oxidation techniques, that is, photolysis, photocatalysis 
using TiO

2
 NPs, and sonolysis, for the degradation and mineralization of 1,4-DCB. The results showed that photocatalysis 

on TiO
2
 achieved faster removal of 1,4-DCB as compared to sonolysis and direct photolysis. The highest degradation and 

mineralization rate of 1,4-DCB was attained under sonophotocatalytic conditions (i.e., the combined use of photocatalysis 
and sonolysis).
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figure 5.1 Diagram of the mechanism of BTEX adsorption on NaOCl-oxidized CNTs. Adapted with permission from Ref. [19], 
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generally, photocatalysis includes (i) photogeneration of electrons in the conduction band trapped by a recipient 
(e.g., superoxide/hydroxyl radicals) and (ii) photogenerated holes in the valence band consumed by the donors, that is, organic 
 pollutants [24]. Similar to the photocatalytic process, sonolysis of aqueous solution is known to produce hydroxyl radicals and 
other radical species that can rapidly initiate the degradation of 1,4-DCB through the direct attack on the aromatic ring [23]. 
Additionally, under ultrasound, VOCs such as 1,4-DCB may undergo degradation via another path, that is, by direct pyrolysis 
in the vapor phase of pulsating or collapsing cavitation bubbles within the hot interfacial region between the vapor and the 
 surrounding liquid phases.

5.3.2 cNts for chlorobenzene sorption

in a study by liu et al. [25], MWCNTs were used as solid-phase extraction (SPE) sorbents for chlorobenzenes. Chromatographic 
techniques are the most widely used methods for analyzing chlorobenzenes, but preliminary separation and enrichment of trace 
chlorobenzenes is usually necessary in order to increase chlorobenzene concentration and to eliminate matrix effects [25]. 
Therefore, liu et al. [25] utilized MNCNTs as a solid phase for extracting 1,2-chlorobenzene from aqueous solution and com-
pared its adsorption characteristics with commonly used SPE sorbents such as C

18
 silica and activated carbon. The adsorption 

capacities of MWCNTs, C
18

 silica, and activated carbon for 1,2-chlorobenzene at an equilibrium concentration of 90 µg/ml were 
237, 189, and 150 mg/g, respectively. These results show that MWCNTs can be efficiently applied for the determination of 
chlorobenzenes and other VOCs in natural and polluted water. Peng et al. [26] investigated the use of CNTs as an adsorbent for 
1,2-DCB in aqueous solution. Their results showed that it took only 40 min for the 1,2-DCB sorption onto CNTs to reach 
equilibrium with a maximum sorption capacity of 30.8 mg/g.

5.4 Nms for chloriNated alkeNes removal

Hazardous chlorinated compounds, especially chlorinated alkenes, contaminate groundwater and continue to be a significant 
environmental problem [27]. Examples of volatile chlorinated alkenes include trichloroethylene (TCE), tetrachloroethylene 
(PCE), and 1,1,1-trichloroethane (1,1,1-TCA). More attention is given to TCE as it is a common contaminant in soils and 
groundwater. TCE can also remain in the subsurface as dense nonaqueous-phase liquids (DNAPl) and remain a continuous 
long-term threat to the environment [28, 29]. TCE is a possible carcinogen at low concentrations. The Safe Drinking Water Act 
issued by the u.S. Environmental Protection Agency determined the maximum contaminant level of TCE at 5 µg/l [7]. 
Conventional treatment methods for the removal of chlorinated compounds include activated carbon adsorption, air stripping, 
and catalysis. While adsorption and air stripping successfully remove these compounds, they only replace the contaminant to 
another phase rather than convert it to nonhazardous products. Catalysis is a better approach to completely remove chlorinated 
compounds from the environment since it converts them into safer, nonchlorinated  compounds [27]. NMs have also been 
employed as new adsorbents or catalysts to remove chlorinated alkenes from aqueous solution.

5.4.1 metallic Nps for the dechlorination of chlorinated alkenes

laboratory studies have shown that nano zero-valent iron (nzVi) is a powerful reductant for targeting chlorinated ethylenes 
(e.g., PCE and TCE) (sometimes referred to as chlorinated ethenes) [30]. The electrons transferred from the metallic nzVi par-
ticles to the chlorinated ethenes convert them to environmentally benign chloride and nonchlorinated organic compounds. 
Typically, nzVi particles have ~30 times higher surface area than their larger-sized granular iron counterparts and can degrade 
chlorinated ethylenes at rates orders of magnitude faster than granular zVi.

Despite the advantages of using nzVi particles for environmental remediation of chlorinated ethylenes, bare nzVi forms larger 
aggregates of particles shortly after production. This aggregation limits the ability of nzVi particles to migrate in aquifers and there-
fore cannot treat a large volume of the subsurface in situ by direct injection. To overcome this drawback, carboxymethyl cellulose 
(CMC) was effectively used as a stabilizing agent to generate highly dispersed nzVi particles [31]. Bennett et al. [30] investigated 
the transport of CMC-stabilized nzVi particles (CMC-zVi) in saturated sediments and their reactivity toward chlorinated ethenes 
in a series of single-well push–pull tests. The results indicated that CMC-nzVi particles were mobile in the aquifer but appeared to 
lose mobility with time as a result of the interactions of the particles and the aquifer sediments. The total mass of destroyed ethenes 
from groundwater was low because the injected solutions “pushed” the dissolved chlorinated ethenes away from the injection well. 
These results indicate that for in situ remediation programs using metallic NPs, high advective groundwater velocities are needed to 
deliver the NP substantial distances from the point of injection. For example, groundwater recirculation would likely be an efficient 
method for enhancing NP migration by maintaining high postinjection groundwater velocities.



Another issue with the utilization of pure nzVi for the dehalogenation of chloroethylenes is that nzVi particles are  pyrophoric 
and react spontaneously with atmospheric oxygen [32]. in order to prevent nzVi from oxidation, Tiehm et al. [32] synthesized 
air-stable nzVi particles (20–25 nm) by applying ultrasound to a solution of Fe(CO)

5
 in edible oil (corn oil) and dispersing the 

resulting nzVi particles in a carbon matrix. This synthesis approach resulted in the formation of air-stable nzVi particles with 
a protecting layer composed of graphitic and disordered carbon. The authors utilized the air-stable nzVi for the dehalogenation 
of chloroethylenes in synthetic aqueous medium as well as polluted groundwater. The results indicated faster mass-normalized 
degradation kinetics of chloroethylenes (trichlororethylene, cis-dichloroethylene, vinyl chloride, ethane, and ethane) using the 
air-stable nzVi, in both synthetic media and groundwater samples, as compared to conventional nzVi.

Choi and lee [7] utilized the nzVi Fenton system with Cu(ii) (Cu/nzVi) for the degradation of TCE. Among the available 
methods for TCE degradation, Fenton reaction has attracted attention because of its strong oxidative capacity for organic contam-
inants. in the conventional Fenton process, the decomposition of H

2
O

2
 to hydroxyl radicals (OH·) in the presence of Fe(ii) is the 

main mechanism for producing a representative oxidant. The main drawback of this conventional process is that the pH should 
be kept in the acidic range to avoid the precipitation of Fe(OH)

3(s)
 [33]. When using the Cu(ii)/nzVi Fenton system, the degrada-

tion of TCE was not influenced by the initial pH [7]. The Cu(ii)/nzVi Fenton system degraded 95% of the TCE in 10 min with 
20 mM Cu(ii) at an initial pH of 3.0. This was significantly higher than the TCE degradation (25%) using the conventional nzVi 
Fenton process without Cu(ii) under the same experimental conditions.

The authors [7] suggested that oxidative TCE degradation in Cu(ii)/nzVi Fenton systems involves the following four steps: 
(1) Fe(ii) is released from nzVi surfaces via oxidative substitution of Fe(0) by Cu(ii); (2) Cu species are then reduced by Fe(0) 
on the nzVi surface; (3) the OH· are generated by aqueous Fe(ii) oxidation with H

2
O

2
, which results in the degradation of TCE 

by the OH· in Cu(ii)/nzVi suspension; and (4) the Fe(ii) are released by direct oxidation with H
2
O

2
 on the nzVi surface, and 

the full degradation of TCE occurs because of the continuous production of OH·. The results of this study imply that the Cu(ii)/
nzVi Fenton system can be applied to systems contaminated with TCE at circum-neutral pH.

5.4.2 Biometallic Nps for the dechlorination of chlorinated alkenes

As discussed earlier, several approaches utilizing nzVi NPs are tested for the dechlorination of chlorinated alkenes. 
Nonetheless, these approaches have some disadvantages such as the formation of more toxic by-products (e.g., vinyl chlo-
ride), slow reaction rates, and the difficulty to treat several halogenated organic compounds together [34, 35]. As a result of 
its superior catalytic capacity in hydrodehalogination reactions, palladium can overcome these shortcomings. Hennebel 
et al. [29] utilized microbially produced palladium NPs (bio-Pd) for the remediation of TCE-contaminated groundwater. The 
authors [29] utilized a method to produce a nano bio-Pd catalyst by precipitating palladium on Shewanella oneidensis in 
order to form NPs. Bacteria, in the presence of a hydrogen donor, can reduce Pd(ii) and subsequently precipitate it as Pd 
nanocrystals on their cell wall and in their periplasmatic space. The bacteria in this case serve as a biological carrier for the 
Pd NPs, keeping them in suspension and preventing their aggregation. The bacteria can also interact with the contaminant 
and contribute toward more efficient removal.

The use of S. oneidensis in this study [29] has a major advantage over other bacteria because it the only known bacteria that 
can optimally reduce Pd when it is grown under controlled conditions of oxygen, carbon source, and hydrogen donor. in their 
experiment, Hennebel et al. [29] used hydrogen gas, formate, and formic acid as hydrogen donors. The results showed that 
TCE was efficiently removed and ethane was the only organic degradation product and that no intermediate chlorinated reac-
tion products were detected. Hydrogen gas was the most appropriate hydrogen donor used in the process. The authors also 
impregnated the bio-Pd in a continuous plate membrane reactor (MRr) for the treatment of TCE-contaminated water. The MRr 
system achieved removal rates of up to 2515 mg TCE/day/g Pd using H

2
 gas as the hydrogen donor. The authors concluded 

that biocatalysis with bio-Pd resulted in complete, efficient, and rapid removal of TCE.
in another study, Xiu et al. [28] investigated the effect of nzVi particles on a mixed culture dechlorinating TCE. Biological 

degradation by dechlorinating bacteria is a promising technology for DNAPl remediation. Examples of anaerobic bacteria 
used for the reductive dechlorination of TCE and PCE include Desulfuromonas, Sulfurospirillum multivorans, and Dehalobacter. 
However, several field studies identified many challenges facing bioremediation within DNAPl source zones such as low 
dechlorination rates, insufficient supply of suitable electron donors such as H

2
 and acetate to the dechlorinating bacteria, and 

toxicity because of high concentrations of PCE or TCE [36].
Because corrosion of nzVi produces H

2
, which is a highly favorable electron donor for anaerobic dechlorinating bacteria, Xiu 

et al. [28] investigated the effect of synergetic use of nzVi particles with microbial dechlorinating ability of bacteria on the dechlo-
rination efficiency of TCE. The results showed that the presence of nzVi initially inhibited the dechlorinating organisms. However, 
dechlorination activity showed recovery after a lag period. During the active period of the dechlorinating bacteria, the H

2
 resulting 

from the cathodic corrosion of nzVi was utilized as an electron donor by the bacteria, which resulted in the recovery of the bacterial 
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activity following partial oxidation and most likely passivation of the nzVi. This study showed that the overall dechlorination 
efficiency of TCE was enhanced by the concurrent or subsequent addition of nzVi particles to the media. The authors [28] also sug-
gested that, in environmental systems, nzVi can be used to abiotically degrade a large fraction of DNAPl mass in the source zone 
directly, while subsequent biological dechlorination can serve as a polishing step to remove residual chloroethylenes.

5.4.3 Bimetallic Nps for the dechlorination of chlorinated alkenes

The oxidation of nzVi by molecular oxygen and the formation of a metal hydroxide surface layer results in the decrease of 
the surface reactivity of the NPs over time [4]. By using bimetallic NPs such as Pd/Fe and Ni/Fe, this problem can be avoided. 
Cho and Choi [37] employed nanosized palladium–iron (Pd/Fe) bimetallic particles for the degradation of TCE, PCE, and 
1,1,1-TCA (1,1,1-trichloroethane) from aqueous solution. The results showed that the reactivity of (nzVi) particles was 
enhanced by modifying its surface using Pd and CMC to form CMC-stabilized Pd/Fe bimetallic NPs (CMC-Pd/Fe). The 
bimetallic NPs were spherical in shape with an average diameter of 98.5 nm. CMC prevented individual NPs from forming 
aggregates and thus enhanced the remediation efficiency of chlorinated organic compounds.

The CMC-Pd/Fe NPs achieved a significant increase in the removal of TCE (~85%) as compared to the relatively low 
removal (~15%) when conventional nzVi was used. Removal efficiencies of approximately 80 and 56% were achieved for 
PCE and 1,1,1-TCA, respectively, when CMC-Pd/Fe was used. The authors [37] identified reductive dechlorination as the 
main degradation mechanism for the investigated chlorinated compounds. The results of their study also suggested that the 
position of the chlorine in chlorinated organic compounds has a significant effect on the degradation kinetics.

Bimetallic nickel–iron (Ni/Fe) NPs (3- to 30-nm diameter) have been tested as a reagent for the dechlorination of TCE in 
aqueous solution [38]; 0.1 g of Ni/Fe NPs reduced the concentration of TCE from a 40 ml saturated aqueous solution 
(24 mg/l) to <6 mg/l in 20 min. The use of Ni/Fe NPs resulted in dechlorination surface area–normalized reaction rate that 
was 50 times faster than that using nzVi. This is because of the nickel-catalyzed hydrodechlorination of the TCE. in this 
process, as the iron corrodes, the cathodically protected nickel chemisorbs hydrogen ions, and thus TCE adsorbed on the 
nickel surface is hydrogenated. Toxic dechlorination by-products such as vinyl chloride are formed in trace amounts and do 
not persist. This study suggested that bimetallic NPs containing good catalysts (e.g., Ni and Pd) for hydrogenation can be 
used for the dehalogenation of chlorinated organics at faster rates and with the absence of toxic by-products.

The authors [38] noted that even though Ni/Fe NPs did not leach nickel in a 33-day time period, there is still a possibility 
that nickel will leach once the iron has been exhausted after long burial times. This suggests that palladium may be a better 
choice as a catalyst for most applications because it is more stable than nickel. However, when a more active catalyst such as 
Pd is used, the initial corrosion rate of the iron increases because Pd catalyzes both the hydrogenation reaction and the evolution 
of molecular hydrogen. As the iron surface becomes passivated, the difference between catalytic metals becomes less distinct. 
Moreover, because of the fast corrosion rate, the useful time of nzVi is more limited than that of lower surface area iron, and 
thus Ni/Fe and Pd/Fe NPs are suitable for shorter-term remediation applications such as injection into contaminated ground-
water than for long-term reactive barriers. More research is needed to synthesize bimetallic NPs with slower corrosion rates 
while retaining the appropriate degree of reactivity for remediation applications [38].

Other studies in the literature also showed that bimetallic NPs exhibit high dechlorination efficiency for chlorinated alkenes. 
Shih et al. [39] reported that Pd/Fe bimetallic NPs achieved a more rapid dechlorination rate for HCB than Fe NPs. Meyer et al. 
[40] have successfully prepared reactive membranes by incorporating bimetallic Fe/Pt NPs (24 nm) into cellulose acetate films. 
The prepared membranes successfully reduced TCE with ethane as the only observed by-product. zhao and Nagy [41] synthe-
sized a nanosorbent for the removal of TCE and PCE by incorporating SDS into magnesium–aluminum layered double 
hydroxide (lDHs), and their results showed higher adsorption capacity of the SDS–Mg/Al lDHs toward both TCE and PCE in 
aqueous solution as compared to organoclays.

5.5 Nms for pheNol removal

5.5.1 metal oxide Nps for phenol degradation

Phenol is among the phenolic compounds that are considered as priority pollutants since they are harmful to organisms even at 
low concentrations, and many of them have been classified as hazardous pollutants because of their potential harm to human 
health [24]. NMs were also tested for the removal of phenol from aqueous solutions, which is an important challenge facing 
 environmental protection. Chitose et al. [6] investigated the radiolysis of an aqueous phenol solution containing TiO

2
 NPs (30-nm 

diameter). Titanium dioxide NPs with high surface area and band-gap energy of 3.0 eV were used. This makes TiO
2
 NPs an effec-

tive photocatalyst. The tested irradiation techniques were uV, γ-ray, and electron beam irradiation. The results showed that 
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phenol was decomposed completely using three irradiation techniques in the presence of NPs. However, in the case of ionizing 
radiation, phenol decayed more efficiently than in the case of uV photocatalysis. Also, the absorbed energy of the ionizing 
 radiation (γ-ray and electron beam) needed for phenol decomposition was much lower than that for uV photocatalysis.

The addition of TiO
2
 in the case of ionizing radiation had a significant effect on phenol decomposition since phenol was 

also efficiently decomposed in the absence of TiO
2
 NPs [6]. However, the presence of TiO

2
 NPs drastically increased the 

removal of total organic carbon by ionizing radiation. ionizing radiation processes induced the formation of radical products 
from water molecules such eaq

− , H atoms, and OH radicals. These water decomposition products were responsible for phenol 
decomposition by ionizing radiation.

5.5.2 Nanocomposites for phenol degradation

zinc oxide (znO) NPs are gaining significant attention as a photocatalyst for the degradation of organic pollutants because of 
the generation of a more negative potential in the electrons derived from them as compared to those derived from TiO

2
 [42, 

43]. Meshram et al. [24] investigated the removal of phenol using znO–bentonite nanocomposite as a photocatalyst under uV 
irradiation in a batch as well as a continuously stirred tank reactor (CSTR). Clay is widely available and inexpensive and is an 
attractive substrate for the immobilization of various photocatalysts. ion exchange intercalation process was utilized to inter-
calate znO NPs (20–30 nm) in the lattice structure of the bentonite matrix. The advantages of intercalation are (i) proper 
 dispersion of nanosized photocatalysts in a solid support and thus the generation of distinct reaction sites; (ii) participation of 
solid support in the adsorption of the contaminants, which can increase the rate of photocatalytic degradation; and (iii) less 
amount of photocatalyst required for the degradation of the organic pollutant [24].

The results from the batch experiments showed that the removal of phenol followed first-order reaction kinetics with 
langmuir type of adsorption characteristics [24]. The CSTR experiment showed that phenol can be continuously removed from 
aqueous stream using znO–bentonite nanocomposite as a photocatalyst under uV irradiation. The utilized znO–bentonite 
nanocomposite achieved ~70% removal of phenol from the effluent at a low flow rate and under basic pH conditions (12.0), 
with the generation of phenoxide ions. The photocatalytic degradation of phenol using znO–bentonite nanocomposite resulted 
in the formation of adipic acid and 2,4,6-triphenoxy phenol through a radical mechanism.

5.6 the impact of Nms oN voc removal By other processes

Salih et  al. [44] investigated the impact of the presence of three commercially available NPs in aqueous stream on TCE 
adsorption by gAC. The presence of background materials in natural water can highly impact the adsorption efficiency in 
removing VOCs by activated carbon. Since NMs are emerging as new contaminants in water, how their presence impacts the 
efficiency of VOC removal by gAC needs investigation. using gAC as adsorbent, Salih et al. [44] conducted TCE adsorption 
isotherms and column breakthrough experiments in the presence and absence of silicon dioxide (SiO

2
 NPs), titanium dioxide 

(TiO
2
 NPs), and iron oxide (Fe

2
O

3
 NPs) NPs. The results of the TCE adsorption isotherms showed that the presence of neither 

of the three NPs had an impact on TCE adsorption by gAC. The authors attributed this lack of effect to the fast adsorption 
kinetics of TCE on gAC. On the other hand, during the column breakthrough studies, the presence of any of the three NPs 
decreased the amount of TCE adsorbed on gAC. This is a result of the preloading pore blockage phenomenon. The presence 
of Fe

2
O

3
 NPs, which had the highest particle size distribution (PSD) among the investigated NPs, resulted in the fastest TCE 

breakthrough followed by TiO
2
 NPs, while SiO

2
 with the smallest PSD showed the least impact.

5.7 challeNges iN the use of Nms for voc remediatioN

Although NPs proved efficient for the removal of VOCs from aqueous solution, these investigations were conducted only in a labo-
ratory scale setup and thus the scale-up of these processes to pilot and full scale may or may not be practical or economically 
 feasible. There are many challenges facing the use of NMs for environmental remediation such as (i) the availability of suppliers that 
can provide large quantities of NMs at economically viable prices; (ii) the integration of NMs into existing water treatment plants; 
and (iii) the fate and toxicity of NMs, which are critical issues that have to be taken into account when selecting NMs for water 
remediation [5]. However, as research progresses, the properties of NMs can be enhanced, for example, by synthesizing more stable 
NMs, finding environmentally friendly techniques to introduce functional groups on NMs, and finding energy-efficient techniques 
to separate NMs from aqueous solution at the end of the remediation process. Therefore, more research is still needed before a 
conclusion can be made with regard to the use of NMs for the remediation of VOCs in aqueous solutions.
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6

6.1 iNtroductioN

In recent years, nanomaterials have found applications in various fields such as pharmaceutical technology [1–4], 
electronic industry [5–7], textiles [8, 9], mechanical industry [10, 11], and environmental remediation [12–15]. Among 
numerous kinds of nanomaterials, metal nanoparticles (NPs) have been widely studied in environmental applications 
due  to their unique surface features, reactivity, and catalytic properties [16, 17]. However, the usage of metal NPs in 
 environmental technology encountered some obstacles due to the difficulty in recycling colloid metal NPs or the  possibility 
of introducing secondary contamination. In order to overcome this bottleneck, several categories of nanomaterials have 
been employed as supporting materials to incorporate metal NPs, forming multifunctional composite or hybrid materials 
[13–15, 18–20]. Compared with other nanomaterials, one-dimensional nanofibers possess superior  properties such as 
high aspect ratio, large specific surface area, high porosity, and stability in liquid media [13, 21]. Therefore, nanofibers 
have turned out to be one of the best candidates for the formation of hybrid nanomaterials for  environmental applications 
[13, 22, 23].

Electrospinning has been actively exploited as an intriguing technology for generating long polymer fibers with diameters 
ranging from tens of nanometers to several micrometers [24, 25]. Various composite polymeric nanofibers and nanostructured 
materials with a high aspect ratio and a specific surface area [26, 27] have been fabricated for various applications including, 
but not limited to, solar cells [28], filtration [29], environmental remediation [12–15, 30], protective clothing [31], biosensors 
[32], and tissue engineering scaffolds [33–38]. Electrospun composite or hybrid nanofibers are promising due to the coexisting 
physicochemical properties possessed by both the host and guest materials.

This chapter reviews recent advances in the fabrication of metal NP-doped electrospun nanofibers, and their appli-
cations in environmental remediation. Following a brief introduction, the challenges of environmental nanotechnology 
and  the  basic knowledge of electrospinning technology are introduced. Then, the fabrication of different metal NP- 
immobilized  nanofibers and their applications in the remediation of different environmental contaminants in water 
resources are discussed.
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6.2 cHalleNges of eNviroNMeNtal NaNotecHNology

With industrialization, many issues of water, air, and soil pollution have arisen gradually. An alarming situation is that, by the 
end of 2025, more than 50% of the countries in the world will face freshwater shortage [39]. Water pollution will increase the 
worldwide pressure on freshwater resources.

Water contaminants are generally divided into both organic and inorganic substances. Most of the contaminants are con-
tributed by industrial plants like mining, textile, leather, and paper production. Until now, a wide range of conventional 
treatment techniques including chemical coagulation [40], activated sludge [41], biosorption [42], and plant accumulation 
[43] have been extensively used to remediate these water pollutants. For example, Annadurai et al. [44] used chitosan as an 
adsorbent material for reactive dye removal and demonstrated that a high absorption capacity of 91.47–130.0 mg/g toward 
the removal of remazol black 13 dye could be achieved. Chen et al. [45] reported that the carboxymethylated bacterial 
cellulose could efficiently remove copper and lead ions from aqueous solution. In another work, Fillipi et al. [46] introduced 
a ligand-modified ultrafiltration system to selectively remove copper ions.

With superior advantages such as large surface area, reactive surface features, and quantum size–related properties, var-
ious NPs have been used for environmental remediation applications [47]. For instance, innovative granular activated carbon 
composites doped with iron/palladium (Fe/Pd) bimetallic NPs can be used to physically absorb and chemically dechlorinate 
polychlorinated biphenyls. Zirconia- and silica-supported zero-valent iron NPs’ (ZVI NPs) ability to separate and reduce 
pertechnetate ions from complex waste mixtures has been demonstrated [48]. However, one critical problem is that used 
colloidal NPs such as noble metals (e.g., Au, Ag, and Pd) may lead to further environmental contamination in aqueous media 
or soil. Therefore, the development of various supporting materials that can incorporate or immobilize reactive metal NPs 
and can be easily separated from the environment is crucial in not only improving the longevity of the particles, but also in 
avoiding secondary contamination of the environment.

6.3 electrospiNNiNg tecHNology

Since a series of patents on electrospinning process were issued to Formhals [49] in 1934, electrospinning technology has been 
identified as one of the powerful techniques to produce fibers with diameters ranging from tens of nanometers to a few microm-
eters. Figure 6.1 shows a schematic of a basic setup of electrospinning technology, which consists of three major modules: a 
high-voltage power generator, a syringe pump, and a collector. The needle connected to a syringe is used as a spinneret. With the 
assistance of the pump, the polymer solution hosted in the syringe can be fed through the spinneret continuously and gently. The 
mutual electrostatic repulsion between polymer chains causes a force directly counterbalancing the surface tension under the 
applied voltage. Then, the hemispherical-shaped liquid can be distorted to form a conical shape known as the Taylor cone [50]. 

Syringe
Needle

Collector

Syringe pump

High DC generator

figure 6.1 Schematic illustration of a basic setup of the electrospinning technology.
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once the intensity of the electric field exceeds a critical value, a jet flow of charged solution is ejected from the tip of the Taylor 
cone continuously, which undergoes stretching and elongation. Finally, the solvent evaporates, and the formed nanofibers deposit 
on the collector in a random manner [51].

A variety of materials such as naturally occurring polymers, synthetic polymers, ceramics, metals, or their mixture have 
been electrospun to produce ultrafine nanofibers. The sizes, composition, and morphology of the electrospun nanofibers are 
able to be well-controlled through the regulation of the electrospinning parameters [52–55]. A number of electrospinning 
methods have emerged. For instance, Chu et al. [56] designed an array of multiple needles for large-scale production of 
electrospun nanofibers. In some other approaches, core–shell electrospinning, auxiliary electric fields, rotating tube, rotating 
disk, needleless electrospinning, patterned electrodes, or magnetic electrospinning were also utilized to produce different 
nanofibers [57–63]. The objectives of these explorations were to fabricate nanofibers with controlled alignment or orienta-
tion or to render nanofibers with special functionalities.

The electrospinning process is influenced by many parameters, including (i) solution properties such as polymer molecular 
weight, viscosity, conductivity, elasticity, and surface tension; (ii) processing parameters such as applied voltage, flow rate, 
distance between needle tip and collector, and needle inner diameter; and (iii) ambient conditions such as temperature, 
humidity, and air velocity in the electrospinning chamber [64]. For example, the polymer solution should have an appropriate 
concentration to maintain polymer entanglement. The distance between the needle and the collector can influence the 
 morphology of nanofibers, and incorrect distance may result in a rough or beaded fibrous mat, or significantly decreased 
porosity of the fibers. Since the applied voltage can produce ionized solution and impact the elongation and splitting of the jet 
flow, smooth and uniform fiber structures can be formed only at a proper applied voltage. Extremely high voltage often results 
in unstable electrospinning [65].

6.4 fabricatioN of Hybrid Metal Np-coNtaiNiNg polyMer NaNofibers

6.4.1 Zero-valent iron Nanoparticles

ZVI NPs have been used as a cost-effective and environmentally friendly material for environmental remediation [66]. Much effort 
has been devoted to the synthesis and application of ZVI NPs. To improve stability and mitigate aggregation, ZVI NPs have been 
immobilized or incorporated within or onto different supporting materials for environmental applications [12–14, 19, 20, 30].

In our previous work, polyelectrolyte (PE) multilayers assembled onto electrospun cellulose acetate (CAc) nanofibrous 
mats were used as nanoreactors to immobilize ZVI NPs [20, 67]. Figure 6.2 illustrates the whole experimental process. In 
brief, smooth and continuous CAc nanofibers with a mean diameter of 295 ± 145 nm were first produced through electrospin-
ning. Then, polyacrylic acid (PAA)/poly(diallyldimethylammonium chloride) (PdAdMAC) multilayers were layer-by-layer 
(lbl)-assembled onto the prepared electrospun CAc nanofibers via electrostatic interaction. SEM (scanning electron micros-
copy) morphology observation of the CAc nanofibers deposited with three, four, six, and nine bilayers of PAA/PdAdMAC 
shows that when the number of bilayers is below six, the porous structure of the nanofibrous mats can be well maintained. 
Therefore, six-bilayer-assembled CAc nanofibrous mats were selected to immobilize ZVI NPs. The six-bilayer-assembled 
CAc nanofibrous mats were then immersed into an aqueous solution of FeCl

2
 to allow Fe2+ ions to complex with the free car-

boxyl groups of PAA through ionic exchange, followed by in situ reduction with NabH
4
 to generate ZVI NPs-immobilized 

polymer nanofibrous mats. Transmission electron microscopy (TEM) images (Figure 6.3) show that the formed ZVI NPs are 
evenly distributed onto the CAc nanofibers with an average size of 1.4 ± 0.28 nm. We show that the loading capacity of ZVI 
NPs can be tuned by changing the number of PE layers and the cycles in the binding/reduction process, and increasing the 
number of binding/reduction cycles leads to slightly bigger ZVI NPs.

To generate hybrid nanofibers incorporated with ZVI NPs both on the fiber surface and inside the nanofibers, we utilized 
PAA/poly(vinyl alcohol) (PVA) nanofibers as a nanoreactor for reductive formation of ZVI NPs [12, 14]. First, a mixture solu-
tion of PAA and PVA was electrospun to form nanofibers. To render them with water stability, freshly prepared PAA/PVA 
nanofibers were cross-linked at 145°C for 30 min. Then, water-stable electrospun PAA/PVA nanofibrous mats were soaked in 
an aqueous solution of ferric trichloride to allow Fe3+ to complex with available free carboxyl groups of PAA through ionic 
exchange, followed by NabH

4
 reduction to form ZVI NPs. This process enables the generation of ZVI NPs with a diameter of 

1.6 nm, uniformly distributed both within the nanofibers and on the fiber surface. It was possible to control the loading percentage 
and size of the ZVI NPs simply by varying the number of ferric ion binding/reduction cycles [68].

To enhance the mechanical durability of the ZVI NP-containing PAA/PVA nanofibers, we fabricated multiwalled carbon 
nanotube (MWCNT)-reinforced PAA/PVA composite nanofibrous mats by electrospinning a PAA/PVA mixture solution con-
taining well-dispersed MWCNTs. The so-formed MWCNT-containing PAA/PVA nanofibers were processed to immobilize 
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figure 6.3 Cross-sectional TEM images of ZVI NP-immobilized CAc nanofibrous mats: (a) overview of the TEM image; (b) magnified 
TEM image showing individual ZVI NPs; (c) size distribution histogram of the formed ZVI NPs. reprinted with permission from ref. [20]. 
© 2009, American Chemical Society.
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figure 6.2 Schematic illustration of immobilizing ZVI NPs onto PE multilayer-assembled CAc nanofibers. reprinted with permission 
from ref. [20]. © 2009, American Chemical Society.
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ZVI NPs according to the procedures described earlier [14]. Typical stress–strain curves (Figure 6.4) show that the mechanical 
properties of the electrospun nanofibrous mats with and without ZVI NP immobilization were significantly enhanced even with 
only 1.0 wt% MWCNTs incorporated within the nanofibers [13, 19].

6.4.2 bimetallic iron-based Nps

due to the metastability and easy oxidation of ZVI NPs, their capability to remediate environmental pollutants is limited. 
Therefore, synthesis of iron-based bimetallic NPs could be an effective way to maintain the reactivity of ZVI NPs. In our 
recent work, we investigated the feasibility of using electrospun PAA/PVA nanofibers as a nanoreactor to prepare bimetallic 
Fe/Pd NP-immobilized composite nanofibers [69]. In our approach, the cross-linked PAA/PVA nanofibrous mats were dipped 
in an aqueous ferric trichloride solution to allow Fe3+ to complex with available free carboxyl groups of PAA through ionic 
exchange, followed by reduction via NabH

4
 to form ZVI NPs. These ZVI NP-containing nanofibrous mats were then immersed 

into a solution of palladium chloride. Then, bimetallic Fe/Pd NPs were finally formed by a replacement reaction due to the 
high metal activity of Fe than that of Pd. The mean diameter of the Fe/Pd NPs was estimated to be 2.8 ± 0.92 nm. Elemental 
analysis of the Fe/Pd NP-immobilized nanofibers demonstrated that the Fe and Pd loading percentages were 19.44 and 
2.44 wt%, respectively.

6.4.3 other Metal Nps

besides the immobilization of metal iron-based NPs within and/or on the surface of polymer nanofibers, other noble metal NPs 
are also capable of being immobilized. recently, we reported the formation and immobilization of Au NPs into electrospun 
nanofibers through in situ reduction [70, 71]. In brief, freshly prepared polyethyleneimine (PEI)/PVA nanofibrous mats were 
cross-linked under glutaraldehyde (gA) vapor to render them water-stable. Then, the cross-linked PEI/PVA nanofibrous mats 
were immersed into an aqueous solution of HAuCl

4
 to allow AuCl

4
– ions to complex with the free amine groups of PEI via ionic 

exchange, and the Au NPs were finally formed by reducing the complexed AuCl
4

− with NabH
4
. SEM morphology observation 

shows that the Au NP-immobilized nanofibrous mats retain a uniform and porous structure, similar to the cross-linked electro-
spun PEI/PVA nanofibers without Au NPs. Cross-sectional TEM images show that the Au NP-immobilized PEI/PVA nanofi-
bers have round-shaped patterns of Au NPs that are uniformly distributed within the cross section of the fibers with a mean 
diameter of 11.8 ± 3.3 nm. Energy-dispersive spectroscopy and Fourier transform infrared spectroscopy characterization further 
demonstrated the successful immobilization of Au NPs within the nanofibers.

figure 6.4 Typical stress–strain curves of nanofibrous mats. (a) Cross-linked PAA/PVA nanofibrous mats with and without MWCNTs; 
(b) ZVI NP-immobilized nanofibrous mats with and without MWCNTs. reproduced with permission from ref. [13]. © royal Society 
of Chemistry.
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on the basis of work related to the immobilization of Au NPs, Huang et al. [72] used the same electrospun PEI/PVA 
nanofibrous mats as nanoreactors to immobilize Pd NPs. The complete fabrication process is shown in Figure 6.5. In 
brief, cross-linked PEI/PVA nanofibrous mats were soaked in a K

2
PdCl

4
 aqueous solution to allow PdCl

4
2− ions to  complex 

with available PEI amine groups through ionic exchange. Then, NabH
4
 solution was added to reduce PdCl

4
2− to form Pd 

NPs. Similar to the immobilization of ZVI or Au NPs within nanofibers [13, 14, 69, 70], the immobilization of Pd NPs 
does not appreciably change the morphology of PEI/PVA nanofibers (Figure 6.6). EdS analysis confirmed the existence 
of Pd element within the nanofibers. TEM images show that these Pd NPs with a mean diameter of 2.6 nm are quite 
 uniformly distributed within the fibers with a small portion of particles having a denser distribution at the outer surface 
of the fibers. Furthermore, thermogravimetric analysis shows that the loading capacity of Pd NPs within the nanofibrous 
mat is about 13.1%. And this considerable amount of Pd NPs loaded endows the nanofibrous material with the potential 
to tackle tough environmental problems.

6.5 eNviroNMeNtal applicatioNs of Hybrid Metal Np-coNtaiNiNg  
polyMer NaNofibers

6.5.1 decoloration

The major advantage of NP-immobilized polymer nanofibers is that the fibrous mats can be easily separated from the contami-
nated water, which is an ideal property enabling their use as reusable and recyclable filtration or sorption materials, and simulta-
neously to avoid possible secondary contamination. The prepared ZVI NPs immobilized onto the (PAA/PdAdMAC)

6
-coated 

CAc nanofibrous mats have been used to decolorize dye-contaminated water [20]. In that study, Xiao et al. used ZVI 
NP-immobilized (PAA/PdAdMAC)

6
-coated CAc nanofibrous mats for the decoloration of acid fuchsin (AF), a common organic 

dye in textile industry. The results show that the decoloration efficiency of the ZVI NPs with a size of 1.4 nm formed via two 

Crosslinking by
GA vapor

PEI/PVA nanofibers

PdCl4
2– K2PdCl4

NaBH4

Pd NP

Pd NP-immobilized PEI/PVA nanofibers

PdCl
4
2– -complexed PEI/PVA nanofibers

N
H

n

+

Crosslinked PEI/PVA nanofibers

figure 6.5 Schematic illustration of the immobilization of Pd NPs within electrospun PEI/PVA nanofibers. reprinted with permission 
from ref. [72]. © 2012, American Chemical Society.
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cycles of Fe(II) binding and reduction is much higher than that with a size of 2.3 nm formed via six cycles of Fe(II) binding and 
reduction (Figure 6.7). This could be due to the smaller size and thus the greater specific surface area of the ZVI NPs, thereby 
leading to a greater reactivity toward dye decoloration.

Similarly, ZVI NP-immobilized PAA/PVA nanofibrous mats synthesized by Xiao et al. were also able to decolorize AF with 
a decoloration percentage approaching 95.8% within 40 min [14]. When compared to the synthesis of ZVI NP powder using the 
method in the literature [73], the prepared ZVI NPs (1.6 nm) uniformly distributed in the polymer nanofibers have much higher 
reactivity to decolorize AF. For practical environmental applications, it is essential to fabricate nanofibrous materials with 
enhanced mechanical durability. In another study of ours, MWCNT-reinforced PAA/PVA nanofibrous mats containing ZVI NPs 
were also used to decolorize dyes such as methyl blue, acridine orange, and AF [13]. The efficiencies of MWCNT-reinforced 
PAA/PVA nanofibrous mats containing ZVI NPs to decolorize the three dyes are listed in Table 6.1. After an exposure time of 
40 min, the percentage of all dyes remaining was lower than 10%.

figure 6.6 SEM images and diameter distribution histograms of (a) the noncrosslinked PEI/PVA nanofibers, (b) the cross-linked 
PEI/PVA nanofibers, and (c) the Pd NP-containing PEI/PVA nanofibers. reprinted with permission from ref. [72]. © 2012, American 
Chemical Society.
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different from physical absorption of dyes using nonmetal incorporated nanofibers [71], the decoloration using ZVI 
NP-immobilized polymer nanofibers is predominantly based on the chemical reactivity of the immobilized ZVI NPs. 
Although complete details of the mechanism are still unclear, it is believed that the chromophore of the selected dyes can 
be destroyed after the iron reduction process. The reaction between Fe0 and H

2
o or H+ can generate atomic H, destroying 

the chromophore group of the dyes [74]. Moreover, the intermediate products of Fe0 such as Fe2+, Fe3+, Fe(oH)
y
2−y, and 

Fe(oH)
x
3−x were thermodynamically unstable and active [75].

table 6.1 decoloration efficiencies of dyes treated with MWcNt-incorporated nanofibrous mats containing Zvi Nps  
at 5 and 40 min

Sample
Initial concentration 

(mg/l)
pH value of  
dye solution

Maximum absorption 
wavelength (nm)

reaction time 
(min)

remaining  
percentage (%)

Methyl blue 60 5.68 600  5 8.91
40 3.84

Acridine orange 60 5.6 493  5 6.93
40 0.626

Acid fuchsin 60 6.8 544  5 37.4
40 9.75

reproduced with permission from ref. [13]. © royal Society of Chemistry.

figure 6.7 UV-vis spectra of a solution of acid fuchsin (AF) (60 ml/l, 30 ml) in the presence of ZVI NP-immobilized hybrid nanofibrous 
mats synthesized with two (a) and six (b) cycles of binding/reduction at a time interval of 0, 5, 10, 15, 20, 30, and 40 min, respectively, and 
photos of the AF solution treated with ZVI NP-immobilized hybrid nanofibrous mats synthesized with two (c) and six (d) cycles of binding/
reduction at different time intervals. reprinted with permission from ref. [20]. © 2009, American Chemical Society.
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6.5.2 Heavy Metal ion remediation

For toxic heavy metal ion remediation, electrospun PAA/PVA nanofibrous mats have been used to remove copper (II) ions from 
aqueous solution [15]. The PAA/PVA nanofibrous mats were able to remove about 98% of Cu(II) in the initial 30 min at room 
temperature. The Cu(II) removal is attributed to the strong complexation effect of free carboxyl group of PAA with Cu(II) ions 
[76, 77]. In addition, the water-stable PAA/PVA nanofibrous mats displayed excellent selectivity in the absorption of Cu(II) in 
the presence of both Cu(II) and Ca(II) ions with the same concentration. Furthermore, it was shown that under the selected ionic 
strengths ([NaCl] = 0, 0.1, and 0.5 M), the absorption capability of the cross-linked PAA/PVA nanofibrous mats was not signif-
icantly impacted. When compared with other materials used for heavy metal ion removal, the high surface area to volume ratio 
of the porous PAA/PVA fiber material allows for complete interaction  with the ions to be removed, thereby significantly 
enhancing the capability of this material for environmental remediation.

by incorporating ZVI NPs within PAA/PVA nanofibers, heavy metal ions could be remediated via both physical absorption 
and chemical absorption processes. In our recent study [19], MWCNT-reinforced PAA/PVA nanofibers immobilized with ZVI 
NPs were also used to remediate Cu(II) in aqueous solution. Cu(II) ions from aqueous solution were removed using hybrid ZVI 
NP-immobilized nanofibers under an array of varying conditions, including solution pH and contact time. We showed that Cu(II) 
removal by hybrid mats containing ZVI NPs was not affected by pH variation and the removal percentage remained at around 
91%. In contrast, the sorption ability of PAA/PVA nanofibrous mats without ZVI NP immobilization was affected by the pH 
change: The Cu(II) removal percentage increased markedly with pH, presumably due to the fact that more carboxylic groups in 
the PAA/PVA nanofibers became deprotonated, leading to favorable ion sorption via electrostatic interaction [76, 78]. Furthermore, 
MWCNT-reinforced nanofibrous mats containing ZVI NPs were able to significantly remove Cu(II) within the first 30 min, and 
then reached an equilibrium (75.3 mg/g) within 60 min. by comparison, the MWCNT-reinforced nanofibrous mats without ZVI 
NPs exhibited a much lower level of Cu(II) sorption. Although the incorporation of MWCNTs within the nanofibers did not 
enhance the Cu(II) removal ability of PAA/PVA nanofibrous mats, our results clearly suggest that the immobilized ZVI NPs 
improved Cu(II) removal via a chemical reduction reaction. Figure 6.8 shows the results of isotherm experiments. In the case of 
the ZVI NP-immobilized hybrid mats, sorption of Cu(II) increased sharply with the aqueous concentration below 12 mg/l at 
equilibrium and then reached a plateau near 100 mg/g when the aqueous Cu(II) concentration was above 12 mg/l, indicating 
 saturation of the binding sites. For the mats that were not ZVI NP-immobilized, sorption of Cu(II) ions exhibited a gradual 
increase and reached 61.4 mg/g when the aqueous concentration at equilibrium was 169.3 mg/l. obviously, the sorption capacity 
of the hybrid mats was greatly enhanced in the presence of immobilized ZVI NPs.

6.5.3 dechlorination

Trichloroethylene (TCE) is a widely used chlorinated solvent, which is one of the common pollutants in soil and groundwater. 
dechlorination of TCE is able to significantly reduce its toxicity. MWCNT-reinforced ZVI NP-immobilized electrospun 
PAA/PVA nanofibrous mats fabricated by Xiao et al. have proven to be highly effective in the dechlorination of TCE [13]. The 
results show that both ZVI NP-containing nanofibrous mats with and without MWCNTs exhibit excellent performance in the 
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figure 6.8 The Cu(II) ions sorption isotherms (contact time: 60 min; [mat] = 0.5 mg/ml). reprinted with permission from ref. [19], 
pp. 48–54. © 2011, Elsevier.
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degradation of TCE. during the first 30 min, the degradation process reached a dynamic equilibrium, and the remaining fraction 
of TCE treated with ZVI NP-immobilized nanofibrous mats with and without MWCNTs was estimated to be 0.034 and 0.086, 
respectively. It should be noted that the major advantage of the MWCNTs within the nanofibers is to improve the mechanical 
durability of the nanofibers. The presence of MWCNTs does not compromise the excellent capability of the immobilized ZVI 
NPs to dechlorinate TCE. Moreover, it may be helpful to concentrate the hydrophobic chlorinated organic contaminants for 
efficient remediation.

In another study, we investigated the feasibility of using bimetallic Fe/Pd NP-immobilized PAA/PVA electrospun nanofi-
bers to dechlorinate TCE [69]. Freshly synthesized Fe/Pd colloidal NPs and single-metal ZVI NP- and Pd NP-immobilized 
nanofibrous mats were used as controls. As shown in Figure 6.9a, except Pd NP-immobilized nanofibrous mats, the other 
three materials were able to degrade TCE, indicating that immobilized Pd NPs do not contribute to the dechlorination effect 
of TCE. The slightly decreased remaining fraction of TCE may be ascribed to the adsorption of TCE onto the polymer nano-
fibers with a high specific surface area. It is noticeable that the remaining fraction of TCE treated with Fe/Pd colloid NPs and 
ZVI NP- and Fe/Pd NP-immobilized nanofibrous mats were quite close at the initial TCE concentration of 10 mg/l. In order 
to further investigate the enhanced dechlorination ability of Fe/Pd NP-immobilized nanofibrous mats, the initial TCE 
concentration was increased to 20, 50, and 100 mg/l, respectively. It is clear that in all the cases, the efficiency of TCE dechlo-
rination using Fe/Pd NP-containing nanofibrous mats is above 90.6% (Figure  6.9b), much higher than that using ZVI 
NP-containing nanofibrous mats and the Fe/Pd colloid NPs. reusability and recyclability assessment results showed that after 
exposure to sodium borohydride aqueous solution for 10 min, nanofibrous mats can be regenerated. The regenerated Fe/Pd 
NP-containing nanofibrous mats exhibited similar performance in the second, third, and fourth round of TCE dechlorination, 
comparable to that of freshly prepared mats (Figure 6.9c).

6.5.4 environmental catalysis

The generated hybrid metal NP-containing polymer nanofibers can be used as an efficient catalyst to remediate heavy metal 
ions. In our recent report, catalytic active Pd NP-immobilized electrospun PEI/PVA nanofibrous mats were fabricated for 
catalytic transformation of hexavalent chromium (Cr(VI)) to trivalent Cr (Cr(III)) [72]. It is known that Cr(VI) has acute muta-
genicity and carcinogenicity, while Cr(III) is far less toxic. In the presence of formic acid used as a reducing agent, a piece of 
Pd NP-immobilized PEI/PVA nanofibrous mat was immersed in a K

2
Cr

2
o

7
 solution as a catalyst. Meanwhile, in order to eval-

uate the reusability of this catalyst, more reaction cycles were performed using the same mat. As shown in Figure 6.10, the 
intensity of the characteristic absorption peak at 350 nm for Cr

2
o

7
2− decreased with time. At 12 min, the absorption peak com-

pletely vanished, indicating the complete transformation of Cr(VI). by comparison, in the presence of PEI/PVA nanofibrous 
mats without Pd NPs (control group), the characteristic peak at 350 nm did not change considerably (Figure 6.10b). In addition, the 
Cr(VI) solution treated by formic acid without any catalysts did not show any significant change in the absorption peak at 350 nm 
within 25 min (Figure 6.10c). These results demonstrate that the excellent catalytic transformation of Cr(VI) to Cr(III) can 

figure 6.9 (a) remaining fraction of TCE as a function of time after treatment with Fe/Pd colloid NPs, ZVI NP-containing fibrous mats, 
and Fe/Pd NP-containing nanofibrous mats. C

0
 and C represent the initial and final concentration of TCE, respectively. The initial concentration 

of TCE was 10 mg/l. (b) removal efficiency of TCE by Fe/Pd colloid NPs and ZVI NP- and Fe/Pd NP-containing nanofibrous mats with 
 different initial TCE concentrations. The reaction time was 1.5 h. (c) removal efficiency of TCE after treatment with the same Fe/Pd 
NP-containing nanofibrous mats for the first, second, third, and fourth time. The reaction time was 1.5 h and the initial TCE concentration was 
10 mg/l. reprinted with permission ref. [69], pp. 349–356. © 2012, Elsevier.
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be solely attributed to the immobilized Pd NPs. reusability results show that more than 99% of Cr(VI) can be transformed to 
Cr(III) after 12, 15, and 15 min in the first, second, and third reaction cycles, respectively, confirming the superior reusability 
of the Pd NP-immobilized PEI/PVA nanofibrous mats.

6.6 coNclusioNs aNd outlook

In summary, this chapter has described the fabrication of different metal NP-immobilized polymer nanofibers for environ-
mental remediation applications. In particular, ZVI NP-immobilized PAA/PVA nanofibers have been fabricated via different 
approaches. To further improve mechanical durability, MWCNTs have been incorporated within the nanofibers prior to the in 
situ formation of ZVI NPs. Furthermore, to enhance the reactivity of immobilized ZVI NPs, bimetallic Fe/Pd NPs were formed 
within PAA/PVA nanofibers. These ZVI NP-based nanofibers are able to decolorize dying contaminants, to remove toxic heavy 
metal ions, and to dechlorinate chlorinated organic solvents (e.g., TCE). For the catalytic remediation of heavy metal ions, Pd 
NP-immobilized polymer nanofibers have been fabricated, and the hybrid fibers are able to efficiently transform Cr(VI) to 
Cr(III) in aqueous solution. The formed metal NP-containing polymer nanofibers are stable, and no leakage of the metal NPs 
are observed during storage and remediation processes.

There is no doubt that electrospun polymer nanofibrous mats have exhibited great advantages over other conventional 
media as an ideal substrate to immobilize active metal NPs for environmental remediation applications. The electrospinning 
technology has received increasing attention in the fabrication of various metal NP-immobilized polymer nanofibers, owing 
to their high porosity, huge specific surface area, and flexibility in surface functionalization. However, there still remain some 
challenges for practical environmental applications. For example, the lack of mass production of high-quality electrospun 
nanofibers quite restricts its application in practice. The selection of suitable polymer materials with improved mechanical 
durability and the surface modification of preformed nanofibers with new functionalities for selective remediation of environ-
mental pollutants are additional issues to be addressed. These challenges will drive the development of a variety of metal 
NP-incorporated hybrid polymer nanofibers for various environmental applications.
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7

7.1 iNtroduCtioN

Chelating agents and their metal complexes are at the heart of modern coordination chemistry and in their original non-nano 
forms were used for environmental protection, for instance, for increasing the solubility of heavy metals in soil and therefore in 
enhancing phytoextraction [1]. In the past 20 years, in accordance with general developmental trends in nanoscience and 
nanotechnology, a variety of nanomaterials and nanocomposites have been created. These materials have been used, among 
other things, for environmental purposes, such as remediation/recovery/selective collection of metals from soils, water, or 
seawater [2–6].

In this chapter, we will discuss available nanomaterials and nanocomposites containing metal complexes and a few 
organometallic compounds used for the improvement of the environment. In addition to removal of heavy metals, they can 
be applied in catalysis. Moreover, they have antibacterial, sorbent, and sensor properties and can be precursors for the 
creation of other nanomaterials, utilized for environmental protection. N-, N,O-, S-, and P-containing ligands are the basis 
of these nanomaterials/nanocomposites, including well-known materials in nanotechnology such as polyaniline (PANi) 
and chitosan.

7.2 elemeNtal metals fuNCtioNalized with ChelatiNg ligaNds

A few functionalized (ligand-capped) or supported metal nanoparticles (NPs) (generally Au, Ag, Fe, and bimetallics formed 
from them), containing chelating ligands, have been applied for remediation of toxic metals by their chelation, as sensors for 
metal cations.

Multifunctional biocompatible nanochelators present a class of chelating agents that have the potential to compensate for the 
drawbacks of traditional ligands used in chelation therapy. The nanoscale dimensions of these nanochelators allow for a high 
surface to volume ratio to accommodate multiple ligands on the surface and have good solubility for easy absorption across the 
blood–brain barrier. A series of such nanochelators on the basis of gold and iron NPs with chelating ligands that are analogues 
of natural phytochelatin (PCh, Fig. 7.1) ligands found in plants were prepared [7, 8]. These natural PCh peptides are cysteine-rich 
ligands that are known to take up metals with high affinity and specificity. Ligand-capped Au NPs (~4-nm metal core, ~340-bipy 
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ligand shell) were synthesized (Fig. 7.2) [9] by capping monothiol derivatives of 2,2′-dipyridyl onto the surface of Au NPs  
(Au–BT). The high local concentration of the chelating ligands (~5 M) around the Au NP makes these particles excellent ion 
sponges, and their complexation (1:3 complexation between euIII/TbIII ions and bipyridines) with euIII/TbIII ions yields 
phosphorescent nanomaterials. The red-emitting Au–BT:euIII complex exhibited a long lifetime of 0.36 ms with six line-like 
emission peaks, whereas the green-emitting Au–BT:TbIII complex exhibited a lifetime of 0.7 ms with four line-like emission 
peaks. These phosphorescent nanomaterials, designed by linking BT:euIII complexes to Au NPs, were further used as sensors for 
metal cations. Using tea polyphenols (TPs) as a reductant, Ag NPs supported on halloysite (1:1 aluminosilicate clay mineral with 
the empirical formula Al

2
Si

2
O

5
(Oh)

4
) nanotubes (hNTs) were greenly synthesized [10] for photocatalytic decomposition of 

methylene blue (MB). hNTs were initially functionalized by N-β-aminoethyl-γ-aminopropyl trimethoxysilane (AeAPTMS) to 
introduce amino groups to form N-hNTs to fasten the Ag NPs; then the Ag NPs were synthesized and “anchored” on the surface 
of the hNTs. The chelating interaction between the Ag NPs and N atoms together with the TP molecules was revealed. The 
photocatalytic activity measurements of the prepared AgNPs@N-hNTs catalyst, evaluated by the decomposition of MB, 
exhibited excellent catalytic activity and high adsorption capability to MB.

Nano zero-valent iron (nZVI) technology is becoming an increasingly popular choice for environmental remediation and 
remediation of contaminated sites as iron is inexpensive, nontoxic, and environmentally compatible [11]. Nanoparticles are 
attractive for remediation of various contaminants because of their unique physicochemical properties, especially its high 
surface area over iron filings. At the same time, it is difficult to obtain pure nZVI without impurities of 15 other possible 
compounds (oxides and hydroxides). It could be reached using chelating agents. Thus, synthesis of air-stable nZVI is undertaken 
in the presence of ethylene diamine tetraacetic acid (eDTA), diethylenetriamine pentacetic acid (DTPA), nitriloacetic acid 
(NTAc), trans-1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid (CDTA), hydroxyethylenediaminetetraacetic acid (heDTA), 
triethylene tetraamine (TrTA), and N-cetyl-N,N,N-trimethyl ammonium bromide (CTAB) chelating agents [12]. The chelating 
effect was found to be the best for eDTA, NTAc, and heDTA, but the least for CDTA and CTAB. hydroxyl groups, lone pair 
electrons on the nitrogen atom, and steric effects of the cyclohexane ring and bulky surroundings played an important role in 
providing air stability toward synthesized nZVI. Chitosan–Fe0 NPs (chitosan–Fe0), prepared using nontoxic and biodegradable 
chitosan (see section N-Containing Ligands) as a stabilizer [13, 14], were used for Cr(VI) removal from water. The overall 
disappearance of Cr(VI) may include both physical adsorption of Cr(VI) onto the chitosan–Fe0 surface and the subsequent 
reduction of Cr(VI) to Cr(III). It was revealed that after the reaction, relative to Cr(VI) and Fe(0), Cr(III) and Fe(III) were the 
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figure 7.1 Natural phytochelatin.
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figure 7.2 Design strategy for luminescent nanomaterials. reproduced with permission from ref. [9]. © American Chemical Society.
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predominant species on the surface of chitosan–Fe0. Chitosan has also been found to inhibit Fe(III)–Cr(III) precipitation due to 
its high efficiency in chelating Fe(III) ions. In addition, immobilization of bimetallic NPs (Fe/Ni and Fe/Pd NP systems 
(<40 nm)) in polymer membrane (such as cellulose acetate, polyvinylidene fluoride (PVDF), polysulfone, chitosan) media led 
to the creation of materials for remediation of organic contaminants [15]. The second dopant metal (such as Ni, Pd) plays a very 
important role in terms of catalytic property (hydrodechlorination) and a significant reduction in the formation of intermediates. 
In addition to the rapid degradation (by Fe/Ni) of TCe to ethane, a complete dechlorination of selected PCBs (trichloroethylene 
(TCe) and selected polychlorinated biphenyls (PCBs)) using milligram quantities of immobilized Fe/Pd NPs in the membrane 
domain was achieved.

7.3 N-CoNtaiNiNg ligaNds

Among simple N-containing ligands, we note ethylenediamine (en), whose complexes have been used as precursors of compounds 
having catalytic activities. Thus, mesoporous Co-doped ZnS and ZnO nanoplates were fabricated [16] by calcination of a 
Zn

0.95
Co

0.05
S(en)

0.5
 complex (en = ethylenediamine), which was hydrothermally synthesized using ethylenediamine as a single 

solvent and chelating agent. Photocatalytic performance of the prepared materials was studied for decomposition of the azo dye 
(acid red 14). The Zn

0.95
Co

0.05
S calcined at 500°C exhibited the highest photocatalytic activity under ultraviolet (UV) irradiation 

and also showed photocatalytic performance under visible light irradiation. Composite ruthenium-containing silica nanomaterials 
([ruO

2
]@SiO

2
) from amine-stabilized ruthenium NPs as elemental bricks were found to possess a high specific surface area 

making them attractive materials for catalysis [17]. Bifunctional h
2
N–(Ch

2
)

x
–Si(Oet)

3
 amines were used as stabilizing ligands 

(x = 3, 11) for the synthesis of ruthenium NPs, from [ru(COD)(COT)] (COD = 1,3-cyclooctadiene, COT = 1,3,5-cyclooctatriene) 
as the metal precursor. The functionalization [18] of Fe

3
O

4
 NPs with carboxyl (succinic acid), amine (ethylenediamine), and thiol 

(2,3-dimercaptosuccinic acid) led to the formation of nanoadsorbents showing superparamagnetic behavior at room temperature 
with strong field-dependent magnetic responsivity. These products were found to be useful in enhancing the efficiency of these 
NPs for the removal of toxic metals (Cr3+, Co2+, Ni2+, Cu2+, Cd2+, Pb2+, and As3+) and bacterial pathogens (Escherichia coli) from 
water. Depending on the surface functionality (COOh, Nh

2
, or Sh), magnetic nanoadsorbents capture metals either by forming 

chelate complexes or by the ion exchange process or electrostatic interaction. It was observed that the capture efficiency of 
bacteria strongly depends on the concentration of nanoadsorbents and their inoculation time.

Pyridine-containing derivatives are also common chelators for trace amounts of metals. Thus, silica-coated Fe
3
O

4
 NPs were 

modified with 2,6-diaminopyridine and used for selective magnetic solid-phase extraction of trace amounts of metal ions 
(Cu(II) and Zn(II)) [19]. Their quantitative extraction from mixed-ion solutions was accomplished at an optimal ph value of 6 
within less than 10 min. Magnetic NPs (MNPs) prepared from Fe

3
O

4
 and functionalized with pyridine were applied as an 

adsorbent for the solid-phase extraction of trace quantities of Pd(II) [20]. The pyridine group was immobilized on the surface 
of the MNPs by covalent bonding of isonicotinamide. The modified MNPs can be readily separated from an aqueous solution 
by applying an external magnetic field. The detection limit and preconcentration factor were found to be 0.15 µg/l and 196, 
respectively. In addition, the technique for the solid-phase extraction of gold using various kinds of pyridine-functionalized 
nanoporous silica prior to its determination in various samples using flame atomic absorption spectroscopy (FAAS) was 
developed [21].

Multiwalled carbon nanotubes (MWCNTs) were dispersed and loaded with 1-butyl-3-methylimidazolium hexafluorophos-
phate ([BMIM]PF

6
), supported on sawdust and used as a new adsorbent for preconcentration of trace amount of Bi [22]. Bi(III) 

ions were retained by the adsorbent MWCNT–[BMIM]PF
6
 in a column after the formation of anionic complex BiI

4
− with iodide 

BiI
4
− complexes through electrostatic interactions with positively charged imidazolium ion. The method was applied for detecting 

Bi(III) in river water, tap water, and drug samples. Chelating polymer sorbents (oligomer containing a bis(pyrazole-1-yl)methane 
fragment, Fig.  7.3) can be used in analytical chemistry and the environmental protection sphere to recover, separate, and 
concentrate heavy and rare metals from natural and industrial waters [23]. Modified magnetite NPs functionalized with triazene 
groups (Fig. 7.4) were designed and prepared for extraction/preconcentration of sub-ppb levels of mercury ions in water and fish 
samples prior to their determination with inductively coupled plasma optical emission spectrometry (ICP–OeS) [24]. In the 
separation process, an aqueous solution of hg2+ ions was mixed with 150 mg of Fe

3
O

4
 magnetite NPs modified with 

1-(p-acetylphenyl)-3-(o-ethoxyphenyl)triazene (AeT) and then an external magnetic field was applied for isolation of magnetite 
NPs containing mercury ions. The sorption capacity of functionalized Fe

3
O

4
 NPs under optimum conditions was found to be 

10.26 mg of hg2+ per gram at ph 7 with a preconcentration factor of 500 (2 ml of elution for a 1000 ml sample volume).
PANi (Fig.  7.5) is known as a classic material and supporting agent in nanotechnology. The ability of organometallic 

titanium–PANi hybrid materials to function as gas sensors at room temperature was investigated [25]. To form these hybrid 
materials, commercially available PANi powders were directly added into organometallic titanium sols, synthesized using 
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the sol–gel method. For gas sensing tests, the products were exposed to ethanol vapor, revealing that the composite sensors 
required an appropriate ratio to exhibit optimum sensing properties.

The phthalocyanines (Fig. 7.6), known for more than 100 years as pigments, among a series of other applications, have been 
used for purposes of environmental protection too. Thus, iron(II) phthalocyanine (nano FePc) could serve as a powerful 
functional material for the development of sensors and electrocatalytic devices [26]. The nano FePc exhibited enhanced 
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electrocatalytic properties for the detection of thiocyanate and nitrite in aqueous solutions compared to the bulk FePc counterpart. 
Polycopper tetraaminophthalocyanine (CuTAPc) nanowires and nanotubes, fabricated [27] on porous alumina templates by 
electropolymerization, showed that their lengths could be controlled by the number of cycles applied and the monomer 
concentrations, while their diameters are confined by the pore size of the template. The product of electropolymerization 
(whether nanowires or nanotubes) was revealed to be a function of the monomer concentrations. These nanostructures may have 
applications in microelectronics, chemical sensing, and catalysis. Copper–tetrasulfonated phthalocyanine (CuTSPc)–sensitized 
mesoporous SnO

2
, namely, CuTSPc/SnO

2
 (with specific surface area and pore size of 0.1 mol.% CuTSPc/SnO

2
 236 m2/g and 

2.6 nm, respectively), prepared by a template-free hydrothermal method, contained the sulfonated groups of CuTSPc bonded to 
the tin ion in a chelating bidentate mode. Its photocatalytic activity and circulating degradation rate (with 0.1 mol.% CuTSPc/
SnO

2
) under low-power visible light (15 W), detected using rhodamine B (rhB) as the objective decomposition substance, were 

revealed up to 87% during 180 min of reaction [28].
Among other N-containing ligands that are nanomaterials, we note a solid nanocomposite material on the basis of NPs of a 

metal coordination polymer with CN ligands including Mn+ cations (Ni2+, Co2+, Mo5+, Fe2+, or Fe3+) {M is a transition metal 
and n is 2 or 3} and [M¢(CN)m]x− anions ([Fe(CN)

6
]3− or [Fe(CN)

6
]4−, [Mo(CN)

8
]3−, [Co(CN)

6
]3−) {where M¢ is a transition 

metal, x is 3 or 4, and m is 6 or 8} [29]. These compounds were patented as a method for fixing an inorganic pollutant, such as 
radioactive cesium. Schiff bases, classic objects in coordination chemistry, also revealed activities in nanostructured form. 
Thus, the Cu(II) Schiff base complex (Fig. 7.7), [Cu(L)

2
](ClO

4
)

2
 of Schiff base ligand (L = 4,5,9,13,14-pentaaza-benzo[b]tri-

phenylene) was synthesized, and its nanostructured compound was prepared [30] by sonochemical and solvothermal methods. 
The free Schiff base and its metal complex were screened for antibacterial activities; the metal complex was observed to be 
more active than its free Schiff base ligand. Very high adsorption capacity of trace amounts of Pb(II), Cd(II), and Cu(II) in envi-
ronmental and biological samples was revealed for iron oxide–silica magnetic particles with a Schiff base (Fe

3
O

4
/SiO

2
/L) [31]. 

According to the authors, this magnetic solid phase is an ideal support because it has a large surface area and good selectivity 
and can be easily retrieved from large volumes of aqueous solutions. The detection limits were 0.14, 0.19, and 0.12 µg/l for 
Pb(II), Cd(II), and Cu(II) ions, respectively.

7.4 o-CoNtaiNiNg ligaNds

Pure O-containing ligands as part of nanomaterials are represented with fewer examples. Thus, the preconcentration of trace 
heavy metal ions in environmental samples, based on the sorption of Cu(II), Cd(II), Ni(II), and Cr(III) ions with salicylic acid 
(Fig. 7.8) as the chelate on silica-coated magnetite NPs (Fig. 7.9), was used for evaluating these trace and toxic metals in var-
ious waters, foods, and other samples [32]. These magnetic NPs carrying the target metals could be easily separated from the 
aqueous solution simply by applying an external magnetic field; no filtration or centrifugation was necessary. An efficient 
method was undertaken [33] for synthesizing highly electrocatalytic Pt NPs on a carbon nanofiber (CNF) material, based on 
absorption of Pt(acac)

2
 molecules on the functionalized CNFs and their further reduction to Pt NPs (2.9 ± 0.4 nm and 100% 

loading yield) by diffusion-limited sublimation in a confined space. The MeOh oxidation current density per mg Pt of Pt-loaded 
CNF sample was found to be approximately 60 times as high as in the commercially available sample and superior to other 
existing samples. In addition, 3,4-dihydroxy-9,10-dioxo-2-anthracenesulfonate (Alizarin red, Ar, Fig. 7.10) chelates TiO

2
 NPs 

through the catechol moiety [34]. reduction of Cr(VI) to Cr(V) in the coupled Ar@TiO
2
 system utilizes a high fraction of 

the photogenerated electrons and induces degradation of the complex. Addition of the chelating polymer polyacrylic acid (PAA, 
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figure 7.7 [Cu(L)
2
](ClO

4
)

2
 of Schiff base ligand (L = 4,5,9,13,14-pentaaza-benzo[b]triphenylene).
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Fig. 7.11) to assist in Mn removal from groundwater by membranes was examined [35] using membranes with different pore 
sizes under various operating conditions. Negligible Mn removal was achieved by the authors with ultrafiltration and nanofiltra-
tion membranes at acidic ph, but removal greater than 90% could be achieved at elevated ph (ph 9), presumably due to the 
formation of manganese hydroxides. Mn removal increased substantially when PAA was added to the feed solution, due to Mn 
chelation by PAA and rejection of chelates by the membranes. The chelate could be broken at acidic ph, by releasing free PAA, 
which could then be separated from Mn ions and reused.

O
OH

OH

figure 7.8 Salicylic acid.

figure 7.9 Preparation of silica-coated magnetite nanoparticles (NPs) modified with salicylic acid: preparation of adsorbent (a) and 
solid-phase extraction of the analytes (b). reproduced with permission from ref. [32]. © Chemistry Central.

Step 1 Step 2

Modi�cation with SA
Fe3O4

TEOS

(a)

Remove

S

N

(b)

O

O

OH

OH

SO3Na

figure 7.10 Alizarin red (Ar), sodium 3,4-dihydroxy-9,10-dioxo-9,10-dihydro-2-anthracenesulfonate.

O

C

OH

C

C

HH
H

n

figure 7.11 Polyacrylic acid. reproduced with permission from ref. [43]. © 2005, elsevier Science.
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7.5 N,o-CoNtaiNiNg ligaNds

7.5.1 edta

A series of reports are dedicated to eDTA-based (Fig. 7.12) nanochelators due to commercial availability of this classic ligand. 
Thus, separation of cerium ions from dilute cerium feed solution was carried [36] out by nanofiltration. Cerium rejection by 
nanofiltration assisted by complexation with eDTA as chelating agent was markedly influenced by ph (2–10), where a higher 
degree of cerium removal was achieved for the basic medium than the acidic medium. The maximum observed rejection of 
Ce(III) was found to be 94.37 and 90.03% for an initial feed concentration of 10 and 80 mg/l, respectively. Attachment of 
eDTA-like chelators to carbon-coated metal nanomagnets resulted in a magnetic reagent for the rapid removal of heavy metals 
(Cd, Pb, Cu) from solutions or contaminated water by three orders of magnitude to concentrations as low as µg/l [37]. In 
addition, eDTA was used as a precursor for metal complex formation and further to control the growth of NPs. Thus, monoclinic 
scheelite-type BiVO

4
 NPs with large surface area, synthesized using Bi(NO

3
)

3
 and Nh

4
VO

3
 as raw materials, through a hydro-

thermal process in the presence of eDTA [38], exhibited a good photocatalytic performance for degrading phenol solution as a 
model organic pollutant under visible illumination. The key feature of this method was found to be the chelating role of the 
eDTA group in the synthetic process, which can greatly control the concentration of Bi3+, leading to growth inhibition of BiVO

4
 

crystallites.

7.5.2 Chitosan-Based Nanomaterials

Chitosan (Fig. 7.13) has attracted considerable interest because of its unique combination of properties, such as biocompati-
bility, biodegradability, metal complexation, and antibacterial activity. Therefore, chitosan has a variety of current and potential 
applications in various fields, for example, biotechnology, pharmaceutics, wastewater treatment, cosmetics, and food science. 
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Thus, the sorting of Pb2+ ions in a bloodstream flow was carried out [39] by mixing the ions in a chitosan nanobead aquasolution 
and then using a chelating mechanism to selectively sponge them up. To obtain an efficient chelating reaction and chelating 
nanobeads that can be attracted and separated from the bloodstream flow, a microfluidic device that had a microchannel with 
electrodes was designed and fabricated by a microelectromechanical process. In this device, the microchannel with electrodes 
provided a local dielectrophoretic field that was strong enough to manipulate and separate the chelating nanobeads in the con-
tinuous bloodstream flow. Crystalline Cu

2
O NPs were synthesized via the templating method by taking advantage of the chela-

tion of chitosan with copper ions [40]. The resulting Cu
2
O-embedded film exhibited higher photocatalytic activity toward 

methyl orange degradation under visible light irradiation. Chitosan NPs were prepared based on ionic gelation between chito-
san and sodium tripolyphosphate and then Ag+, Cu2+, Zn2+, Mn2+, or Fe2+ was individually loaded onto chitosan NPs [41]. Their 
antibacterial activities were evaluated by the determination of minimum inhibitory concentration (MIC) and minimum bacteri-
cidal concentration (MBC) against E. coli 25922, Salmonella choleraesuis ATCC 50020, and Staphylococcus aureus 25923 in 
vitro, showing that antibacterial activity was significantly enhanced by the metal ions loaded, except for Fe2+.

7.5.3 amino acids

Amino acids and poly(amino acids) are natural chelating agents for various metal ions. In particular, zinc ions were encapsulated 
[42] in situ in a conductive polypyrrole film using polyglutamic acid (Fig. 7.14) as a localized complexing agent within the film. 
The subsequent electrochemical reduction of the metal ions to zero-valent metal led to the formation of NPs. An important 
advantage of this electrochemical approach is facile regeneration of the particles, as well as prevention of the aggregation of NPs 
in the conductive polymeric film. The formed NPs were composed of zinc and were 18 ± 7 nm in diameter. In addition, the NP/
polymer composite was used to reduce halogenated organics, indicating its potential usefulness in remediation applications.

A series of reports are dedicated to cysteine-containing chelating nanomaterials. Thus, an adsorbent for the capture of 
mercuric chloride vapor from flue gases on the basis of a chelating ligand on cysteine basis (Figs. 7.15, 7.16, and 7.17) with an 
ionizing surface nano-layer on a mesoporous substrate was reported [43]. The maximum theoretical (equilibrium) capacity for 
mercury removal was estimated to be 33 mg hg/g, and thermal stability tests indicated stable operation up to 135°C. In addition, 
poly-α,β-dl-aspartic acid is well known as the green chelant of various metal ions. To provide a nanochelant for treating Pb(II) 
poisoning, poly-α,β-dl-aspartic acid was modified [44] with l-Cys to form poly-α,β-dl-aspartyl-l-cysteine (PDC). dl-Asp 
was converted into polysuccinimide through thermal polycondensation, and the amidation of polysuccinimide with l-Cys 
provided PDC. In water, PDC formed various porous nanospecies, which benefited the removal of Pb(II). PDC did not remove 
the essential metals, including Cu2+, Fe2+, Mn2+, Zn2+, and Ca2+, in treated mice.

Nanomaterials on the basis of carbon allotropes can also be functionalized with amino acids and used for absorption of 
pollutants such as cadmium. Thus, graphene oxide (gO) nanosheets were decorated with a cysteine-rich metal-binding 
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protein, cyanobacterium metallothionein (SmtA) [45]. The formed SmtA–gO composites were found to exhibit ultrahigh 
selectivity toward the adsorption of Cd and were then assembled onto the surface of cytopore microbeads and used for highly 
selective adsorption and preconcentration of ultratrace Cd. In comparison with bare gO (carboxyl-rich gO)-loaded cytopore 
(gO@cytopore), SmtA–gO–loaded cytopore (SmtA–gO@cytopore) shows a 3.3-fold improvement over the binding 
capacity of Cd, that is, 7.70 mg/g for SmtA–gO@cytopore compared to 2.34 mg/g for that by gO@cytopore. Another 
example is the functionalization of MWCNTs with histidine (Fig. 7.18), which was shown as a simple, rapid, and reliable 
approach for improving the selectivity and adsorption capacity of MWCNTs toward Cd2+ [46]. An additional advantage is 
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figure 7.17 Schematic representation of chelating adsorbent for vapor-phase mercury. reproduced with permission from ref. [43]. 
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that the use of histidine as substrate, associated with the inherent features of MWCNTs, avoids the incompatibility problem 
between MWCNTs and aqueous medium in flow injection analysis. efficient functionalization with histidine was confirmed 
from 100 preconcentration/elution steps without loss of adsorption capacity toward Cd2+. The same nanocomposite was also 
applied for selective preconcentration of V(V) and its online ultrasensitive determination in a variety of biological and 
environmental samples [47]. With the consumption of 5.0 ml sample solution and a preconcentration time of 1 min, an 
enhancement factor of 35 with a detection limit (3 s) of 9 ng/l or 0.2 nM was achieved. In addition, an amperometric glassy 
carbon biosensing electrode for glucose, based on the immobilization of a highly sensitive glucose oxidase (gO

x
) by affinity 

interaction on carbon nanotubes (CNTs) functionalized with iminodiacetic acid (Fig. 7.19) and metal chelates, was fabricated 
[48]. This technique for immobilization exploits the affinity of Co(II) ions to the histidine and cysteine moieties on the 
surface of gO

x
. The resulting biosensor was found to be capable of detecting glucose at levels as low as 0.01 mM and had 

excellent operational stability.

7.5.4 other N,o ligands

Poly[aniline-co-5-sulfo-2-anisidine] nanograins with a rough and porous structure demonstrated ultrastrong adsorption 
and highly efficient recovery of silver ions [49]. The 50/50 copolymer nanograins exhibited much stronger Ag+ adsorp-
tion than PANi and all other reported sorbents. The maximum Ag+ sorption capacity of less than or equal to 2034 mg/g is 
the highest found thus far and also much higher than the maximum hg ion sorption capacity. It was revealed that Ag+ 
sorption occurs mainly due to the redox mechanism involving reduction of Ag+ to separable silver nanocrystals, chelation 
between Ag+ and -Nh-/-N=/-Nh

2
/-SO

3
h/-OCh

3
, and ion exchange between Ag+ and h+ on -SO

3
-h. Copolymer NPs 

bearing many functional groups on their rough and porous surface can be directly used to recover and separate silver 
nanocrystals from practical Ag+ wastewaters containing Fe, Al, K, and Na ions. A sorbent extraction procedure for Pb(II), 
Cu(II), Ni(II), and Fe(III) ions on single-walled carbon nanotube disks was established [50]. Analyte ions were converted 
to 2-(5-bromo-2-pyridylazo)-5-diethylamino-phenol (Fig. 7.20) chelates, then adsorbed on the disk, and further desorbed 
by 10 ml 2 M hNO

3
.

high performance was reported for NP γ-alumina coated with sodium dodecyl sulfate and 4-(2-pyridylazo)-resorcinol 
(SDS–PAr, Fig. 7.21) in sorbent solid-phase extraction [51]. A sorbent with adjusted nanometer-sized alumina was used to 
preconcentrate and separate Cu in plants belonging to the legume family and natural water samples. The method was applied 
to detect Cu ions at trace levels in substantial samples such as cucumber, eggplant, mint, tomato, potato, parsley, spinach, apple 
and apple core, mangosteen, kiwi, banana, macaroni, pea, wheat flour, red beans, lentil, barley, tap water, river water, and sea 
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water. Also, 1-(2-pyridylazo)-2-naphthol (PANa, Fig. 7.22)–modified MNPs were used for the separation and preconcentration 
of Mn2+ ions from aqueous samples [52]. The detection limit of the proposed method was 0.11 µg⋅l−1. A selective solid-phase 
extractor (stable in 6 mol/l hCl, common organic solvents, and buffer solutions at ph 2.0–8.0) was prepared based on the mod-
ification of silica gel with 2-((3-silylpropylimino)methyl)-2-hydroxy-1-naphthol (SPIMhN) [53]. This nanosorbent was applied 
for the enrichment of trace amounts of Fe3+, Pb2+, Cu2+, Ni2+, Co2+, and Zn2+ subsequent to their determination by flame atomic 
absorption spectrometry. Sorbent based on gold NPs loaded in activated carbon (AuNP–AC) was modified by bis(4-
methoxysalicylaldehyde)-1,2-phenylenediamine (BMSAPD) [54]. This sorbent (AuNP–AC–BMSAPD) was applied for the 
enrichment and preconcentration of trace amounts of Co2+, Cu2+, Ni2+, Fe2+, Pb2+, and Zn2+ ions in real samples (recoveries in 
the range of 95–99.6% and a relative standard deviations (rSD) <4.0%). Following the optimum conditions, a preconcentration 
factor of 200 was obtained for all the metal ions under study with detection limits of 1.4–2.6 ng/ml.

7.6 s-CoNtaiNiNg ligaNds

S-containing ligands are commonly used as sensors; thus, the chelate sensor method for detecting mercury, based on the high 
affinity of thiol-containing ligands for the mercuric ion, has been known for a long time [55]. The S-containing ligands, used 
for environmental applications, are mainly represented by dithiocarbamates (DTCs). Thus, a dispersive solid-phase 
microextraction (DSPMe) with MWCNTs as solid sorbent and ammonium pyrrolidinedithiocarbamate (APDC) as chelating 
agent was developed for the determination of selenium in the presence of heavy metal ions and alkali metals [56]. The 
Se(IV)–APDC complex was adsorbed on MWCNTs dispersed in aqueous samples, which were then filtered, and MWCNTs 
with selenium chelate were collected in a filter. Under optimized conditions, Se can be determined with very good recovery 
(97 ± 3%), precision (rSD = 3.2%), and detection limits (from 0.06 to 0.2 ng/ml). The high efficiency of nanometer-sized 
γ-alumina coated with sodium dodecyl sulfate–pyrrolidine dithiocarbamate (SDS–4-BPDC) for sorbent solid-phase 
extraction was also reported [57]. Sorbent with modified nanometer-sized alumina was used to preconcentrate and separate 
cobalt in food and environmental water samples. The proposed method was applied to determine cobalt at trace levels in real 
samples such as rice, tobacco, orange, green pepper, black tea, honey, potato, spinach, mangosteen, tomato, strawberry, 
carrot, apple, kiwi, mushroom, cucumber, lettuce, milk, wheat sprout, tap water, river water, and sea water with satisfactory 
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results. In addition, a nano DTC complex was prepared (Fig. 7.23) by reaction between DTC and a metal salt under ultrasound 
irradiation [58]. The antibacterial activity of its NP derivatives was tested against microorganisms (E. coli, Klebsiella 
pneumoniae, S. aureus, and Bacillus subtilis) using the disk diffusion method and compared with non-nano conditions. The 
compounds showed significant antibacterial activity against bacterial strains within the zone of inhibition, 23 mm at MIC of 
30.0 µg/disk.

7.7 p-CoNtaiNiNg ligaNds

In addition to nanocomposites with sulfur-containing ligands, use of phosphorus-containing ligands in environmental appli-
cations as nanocomposites or their precursors is rare. Thus, the nanostructured conjugated polymer poly[1,1′-bis(ethynyl)-4,4′-
biphenyl-(bis-tributylphosphine)Pd(II)], known as Pd–diethynylbiphenyl (DeBP), and the hybrid system Pd/Pd–DeBP, 
obtained by the dispersion of Pd(0) nanoclusters into the organometallic conjugated polymer Pd–DeBP, was studied as an 
active membrane for the development of surface acoustic wave (SAW)-based chemical sensors [59]. The sensors based on 
Pd–DeBP and Pd/Pd–DeBP membranes showed an rh (relative humidity) sensitivity of 600 and 320 hz/rh%, and a h

2
 

sensitivity of 650 and 670 hz/ppm, respectively. These values, compared with literature data, showed an enhancement of 
sensitivity in the low rh range of 0–30%. There is a strong chelating ability between phosphates and metal ions that can be 
used for generating biosensors. Thus, a porous nanomaterial on the basis of zirconium phytate (derivative of phytic acid, 
Fig. 7.24) was synthesized [60] by direct precipitation, and its nanoporous film was employed as a substrate for making an 
horseradish peroxidase (hrP)-based biosensor by the drop-coating method and investigating the electrochemical behavior of 
enzyme. It was shown that the absorbed hrP retained its bioactivity and realized direct electron transfer due to improved 
biocompatibility of zirconium phytate. Moreover, the biosensor displayed good bioelectrocatalytic ability toward the reduction 
of h

2
O

2
 with a linear response to h

2
O

2
 over a concentration range from 6.67 × 10−7 to 6 × 10−6 mol/l, and a detection limit of 

5.3 × 10−7 mol/l at a signal to noise ratio (S/N) = 3. This biosensor exhibited a low detection limit, high enzymic activity, and 
good reproducibility and stability. Silica polyamine composites (SPC) made from silanized amorphous nanoporous silica gel 
and poly(allylamine) (BP-1) were functionalized [61] with phosphorus acid using the Mannich reaction, resulting in a 
phosphonic acid–modified composite (BPAP). Zr(IV) was immobilized on BPAP with a loading of 1.12 mmol/g. Zr loading 
was analyzed by mass gain, ICP/atomic emission spectrometry (AeS), and scanning electron microscopy (SeM)/dispersive 
x-ray spectroscopy (eDx). Arsenate anions were found to be strongly adsorbed on the ZrBPAP composite at ph 2–8, while 
arsenite only adsorbed well at ph 10. The sorption mechanism (a chelation between arsenate or arsenite and the Zr(IV)–
phosphonic acid complex of BPAP) is discussed.
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7.8 NaNoComposites oN the Basis of orgaNometalliC CompouNds

A few organometallics or, much more frequently, products of their decomposition have been used for environmental purposes, 
mainly in sensing procedures [62], for instance, [Au

2
Ag

2
(C

6
F

5
)

4
(Nh

3
)

2
]

n
 [63] or ferrocene–peptido conjugates [64]. Using 

another cene derivative, on titanium basis, hierarchical anatase TiO
2
 materials (assembled from very thin TiO

2
 nanosheets, 

which are composed of numerous highly crystallized anatase nanocrystals) with flower-like morphologies were prepared [65] 
via a one-step template-free hydrothermal method starting from titanocene dichloride as precursor and 1,2-ethylenediamine 
(eDA) as chelating agent in aqueous solution. These hierarchical TiO

2
 materials showed very good photocatalytic performance 

when applied to photodegradation of MB, which can be related to the unique features of hierarchical structures, large specific 
surface areas, and high crystallization degree of the TiO

2
 materials obtained. Organometallic titanium–PANi hybrid materials 

(titanium:PANi = from 1 to 5 wt.%) can act as gas sensors (ethanol vapor) at room temperature [25]. To obtain these hybrid 
materials, commercially available PANi powder was directly added to organometallic titanium sols, which were synthesized 
using the sol–gel method. The sensing mode was based on the variation in the electric conductivity based on the interaction 
between the gas molecules and the film. The composite sensors required appropriate ratio to exhibit optimum sensing prop-
erties. Nanocrystalline tin dioxide (SnO

2
) ultrathin films (30–35 nm thick; mean crystallite size ranging from 4 to 7 nm) were 

obtained employing a straightforward solution-based route that involved the calcination of bridged polystannoxane films pro-
cessed by the sol–gel process from bis(triprop-1-ynylstannyl)alkylene and -arylene precursors [66]. In the presence of h

2
 and 

CO gases, these layers led to highly sensitive, reversible, and reproducible responses.
During the past few decades, organometallic methodologies have generated a number of highly effective electrocatalyst 

systems based on mono- and bimetallic NPs having controlled size, composition, and structure, used in fuel cells [67]. As an 
example, iron, cobalt, and CNF (FeCo–CNF) composite electrocatalysts for the oxygen reduction reaction (Orr) in alkaline 
fuel cells (AFCs) were fabricated via electrospinning and the subsequent pyrolysis of a mixture of a nitrogen-containing 
polymer and organometallic compounds [68]. The resultant FeCo–CNFs catalysts demonstrated comparable electrocatalytic 
activity and stability to commercial carbon-supported platinum (Pt/C) for Orr, a direct four-electron reduction pathway, and 
better ethanol tolerance than Pt/C in an alkaline electrolyte.

7.9 CoNClusioNs

A series of nanomaterials on the basis of coordination compounds and few organometallics are currently used for environ-
mental properties. Among others, classic ligands in metal complex chemistry, such as dipyridyl, chitosan, ethylenediamine, 
2,6- diaminopyridine, triazene, PANi, phthalocyanines, Schiff bases, salicylic acid, eDTA, amino acids, DTCs, and their 
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 derivatives have been reported. Some of them were used as precursors for inorganic nanocomposites. The discussed nanomateri-
als have been synthesized by classic wet chemistry routes, as well as by sonochemical and solvothermal processes, electropoly-
merization, the sol–gel method, and so on.

The obtained nanocomposites possess properties frequently better in comparison with their nonnano analogues and have 
numerous environmental applications, in particular the removal, recovery, concentration, or separation of heavy/toxic (Cr3+, 
Co2+, Ni2+, Cu2+, Cd2+, Pb2+ and As3+) and rare metals from natural and industrial waters and the elimination of bacterial patho-
gens (E. coli) from water, also being sensors for metal cations, nanosorbents, and composing fuel cells. They can also serve as 
catalysts (hydrodechlorination) or photocatalysts (degradation of phenol or MB). Despite these applications, coordination and 
organometallic nanomaterials have a limited number of applications in the field of environmental protection.
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8

8.1 introduCtion

Water is an important resource for daily human activities. The growing population in the past decade has led to increased 
demand for water supply. Although 70% of the Earth’s surface is covered with water, only 2% is fresh water. Furthermore, 90% 
of the Earth’s fresh water supply is frozen in glaciers [1], which indicates limited availability of fresh water. This limited fresh 
water supply has worsened with anthropogenically caused water pollution. Statistical data from the World Water Assessment 
Programme show that 2 million tons of human waste is disposed into water bodies each day, and 70% of industrial waste in 
developing countries is directly discharged with no proper treatment [2]. The demand for water has been projected to exceed 
the supply by 56% by the year 2025 [3]. This indicates the urgent need for improving water quality through water treatment 
processes to secure an adequate water supply.

Advances in nanoscale science and engineering can be used to find a solution to water quality problems using nanomaterials. 
Carbon nanotubes (CNTs) are a type of nanomaterial that have been extensively studied and viewed as a promising candidate 
for improving water quality because of their unique physicochemical properties. Research on the novel application of CNTs in 
water treatment has shown the superior performance of CNTs in producing clean water. In fact, the innovative application of 
CNTs has been anticipated as a new trend in clean water technologies. Our discussion on the potential of CNTs begins with a 
brief introduction to CNTs and their modifiable surface properties. The applications of CNTs in water treatment regarding 
nanoparticles and membranes are then discussed. At the end of this chapter, a lifecycle assessment on CNTs is also performed 
to evaluate their potential environmental impact.

8.2 modifiCation of Cnts

The discovery of CNTs by Iijima et al. [4] and Bethune et al. [5] has revolutionized the future of nanotechnology. CNTs are 
allotropes of carbon that appear as cylindrical-shaped macromolecules with diameters in the nanometer range and lengths of up 
to several micrometers. The walls of CNTs are made of sp2-hybridized carbon atoms arranged in a hexagonal lattice, analogous 
to the atomic planar of graphite, and capped with a spherical fullerene-like molecule [6]. CNTs may exist in two different 



128 CARBON NANOTuBES: NExT-GENERATION NANOmATERIAlS FOR ClEAN WATER TECHNOlOGIES

conformations: single-walled CNTs (SWCNTs) or multiwalled CNTs (mWCNTs). SWCNTs comprise a single-layer cylindrical 
graphite sheet, whereas mWCNTs comprise two or more concentric cylindrical shells of graphite coaxially arranged around a 
central hollow area with a space between layers [7, 8]. Both SWCNTs and mWCNTs can generally be synthesized by subject-
ing a precursor, such as graphite, to an arc discharge [9] or laser irradiation [10] in the presence of a catalyst metal particle such 
as iron (Fe), cobalt (Co), or nickel (Ni). An alternative synthesis route is chemical vapor deposition (CVD) [11], in which 
 gaseous hydrocarbon sources are catalytically decomposed with a metal nanoparticle supported on a substrate.

The distinctive properties of the sp2-hybridized bonding in CNTs provide unusual mechanical stability, high electrical and 
thermal conductivity, and strong chemical reactivity [12]. However, CNTs tend to agglomerate because of strong van der Waals 
interactions, causing these CNTs to be insoluble and hard to disperse in almost all solvents. This phenomenon critically affects 
the performance of CNTs in water treatments and the quality of their hybrid materials. modification of CNTs by functionaliza-
tion is indispensable to solving the problem. Functionalization is an effective strategy for improving the surface characteristics 
of CNTs by introducing suitable functional moieties into CNT walls [13]. Figure 8.1 shows that the various extensively devel-
oped functionalization approaches can be categorized into covalent and noncovalent sidewall functionalization.

The local strain arising from the pyramidalization and misalignment of the π orbitals of the sp2-hybridized carbon atom 
causes CNTs to become more reactive and more likely to be covalently attached onto other chemical species [14]. The most 
popular process in covalent sidewall functionalization can be achieved by defect functionalization. In this process, acidic solu-
tions (such as hydrochloric acid (HCl), nitric acid (HNO

3
), or sulfuric acid (H

2
SO

4
)) or oxidizing agents (such as potassium 

permanganate (KmnO
4
) or hydrogen peroxide (H

2
O

2
)) are used to create a defect site in CNTs by opening their end caps and 

attaching the caps to hydroxyl, carbonyl, and carboxyl groups [15]. The presence of these oxygen-containing functional groups 
exfoliates CNTs from aggregation and facilitates the dispersion of CNTs. These functional groups also serve as anchor sites for 
amidation, esterification, thiolation, and silanization reactions. Various functional molecules including biomolecules [16, 17] 
and polymers [18, 19] are then enabled to be covalently bonded with CNTs.

CNTs are also known for their reactivity with increased curvature [20]. Thus, the treatment of CNTs with highly reactive 
species such as radical aryls, nitrenes, carbines, or halogens [21, 22] can induce a change in hybridization from sp2 to sp3 in the 
carbon atom and a simultaneous loss of the π conjugation system on the graphene layer [23]. These changes lead to the occur-
rence of direct sidewall functionalization. Direct coupling of functional groups such as fluorine onto the π-conjugated carbon 
framework can be further modified by nucleophilic substitution reactions and replaced by hydroxyl, amino, or alkyl groups [6, 
24]. This direct coupling is similar to defect functionalization. This approach reduces the formation of defect sites that may 
inflict damage to the CNT structures and affect their intrinsic properties. An example of direct sidewall functionalization is 
through the N

2
 plasma technique. In this approach, active species −C* or −C–N* are produced from the reaction between CNTs 

and active nitrogen species (N*) and serve as active sites for grafting functional molecules onto CNT frameworks [25]. This 
method has a great advantage of eliminating the use of large amounts of chemicals.

Noncovalent functionalization is particularly attractive because it involves physical interactions between CNTs and 
functional molecules without disturbing the bonding structure of CNTs. Van der Waals interaction and π–π stacking are 
the physical interactions responsible for noncovalent bonding. Surfactant adsorption is one of the typical methods of 
noncovalent functionalization. Surfactants are well known for their amphiphilic properties because of the hydrophilic 
region composed of a polar head group and a hydrophobic region composed of an alkyl chain tail in the structure [26] of 
surfactants. Thus, dispersing CNTs in surfactants such as sodium dodecyl sulfate (SDS), sodium dodecylbenzene sulfo-
nate, triton x, and siloxane polyether copolymer [27–29] facilitates the interaction of CNTs with the hydrophobic region 
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fiGure 8.1 Functionalization of CNTs.
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of the surfactants. The interaction leads to adsorption of the surfactants onto the surface of CNTs. Adsorption is believed 
to become stronger if the hydrophobic region of the surfactant molecules contains aromatic groups, which increase their 
π–π stacking with the graphitic CNT sidewalls [13, 26]. CNTs can also be noncovalently functionalized with a polymer 
by allowing polymeric molecules to wrap around the sidewall of the CNTs based on the aforementioned physical interac-
tions. Polymer wrapping can be easily implemented by mixing the CNTs in a solution containing a polymer and forming 
a supramolecular complex. Polymers are believed to have the tendency to wrap around CNTs in a helical geometry to 
minimize the strain in their conformations [30].

The modifiable surface of CNTs demonstrates the adaptation of their tunable surface properties with viable applications and 
the optimization of their surface characteristic for enhancing the performance of CNTs.

8.3 adsorption of heavy metals

Heavy metals naturally exist in the ecosystem. However, the introduction of heavy metals to water by anthropogenic sources 
such as industrial and agricultural waste disposal has created a serious pollution issue that has drawn major global concern. The 
persistence of heavy metals in water resources threatens human health even at relatively minor levels of exposure because they 
are not degradable and possess toxicity. Therefore, removing heavy metals from the ecosystem has become an indispensable 
task. Adsorption has been the most effective and economical method for removing heavy metals from an aqueous environment 
over the past decades [31]. In addition to easy handling and flexibility in design, the reversibility of the adsorption process 
makes the adsorbent reusable after regeneration through desorption, making the process cost-effective.

CNTs are recognized as a highly efficient adsorbent for removing heavy metals from water because of their large surface 
active sites and controlled pore size distribution. Surface-modified CNTs are more popular for adsorption studies than pristine 
CNTs because of the enhanced adsorption capability of surface-modified CNTs. One of the most common methods for modi-
fying the CNT surface is chemical oxidation. CNTs are treated with strong oxidizing agents to make possible the attachment of 
oxygen-containing functional groups, which increase adsorption affinity toward heavy metal ions including lead (Pb(II)) [32–34], 
zinc (Zn(II)) [35–37], nickel (Ni(II)) [38–41], cadmium (Cd(II)) [42], and copper (Cu(II)) [43]. Another CNT modification 
method is functionalization with metal oxides [44–46], polymers [18, 19, 47, 48], and organic substances [49–52] to form a new 
composite called CNT-based nanocomposites. These functional components serve as efficient anchors for heavy metals by 
 taking advantage of the large surface area of CNTs. The high adsorption of CNT/tri(2-aminoethyl)amine (TAA) toward Pb(II) 
was reported by Cui et al. [49], who attributed the adsorption to the coordination between the nitrogen group in the TAA and 
the metal ions. Shao et al. [48] also reported that the amide functional groups in mWCNT/poly(acrylamide) and mWCNT/
poly(N,N-dimethylacrylamide) serve as efficient adsorption sites for Pb(II). The adsorption performances of various types of 
CNTs are listed in Table 8.1 [18, 33, 35, 37, 42, 43, 48, 49, 53, 54].

Adsorption of heavy metals onto CNTs involves complementary steps that may be attributed to physical adsorption, 
electrostatic attraction, precipitation, and chemical interaction [55]. Among these, the major step is the chemical interaction 
between heavy metals and the surface functional groups of CNTs, where adsorption occurs by sharing the lone electron pair 
from the functional group with the heavy metal [25]. This finding is consistent with the study of Wang et al. [56], who reported 
that 75.3% of the total Pb(II) adsorbed onto CNTs depends on the chemical interaction with an oxygen-containing functional 
group to form a chemical complex. Such a dominant mechanism allows adsorption onto CNTs to reach equilibrium in a shorter 
time than conventional porous-structure adsorbents where the adsorbate needs to diffuse from the exterior into the inner surface 
[39]. The adsorption behavior of heavy metals on the CNT surface mainly follows the langmuir isotherm, where the heavy 
metals are adsorbed onto the CNT surface in a monolayer and are localized at the adsorption site without any interaction with 
other heavy metal ions [45, 51, 57].

The surface properties of the CNTs are prone to changes depending on pH, which affects the adsorption capacity. The 
amount of heavy metal adsorbed can be correlated to pH called the “point of zero charge” (pH

PZC
), in which a net charge of the 

adsorbent is equal to zero [55]. The adsorption phenomena in CNTs are favored at pH higher than pH
PZC

 because the surface of 
CNTs is more negatively charged and induces an electrostatic attraction, which promotes the adsorption of heavy metals that 
usually appear as cation species. However, decreasing pH to less than pH

PZC
 reduces heavy metal adsorption because the CNT 

surfaces become positively charged and compete with H+ for adsorption sites [35, 38, 58]. Previous reports [43, 59–61] have 
indicated that the pH

PZC
 of pristine CNTs lies between pH 4 and 6, whereas pH

PZC
 decreases with modified CNTs. The modified 

CNTs demonstrate better adsorption properties because the adsorption of CNTs is effective over a broader range of pH. In most 
cases, low pH is used for the desorption of heavy metals from CNTs with acidic solutions such as HNO

3
 and HCl [33, 51, 53] 

instead of adsorption. Over 90% of the adsorption sites on CNTs can be recovered and reused [53, 62]. The adsorption 
performance of CNTs is found to remain stable for over 10 cycles of adsorption and desorption [50, 53, 63–65].
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Thermodynamic studies provide an overview of the macroscopic properties of heavy metal adsorption onto CNTs and are 
conducted based on the thermodynamic parameters enthalpy change (ΔH°), Gibbs free energy change (ΔG°), and entropy 
change (ΔS°). The adsorption of heavy metals onto CNTs generally involves a positive enthalpy change (ΔH°), indicating that 
the adsorption process is endothermic, and a negative Gibbs free energy change (ΔG°), indicating that the sorption of the heavy 
metal on CNTs occurs spontaneously. ΔG° becomes more negative with increased temperature because of the endothermic 
characteristics. A more negative ΔG° indicates more efficient adsorption at a higher temperature. ΔS° of the adsorption usually 
has a positive value, which means an increase in the degree of freedom at the solid–liquid interface, and increases the probabilities 
of heavy metal adsorption onto CNTs [32, 38, 40, 43, 46, 48].

8.4 adsorption of baCterial pathoGens

The exceptional adsorption ability of CNTs is not limited to heavy metal ions. Srivastava et al. [66] revealed the potential of 
CNTs to adsorb and remove bacterial pathogens from contaminated water without any surface modification. Numerous studies 
[67–70] have also demonstrated that CNTs possess high binding affinity toward bacteria such as Bacillus subtilis, Escherichia 
coli, and Staphylococcus aureus because of their high aspect ratio and large surface area. The interaction between CNTs and 
bacteria basically relies on physical adsorption, wherein bacteria are spontaneously adsorbed in the mesopores and macropores 

table 8.1 performance of various types of Cnts in the adsorption of heavy metal ions

Adsorbents
Adsorbed 
materials

maximum 
adsorption 
capacity, q

m
 

(mg/g) Details Reference

mWCNTs (HNO
3
) Pb(II) 85 The high adsorption rate of Pb(II) is attributed to the oxygenous 

functional groups formed on the surface of mWCNTs that 
react with Pb(II) to form salt or complex deposited onto the 
surface of mWCNTs.

[33]

SWCNTs (NaClO) Zn(II) 43.66 The attachment of oxygen-containing functional groups increase 
CNTs hydrophilicity and the ion exchange capacity for Ni(II) 
adsorption.

[35]
mWCNTs (NaClO) 32.68

mWCNTs Zn(II) 10.21 The adsorption of Zn(II) depends on the chemical interaction 
between Zn(II) and surface functional groups on CNTs rather 
than surface area and pore volume.

[37]
mWCNTs (HNO

3
/H

2
SO

4
) 18.14

mWCNTs (HNO
3
) 27.20

mWCNTs (KmnO
4
) 28.01

CNTs Cd(II) 1.1 The oxidation ability of HNO
3
 is the highest. [42]

CNTs (H
2
O

2
) 2.6 The highest adsorption in KmnO

4
 can be attributed to the 

adsorbed residual mnO
2
 particles on CNTs.CNTs (KmnO

4
) 11.0

CNTs (HNO
3
) 5.1

mWCNTs Cu(II) 8.25 modification with NaOCl and HNO
3
 increases the area of active 

adsorption sites of CNTs and the proportion of available 
adsorption sites.

[43]

mWCNTs (HNO
3
) 13.87 The oxidizing ability of NaOCl exceed that of HNO

3

mWCNTs (NaClO) 47.39
mWCNTs (NaClO) Ni(II) 38.46 The adsorption performance of both mWCNTs and SWCNTs 

remain stable after 10 cycles of sorption/desorption process.
[53]

SWCNTs (NaClO) 47.85
mWCNT/Poly(2-aminothiphenol) 

(P2AT)
Cd(II) 178.7 metal ions are adsorbed by sharing an electron pair of =N 

and —S— in P2AT with Cd(II) and Pb(II).
[18]

Pb(II) 186.4
mWCNT/poly(acrylamide)  

(PAAm)
Pb(II) 35.7 The amide functional groups in PAAm and PDmA act as 

efficient anchors for Pb(II).
[48]

The sorption of mWCNT/PAAm is higher because of the higher 
amide group content.

mWCNT/Poly(N,N-
dimethylacrylamide) (PDmA)

25.8

mWCNT/tri(2-aminoethyl)amine 
(TAA)

Pb(II) 38 The high adsorption of Pb(II) can be attributed to the 
coordination interaction between the nitrogen group in TAA 
and metal ions

[49]

mWCNT/2-vinylpyridine (VP) Pb(II) 37.0 The pyridyl group in VP has a strong affinity to interact with Pb(II) [54]
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of the fibrous structure of CNTs [68, 70]. The forces responsible for bacterial adsorption can be van der Waals forces, electrostatic 
interaction, and hydrophobic interaction [68, 71–73]. The bacterial cells that have direct contact with CNTs upon adsorption 
have a strong tendency to form biofilms or aggregates by connecting individual cells. The adsorption of bacteria onto CNTs 
may occur through the following steps: (i) diffusion of bacteria from a solution to the outer surface of CNTs; (ii) diffusion of 
bacteria into the macropores of CNTs; (iii) adsorption of bacteria onto the internal surface of CNTs; and (iv) formation of 
 biofilm or aggregates on the CNT surface [67].

The main reason for using CNTs as adsorbents apart from providing adsorption sites to capture bacteria is the antimicrobial 
property of CNTs, which is a unique feature. The antimicrobial property enables CNTs to inhibit bacterial cell activity, causing 
cell inactivation. The antimicrobial property of CNTs can be attributed to the impairment of cell function through the destruc-
tion of major constituents (for instance, the cell wall), interference with cell metabolic processes, and inhibition of cell growth 
by blocking the key cellular constituent (for instance, DNA, coenzymes, and cell wall proteins) [74]. Bacterial cells, especially 
those in direct contact with CNTs, may immediately lose their cellular integrity after exposure to CNTs. The antimicrobial 
activity of CNTs is significantly influenced by time. A longer exposure time is known to increase CNT antibacterial activity and 
increase cell inactivation. The increased activity is due to the increased probability of contact between CNTs and bacterial cells, 
which diminishes the resistance of bacteria after a long exposure time [75, 76]. Two types of bacteria exist based on their cell 
wall structure: Gram-positive and Gram-negative. The cell wall of Gram-positive bacteria is usually composed of a thicker 
 peptidoglycan layer that is susceptible to attack by CNTs. The cell wall of Gram-negative bacteria comprises a thin peptido-
glycan layer and an additional outer layer composed of phospholipids and lipopolysaccharides. CNTs reportedly possess 
stronger antimicrobial activity in Gram-positive bacteria than in Gram-negative bacteria. Therefore, the difference in cell wall 
structure can affect the antimicrobial activity of CNTs [77].

The nanoparticle size is also another factor that affects the antimicrobial activity of CNTs. Kang et al. [78] compared the 
antimicrobial activities of SWCNTs and mWCNTs toward E. coli and found that bacterial cell damage was much more pro-
nounced in SWCNTs than in mWCNTs. Scanning electron microscopy (SEm) images of E. coli after exposure to SWCNTs 
and mWCNTs are shown in Figure 8.2. The result implies that the smaller diameter and shorter length of SWCNTs benefit 
antimicrobial activity by providing a larger surface area to increase the likelihood of CNTs making contact with bacterial cells. 
The smaller diameter of SWCNTs also facilitates the partitioning and partial penetration of CNTs into the cell wall. Arias et al. 
[77] reported stronger interactions in SWCNTs and observed that SWCNTs have tight contact with bacterial cells. These 
researchers also believed that the needlelike appearances of SWCNTs surrounding cell aggregates are more likely to inflict 
severe cell damage. Bacterial cells make only loose contact with mWCNTs by settling on the mWCNT surface, which may not 
effectively damage cell walls, unlike SWCNTs.

SWCNTs demonstrate higher affinity for interacting with bacterial cells than mWCNTs, but SWCNTs involve high  synthesis 
costs. Therefore, mWCNTs are modified to enhance their performance. Yuan et al. [79] grafted mWCNTs with polyamidoamine 
(PAmAm) and deposited silver nanoparticles. The presence of PAmAm debundles mWCNTs, enhancing dispersion. Silver 
nanoparticles significantly improve the antimicrobial efficiency of mWCNTs against S. aureus. Zardini et al. [80] functionalized 

fiGure 8.2 Scanning electron microscopy (SEm) images of E. coli after exposure to (a) mWCNTs and (b) SWCNTs [78].

(a) (b)
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mWCNTs with two different types of amino acids: lysine and arginine. mWCNTs functionalized with both amino acids were 
found to enhance the interaction of mWCNTs with Salmonella typhimurium, E. coli, and S. aureus. The positively charged 
arginine and lysine groups improved the adsorption of bacterial cells in mWCNTs, increasing the effectiveness of  antimicrobial 
activity. Qi et al. [81] performed another modification by immobilizing mWCNTs with cefalexin and investigated the contact 
of mWCNTs with Gram-positive bacteria (S. aureus and B. subtilis) and Gram-negative bacteria (E. coli and Pseudomonas 
aeruginosa). The result shows that the antimicrobial activity of the produced nanocomposite is more effective in Gram-positive 
bacteria because cefalexin mainly inhibits peptidoglycon synthesis.

8.5 Cnt-based membranes

The excellent physicochemical properties of CNTs are attracting attention because of their possible application in membrane 
technologies. A recent discovery on fast water transportation in the inner hollow cavity of CNTs also increases the potential of 
CNTs as a material for water treatment. Extremely rapid water transport is about two to five times higher than the value pre-
dicted through the Hagen–Poiseuille equation [82, 83]. Theoretical studies using molecular dynamic simulation have shown 
that water can fill the empty inner cavity of CNTs within a few tens of picoseconds. The weak interaction of water molecules 
with the hydrophobic walls of CNTs enables frictionless transport and high water flux [84]. Detailed studies on the transport 
mechanism have been conducted because of the rapid water transport to the nanoscale confinement in the CNT channel. 
Confining water inside the CNT channel narrows the interaction energy distribution, eventually lowering the chemical potential 
and free energy [85]. The confinement also induces stronger attraction between water molecules than the interaction with CNT 
walls [86], which promotes a higher water flux.

The beneficial effect of CNTs in water transport can be exploited in the development of membrane-separation technologies. 
Their presence is a massive breakthrough in membrane technologies and provides a synergistic effect for water treatments. 
CNT-based membranes are versatile materials for various membrane-separation applications including ultrafiltration [87–89], 
nanofiltration [90–93], reverse osmosis [94–96], and membrane distillation (mD) [97–101]. Studies have shown that CNT-
based membranes can overcome the limitation of conventional membranes. The use of CNT-based membranes can also address 
cost-effectiveness issues.

CNTs may have different macroscopic structures and arrangements in membranes depending on the synthesis method. The 
most common strategy is the incorporation of CNTs as fillers in the polymer matrix by blending them with polymer solution to 
form so-called CNT–mixed matrix membranes (CNT–mmms) [102]. CNTs may also appear in bundle forms arranged like 
paper sheets, which are known as buckypapers. They may also be uniformly aligned perpendicular to the membrane surface, 
which forms vertically aligned CNT membranes.

8.5.1 Cnt–mmms

Figure 8.3 shows that CNTs are randomly oriented inside the polymer matrix of CNT–mmms. The presence of a small amount 
of CNTs can improve the properties and generate new characteristics in the resultant membranes. Shaw et al. [94] synthesized 
CNT–mmms composed of mWCNTs and polyamide for use in water treatment. CNTs are well recognized for their ability to 
sustain high energy loading. Thus, CNTs serve as reinforcing agents that can improve the Young’s modulus, toughness, and 
tensile strength of CNT–mmms. However, ensuring adequate interfacial bonding between the polymer matrix and CNTs is 
necessary to elicit the maximum reinforcing effect of CNTs. Hence, CNTs are usually modified with functional molecules prior 
to blending with polymer.

CNT–mmms also enhance the chemical resistance of polymeric membranes particularly against chlorine, which is com-
monly found in water [95, 104]. Polymeric reverse osmosis membranes such as polyamides are susceptible to degradation 
upon contact with chlorine, which in turn causes deteriorated membrane-separation performance. Polyamide degradation is 
mainly attributed to the chlorination of N–H in amide bonds upon exposure to chlorine, followed by oxidation to the quinoid 
structure through hydrolysis reaction with water. The deformation of an amide network causes serious defects in the mem-
brane structure, thereby decreasing salt rejection [104]. The presence of CNTs effectively increases the chemical resistance of 
polyamide  membranes against chlorine. Experimental results showed that salt rejection in CNT–mmms surpasses that in 
conventional polyamide membranes after exposure to high-concentration chlorine solution. For polyamide membranes, salt 
rejection decreased by 21.8% after chlorination. However, addition of 0.1, 0.5, and 1% (w/v) CNT–mmms decreases salt 
rejection by 15.8, 11.2, and 10.1%, respectively. The interaction between carboxylic groups in acid-modified CNTs and the 
amide bond in polyamide is believed to inhibit the chlorination of amide bond, which enhances the chlorine resistance of 
 CNT-based membranes [95].
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Furthermore, considerable attention has been paid to the fabrication of porous-structured CNT–mmms because of their applica-
tion in nanofiltration and ultrafiltration. The results show that CNT–mmms enhance the water permeability and antifouling properties 
of the polymer host matrix. Generally, porous-structured CNT–mmms are prepared by the phase-inversion method. The polymer is 
dissolved into a suitable solvent, casted, and then immersed in a nonsolvent, which results in precipitation, eventually leading to the 
formation of porous-structure membranes. Interestingly, CNTs may alter the membrane structure during membrane formation. The 
morphology and porous structure of CNT–mmms change depending on the amount of CNTs added to membranes [87]. The pore 
size and surface roughness increase with increased concentration of CNTs and reach a maximum value at a critical concentration. 
Previous reports have indicated that the critical concentration ranges from 0.2 to 5 wt.%. Beyond the critical concentration, the high 
density of CNTs increases the solution viscosity and delays the exchange between solvent and nonsolvent, thereby leading to reduced 
pore sizes and smoother surfaces [87–89, 92, 105]. The pore size of CNT–mmms is important in controlling the water flux and solute 
rejection. larger pore sizes increase water flux but compromise solute rejection. Hence, high water flux and solute rejection can be 
achieved by adding the appropriate amount of CNTs [92]. CNTs modified with oxygen-containing functional groups reportedly spon-
taneously migrate onto the surface of the membrane during phase inversion because of their hydrophilic effect [88, 93]. This 
phenomenon promotes water permeability by attracting water molecules inside the membrane matrix, which facilitates their passage 
through the membrane. The improved surface hydrophilicity also enables CNT–mmms to reduce the occurrence of fouling. A major 
problem in membrane separation is membrane fouling, wherein solutes are deposited onto the surface or in the pores of the membrane, 
thereby decreasing membrane performance. The tendency of the CNT–mmm surface to interact with a water layer in an aqueous 
solution reduces possible interactions with the solute. Antifouling properties of CNT–mmms were studied by Celik et al. [87], who 
observed a significant decline in the flux of polyethersulfone (PES) membranes with respect to operating time; nevertheless, the dec-
rement is minimal and reaches a plateau with increased operating time. Vatanpour et al. [92] compared the antifouling performances 
of pristine and CNT/PES membranes and found that membrane fouling resulting from bovine serum albumin solution can be reduced 
in the presence of CNTs. These results also confirm the importance of surface roughness in the antifouling resistance of CNT-based 
membranes. Increased surface roughness may enhance membrane fouling because the foulant can easily be entrapped in the valleys 
of membranes with a coarser surface, thereby clogging the valleys. However, the charges supplied by the functional moieties on the 
surface of CNTs also contribute to the antifouling property by inducing strong electrostatic repulsion forces to repel charged solutes. 
The surface of CNT-based membranes is thus shielded, and blockages caused by the solute deposition are prevented.

fiGure 8.3 (a) Schematic of CNT–mmms, (b) SEm images of the surface of CNT–mmms, and (c) SEm images of the cross section of 
CNT–mmms [103].
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8.5.2 buckypapers

Buckypapers consist solely of packed CNT bundles entangled with one another, held together, and arranged as a planar film 
through van der Waals forces, as shown in Figure 8.4. Normally, self-supporting CNT-based membranes are synthesized by 
dispersing CNTs in a suitable solvent such as ethanol [106], propan-2-ol [107], and dimethylformamide [108], followed by 
vacuum filtration using a porous membrane filter. In some cases, surfactants such as Triton x-100 [109] or SDS [110] are also 
used as the dispersion medium. During the drying process, the solvent evaporates and the capillary forces of the solvent bring 
CNTs together to a closely knit structure [111]. Buckypapers form a highly porous network structure, whereas CNTs are ran-
domly oriented, although they are predominantly arranged in a plane parallel to the surface of the buckypapers [112]. The 
porous characteristics of buckypapers can be controlled by the length distribution of CNTs [113, 114].

The application of buckypapers in water treatment has gained interest in the past few years. Dumee et al. [99] experimentally dis-
covered the potential application of buckypapers in mD. mD is a thermally driven process in which only vapor molecules are in 
contact with membranes and transported across membranes through membrane pores. mD is anticipated to be an alternative to reverse 
osmosis and desalination. Essentially, buckypapers meet the requirement of serving as membranes for mD. Given their hydrophobic 
nature, buckypapers prepared from pristine CNTs exhibit high contact angle with water droplets, which indicates their weak surface 
interaction with water, thereby preventing leakage of the aqueous solution onto the membrane surface. The presence of CNTs in 
buckypapers also enables better thermal stability that restricts the thermal degradation of membranes at high temperatures. This obser-
vation is critical because mD preferably operates at high temperatures because the vapor pressure exponentially increases with 
increased temperature according to Antoine’s equation [115]. moreover, buckypapers can reduce pore clogging caused by water con-
densation during vapor permeation. CNTs have a high thermal conductivity that enables a relatively uniform temperature distribution 
in buckypapers, which reduces the possibilities of liquid condensation in membrane pores caused by a temperature gradient [101]. In 
addition, the high porosity of buckypapers provides an alternative pathway for efficient vapor transport. Dumee et al. [99] showed the 
advantages of buckypapers in mD in terms of the membranes demonstrating 99% salt rejection and 12 kg/m2·h flux rate. The 
outcome is comparable with that using conventional mD membranes, such as polytetrafluoroethylene (PTFE). However, buck-
ypapers endure a flux decline with prolonged operating time as a result of crack formation caused by mechanical aging. Several 
approaches have been proposed to solve this problem, including the preparation of buckypapers from alkoxysilane-functionalized 
CNTs [97] or coating of thin PTFE layers on buckypapers [116].

Apart from mD, the porous structure of buckypapers makes them appropriate for filtration-related applications. In fact, instead 
of buckypapers, a number of researchers have successfully used the concept of bundle CNTs in filtering processes to remove 
nanoparticles, dye molecules, and viruses from water [117, 118]. In line with these results, Roy et al. [90] produced buckypapers 
with 1.3 g/cm3 density by a vacuum filtration technique. The resultant buckypapers can intercept and remove nanoparticles with 
average sizes of about 14–15 nm, with a flux of approximately 1000 l/h·m2·bar. Despite the controlled pore size, the potential 
 demonstrated by the buckypapers for filtering nanoparticles can be attributed to the high tortuous paths of buckypapers.

fiGure 8.4 (a) Photograph of buckypapers and (b) scanning electron microscopy (SEm) image of the surface of buckypapers.
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8.5.3 vertically aligned Cnt membranes

Vertically aligned CNT membranes are composed of highly organized CNTs arranged in a vertical orientation. Among CNT-
based membranes, those that are vertically aligned fully exploit the advantages of the inner cavity of CNTs as flow channels. 
However, obtaining high-quality CNTs in vertical arrays poses a significant challenge in the production of vertically aligned 
CNT membranes. To date, most vertically aligned CNTs are produced by CVD, where forests of aligned CNTs are grown on 
either a silicon or a quartz substrate [83]. Normally, these vertically aligned CNTs are highly porous because of the interstitial 
space between individual CNTs and their lumina. Interstitial spaces between CNT arrays are commonly filled with an imper-
meable material by infiltration or spin coating that forms a continuous matrix. Subsequently, the excess matrix material and 
substrate are removed, and the CNT tips are uncapped through plasma chemistry [112]. The resultant CNT-based membrane 
has a near-unity tortuosity factor, which suggests the presence of straight pores [119]. The procedure of producing vertically 
aligned CNT membranes is illustrated in Figure 8.5.

Since the introduction of the first prototype of vertically aligned CNT membranes by Hind et al. [120], a number of 
researchers have envisioned their potential in water technology development. The measured water flow rates across vertically 

Step 1

Step 2

Step 3

fiGure 8.5 Schematic of the general approach to producing vertically aligned carbon nanotube (CNT) membranes [112]. Step 1: Forest 
vertical arrays of CNTs are grown on a substrate. Step 2: The interstitial spaces between CNTs are filled matrix material. Step 3: The substrate 
is removed and the CNT termini are uncapped.



136 CARBON NANOTuBES: NExT-GENERATION NANOmATERIAlS FOR ClEAN WATER TECHNOlOGIES

aligned CNT membranes composed of less than 2-nm-diameter CNTs demonstrate an enhancement within three orders of mag-
nitude that are faster than the values calculated from continuum hydrodynamic models. These findings verify the fast water 
permeation from the nearly frictionless graphitic wall of CNTs because the interstitial space of the arrays is filled with silicon 
nitride [121]. Apart from frictionless transport, the vertically aligned CNT structure that exposes the termini of CNTs to the 
outer surface also enables selective mass transport. Several experiments on pressure-driven flow have demonstrated the effec-
tiveness of vertically aligned CNT membranes in eliminating particles with sizes ranging from 1 to 10 nm. Furthermore, recent 
simulation studies have revealed that the nanometer diameters of CNTs also provide a platform for ion removal from water 
[122]. The ability of CNTs to allow water permeation and prevent ions from passing through is critically influenced by the CNT 
diameter [123]. Raw CNTs offer a low energy barrier that enables rapid water permeation but may not adequately prevent small 
ionic species such as Na+ and Cl− from passing through. meanwhile, functionalized CNTs may increase the ability to gate mol-
ecule transport through their inner cavities. The attachment of a functional group may impose a charged effect and cause steric 
blockage at the CNT terminals. This phenomenon reduces water flux but improves ion rejection [124]. Fornasiero et al. [125] 
investigated ion transport through sub-2-nm vertically aligned CNT membranes. Negatively charged groups are introduced to 
CNT terminals by plasma treatment, and the result shows that the ion rejection of membrane reaches as high as 98% when the 
aqueous electrolyte solutions pass through pores. The exclusion of ions from the CNTs with negatively charged functional 
groups is mainly attributed to the Donnan-type rejection mechanism, where electrostatic interactions of the charged group tend 
to exclude ions of the same charge while being freely permeable to ions of opposite charge. Therefore, the combination of fast 
transport and high ion rejection of vertically aligned CNT membranes may lead to efficient water desalination.

8.6 lifeCyCle assessment of Cnts

CNTs have demonstrated their valuable potential in water treatment technologies. However, concerns on the environmental impact 
originating from their large-scale application prompt the need to assess the lifecycle of CNTs from the “cradle” (raw material acqui-
sition) to the “grave” (disposal or recycling) [126]. The lifecycle assessment begins with the identification of the required raw mate-
rials, including carbon feedstock (graphite or CO), metal catalyst particles (Ni, Co, and Fe), and acid reagents (HNO

3
, H

2
SO

4
, and 

HCl). Carbon feedstock and metal catalysts are consumed for CNT production, whereas acid reagents are used to treat the produced 
CNTs. CNTs are often produced by arc discharge, laser ablation, or CVD methods. Regardless of the production method, the energy 
needed to produce CNTs is higher than that needed to produce traditional materials such as aluminum, steel, and polypropylene [127]. 
This high energy consumption has a significant environmental impact because energy generation is always associated with greenhouse 
gas emission. The production process may also lead to the potential release of airborne pollutants such as polycyclic aromatic hydro-
carbons and volatile organic compounds [128]. In addition, subsequent treatment with acid reagent produces acidic wastewater, which 
may cause water pollution if discharged into bodies of water without adequate treatment. However, among the production methods, 
CVD is considered to exert the least environment impact because of its low energy consumption and increased yield of high-purity 
CNTs, which reduce the need for rigorous postproduction treatment [129]. upon application, the risk of releasing CNTs into the 
 environment is present. Nevertheless, the exceptional abilities of CNTs for removing hazardous pollutants from water reduce its envi-
ronmental burden. Furthermore, the application of CNTs in membranes enables a low-pressure-driven separation process that reduces 
energy consumption. At the end of the lifecycle, CNTs may be disposed by landfilling or incineration. Nonetheless, CNTs signifi-
cantly possess superior durability, which in turn increases their lifespan during their application. moreover, the superior durability of 
CNTs also allows recovery and reuse for the processing of new materials. The reusability permits CNTs to embrace the 3R (reduce, 
reuse, and recycle) concept [74]. These findings aid in reducing waste disposal and the subsequent environmental impact caused by 
landfilling and incineration. The environmental impacts from the CNT lifecycle are summarized in Table 8.2.

table 8.2 environment impact analysis of Cnts

Positive impact Negative impact

Raw material acquisition
CNT production High-energy consumption

Release of airborne pollutants
Generation of acidic wastewater

CNT application Promotion of energy efficient operation Potential release of CNTs into the environment
Reduction of hazardous pollutant concentration

End of life Superior durability that increases their lifespan
Capability to be recovered and reused
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8.7 ConClusion

CNTs offer tremendous opportunity and possibilities for resolving water quality–related problems. Their modifiable surface 
properties through covalent and noncovalent functionalization enable the attachment of suitable functional moieties. Thus, the 
tunable surface properties of CNTs meet application requirements. Given their high aspect ratio and large surface area, CNT 
particles have high sorption capacity toward heavy metals and microorganisms and exhibit superior reusability by maintaining 
a stable adsorption performance for over 10 cycles of sorption and desorption. Their contact with microorganisms also reveal 
their antimicrobial property, which allows them to inhibit cell activities that eventually lead to cell inactivation. CNTs are 
viewed as novel membrane materials that induce immense improvement in membrane-separation processes. CNT–mmms 
formed by embedding them into a polymer matrix increase the mechanical properties of the membranes and enhance their 
chemical resistance against chlorine. In the fabrication of porous-structured CNT–mmms by the phase-inversion method, the 
presence of CNTs facilitates alterations in the membrane structure, which increases membrane hydrophilicity. Consequently, 
high water flux and solute rejection are enabled, and the antifouling properties of the membrane are improved. CNTs can also 
bundle up as a planar film known as buckypapers. Buckypapers are favorable for mD because of their exceptionally high 
thermal stability and efficient vapor transport. Apart from these observations, the highly porous structures possessed by bucky-
papers also make them applicable in the filtration and removal of nanoparticles. Vertically aligned CNT membranes are another 
form of CNT-based membranes, where CNTs are uniformly arranged vertically. Although their practical application in water 
treatment is scarcely reported, simulation studies have shown that the vertically aligned CNT structure can fully utilize the 
advantages of the inner cavities of CNTs as flow channels. The termini of CNTs can serve as gatekeepers to control mass 
 transport selectively. The environmental impacts of CNTs based on lifecycle assessment reveal the potential release of haz-
ardous materials to the environment during CNT manufacture. However, their highly effective applications potentially reduce 
the environmental burden and outweigh their negative impact.
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9

9.1 iNtroductioN

Conventional methods for water treatment such as biological methods, ozonation, and activated carbon are not completely 
 suitable to reduce the concentration of certain pollutants to regulation levels, especially in the case of resilient compounds; 
 furthermore, even when successful, these processes can be slow and expensive [1, 2]. A relatively new alternative to traditional 
water treatments are the so-called advanced oxidation or reductive processes (AOPs/ARPs), which appear to be attractive 
options for the removal of difficult contaminants. These processes are based on the formation of very active oxidative and 
reductive species, mainly the hydroxyl radical, HO∙ [3–9]. The most investigated technologies from the fundamental point of 
view and their application in real systems have been AOPs. However, some pollutants can be transformed only via a reductive 
pathway, for which ARPs can be good choices [3–11].

One of the most extensively investigated AOPs/AORs is heterogeneous photocatalysis (HP), where a broadband semicon-
ductor (SC) is irradiated by ultraviolet (UV) or visible light leading to oxidation–reduction reactions and to the transformation 
of pollutants present in aqueous or gaseous systems. HP leads to the eventual mineralization of organic contaminants and to the 
transformation of metallic ions and metalloids to less toxic species or species easier to be separated from the system in a 
subsequent treatment step [4, 8, 12].

The main aspect that will be covered in this chapter is the utilization of reductive and oxidative HP for the treatment of heavy 
metals (hexavalent chromium, uranyl, mercury (II) and lead (II)) and arsenic (As(III)/(V)), all of them known for their high 
toxicity and environmental damage.

9.2 BAsic PriNciPles of HP

In HP, the SC is excited in a primary process by absorption of photons of energy equal to or higher than the SC band gap (E
g
), 

leading to the promotion of an electron from the valence band (VB) to the conduction band (CB), with the creation of a hole:

 SC h e hCB VB+ → +− +ν  (9.1)
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The SC can de-energize in different ways. A very likely but unfavorable consequence is the electron–hole recombination, a 
detrimental unproductive process. Another possibility is electron transfer reactions between electrons or holes and organic or 
inorganic species adsorbed on the SC surface or close to it (and not necessarily adsorbed). The SC can donate electrons, 
reducing electron acceptors (A), or a hole can receive an electron from a donor species (d), which suffers oxidation. The prob-
ability of these transfer processes depends on the relative redox positions of the CB and VB in the SC in relation to the redox 
potential of the adsorbed species and of the rate of competitive processes.

TiO
2
 is by far the most useful SC material for photocatalytic purposes because of its exceptional optical and electronic 

properties, chemical stability, nontoxicity, and low cost. The energy band gaps of the most used photocatalytic forms of TiO
2
, 

anatase and rutile, are 3.23 eV (corresponding to 384 nm) and 3.02 eV (411 nm), respectively [9]. The most popular commercial 
TiO

2
 material for HP was originally produced by the german company degussa (now evonik) with the denomination P-25. 

Some other commercial products, such as Hombikat UV100, and different products of Cristal global (PC50, PC100, PC500), 
fluka, and so on, have been tested in several photocatalytic systems [13–15]. Although the data are divergent in the literature, 
the redox levels of hVB

+  and eCB
−  photogenerated by HP in P-25 that are taken into consideration in this chapter are +2.9 and −0.3 V,1 

respectively [16].
It has been proposed that in HP carried out under normal illumination (e.g., black light or xenon lamps), the redox processes 

take place through monoelectronic step reactions, due to the low frequency of photon absorption. In the case of acceptors:

 A e ACB+ →− −  (9.2)

The holes can directly attack the d species adsorbed on TiO
2
, or adsorbed water molecules/surface hydroxyl groups, gener-

ating HO∙. These radicals are highly oxidizing species with a reduction potential of +2.8 V [16]:

 h D DVB ads ads
+ ++ → •  (9.3)

 
h HO H O HO HVB surf ads
+ − ++ ( ) → +2

• ( )  (9.4)

The flatband position of a SC2 follows Nernstian law and is reduced in 59 mV per unit of pH [17]; thus, the driving force of 
the heterogeneous redox reactions can be varied by controlling the pH.

HP oxidative reactions are usually performed in the presence of molecular oxygen, with the objective of enhancing the min-
eralization of organic compounds; eCB

−  reduce O
2
 with hydroperoxyl or superoxide radical HO O2 2

• •/ −( )  formation, decreasing 
the probability of electron–hole recombination. The value for the reduction potential for the hydroperoxyl/superoxide radical 
has been reported as E0

2 2 0 05O HO V/ .•( ) = −  [18]:

 
O e H O HOCB2 2 2+ + → ( )− + −( ) • •  (9.5)

 2 2 2 2 2HO H O O• → +  (9.6)

 H O O HO HO O2 2 2 2+ → + +− −• •  (9.7)

 H O e HO HOCB2 2 + → +− −•  (9.8)

This indicates that reduction of oxygen by eCB
−  would be thermodynamically feasible at low pH. At higher pH values, a low 

driving force would make this reaction more difficult.
when a metal ion is present in a HP aqueous system solution, it can undergo reduction or oxidation reactions. figure 9.1 

shows the reduction potential of different couples together with the energy levels for eCB
−  and hVB

+ ; the comparison of the redox 
levels leads to a first approximation of the thermodynamic feasibility of transformation of the species. All couples with redox 
potentials more positive than the level of eCB

−  can be directly reduced and all couples with redox potentials less positive than 
the level of hVB

+  can be, in principle, oxidized.

1All reduction potentials in this work are standard values versus NHe; therefore, the values correspond to pH 0 unless a different condition is specified.
2 Potential at which no excess charge exists in the SC and there is no electric field and no space charge region so that the (conduction and valence) bands are not bent.
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figure 9.1 shows global (multielectronic) reactions, and these can be favorable (exergonic) in principle. However, if one-
electron steps are considered, only thermodynamically allowed reactions would occur. Accordingly, the ion could be reduced 
by eCB

−  in a direct reduction step, a reaction that requires the eCB
−  reduction potential to be more negative than the one 

corresponding to the Mn+/M(n−1)+ pair:

 M e MCB
n n+ − − ++ → ( )1  (9.9)

Alternatively, oxidation of the metal ion can occur by reaction with holes or HO∙, reaching a higher oxidation state:

 M h HO MVB
n n+ + + ++ →/ ( )• 1  (9.10)

Some metallic species (such as Cr(VI), Hg(II), or U(VI)) cannot be transformed to a higher oxidation state, but they 
can be directly reduced by eCB

−  [11]. This process can be accelerated and even produced in thermodynamically not fea-
sible conditions, that is, when the redox potential of the couple to be reduced is more negative than the level of eCB

− , by 
the addition of sacrificial donors to the solution. This donor-mediated reduction of the metal or metalloid constitutes an 
indirect reduction process. The donors can be categorized into two different groups: direct hVB

+  acceptors (as in eq. 9.3), 
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for example, ethylenediaminetetraacetic acid (edTA), citric acid, salicylic acid, or indirect acceptors via HO∙ reaction, 
such as methanol, acetic acid, or formaldehyde (eq. 9.11).

 ROH HO ROH+ →• •  (9.11)

 M MROH ROHz+  →  →• • 0
 (9.12)

The reaction with hVB
+  or HO∙ reduces the electron–hole recombination and generates very strong reducing radicals [7, 10, 11], 

which allow the reduction of species that are not likely to be reduced directly by eCB
− , as is the case for Pb(II) and As(V) 

[10, 19–21]. A synergetic effect generally exists between oxidative and reductive processes [7, 10], especially in the presence 
of organic compounds that can undergo oxidation.

Photocatalytic-based treatments can take advantage of these transformations in order to obtain the following:

1. A metallic solid form deposited on the photocatalyst surface; in this way, the species is removed from the solution. This 
procedure can also be applied for metal recovery (copper, platinum, silver, gold).

2. A less toxic soluble species (Cr(VI) to Cr(III), As(III) to As(V)), also easier to be removed by an ulterior treatment.

9.3 ArseNic

Arsenic contamination in water can be anthropogenic (mining, use of biocides, wood preservers), but it mainly comes from 
natural sources due to dissolution of minerals in surface water or groundwater, or to volcanic processes [22, 23]. Chronic inges-
tion of arsenic for prolonged periods of time results in arsenicosis, a hydric disease, which causes severe skin lesions including 
pigmentation changes, palmoplantar keratosis, and other syndromes, ending generally in cancer [24]. Arsenic in drinking water 
constitutes a serious problem, affecting several million people all over the world. The world Health Organization (wHO) [24] 
recommends 10 µg l−1 as the maximum allowable As concentration in drinking water, a value that most national regulatory 
agencies accept as the norm.

Arsenic in water can be found in its tri- and pentavalent oxidation states; the predominant As(III) form is arsenite (H
3
AsO

3
), 

while As(V) frequently occurs as arsenates (H
2
AsO

4
− or HAsO

4
2−). Arsenite removal from water is difficult; it is more mobile 

and with a toxicity 20 times higher than that of As(V).
Conventional water treatments used to remove As are oxidation/coagulation/adsorption processes on iron or aluminum 

hydroxides, ionic interchange, activated alumina, lime softening, and reverse electrodialysis and osmosis [25, 26]. Transformation 
to As(V) makes the application of conventional technologies such as ion exchange and adsorption easier. However, new emerg-
ing techniques should be investigated for low-cost solutions to the arsenic problem, especially for low-income populations, as 
mentioned in some references [22, 27, 28].

Photocatalysis of arsenic systems was described in our previous review [10] where examples of oxidative TiO
2
 HP [29–34] 

and mechanisms for As(III) oxidation [30, 35] were reported in studies that spanned concentrations from the micro- to the 
millimolar range, showing in every case very fast oxidation in 10–100 min. On the other hand, reduction of As(V) to As(III) 
or As(0) is thermodynamically favored even with mild reductants, as can be inferred from the Latimer diagram for As 
(fig. 9.2). further reduction to arsine (As(−3)) is more difficult. All the reductive steps are less favored at higher pH values.

H3AsO4 As(OH)3 AsH3

0.372 V

0.560 V 0.240 V

0.148 V

0.012 V

–0.225 V
As(0)

figure 9.2 Latimer diagram connecting the different As species [36].
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Oxidative TiO
2
 HP has been shown to be a good alternative for As(III) oxidation. In an effort to explain the mechanism of 

oxidation, several authors have suggested monoelectronic steps with formation of As(IV) [30, 33, 35] that could involve the 
action of HO∙ (eq. 9.13), reaction with VB holes (eq. 9.14), or reaction with O2

•−  (eq. 9.15):

 
As III HO or HO As IV OHads free( ) ( )+ ( )→ + −• •  (9.13)

 As III h As IVVB( ) ( )+ →+  (9.14)

 As III HO O As IV HO O( ) / ( ) /+ → +− − −
2 2 2 2
• •  (9.15)

The reduction potential of the As(IV)/As(III) couple has been reported as E0 ≈ +2.4 V [37]. Therefore, the formation of 
As(IV) by the attack on holes, HO∙, or HO O2 2

• •/ −  is thermodynamically possible. Regardless of the first oxidation step, As(IV) 
transforms into As(V), the stable form:

 As IV O O / As VVB( ) / ( )+ →− +
2 2

• h  (9.16)

In recent years, some examples of further work on oxidative As(III) removal using HP under UV light were reported, in 
addition to those described in our previous review [10], and are detailed in the following paragraphs.

The mechanism of photocatalytic oxidation of As(III) has been a matter of discussion for many years, the controversy being 
centered on determining the major oxidant in the system, O2

•− [32, 33, 38, 39], HO∙, or hVB
+  [30, 31, 35, 40–43]. However, 

whatever the oxidant, it is not possible to deny the efficiency of the HP process to transform As(III) into As(V). The real 
problem, however, is to remove the later dissolved As(V).

In this line, an interesting review on As HP removal has been published recently, and most of the articles therein are also 
reviewed in the following texts [44]. The authors focused on the application of TiO

2
 and TiO

2
-based materials for removing 

inorganic and organic arsenic, highlighting that TiO
2
-based arsenic removal methods developed to date focus on the photocata-

lytic oxidation of arsenite to arsenate and on the adsorption of inorganic and organic arsenic (monomethylarsonic acid (MMA) 
and dimethylarsinic acid (dMA)) on TiO

2
. They observed that improvements in the photocatalytic process should focus on the 

combination with adsorbents (e.g., slag–iron oxide–TiO
2
, meso-TiO

2
/α-fe

2
O

3
 composites) to achieve higher photocatalytic 

abilities and adsorption capacity and also to immobilize TiO
2
 to facilitate the ulterior separation of the solid from the aqueous 

phase. Another important point highlighted in the chapter, which is also a problem in real groundwater and wastewaters, is the 
influence of the coexisting solutes (silicate, phosphate, carbonate oxyanions, and humic acid (HA)) on HP of arsenic systems 
because of the competition of these species with As for adsorption on TiO

2
. In this context, Tsimas et al. [45] studied the simul-

taneous HP oxidation of As(III) and HA—usually found together in groundwater—in a ternary As(III)/HA/TiO
2
 system. It was 

shown that the efficiency of both As(III) and HA oxidation decreased in the ternary system compared with that of the 
corresponding binary systems (As(III)/TiO

2
 and HA/TiO

2
), indicating that one species inhibits the oxidation of the other. In 

another work [46], a hybrid system combining TiO
2
 with nanoscale zero-valent iron (nZVI) in a tubular photoreactor with recir-

culation was used for As(III) photooxidation. The addition of nZVI significantly enhanced arsenite removal, reducing the 
required mass of TiO

2
 by five times and achieving As values below the wHO-recommended concentrations (from 500 µg l−1 to 

<10 µg l−1). xu and Meng [47] studied the effect of the crystalline size (6.6 and 30.1 nm) of TiO
2
 on As(III) and As(V) adsorption 

and photocatalytic oxidation employing single-phase anatase nanoparticles. The adsorption capacity of TiO
2
 for As(III) and 

As(V) increased linearly with the BeT surface area of the particles, and no significant difference in the rate of As(III) photoox-
idation was found between the nanoparticles of 6.6 and 14.8 nm diameter, but a clear decrease was obtained with the 30.1 nm 
particles, indicating the importance of the size of the nanoparticles to be used.

Regarding low-cost applications, several papers describe the use of very simple photocatalytic systems to remove As from 
water at household levels. Several works in our laboratory [22, 27, 28, 48] report results of an application to remove arsenic from 
natural waters in rural areas; to perform HP experiments, walls of PeT plastic bottles were impregnated with TiO

2
 by a very 

simple technique [49]. As(III) solutions ([As(III)]
0
 = 1000 µg l−1, pH 7.8) were added in these bottles, which were put in a 

horizontal position and irradiated for 6 h by UV light (366 nm, 800 μw cm−2). After irradiation, nongalvanized packing iron wire 
pieces (usually employed in agricultural applications) were added. After 24 h settlement in the dark, As removals ranging 
80–86% were obtained. The same bottle could be reused at least three times without loss of efficiency. The HP procedure was 
proposed to remove As (500–1800 µg l−1, unidentified speciation) from well water samples of Las Hermanas (Santiago del estero 
Province, Argentina). In this case, a feCl

3
 solution was added at the end of solar irradiation, and more than 94% As removal took 

place, attaining concentrations below the wHO limits. fostier et al. [50] proposed a similar low-cost application for As(III) 
oxidation using TiO

2
 immobilized on PeT bottles combined with fe(II) addition to the solution before exposure to sunlight.
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Photocatalytic arsenite oxidation could also be carried out under visible irradiation. There, the mechanism is different from 
the one that takes place under UV light, involving charge injection from an excited dye molecule into the CB of the SC as the 
primary mechanism for the production of an oxidized dye radical (dye•+) [51]:

 Dye h visible Dye+ →ν ( ) *  (9.17)

 
Dye TiO e Dye TiO eCB CB*+ ( )→ + ( )− + −

2 2
•  (9.18)

 Dye As III Dye As IV•+ + → +( ) ( )  (9.19)

In the presence of oxygen, superoxide is produced through the cathodic pathway (eqs. 9.5–9.8), which can contribute to 
As(III) oxidation (eq. 9.15).

Park et al. [52] used titania nanoparticles sensitized with an organic dye (Od, (e)-3-(5-(5-(4-(bis(4-((2-(2-methoxyethoxy)
ethoxy)methyl)phenyl)amino)phenyl)-thiophen-2-yl)thiophen-2-yl)-2-cyanoacrylic acid))) for the oxidation of arsenite and 
compared the efficiency with those of bare TiO

2
 and TiO

2
 sensitized with a ruthenium bipyridyl complex (RuII(4,4-bpy(COOH)

2
)

3
, 

RuL
3
). The results under visible light (λ > 420 nm) showed better activities for Od/TiO

2
 in comparison with other photocata-

lysts, with a constant photoactivity over a wide pH range. The superior stability of Od/TiO
2
 over RuL

3
/TiO

2
 was related to the 

good chemical anchoring between the dye and the surface; in addition, this type of dye is better than Ru-containing dyes, which 
are expensive and toxic.

In another work, a high degree of As(III) removal under visible light illumination was obtained using palladium-modified 
nitrogen-doped titanium oxide (TiON/PdO) nanoparticles [53]. The strong adsorption (for both As(III) and As(V)) and photo-
oxidation by TiON/PdO led to efficient As removal. The system was good enough to reach As concentrations in agreement with 
the wHO regulation limits at initial As(III) concentrations lower than 0.4 mg l−1. The enhanced photocatalytic activity under 
visible light illumination was explained by a strong optoelectronic coupling between PdO and TiON.

In contrast, reductive photocatalytic systems for arsenic transformation are still scarce. Reduction of As(III) by TiO
2
 eCB

−  is 
possible either in the presence or in the absence of an electron donor in the aqueous system, but, in the case of As(V), direct 
reduction does not seem to be feasible because the reported reduction potential of the As(V)/As(IV) couple is highly 
 negative (E0 ≈ −1.2 V [37]). Therefore, the indirect pathway by using sacrificial electron donors like alcohols or carboxylic acids 
(e.g., methanol, formic acid) is indispensable [21]. The indirect reductive mechanism for As(V) photocatalytic reduction was 
first proven in anoxic conditions in the presence of methanol by yang et al. [34]. Later, our group [21] studied the reaction 
starting from As(V) and also from As(III) in the presence of methanol; As(III) reaction in the absence of the organic compound 
was also analyzed. A mechanism based on the formation of a hydroxymethyl radical produced by hole/HO∙ attack on methanol 
was proposed. This radical can donate electrons to the CB or itself be effective as an As(V) reductant, with formaldehyde 
 generation in both cases:

 
CH OH h HO CH OH H H O VVB CH OH CH OH3 2 2

0

2 3
1 45+ → + =+ +{ } { } .( / )

• •
•E  (9.20)

 
• ≈CH OH CH O H e to VCB CH OH CH O2 2

0

2 2
0 9 1 18→ + + − −+ −

•E ( / )
. .  (9.21)

 
•CH OH As V CH O As IV H2 2+ → + + +( ) ( )  (9.22)

CH
2
O can be transformed to formic acid and finally mineralized to CO

2
 with the generation of CO V

CO CO2

0

2 2

2 0•−
( )− ≈ −( )E

/ • .  
[19], another strong radical that can contribute to the reducing process:

 CO As V CO As IV2 2
•− + → +( ) ( )  (9.23)

In a further step, As(IV) is reduced by CB or trapped electrons, or by ∙CH
2
OH or CO2

•− to As(III). As mentioned earlier, 
unlike the case of As(V), Levy et al. [21] observed direct photocatalytic As(III) reduction by eCB

−  in the absence of MeOH; this 
indicates that although the value for the monoelectronic couple As(III)/As(II) is not known, it should be below the CB level:

 As III e As IICB( ) ( )+ →−  (9.24)

Therefore, after As(III) formation, consecutive monoelectronic steps would lead to the formation of stable products such as 
As(0) and AsH

3
, which were unambiguously identified by the authors in all cases through x-ray photoelectron spectroscopy 

(xPS) and x-ray absorption near edge structure (xANeS) analyses of the solid residues formed on the TiO
2
 surface. In this way, 
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reduction to solid As(0) was achieved, which is a very convenient method for As removal from water. However, careful attention 
must be paid during these kinds of reactions as they can result in the formation of AsH

3
, one of the most toxic forms of As. 

Proposed strategies for AsH
3
 treatment include adsorption on suitable materials or oxidative treatment by a coupled gas-phase 

photocatalytic system, which our research group is currently developing.
The photoconversion of As(III) and As(V) (arsenate) over mesoporous TiO

2
 electrode was investigated in a photoelectro-

chemical cell (PeCC) [54] for a wide range of concentrations from micro- to nanomolar. It was shown that As(III) can be  oxidized 
and As(V) can be reduced in anoxic conditions under UV irradiation using the photoelectrochemical setup. The reduction or 
increment of the photooxidation current depended on the As(III) concentration range. This abnormal concentration-dependent 
behavior was ascribed to As(IV) species, which can be either oxidized or reduced depending on the experimental conditions. 
Because As(V) is an electron acceptor, its addition consistently lowered the photocurrent in the entire concentration range.

Although, as mentioned earlier, inorganic As(III) and As(V) are the predominant contaminant species in water, the removal 
or transformation of organoarsenic species cannot be neglected. MMA and dMA are used as herbicides in agriculture and 
employed in industrial activities [41, 55] and are also introduced to the environment to some extent through As(V) methylation 
carried out by a variety of organisms [56]. Also, complex organoarsenic species (e.g., with substituted phenyl rings in their 
structure) are used to control intestinal parasites in poultry and swine [57, 58]. It has been shown that TiO

2
 photocatalysis is 

effective for the oxidation of some organic arsenic species.
xu et al. [41] studied the TiO

2
 photocatalytic degradation of MMA and dMA. MMA seems to be the primary dMA degra-

dation product to be degraded later and the arsenic moiety oxidized to As(V). Results obtained in the presence of a radical 
scavenger (terbutanol) indicated that the hydroxyl radical was the primary oxidant in the reaction. further work [59] undertaken 
with other radical scavengers (superoxide dimutase (SOd), sodium bicarbonate, and sodium azide) also supported HO∙ as the 
primary oxidant and showed that the methyl groups in MMA and dMA are transformed into formic acid and possibly meth-
anol. Other authors [55] compared the photocatalytic oxidation on MMA and dMA by different AOPs, that is, UV/H

2
O

2
, UV/

TiO
2
, and UV/S

2
O

8
2−, finding the last one the most effective.

Zheng et al. [58] studied the TiO
2
 photocatalytic degradation of phenylarsonic acid (used as feed additive in the poultry 

industry), where HO∙ was found to play a major role in oxidation, as was the case for dMA and MMA.
due to the extensive, good-quality work done on photocatalytic systems for As removal and the importance of the problem 

of As in the environment, it is the vision of the authors that research on practical applications of these photocatalytic systems 
should be strengthened in the coming years in order to provide cost-effective systems.

9.4 cHromium

Chromium is a metal with multiple industrial and technological applications including metallurgy, electroplating, the textile 
industry, leather tanning, and wood preservation. Because of its extensive use, Cr is a frequent contaminant in wastewater, 
mainly in the form of Cr(III) and Cr(VI). Cr(VI) presents the highest environmental threat due to its toxicity for biological 
organisms together with its high solubility and mobility. The wHO [60] has established the maximum contaminant level of 
Cr(VI) in drinking water to be 0.05 mg l−1, while total Cr to be discharged should be below 0.1 mg l−1 according to the U.S. 
environmental Protection Agency (ePA) [61]. Cr(III) is considered to be nontoxic or of very low toxicity [62, 63], and its 
mobility is lower than that of Cr(VI). The conventional treatment for the removal of Cr(VI) dissolved in water involves its 
reduction to Cr(III) with the use of sodium thiosulfate, ferrous sulfate [64, 65], sodium metabisulfite, sulfur dioxide, or other 
chemicals, with subsequent economical costs and generation of residues [66].

figure 9.3 shows the redox potentials of chromium in acid conditions taken from reference [67].

Cr(VI) Cr(V) Cr(IV) Cr(III) Cr(II) Cr(0)

0.95 V

0.55 V 1.34 V

1.38 V

1.72 V

2.1 V

–0.74 V

–0.90 V–0.424 V

figure 9.3 Latimer diagram connecting the different Cr species [67].
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Cr(VI) reduction is enhanced in acid solutions, and the net reaction can be given as:

 2 16 4 8 3 115 82 7
2 3

2 2 298
0Cr O H Cr H O O G kJ− + ++ → + + = −∆ .  (9.25)

At neutral pH:

 4 20 4 10 32 7
2 3

2 2Cr O H Cr H O O− + ++ → + +  (9.26)

Although the process is thermodynamically feasible, Cr
2
O

7
2− is stable at room temperature in acidic solutions due to the high 

overpotential of the water oxidation conjugate reaction. Therefore, strategies for improving the reduction reaction should be 
implemented.

A considerable number of works have been published on the photocatalytic reduction of Cr(VI) employing TiO
2
, fe/TiO

2
, 

Pt/TiO
2
, and other SCs such as ZnO, CdS, ZnS, and wO

3
 [68–74]. Many examples have already been described in our previous 

reviews [7, 10] including reactors for technological applications, microparticles used in slurries or conveniently supported, 
nanoparticles, and nanotubes [69, 71–112]. The major conclusions that emerge from past publications can be summarized in 
the following points:

1. Cr(VI) HP reduction depends upon pH. Low pH favors the net reaction (eq. 9.19); however, neutral or alkaline conditions 
favor precipitation and immobilization of Cr(III) as the hydroxide, facilitating further separation.

2. Cr(VI) reduction can be accelerated by the addition of organic compounds acting as holes or HO∙ scavengers.

3. Molecular oxygen does not affect Cr(VI) HP reduction, at least at acidic pH, as will be explained in detail later.

from a thermodynamic point of view, eCB
−  have the appropriate potential to directly reduce Cr(VI), Cr(V), and Cr(IV) 

(see figs. 9.1 and 9.3), and the HP mechanism for the reduction of Cr(VI) to Cr(III) is proposed to occur in three monoelec-
tronic steps [113–115]:

 Cr VI e Cr VCB( ) ( )+ →−  (9.27)

 Cr V e Cr IVCB( ) ( )+ →−  (9.28)

 Cr IV e Cr IIICB( ) ( )+ →−  (9.29)

This was proven by our group through electron paramagnetic resonance (ePR) spectroscopy, which allowed the identification 
of paramagnetic Cr(V) species [113–115].

detrimental reoxidation of reduced Cr species by holes or hydroxyl radicals, however, is possible:

 Cr V IV III h HO Cr V IV IIIVB( / / ) ( ) ( / / )+ →+ •  (9.30)

An enhancement of the reaction takes place if suitable electron donors are present either by reducing the probability of 
recombination or through an indirect reduction driven by radicals formed by hole/HO∙ attack (eqs. 9.3 and 9.11), which, at high 
concentrations, hinder reaction (9.30) and themselves contribute to Cr species reduction.

The role of O
2
 in photocatalytic Cr(VI) systems is noteworthy due to its unique behavior compared with other metal cations, 

because it appears to be independent of the presence of O
2
, at least at acidic pH. This process was explained by a very strong 

association between Cr(VI) and TiO
2
 through the formation of a charge transfer complex, identified by an absorption band at 380 nm 

[117]. due to the fast capture of electrons by Cr(VI) as a result of the formation of this complex, no competition for O
2
 by eCB

−  (eq. 
9.5) is present, and, consequently, no inhibition by O

2
 is observed either in the absence of organic donors or in the presence of edTA 

and oxalic or citric acid [113–115, 117, 118]. experiments on platinized photocatalysts supported this independence, the same 
temporal evolution of Cr(VI) concentration being obtained using Pt/TiO

2
 or bare TiO

2
 either in the presence or in the absence of O

2
 

[116–120]. If O
2
 had exerted any effect, Pt would have enhanced the reaction by decreasing the overpotential for water oxidation.

Cr(VI) photocatalytic reduction continues to be a very rich and interesting study system, and extensive work has been carried 
out in  recent years, either with the aim of water treatment or as a practical system for the evaluation of the photocatalytic 
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activity of several SC samples in the aqueous phase [121–132]. Most of the recent papers use the HP Cr(VI) reduction reaction 
as a model system for testing new photocatalysts; this is the case of immobilized nanotubular TiO

2
 electrodes [130], wO

3
-doped 

long TiO
2
 nanotube arrays [133], and Au/TiO

2
 heterojunction nanotube composites [126], among other materials. Other papers 

shed more light on some specific features of the Cr(VI) photocatalytic system. for example, Mu et al. [127] explored the HP 
Cr(VI) reduction using TiO

2
 nanofibers prepared via an alkaline hydrothermal reaction and TiO

2
 nanoparticles with varied 

structural properties. The results showed that Cr(VI) reduction is affected mostly by the specific surface area of the catalyst 
rather than by the crystalline-phase composition. This agrees with the hypothesis of the formation of the strong complex bet-
ween Cr(VI) and TiO

2
, mentioned earlier, which would be more favorable at a higher surface area of the photocatalyst. 

Pandikumar et al. [131] evaluated TiO
2
–Au nanocomposites for UV light Cr(VI) reduction and simultaneous methylene blue 

oxidation; the authors observed a synergy between these two processes due to the presence of Au nanoparticles on the TiO
2
 

surface. In another work, TiO
2
 coupled to nonfunctionalized carbon nanotubes (CNTs) was found more active than 

OH-functionalized CNTs because of the higher Cr(VI) adsorption on the first samples [128]. Similarly, Au/TiO
2
 heterojunction 

composite nanotube arrays showed a higher efficiency than unmodified TiO
2
 nanotube arrays for the simultaneous transforma-

tion of Cr(VI) and acid orange 7 (AO7) [126]. In another paper, Cr(VI) reduction in the presence of edTA [124] was employed 
to evaluate the activity of anatase TiO

2
 films deposited by cathodic arc (CA) on glass substrates and compared with the activity 

of P-25 films obtained by dip-coating (dC) immersion. despite dC films showing higher photoactivity for Cr(VI) reduction, 
its adhesion properties are very poor compared to CA films, making this last type of films a promising material for photocata-
lytic applications that require immobilized catalysts.

Photocatalytic Cr(VI) reduction is also possible under visible irradiation. Kim and Choi [123] investigated the formation of 
surface complexes between TiO

2
 and electron donors such as methanol, formic acid, acetic acid, triethanolamine, or edTA, 

which can absorb visible light through a ligand-to-metal charge transfer (LMCT) mechanism; the TiO
2
–edTA complex, espe-

cially, showed an outstanding visible light activity for Cr(VI) reduction. A similar approach was presented by wang et al. [129] 
using low molecular weight organic acids (SOAs) such as tartaric, citric, and lactic acids with TiO

2
 under light irradiation above 

420 nm; the authors support a charge transfer complex mechanism in which the photogenerated electrons are transferred from 
SOAs to TiO

2
 and then accepted by the adsorbed Cr(VI). Another example is simultaneous Cr(VI) removal and naphthalenesul-

fonate (NS) oxidation in textile wastewater by the combination of visible light photocatalysis and ion exchange membrane 
processes (electrodialysis) [122]. while NS acts as a hole scavenger attenuating electron–hole recombination, the ion exchange 
membrane prevents Cr(III) reoxidation. A CuAl

2
O

4
/TiO

2
 heterosystem irradiated with visible light was used to achieve Cr(VI) 

reduction, the reaction being enhanced in the presence of salicylic acid as a sacrificial agent [134]. Also, Cr(VI) was effectively 
reduced under visible light irradiation employing TiO

2
-coated CdS nanowires (Nws) [125]. Other modified TiO

2
 materials 

showed activity for visible light–driven photocatalytic Cr(VI) reduction such as SnS
2
/TiO

2
 nanocomposites or N-doped and 

N–f codoped TiO
2
 [121, 132].

dye-photosensitized TiO
2
 samples were proven to reduce Cr(VI) under visible light; some examples follow. di Iorio et al. 

[116] studied Alizarin red chelated to TiO
2
. Results indicate a high efficiency for Cr(VI) reduction, almost independent of the 

photon flux and of the irradiation wavelength, and slightly dependent on Cr(VI) concentration in the explored range (40–
200 μM), with similar results in air and nitrogen atmosphere. ePR experiments confirmed Cr(V) formation. In another work 
[135], TiO

2
 coated with hydroxylaluminumtricarboxymonoamide phthalocyanine (AlTCPc) irradiated under visible light in the 

presence of 4-chlorophenol (4-CP) as the sacrificial donor showed a very rapid Cr(VI) reduction to Cr(III). As discussed in the 
section on Arsenic, in the presence of dyes, the photocatalytic mechanism is different from that taking place under UV light, 
according to the scheme shown in figure  9.4: after excitation of the dye, electron injection into the CB promotes Cr(VI) 
reduction [51]. A very good protective effect of 4-CP preventing AlTCPc photobleaching was observed, as reactive oxygen 
species (ROS, e.g., O HO2 2

•− •, ), which could oxidize the dye, could be formed due to the fast reaction of eCB
−  with Cr(VI). In 

another paper, Park et al. [52] tested the visible light activity of the Od-sensitized TiO
2
 catalyst described earlier (Section 9.3) 

for the reduction of Cr(VI). As in the case of As(III), Cr(VI) reduction with Od/TiO
2
 showed better results than with both RuL

3
/

TiO
2
 and bare TiO

2
. The addition of an electron acceptor such as fe3+ significantly retarded Cr(VI) reduction because of com-

petition for eCB
− , confirming that Cr(VI) reduction proceeds by accepting electrons from the dye-sensitized TiO

2
. In a very recent 

work, Park et al. continued studies on this system [136] and tested the conversion of Cr(VI) to Cr(III) using a very similar dye, 
that is, (e)-3-(5-(5-(4-(bis(4-((2-(2-methoxyethoxy)methyl)phenyl)amino)phenyl)thiophen-2-yl)thiophen-2-yl)-2-cyanoacrylic 
acid), agglomerated with bare TiO

2
 nanoparticles; the authors indicate an enhancement in the reduction rate of Cr(VI) attrib-

uted to the retardation of the charge recombination between the oxidized dye and the injected electron by the agglomeration with 
bare TiO

2
.

A very unusual mode of titania photosensitization was presented by Kuncewicz et al. [120]. The authors proposed that as 
the broad LMCT band of CrO

4
2− in aqueous solutions (with a maximum at 373 nm at pH 7) extends to visible light, excitation 

of the CrO
4

2− species adsorbed on the titania surface at 440 nm (2.8 eV) should result in electron transfer from O−II to Cr(VI) 
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with the generation of Cr(V) and O−I. According to the authors, CrO
4

2− can act as a photosensitizer promoting hole injection 
to the TiO

2
 VB. In this system, the generated O−I would oxidize TiO

2
, while Cr(V) would reduce O

2
 as an external electron 

acceptor.
Not many works have explored the photocatalytic reduction of Cr(VI) beyond the laboratory scale. In a very recent work, 

HP technology for Cr(VI) and HA was applied in a pilot reactor [137], starting from the laboratory and scaling up the system 
to a pilot reactor five times the volume and height of the laboratory reactor by maintaining geometric parameters and nominal 
powers. The authors obtained very good results: after almost 4 h of reaction in a 15 l pilot reactor ([Cr(VI)]

0
 = 10 mg l−1, 

[HA]
0
 = 15 mg l−1, [TiO

2
] = 1.5 g l−1), removal of Cr(VI) and HA was around 98 and 87%, respectively.

The scientific community has been successful in the generation of knowledge about fundamental mechanisms, mechanism 
pathways, the role of O

2
 and electron donors, and so on, related to a very rich reductive photocatalytic Cr(VI) system. More studies 

and efforts should be undertaken to incorporate the knowledge of these promising technologies into practical applications.

9.5 urANium

Uranium is commonly found in its hexavalent form, U(VI), but it also occurs naturally in the +2, +3, +4, and +5 valence states. 
The 238U isotope constitutes more than 99% of naturally occurring uranium, with 235U and 234U isotopes comprising minor 
 percentages. Natural uranium can be found in granites and various other mineral deposits, and it is present in the environment 
as a result of leaching from natural deposits, release in mill tailings, emissions from the nuclear industry, the combustion of coal 
and other fuels, and the use of uranium-containing phosphate fertilizers [138]. The most common form of U(VI) in water is 
uranyl ion, UO

2
2+.

The health impact associated with high levels of naturally occurring uranium in drinking water is considered to result mainly 
from its chemical toxicity rather than the risk from exposure to radioactivity. The primary chemically induced effect of uranium 
in humans is nephritis; high levels of uranium have been associated with high blood pressure, bone dysfunction, and likely 
reproductive impairment in human populations [139]. for human beings, a guideline value of 0.015 mg l−1 in drinking water has 
been indicated, which serves only as a provisional guideline value due to limited information on the health effects [138].

Several methods are available for the removal of uranium from drinking water, such as ionic exchange, ultrafiltration [140], 
adsorption on granular ferric hydroxide, iron oxides (ferrihydrite, hematite, magnetite, and goethite) [141–143], pine sawdust 
[144], zeolites [145], activated carbon [146] or TiO

2
 [147, 148], bioreduction [149], and zero-valent iron [150–153]. Normally, 

the treatment of wastewater containing radioactive uranium includes the processes of concentration and solidification. Reductive 
photocatalysis can be proposed for U(VI) reduction because two processes can be combined into one step, by reducing and 
depositing uranium from aqueous solutions [154].
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Reports concerning HP for uranium treatment in water are still scarce. In our previous reviews, a few cases were reported 
[154–156] but, due to their importance and limited diffusion, they are included again in this work. Most of the investigations 
focus on uranyl ion reduction, with final formation of a deposit of uranium oxide (IV) (UO

2
).

If standard reduction potentials are taken into account (fig. 9.5), U(VI) can be photocatalytically reduced by TiO
2
 eCB

−  to 
U(V) and then to U(IV).

In addition, U(V) rapidly disproportionates to U(VI) and U(IV) in the presence of water or hydrolytic compounds [157] with 
a very complex chemistry; U(V) is very sensitive to atmospheric oxygen with rapid reoxidation to U(VI) [158].

In a pioneering work, Amadelli [155] reported photoreduction of uranyl solutions (initial concentration between 1.2 
and 12.4 mM) on UV-illuminated TiO

2
 suspensions and electrodes in the presence of excess of hole scavengers (2-propa-

nol, acetate, or formate); working with TiO
2
 suspensions, the final product was uranium oxide of stoichiometry close to 

U
3
O

8
 found as a dark gray solid on the SC surface. Later, Chen et al. [154] presented results of U(VI) HP photocatalytic 

removal from aqueous solutions in the presence of edTA (initial U(VI) concentration of 50 mg l−1 and variable U(VI): 
edTA ratio) and absence of oxygen; the authors remarked on the importance of the presence of adequate donors to sus-
tain appreciable reaction rates. further exposure to air reoxidized and redissolved the uranium species. This method was 
proposed for recovering uranyl from wastewaters of nuclear power plants, where chelating agents (normally edTA, 
hydroxyethylenediaminetetraacetic acid (HedTA) and oxalic and citric acid) and their uranium (VI) complexes are 
 usually present.

In another work [159], using methanol as hole scavenger, U(VI) from phosphate-containing waste was photocatalytically 
reduced in a 98% from an initial concentration of 40 mg l−1. Complexation of uranyl with the hole scavenger was found to play 
an essential role in the photoredox process, and, in addition, this indicates the predominance of the indirect reductive pathway 
(see Section 9.1) [155]. eliet and Bidoglio [160] studied the U(VI) photocatalytic reduction in TiO

2
 aqueous suspensions by 

 time-resolved laser-induced fluorescence (TRLIf), proposing a reaction mechanism based mainly on the role of adsorbed 
uranium species. Later, Selli et al. [156] observed that the U(VI) photoreduction in TiO

2
 aqueous suspensions was enhanced 

when complexed with HA. The authors proposed a kinetic model considering that the photoreduction takes place in both the 
aqueous phase and the photocatalyst solution interface. Boxall et al. [161] explored the use of HP in actinide valence state 
control as a possible application of waste minimization in nuclear fuel processing and with the separation of Np, Pu, and U. 
Other authors [162] studied the U(VI) photocatalytic reduction on the surface of TiO

2
 anatase nanotubes with and without UV 

light irradiation. xPS measurements of the catalyst after the experiments showed adsorbed U(VI) and U(IV) species, with a 
predominant amount of the reduced form both in the dark and in illuminated experiments; a higher amount of U(IV) was 
obtained when light was used.

while mechanistic studies on the photocatalytic removal of uranium-related species are scarce and merit further research, 
additional investigation is mandatory to clarify major reaction engineering issues following this approach.

9.6 leAd

Lead has many industrial uses such as in the production of lead acid batteries, solder, alloys, cable sheathing, pigments, rust 
inhibitors, ammunition, glazes, and plastic stabilizers. Consequently, lead pollution is mainly anthropogenic, coming from 
industrial effluents. Lead has been extensively used in plumbing fittings and as solder in water distribution systems, and lead 
pipes still subsist in old structures. Polyvinyl chloride (PVC) pipes now in use also contain lead compounds that can be 
leached resulting in high lead concentrations in drinking water. Lead effects on the central nervous system can be serious, 
with pregnant women, fetuses, infants, and children up to 6 years of age the most likely to suffer the adverse health effects of 
its cumulative poison [163]. A guideline value of 0.01 mg l−1 is maintained but designated as provisional by the wHO [163].

UO2
+UO4

2– U4+ U3+ U
0.38 V0.16 V

0.27 V –1.38 V

–1.66 V–0.52 V

figure 9.5 Latimer diagram connecting the different U species [152].
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figure 9.6 shows the Latimer diagram for Pb.
HP of lead systems has received scarce attention. In our previous reviews [7, 10] we cited a number of early papers [75, 78, 

165–180], but information continues to be rather scant. The mechanisms of transformation of lead (II) in water by UV–TiO
2
 

are  especially attractive because they depend very much on the reaction conditions, which are related to the nature of the 
 photocatalyst, the effect of oxygen, and the presence of electron donors.

Our group and others have investigated both the oxidative and the reductive route. In the first case, Pb(IV) formation through 
hole or HO∙ attack takes place through two consecutive monoelectronic steps. The one-electron reduction potential for the Pb(III)/
Pb(II) couple is not reported, but it is not unreasonable to assume that Pb(II) can be easily oxidized to this unstable intermediate.

 Pb II h HO Pb IIIVB( ) / ( )+ →+ •  (9.31)

Pb(III) transforms into Pb(IV) by simple oxidation by O
2
 or by stronger oxidants present in the system ( hVB

+ , ROS, etc.); 
disproportionation is also possible:

 Pb III h HO ROS Pb IVVB( ) / / ( )•+ →+  (9.32)

 2Pb III Pb II Pb IV( ) ( ) ( )→ +  (9.33)

In the presence of O
2
, a dark brown PbO

2
 deposit on TiO

2
 was observed [19]. equation 9.5, that is, reduction of O

2
 to 

superoxide, is normally a very slow reaction due to its high overpotential. In this context, Pb(II) removal by oxidation is poor. 
The use of platinized samples (Pt/TiO

2
) enhanced the reaction, because Pt decreases this overpotential, accelerating the reaction 

in oxic systems [10, 19].
Ozone addition promotes HP oxidation of Pb(II), because of the photochemical formation of H

2
O

2
 and other ROS, including 

the ozonide radical HO O3 3
• •−( )/  [178, 181–183]; this was proven by x-ray diffraction (xRd), where the patterns revealed depo-

sition of PbO
2
 and PbO

1.37
 on the photocatalyst, the unstoichiometric oxide being formed by the action of the ozonide:

 Pb PbOO O2
1 37

3 3+ •− •−

 →  → .  (9.34)

On the other hand, the one-electron reduction potential of the Pb(II)/Pb(I) couple is very negative (E0 = −1.0 V [184]), 
 preventing a direct reductive route by eCB

− , as observed in experiments performed employing Pt/TiO
2
 under N

2
 [19, 165, 172]. 

In fact, direct reduction of Pb(II) to Pb(0) by a bielectronic process has been reported under laser irradiation, where, due to the 
high photonic frequency, the authors propose that accumulation of electrons may allow multielectronic injection [176, 179].

However, the photocatalytic reduction of Pb(II) is possible under regular illumination via the indirect route in the presence 
of electron donors (eqs. 9.3 and 9.11). different organic compounds have been used in the past to promote reductive lead HP 
under N

2
 and over pure TiO

2
 [19, 20, 79, 114, 171].

Murruni et al. [20] obtained a high efficiency in Pb(II) reduction when using 2-propanol and formic acid as sacrificial 
donors, the latter being a more environmentally friendly alternative as its degradation products are not toxic. Two monoelec-
tronic reduction steps were proposed:

 Pb(II) Pb I+ → ( )  (9.35)

 Pb(I) Pb( )→ 0  (9.36)

PbSO4

1.46 V –0.125 V

0.356 V1.70 V

α-PbO2 Pb2+ Pb

figure 9.6 Latimer diagram connecting the different Pb species [164].
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It was reported that Pb(0) produced via indirect reduction forms colloidal zero-valent Pb that eventually deposits on the lamp 
used as an irradiation source when it is immersed in the suspension.

Recently, Li et al. [185] explored the photocatalytic Pb(II) reduction over TiO
2
 and Ag/TiO

2
 catalysts in the presence of 

formic acid. They showed that the initial rate of Pb(II) reduction over Ag/TiO
2
 is dependent on the concentrations of both Pb(II) 

and formic acid. Solution pH impacts on Pb(II) reduction with 98.6% removal at pH 3.5 and just 11.8 at pH 0.8; the result can 
be explained by a stronger adsorption of formate at the higher pH on the photocatalyst surface favoring the formation of CO2

•−. 
Previously, other authors [186] employed a quartz crystal microbalance (QCM) technique to study the kinetics of photocatalytic 
reduction of Pb(II) on nanocrystalline TiO

2
 coatings. The photocatalyst was used as an ultrathin coating deposited on the 

 surface of quartz crystal, and Pb(II) removal could be monitored by measuring the change in frequency of the quartz crystal 
resonator. Again, it was found that the indirect reduction of Pb(II) depends greatly on the organic additives, with the following 
order of efficiency: HCOOH > H

2
C

2
O

4
 > CH

3
OH > C

2
H

5
OH.

Titania–silica (TiO
2
–SiO

2
) photocatalyst [187] (silica essentially being used as support to increase the specific surface area) 

was synthesized and employed in a study that focused on the simultaneous oxidation of cyanide and the removal of heavy metal 
ions, Pb(II) among them, under mild conditions in aqueous solutions. The photocatalytic performance was markedly dependent 
on the catalyst, target concentrations, and reaction time.

In conclusion, the photocatalytic treatment of Pb(II) has many potential advantages, including the following:

1. Mixtures of lead (II) and organic scavengers may be present in industrial wastes, which could give rise to economical 
methods for its removal.

2. The photocatalytic treatments of Pb(II) generate its transformation and immobilization as lead oxides, metallic deposits, 
or colloidal zero-valent lead, making the ulterior separation and treatment of solid residues easier.

Although the Pb photocatalytic system has been extensively studied, significant effort must be undertaken to transfer the 
knowledge, in the search for technological solutions.

9.7 mercury

Mercury is a metallic element that can be found naturally in the environment. The solubility of mercury in water and therefore 
its presence in natural or residual waters depends on its chemical state: while Hg(0) and HgS are insoluble, Hg(II) is easily sol-
uble and Hg(I) presents slow solubility [188]. Organic mercury species such as methyl or phenylmercury salts have a higher 
toxicity than inorganic species, with organic mercury being chemically stable due to the carbon–mercury bond. The toxicity of 
mercury (II) is a matter of concern; the toxic effects of inorganic mercury compounds are mainly renal, whereas methyl- and 
ethylmercury salts are responsible for neurological disturbances. The guideline value for inorganic mercury is 0.006 mg l−1 in 
drinking water [188].

The use of mercury in industrial processes is significant, and it is used in the electrolytic production of chloride and caustic 
soda, in electrical appliances, and as raw material for various mercury compounds. Mercury compounds are used as agricultural 
pesticides, fungicides, antiseptics, preservatives, pharmaceuticals, electrodes, and reagents [188].

figure 9.7 shows the Latimer diagram for Hg.

0.854 V

0.911 V 0.796 V

0.268 V
Hg2Cl2

HgHg2
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figure 9.7 Latimer diagram connecting the different Hg species [192].
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HP appears as a suitable alternative for Hg reduction, and many authors have studied this technology with TiO
2
, ZnO, and 

wO
3
, exploring the use of UV, visible, and solar irradiation [10, 177, 190–207]. The main conclusions drawn from published 

works can be condensed in the following points:

1. Mercury photocatalytic reduction strongly depends on pH conditions. Higher conversion rates can be obtained at basic 
pH. The reason for this behavior seems to be a larger driving force for Hg(II) reduction produced by the shift in the poten-
tial of the CB electrons with the increase in the pH: eCB decreases 0.059 V per unit of pH (at 25 °C) [206]. In acidic 
conditions, Hg(0) photooxidation can occur inhibiting Hg(II) reduction, as found by Serpone et al. [200] in experiments 
at pH 0. In a very recent work, López-Muñoz et al. [208] studied the influence of pH and the addition of methanol, formic 
acid, and oxalic acid as sacrificial agents for the photocatalytic removal of Hg(II). At pH 10, an efficient removal of 
Hg(II) was achieved even in the absence of organic additives, attaining final mercury concentrations in the solution at 
trace levels (µg l−1). In acidic conditions, the addition of sacrificial organic molecules significantly increased the rate and 
extent of aqueous Hg(II) removal.

2. The presence of oxygen inhibits mercury reduction in acidic or neutral pH conditions, due to the competition between 
equations 9.5, 9.37, and 9.38 for a direct reduction mechanism:

 Hg e Hg ICB
2+ −+ → ( )  (9.37)

 Hg(I) e HgCB+ →− ( )0  (9.38)

A mechanism involving monoelectronic steps has been proposed by our group [212] for direct Hg(II) HP reduction, par-
ticularly in the case of inorganic salts. evidence from experiments performed with HgCl

2
 yielding calomel Hg

2
Cl

2
 

(together with Hg(0)) support this hypothesis.

3. The addition of electron donors to the system favors reductive Hg(II) HP indicating the parallel occurrence of an indirect 
mechanism. These donors can be added to the system with or without the formation of complexes with Hg(II), or as part 
of an organic mercury species, with the organic moiety acting as electron donor. electron donors added to the system can 
avoid reoxidation of mercury species by reacting with h HOVB

+ / •  and preventing the following reaction from taking place 
[209, 210]:

 Hg I h HO Hg I Hg IIVB( ) / ( ) / ( ) / ( )0 + →+ •  (9.39)

The nature and distribution of mercury products deposited on the catalyst depend on the reaction conditions. Starting from 
inorganic mercury salts, Hg(NO

3
)

2
, HgCl

2
 and Hg(ClO

4
)

2
, Hg(0), HgO, or Hg

2
Cl

2
 are formed on the photocatalyst surface [209]. 

In the absence of additives, Hg
2
Cl

2
 and Hg(0) were respectively identified in acidic and neutral/alkaline media as main reduced 

species on the titania surface [208]. The addition of organic additives enhances the photocatalytic reduction to Hg(0). On the 
other hand, a direct correlation between Hg(II) dark adsorption on the TiO

2
 [208] surface and the efficiency of Hg(II) photore-

duction could not be established [206, 208].
Recently, Lenzi et al. [211] studied Hg(II) photoreduction using HgCl

2
 in the presence of formic acid at pH 4 on TiO

2
 and 

Ag/TiO
2
 prepared by sol-gel and impregnation methods. The Ag/TiO

2
 sample prepared by impregnation proved to be better than 

the sample prepared by the sol-gel method, because, due to the high dispersion of Ag in the last sample, Ag may act as an 
 electron–hole recombination center, leading to decreased Hg(II) photoreduction. In contrast, in the sample prepared by impreg-
nation, Ag addition seems to prevent electron–hole recombination, with better photoactivity.

As was pointed out before, organic mercury species are much more toxic than inorganic ones. Metallic mercury has been 
reported as the product of HP treatment of methylmercury in the presence of methanol and in the absence of oxygen [200, 212]. 
Later, Miranda et al. [198] found optimal conditions at alkaline pH for this reaction. Although reduction of Hg(II) was found 
both in the presence and in the absence of oxygen, different products were identified from the organic moiety of the organome-
tallic compounds: methane was found in oxic conditions while methanol formed under a nitrogen atmosphere.

Two monoelectronic successive steps are proposed where the organic moiety acts as an electron donor. Our group studied 
the UV/TiO

2
 photocatalysis of phenylmercury salts in aqueous solutions starting from acetate (C

6
H

5
HgCH

3
CO

2
, phenylmercury 

acetate (PMA)) and chloride (C
6
H

5
HgCl, phenylmercury chloride (PMC)) salts [195]. The results were very promising as it was 

possible to remove mercury to a large extent with the simultaneous mineralization of the organic portion of the compound. 
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Metallic Hg was found as a solid deposit when PMA was used and Hg
2
Cl

2
 in the case of PMA. The best condition for Hg(II) 

removal and mineralization was at pH 11 in the absence of O
2
. Phenol was detected as an intermediate in the process in both 

cases and with no formation of dangerous  alkylmercury species. Calomel formation from PMC under nitrogen supported the 
two successive one-electron transfer reactions hypothesis, as in the case of inorganic salts. A very interesting application for the 
TiO

2
–Hg system is the use of the photocatalytic reduction of mercury in the field of analytical chemistry as a cost-effective, fast, 

and sensitive method for mercury determination in environmental and biological samples. Chemical vapor generation (CVg) 
is used as a sample introduction method for specific trace element determination using atomic spectrometry [213]. A photocata-
lytic TiO

2
 system appears as an attractive alternative to achieve the transformation Hg(II) → Hg(0) without the need for the use 

of concentrated chemical reductants. This application of the HP system for Hg(II) reduction has been studied by some authors 
in the past few years [213–215]. yin et al. [213] studied Hg vapor generation by direct photocatalysis employing UV–TiO

2
 

nanoparticles with online atomic fluorescence spectrometry (AfS) determination for the first time. The authors employed 
formic acid and sodium formate as the hole scavenger mixture. Han et al. [214] studied a similar system using low molecular 
weight alcohols, aldehydes, or carboxylic acids such as glycol, 1,2-propanediol, glycerol, oxalic acid, and malonic acid. The 
authors obtained good reduction of Hg(II) with all the tested compounds using only UV light irradiation initially (high-pressure 
Hg vapor UV lamp); the addition of TiO

2
 to the system led to improved efficiency, with very low detection limits (0.02–

0.04 µg l−1). Other authors [215] studied Hg concentration, pH, formic acid concentration, the effect of oxygen, and UV irradia-
tion time for this process. In their work, the authors investigated the determination of low Hg(II) concentrations (3 µg l−1) and 
compared the photocatalytic activity of unmodified TiO

2
, Ag–TiO

2
, and ZnO for reduction of mercury. They obtained a recovery 

in the range of 95–99% when it was catalyzed by nano Ag–TiO
2
 in optimized conditions with a detection limit of 0.13 µg l−1.

despite the multiple investigations conducted to study the photocatalytic reduction of Hg(II), many of the processes involved 
are still unknown due to the complexity of Hg(II) chemistry, which involves various species in solution and in the solid phase. 
More fundamental research studies should be undertaken in order to clarify the mechanisms, especially for extremely toxic 
organomercurial species. On the other hand, it is important to remember that many mercury species present high tendency toward 
volatilization, and the coupling of liquid and gaseous HP setups can be the solution to the problems associated to these issues.

9.8 coNclusioNs

Heterogeneous photocatalytic treatment of metals and metalloids can be a valuable option for the removal of these species from 
water, which does not require expensive reagents or equipment. UV lamps are economical and the possibility of using costless 
solar light is open, with much more research in the past few years concerning the efficiency of photocatalysts with activity in 
the visible range. However, an overview of the literature on the subject for the species described here—arsenic, chromium, 
uranium, mercury and lead—indicates that important fundamental and applied research is still missing on several aspects.

The application of HP to arsenic species is very promising taking into account that both oxidative and reductive mechanisms 
may lead to less toxic species (As(V) compared with As(III)) or the solid phases (As(0)). Although the oxidative system has 
been studied in detail, the reductive pathway is a challenging alternative that should be taken into account and improved.

The mechanistic features of the photocatalytic reduction of chromium (VI) to the less toxic Cr(III) form have been thor-
oughly studied. The impressive synergistic effect of organic donors present simultaneously with Cr(VI) in wastewaters as a 
result of different industrial processes reveals that this system is very appropriate to be scaled for real-world applications. In 
order to achieve this, research on adequate photoreactor design and industrial innovation is a priority. Cr(VI) photocatalytic 
reduction is unique because it is not inhibited by oxygen, at least at acidic pH, and this represents an additional advantage for 
implementation.

Research on photocatalytic removal of uranium salts from water is still scarce. Photoreduction is possible only in the 
presence of hole scavengers in the absence of oxygen with the formation of uranium oxides; however, rapid reoxidation and 
redissolution takes place after exposure to air. These are aspects that should be considered and improved to fully demonstrate 
the potential of the technology.

Mechanistic studies on Pb(II) HP are almost complete and ready for real-world applications. The best method is the reduc-
tive indirect pathway, driven by species formed in the presence of alcohols or carboxylates, which, as in the case of Cr(VI), can 
be present together with Pb(II) in wastewaters, rendering the technology appropriate for Pb(II) removal.

Mercury (II) photocatalysis also has not been studied much, although it is known that reaction occurs easily through direct 
reduction driven by CB electrons. Interesting and encouraging results have been found in the case of the extremely toxic organ-
omercurial species, and further investigation on possible applications deserves attention.

To sum up, fundamental research is still needed in order to improve TiO
2
 photocatalysis of arsenic and heavy metal sys-

tems, such as photocatalyst performance, improvement in photon efficiencies, achievement of higher overall rates, and 
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decrease in the conversion time. effective immobilization of the photocatalyst is a major challenge, which will have a 
significant effect on photocatalytic reactor design and costs, suppressing additional operations of separating catalysts from 
treated water.

However, it is important to take into account that these treatments have to be applied only at small and medium scales. 
Combination with other AOPs/ARPs or conventional treatments should also be considered to improve the efficiency of the 
removal of contaminants or mixtures of contaminants. Application in real waters should also take into account the presence of 
interferences such as phosphates, silicates, and carbonates/bicarbonates, which could influence removal. In this sense, arsenic 
removal is very sensitive to these species.
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10.1 iNtroductioN

Heterogeneous photocatalysis has attracted interest as a method for water treatment because it is very effective in both degrading 
organic and inorganic chemical pollutants and destroying viruses and bacteria [1]. Additional applications include air purifica-
tion, self-cleaning and sterilizing surfaces, and water photolysis [2]. Anatase titanium dioxide is the most commonly employed 
photocatalytic material but its efficiency is limited by an absorption spectrum confined to the ultraviolet (UV) range and a high 
charge carrier recombination rate. These disadvantages have stimulated investigation of alternative photocatalyst materials such 
as other transition metal oxides, main group element oxides, rare earth oxides and binary sulfides, as well as ternary and 
quaternary compounds [3]. Until now, however, these efforts have met with relatively limited success.

Titanium dioxide exists in three naturally occurring phases: tetragonal rutile, tetragonal anatase, and orthorhombic brookite 
(rutile is the most stable phase except in the case of very small crystal sizes where anatase and brookite become more stable). 
The anatase phase has a band gap, E

g
, of 3.2 eV and is thus able to absorb light only of wavelengths shorter than 388 nm. Its 

(001) surface is highly photoreactive due to a high degree of coordinative unsaturation: only fivefold coordinated Ti and twofold 
coordinated O atoms are present in the first layer [4]. However, less than 10% of the surface area of typical anatase crystals 
consists of {001} facets, while a major part of the surface area is made up of stable {101} facets.

The application of surface science techniques has provided molecular-level insights into the basic mechanisms of photocata-
lytic phenomena. Among the key topics of interest are photon absorption, charge carrier transport, trapping and recombination, 
electron transfer dynamics, adsorption and the adsorbed state, photocatalytic reaction mechanisms, effects of inhibitors and 
promoters, and the phase and form of the photocatalyst [5]. Studies of the relationships between crystal and surface structure, 
surface chemistry, and electronic, electrochemical, and photoelectrochemical properties have advanced our understanding of 
the behavior of photocatalytic materials, thereby enabling improvements in their performance [6]. Bulk and surface defects, 
such as oxygen vacancies, exert a significant influence on the electronic properties and catalytic activity [7].

Absorption by the photocatalyst of photons of energy greater than that of the band gap leads to the formation of electron–
hole pairs that can initiate redox reactions at the semiconductor surface. However, this process is relatively inefficient because 
only a small fraction of the incident photons take part in photocatalytic reactions [8]. The use of nanocrystalline materials has 
been widely recognized as one way of improving the efficiency of the photocatalytic reaction [9]. Not only is the reactivity 
increased due to the higher specific surface area of the nanomaterial but quantum confinement effects can also occur when the 
Bohr radius approaches or becomes larger than the crystal dimensions. Quantization of the energy levels in the conduction and 
valence bands and modification of the band gap result in an increased charge transfer rate, which may lead to improved photo-
catalytic efficiency when the reaction rate is charge transfer limited [10].
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The main focus of current work on methods for increasing photocatalytic activity is on the modification of the surface 
chemistry and controlled growth of TiO

2
 nanocrystals. There has been much recent progress on the synthesis of nanocrystals 

with a higher proportion of reactive facets, and theoretical modeling has assisted by providing an understanding of the influence 
of surface energy effects in determining morphology as the crystal size is reduced [11]. Attempts have also been made to 
increase the reaction rate by surface loading with noble metal clusters [12, 13], to enhance photocatalytic activity by doping 
with metals to inhibit electron–hole recombination by charge trappping [14, 15], and to achieve visible light photocatalysis by 
doping with various metals and nonmetals [16, 17].

There are many existing and potential applications of photocatalysis in drinking water purification and wastewater treatment, 
and it is often claimed that the advantage of photocatalytic treatment with respect to chlorination is that it is able to degrade 
organic pollutants without the production of toxic by-products. However, this is not entirely accurate as problems may still be 
experienced due to the formation of long-lived toxic intermediates by complex photodegradation processes [18, 19]. It is there-
fore essential to develop a more comprehensive knowledge of the reaction pathways in order to ensure the complete elimination 
of any toxic compounds produced.

10.2 Photocatalytic reactioN

The basic mechanism of photocatalysis is illustrated schematically in figure 10.1. Incident photons with energies greater than 
that of the semiconductor band gap create electron–hole pairs (e–, h+) by excitation of electrons from the valence band to the 
conduction band. These electron–hole pairs take part in redox reactions with acceptor and donor species on the surface of the 
photocatalyst [20, 21]. Reactions between valence band holes and adsorbed water molecules or surface hydroxide ions lead to 
the formation of hydroxyl radicals according to the equations:

 h H O HO H+ ++ → +2
•  (10.1)

 h OH HO+ + →– •  (10.2)

Dissolved oxygen molecules trap conduction band electrons to form superoxide ions that can react with hydrogen ions to 
form hydroperoxyl radicals:

 e O H O H HO– • •+ + → + →+ − +
2 2 2  (10.3)

Hydrogen peroxide may be formed by reaction of hydroperoxyl radicals with hydrogen ions and may act as an oxidant or 
dissociate into hydroxide ions and hydroxyl radicals:

 e HO H H O OH HO– • – •+ + → → ++
2 2 2  (10.4)

Reduction

Red

Red+

Oxidation

Valence band

Conduction band

hν

–

+

Ox–
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figure 10.1 Processes involved in the photocatalytic reaction. Reproduced with permission from Ref. [83]. © 2011, Nano Science and 
Technology Institute.
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Photoreduction and photooxidation reactions occurring on or close to the photocatalyst surface are able to degrade organic 
and inorganic pollutants and destroy microorganisms. A general expression describing photocatalytic oxidation of a chlorinated 
hydrocarbon compound may be written [8, 10]:

 C H Cl O CO H Cl H Ox y z

x y z
x z z

y z
+

+





→ + + + 





+( ) ( )− −−

4 22 2 2  (10.5)

The photonic efficiency ζ is used to quantify photocatalyst performance. It can be determined from the ratio of the initial rate 
of photocatalytic degradation to the rate of incident photons [22] and should not be confused with the quantum yield Φ, which 
relates the amount of reactant consumed to the number of photons absorbed by the catalyst at a given wavelength λ. The photonic 
efficiency has an inverse dependence on the incident photon rate [8]. This is due to the limitation of the reaction rate because of 
electron–hole recombination, which competes with the reaction of electrons and holes with acceptor and donor molecules and 
results in a nonlinear dependence of the photonic efficiency on the photon reaction rate. Generation of electrons and holes is not 
sufficient by itself to ensure that a photocatalytic reaction occurs. The electron–hole recombination rate must, in addition, be low 
enough to allow an adequate number of carriers to reach the surface of the photocatalyst and react with adsorbed molecules.

10.3 syNthesis techNiques

A wide range of methods are available for the preparation of nanostructured TiO
2
. These include sol–gel techniques, micelle 

and inverse micelle methods, nonhydrolic sol processes, hydrothermal and solvothermal methods, direct oxidation, chemical 
vapor deposition, physical vapor deposition, electrodeposition, sonochemical methods, and microwave techniques [23]. many 
different types of low-dimensional and three-dimensional nanostructures can be fabricated using these synthesis methods, such 
as nanoparticles, nanorods, nanowires, nanotubes, and nanosheets. Size-related changes in mechanical, chemical, electronic, 
and optical properties are observed in these nanomaterials; phase transitions may also be affected.

It is possible to control the particle size and crystal structure of TiO
2
 nanomaterials by varying the synthesis conditions. The 

proportions of rutile and anatase in mixed-phase thin films deposited by pulsed laser deposition are dependent on the irradiation 
energy and the oxygen working pressure [24] and can additionally be modified by high-temperature annealing [25]. The crystal 
structure of TiO

2
 thin films produced by radiofrequency magnetron sputtering is strongly influenced by the deposition temper-

ature, with higher temperatures favoring formation of the rutile phase [26]. Pure anatase films can be obtained by increasing the 
substrate to target distance [27]. This results in increased scattering of the sputtered particles, leading to higher energy losses 
before they impinge on the substrate and a consequent reduction in the thermal energy transmitted to the growing film. In the 
case of films produced by chemical vapor deposition, both the crystal structure and the grain size are highly dependent on the 
synthesis temperature [28].

The physical characteristics of nanopowders are related to the preparation method and the synthesis parameters. for the 
sol–gel process the chemistry of the precursor is critical in determining both the particle size and the phase content [29], while 
the diameter of single-phase anatase nanoparticles prepared by heating amorphous TiO

2
 in air increases with increasing tem-

perature [30]. The proportions of anatase and rutile phases present in TiO
2
 nanoparticles obtained by thermal plasma synthesis 

can be controlled by varying the working pressure. Rutile is the more abundant phase for low-pressure synthesis, while anatase 
predominates at higher pressures [31]. Temperature and pressure play similarly important roles in determining particle size and 
crystallinity in nanopowders synthesized by direct current reactive magnetron sputtering [32]. The properties of anatase 
nanoparticles prepared by the solvothermal technique, on the other hand, can be controlled by varying the temperature,  precursor 
concentration, and hydrolysis ratio [33].

Nanoparticle size is a critical parameter influencing both the thermal stability [34] and the adsorption of molecules on the 
surface [35], which are governed by size-dependent effects on the surface enthalpy and surface free energy. Due to the influence 
of particle size on the surface free energy, adsorption increases much more rapidly with decreasing particle size than would be 
expected on the basis of the increase in surface area alone. The photocatalytic activity of nanoparticles prepared by the sol–gel 
method is dependent on the calcination temperature due to its influence on the particle size, physical properties, and crystal-
linity [36]. Particle shape is the main factor affecting photocatalytic activity in nanoparticles produced by the flame hydrolysis 
technique [37–39].

Surface defect chemistry has a considerable influence on the photocatalytic reaction [40]. The principal defects of interest 
on the TiO

2
 surface are Ti3+ point defects and oxygen vacancies, which act as traps for charge carriers [41]. Ti3+ surface defects 

have an additional important function in photocatalytic reactions because they act as preferential binding sites for adsorbed 
species. The semiconducting behavior of TiO

2
 is closely related to the defect chemistry due to its effect on the electron and hole 
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concentrations and charge carrier mobility. control of the defect structures during processing of semiconductor materials thus 
allows significant modification of their photocatalytic characteristics [42]. Hydrogen thermal treatment is effective in gener-
ating oxygen vacancies and Ti3+ point defects in commercially available TiO

2
 nanopowders [41]. The surface density of the Ti3+ 

defects may be increased by increasing crystallite size in anatase nanoparticles produced by solvothermal synthesis [43, 44]. 
Plasma treatment can create new oxygen vacancy states in nanocrystalline TiO

2
 that change its light absorption properties [45].

10.4 strategies for iNcreasiNg Photoreactivity

Because of the relatively poor efficiency of the photocatalytic reaction, a great deal of the current research in this field is 
directed toward development of improved photocatalysts by chemical or structural modification [46]. A photocatalyst immobi-
lized on a substrate has a smaller effective surface area compared to nanoparticles in aqueous suspension. The specific surface 
area is greatly increased by fabricating highly ordered arrays of TiO

2
 nanotubes by anodic oxidation of a titanium substrate. 

These nanotube arrays display enhanced photocatalytic activities compared to thin films [47]. The effect of varying the nano-
tube diameter is comparatively modest, however, because the increase in the active surface area of the photocatalyst as the 
diameter is decreased is offset by a reduction in light transmission.

Doping with low concentrations of transition metal ions can increase the photocatalytic activity of TiO
2
 by creating charge 

carrier traps that prevent recombination [14, 15]. for relatively large particles, volume recombination is the primary mecha-
nism, while for extremely small particles the reduction of the transport distance of electrons and holes to the surface increases 
the charge carrier transfer rate. Below a critical diameter, surface recombination becomes dominant, reducing the photocatalytic 
efficiency [48]. A systematic investigation of TiO

2
 doped with fe3+, V4+, Re5+, mo5+, Ru3+, mn3+, and Rh3+ ions [14] indicated 

that the photoreactivity with chloroform and carbon tetrachloride increased exponentially until the solubility limit for the metal 
was exceeded, after which it decreased again, due to the effect of the excess dopant present on the surface. Another study [15] 
found that doping with Nd3+ and Pd2+ ions was effective in increasing the degradation rate for 2-chlorophenol, while Pt4+ 
resulted in only a marginal improvement and fe3+ was detrimental. The position of the dopant in the crystal lattice is determined 
by its size relative to the Ti4+ ion; interstitial dopants are more effective carrier traps than substitutional ones because they cause 
greater perturbation of the localized energy levels. experimental evidence [49] indicates that the effect on photocatalytic activity 
is greatest when the ionic radius of the dopant is approximately 0.8 nm.

The photoreactivity of metal ion-doped TiO
2
 depends in a complex manner on the concentration and distribution of the 

dopants, their energy levels within the lattice, and the d electron configuration [14]. Powders doped with different transition 
metal ions by a wet impregnation method generally showed higher photocatalytic activity for degradation of 4-nitrophenol 
than the undoped photocatalyst [50]; however, no simple correlation could be made between photoreactivity and the physico-
chemical properties of the photocatalysts. The effect of nontransition metals as dopants has also been investigated. Sb-doped 
nanocrystalline TiO

2
 synthesized by a coprecipitation method was found to be more effective in degrading methylene blue 

than similar material in the undoped state [51]. TiO
2
 nanoparticles prepared by the sol–gel process and codoped with fe3+ and 

eu3+ ions that functioned as traps for holes and electrons, respectively, showed significantly enhanced photodegradation 
efficiency for chloroform as a result of the synergistic effect of the two different dopants [52].

Surface loading with noble metal clusters can increase the photoreactivity of TiO
2
 by shifting the energy levels in the band 

gap [12] or by injecting electrons into the conduction band [13]. for very small clusters of atoms, the physical, chemical, and 
electronic properties may additionally be modified by quantum confinement effects. These result in a metal to insulator 
transition in Au, Pd, and Ag when the particle diameter is below approximately 3 nm [53, 54]. The peak catalytic activity occurs 
in the same size range, indicating a strong correlation with the electronic properties of the metal cluster and in particular the 
band gap [55]. figure 10.2 shows a conceptual model of the evolution of the morphology with cluster size and the resultant 
effect on the photocatalytic activity. for a diameter of approximately 3 nm, the cluster has a bilayer configuration and the turn-
over frequency (TOf) is a maximum.

comparison may be made between this idealized structure and the appearance of an approximately 5-nm-diameter Au cluster, 
seen in figure 10.3, deposited on the surface of mixed-phase TiO

2
 from an aqueous solution of HAucl

4
 by a precipitation 

method [56]. loading TiO
2
 with Au in this way has been shown to increase the photodegradation efficiency for 4-chlorophenol 

[56] and methyl tertiary-butyl ether [57]. corresponding improvements have also been reported in the photocatalytic activity 
toward methyl orange using Ag-modified TiO

2
 films prepared by radiofrequency (Rf) magnetron sputtering [58]. The presence 

of nanosized Pt deposits on the surface of TiO
2
 has furthermore been shown to affect the kinetics and mechanisms of the 

 photocatalytic degradation of trichloroacetate [59].
UV light constitutes only about 5% of the solar radiation spectrum compared to approximately 46% for the visible wave-

lengths. This has motivated attempts to realize visible light photocatalysts by doping TiO
2
 with anions or cations to narrow the 
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band gap and thereby expand the spectral range of absorbed wavelengths. Doping may be carried out either by ion implantation 
or by chemical processes such as sol–gel. extensive research activity followed initial success in using ion implantation to inject 
small amounts of cr and V that resulted in increased photocatalytic activity [60, 61]. cations occupy substitutional Ti lattice 
sites and cause a red shift of the absorption band by an amount dependent on the implantation energy, which determines the 
depth distribution of the implanted ions. Doping with other metals, such as fe, Ni, Rh, mn, and Nb, produces similar effects to 
varying degrees. Interestingly, no effect is observed for implantation with Ar, mg, or Ti, suggesting that the absorption shift 

figure 10.2 (a) Size dependence of the morphology of gold clusters on the TiO
2
 (110) surface; (b) relationship of the cluster diameter to 

photocatalytic activity. Reproduced with permission from Ref. [55]. © 2002, Academic Press.
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figure 10.3 High-resolution transmission electron microscopy image of a gold cluster on a TiO
2
 surface. Reproduced with permission 

from Ref. [56]. © 2004, Springer.
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arises from interaction with the implanted metal ions rather than local structural modification due to high-energy implantation. 
Recent work has indicated that doping with Ag, Rb, y, and la is likewise ineffective in shifting the absorption spectrum [62], 
evidently because the incompatible ionic radii prevent occupation of Ti lattice sites.

Doping TiO
2
 with anions likewise increases light absorption and photocatalytic activity, but in this case the dopants occupy 

substitutional O sites in the lattice [63]. Thin films deposited by sputtering in a low-pressure N
2
/Ar atmosphere and powders 

heat-treated in NH
3
/Ar were more photoreactive than the same materials in the undoped condition [64]. Nanocrystalline pow-

ders doped with N have been prepared by different synthesis routes from a wide variety of precursors [16, 17]. Proposed 
methods include hydrolysis of tetra-butyl titanate in an aqueous NH

3
 solution [65] and the synthesis of nanopowders with con-

trolled levels of N by sequential reaction of Ticl
4
 in toluene with H

2
O and NH

3
 followed by final calcination [66]. Visible light 

photocatalysis was demonstrated in B-doped and B-/N-codoped nanopowders prepared by a sequential reaction method [67] 
and by the sol–gel process [68]. Synthesis of c-doped anatase nanoparticles with visible light photoreactivity has been carried 
out by a modified sol–gel technique [69]. The sol–gel process has also been used to produce N-/f-codoped nanopowders [70, 
71] (with NH

4
f and NH

4
cl as precursors). N-/c-codoped TiO

2
 photocatalysts (with NH

3
 vapor as the N precursor and alcohols 

as the c precursor) have been prepared by a hydrothermal method [72].
crystal shape is a major determining factor in the photocatalytic behavior of anatase TiO

2
 because of the influence of the 

highly reactive {001} facets. On the basis of the standard Wulff construction, less than 6% of the total surface area of a typical 
anatase crystal is composed of these facets, while more stable {101} surfaces constitute the predominant fraction [73]. Substantial 
research efforts are therefore currently dedicated to the methods for controlled growth of TiO

2
 nanocrystals containing an ele-

vated percentage of high-energy {001} facets with the aim of increasing their photocatalytic activity. Before discussing methods 
of tailoring crystal morphology it is first necessary to consider the underlying thermodynamic principles that govern crystal 
shape due to the preferential growth of low-energy facets. It should also be remarked that it has recently been discovered [74] 
that, at variance with the generally accepted explanation, clean {001} surfaces are under certain conditions less reactive than 
{101} in photooxidation reactions that produce hydroxide radicals and photoreduction reactions that generate hydrogen.

10.5 Particle shaPe calculatioN

A thermodynamic model has been developed that allows calculation of the particle shape and phase stability of faceted TiO
2
 

nanocrystals [75–77]. On the basis of this model it has been established that there is a size dependence of the shape as a result 
of the increasing surface contribution to the total free energy of the crystal with decreasing diameter. The model takes into 
account the variation of the free energy with crystal size and shape due to the increasing contribution of surface effects as the 
crystal size is decreased.

for a nanoparticle of a specific phase, the total free energy G0 can be derived from the sum of the bulk and surface 
components:

 G G G0 = +bulk surf  (10.6)

The free energy in the formation of a nanocrystal is determined by summing the weighted values of the individual 
surfaces:

 G G M e

q fi i
i0 0 1= + ( )







∑

∆f –

γ

ρ
 (10.7)

where Δ
f
 G0 is the free energy of formation of bulk material, M is the molar mass, e is the volume dilation due to surface tension, 

q is the surface to volume ratio, f
i
 is a weighting factor, γ

i
 is the surface energy of surface i, and ρ is the density. The size 

dependence of the free energy arises due to the increase in the surface to volume ratio and the volume dilation with decreasing 
crystal size. The shape dependence results from the changes in the surface to volume ratio and the surface free energy term 
related to the fraction of a given surface present in the crystal.

The average surface tension σ can be calculated from the weighted sum of the individual values σ
i
 of each surface of the 

crystal:

 σ σ=∑ fi i
i

 (10.8)
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The effective pressure P
eff

 due to surface tension in a particle of radius R is estimated by applying the laplace–young 
equation:

 P
Reff =

2σ  (10.9)

The volume dilation e due to the effect of surface tension is given by:

 e
R

=
2βσ

 (10.10)

where β is the compressibility.
A numerical minimization procedure is employed to determine the crystal shape with the lowest free energy for a given 

nanoparticle size using values of γ
i
 and σ

i
 calculated by density functional theory for clean and hydrated low index surfaces of 

anatase and rutile [75]. Anatase is the thermodynamically stable phase for particle sizes below approximately 10 nm in vacuum 
and approximately 15 nm in water, although metastable anatase can persist even for particle diameters greater than this. The 
phase transition corresponds to the point of intersection of the theoretically calculated free energies. for very small crystals 
(<3-nm diameter) the contribution to the total surface energy from the edge and corner components may in addition become 
significant [78]. Since γ and σ are sensitive to the surface state, the shape and phase stability of TiO

2
 nanocrystals depend on the 

degree of hydrogenation [75, 76]. It is well known that pH influences both the particle size and the shape in sol–gel preparation 
of nanoscale titanium dioxide [79]. This allows the possibility of controlling the morphology and phase transition by modifying 
the surface chemistry; environmentally sensitive phase maps for TiO

2
 nanocrystals can be constructed using the phase bound-

aries derived from the thermodynamic model [80].
Natural anatase crystals typically exhibit a truncated tetragonal bipyramidal shape, which has also been observed in the 

nanocrystalline form [81]. This morphology is characterized by A, the side of the base of the pyramid, and B, the side of the 
square {001} facets at the opposing ends of the crystal [79]. The ratio B/A defines the degree of truncation. As a result of the 
size dependence of the total free energy, this ratio is smaller for nanocrystals than for macroscopic crystals. Simulated images 
of anatase nanocrystals [82, 83] generated by the thermodynamic model and the standard Wulff construction are contrasted in 
figure 10.4; only the Ti atoms are shown for clarity and to facilitate comparison with transmission electron micrographs. The 
shape predicted by the thermodynamic theory corresponds closely to that of anatase nanoparticles synthesized under near-
equilibrium conditions by the sol–gel [84] or hydrothermal routes [85], as confirmed by the high-resolution transmission elec-
tron micrograph in figure 10.5. conversely, the shape of nanocrystals synthesized under nonequilibrium conditions by gas-phase 
crystallization can deviate considerably from the theoretical equilibrium morphology [86].

figure 10.4 Simulated anatase TiO
2
 nanocrystals in the [100] projection based on: (a) the Wulff construction; (b) the thermodynamic 

model. Reproduced with permission from Ref. [83]. © 2011, Nano Science and Technology Institute.

(a)

(b)
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10.6 coNtrolled crystal groWth

Growth of stable {101} facets is generally favored with respect to reactive {001} facets in anatase because it results in a 
minimum energy configuration. While reducing the particle size increases the specific surface area, it also decreases the total 
fraction of photoreactive {001} facets. for this reason, reducing the particle size alone may not be the most effective way of 
improving photocatalytic activity. Nevertheless, anatase nanocrystals with well-defined, truncated bipyramidal shapes were 
found to have superior photocatalytic properties than commercially produced nanoparticles [87]. This can be explained by high-
resolution transmission electron microscopy studies of commercial TiO

2
 nanoparticles [88] that revealed a wide range of shapes 

defined by other low index facets in addition to {001} and {101}. Some of the recent progress in crystal shape engineering by 
selective growth of {001} facets using novel synthesis methods will be described next.

macroscopic (~1-µm-diameter) anatase crystals with a higher percentage area of reactive facets were synthesized by a 
hydrothermal method using an aqueous solution of Tif

4
 as the precursor and Hf as a crystallographic control agent [89]. Due 

to its low bonding energy, the presence of f strongly bound to Ti lowers the surface energy and thereby promotes preferential 
growth of {001} facets. The degree of truncation of the crystals could be controlled by varying the pH of the solution and B/A 
ratios of up to 0.84, equivalent to a surface area consisting of 47% {001} facets, was achieved. An alternative solvothermal 
method was subsequently developed [90], using a 2-propanol and Hf mixture as the capping agent, which allowed synthesis of 
anatase TiO

2
 nanosheets with 64% of {001} facets. measurements of the rate of hydroxyl radical formation under UV irradia-

tion indicated an increased photoreactivity per unit area compared with conventional TiO
2
; however, the practical photocatalytic 

efficiency was restricted due to the large crystal size. Improved results were obtained with nanosized {001} faceted TiO
2
 crystals 

synthesized from Ti(SO
4
)

2
 in Hf by means of a hydrothermal technique [91].

Anatase nanocrystals with a truncated bipyramidal form were prepared by dissolving TiO
2
 fibers in an aqueous acetic acid 

solution followed by a hydrothermal treatment [92]. Their shape was dependent on the acidity of the solution: 9.6% of the 
overall surface area consisted of {001} facets at a pH of 1.6, while lower pH values tended to suppress their formation, resulting 
in a sharp tetragonal shape. An ionic liquid-assisted hydrothermal synthesis method, using a Ticl

4
 precursor in Hf or H

2
SO

4
, 

was effective in controlling the crystal shape and inhibiting phase transformation [93]. The nanoparticles produced with Hf 
varied from square plates to highly truncated bipyramids, while those prepared using H

2
SO

4
 had a zigzag morphology, elongated 

in the [001] direction, that consisted of alternating truncated pyramidal and parallelepiped sections connected by common {001} 
interfaces. TiO

2
 nanosheets with elevated percentages of {001} facets have also been produced by a different hydrothermal 

method using tetrabutyl titanate in a 47% aqueous solution of Hf as the precursor [94].
While hydrothermal methods are the most commonly employed, various other synthesis methods for nanoparticles with 

controlled shapes have been reported. Decahedral anatase nanocrystals with high photocatalytic activities were prepared by 
gas-phase reaction of Ticl

4
 with O

2
 using a rapid heating and quenching technique [95, 96]. Nanocrystals with a large percentage 

of exposed high-energy {001} and {010} facets, synthesized by a nonaqueous method, using titanium isopropoxide as the pre-
cursor [97], showed significantly increased photocatalytic activity in comparison to commercial TiO

2
 nanopowder. A solvother-

mal technique has been developed to enable production of various nanocrystal morphologies, including rhombic, truncated 

5 nm

figure 10.5 High-resolution transmission electron microscopy image showing faceted TiO
2
 nanocrystals in the [100] projection. 

Reproduced with permission from Ref. [84]. © 2008, Academic Press.
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pyramidal, elongated rhombic, spherical, dog-bone, and bar-shaped, from a titanium butoxide precursor [98, 99]. Water vapor 
was utilized as the hydrolysis agent and oleic acid and oleylamine as capping surfactants to control crystal growth. The concen-
trations of the surfactants played a crucial role in determining the nanocrystal shape: higher amounts of oleic acid acted to 
suppress growth in the [011] direction by selectively binding to the (001) surface.

A great variety of nanocrystal shapes can be obtained using these synthesis methods [74, 100]. Some of the possible 
 modifications of the parent equilibrium crystal form are illustrated in figure 10.6. Theoretical modeling provides insights 
on the influence of surface chemistry on the preferential growth of low-energy facets and the crystal morphology. An increase 
in the photocatalytic efficiency requires both reduction in particle size and control of crystal shape. However, the percentage 
of high-energy facets that can be achieved in nanosized crystals is ultimately limited by thermodynamic considerations. One 
way of overcoming this obstacle is through the use of hierarchical structures with a high surface area of reactive facets. A low-
temperature hydrothermal process has been described [101] that uses Ti powders in an aqueous Hf solution to produce flower-
like nanostructures consisting of highly truncated tetragonal pyramidal anatase with {001} exposed facets and {101} sides.

Additional improvements in the photoreactivity of TiO
2
 may be possible by combining methods for controlled nanocrystal 

growth with anion or cation doping. N-doped anatase sheets with predominant {001} facets, synthesized from TiN and Hf by 
a hydrothermal technique, strongly absorb visible light [102]. Nanocrystals with a high percentage of {001} facets, prepared 
from a Tif

4
 precursor by a solvothermal process and codoped with N and S by adding cH

4
N

2
S prior to calcination, show visible 

light photocatalytic activity [103]. Selective deposition of low amounts of Pt nanoparticles on the {101} facets of anatase nano-
crystals improves the efficiency of photoreduction and photooxidation processes by specific surface-induced separation of 
electrons and holes [104]. The ratio of {001} to {101} facets, and hence the crystal shape, is critical to achieving the optimal 
balance between recombination and redox reaction rates.

10.7 aPPlicatioN of Photocatalysis iN Water treatmeNt

Photocatalysis is effective for the destruction of a wide range of organic and inorganic pollutants and the deactivation of 
bacteria and viruses. The classes of organic compounds that can be treated include organic acids, aromatic and chlorinated 
hydrocarbons, alkanes, haloalkanes, alcohols, surfactants, herbicides, pesticides, and dyes [9, 10, 21]. Hazardous inorganic 
substances comprise bromate, chlorate, azide, halides, nitric oxide, platinum, palladium and rhodium species, silver and sulfur 
species, metal ions and salts, cyanide, organometallics, thiocyanate, ammonia, nitrates, and nitrites [10, 21]. Pathogens suscep-
tible to photocatalytic disinfection include Escherichia coli [105–107], Salmonella enterica and Pseudomonas aeruginoas 
[107], and Clostridium perifringens [108]. Photocatalysis is a suitable alternative to chemical disinfection of drinking water and 
is also effective against chlorine-resistant organisms.

The chemical reactions governing photocatalytic degradation of specific compounds are well known [10]. In other cases the 
degradation pathways are less well understood and there is a potential risk of generation of toxic intermediates [18]. chlorine 
and bromine species may be formed by hydrolization, and ozone may be produced as a result of the oxidation of adsorbed 
hydroxide ions, giving rise to oxygen species that can react with molecular oxygen to form ozone [19]. While the presence of 
these compounds may assist disinfection processes, reactions between chlorine, bromine, ozone, and hydroxyl radicals can lead 
to the formation of chlorinated or brominated by-products. Photocatalytic degradation of pesticides and herbicides may result 
in the production of other toxic compounds [109–111] that, particularly during the initial phase of treatment phase, can be more 
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figure 10.6 Anatase nanocrystal shapes: (a) truncated tetragonal bipyramid; (b) truncated tetragonal bipyramid with a large percentage 
area of {001} facets; (c) square sheets with dominant {001} facets; (d) elongated truncated tetragonal bipyramid with a large percentage of 
lateral {100} facets; (e) tetragonal cuboid enclosed by {001} and {100} facets. Reproduced with permission from Ref. [100]. © 2011, 
Wiley—VcH Verlag GmbH & co.
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toxic than the original substance. Thorough evaluation of transformation products and their potential toxicity is therefore 
essential, together with correct process control, to ensure a sufficient degree of mineralization and transformation to innocuous 
by-products.

The design of the photocatalytic reactor is critical to providing high light intensity and a large surface area of the catalyst 
coating [112, 113]. Small-scale laboratory studies have shown the effectiveness of a stirred tank reactor, using nanoparticle TiO

2
 

films immobilized on glass sheets, in degrading atrazine [114] and inactivating E. coli [115]. The feasibility of the use of pho-
tocatalytic degradation for the treatment of water contaminated with the pesticides diuron, imidaclopriad, formetanate, and 
methomyl was demonstrated at the pilot scale with a solar plant employing specially designed compound parabolic collectors 
to intensify the radiation [116]. Several alternative types of solar reactor design have been proposed such as the parabolic trough 
reactor, thin-film fixed bed reactor, and double-skin sheet reactor [117]. Use of immobilized photocatalysts avoids the difficulty 
of separating the nanoparticles after treatment. Not all the potential applications of photocatalysis involve large-scale installa-
tions; a miniaturized photocatalytic reactor for purification of drinking water has been designed by applying microfluidic tech-
nology [118]. Interest in photocatalytic water treatment has so far has been relatively limited, despite a number of successful 
field trials on contaminated groundwater and industrial wastewater. However, the development of more efficient, visible light 
photocatalysts can be expected to increase its competitiveness with conventional water treatment systems.
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11.1 introDuction

Photocatalysis based on the application of nanocatalysts is a very promising method for the treatment of contaminated water, 
air, and land. Photocatalytic systems equipped with artificial ultraviolet (UV) light systems can be applied at ambient tempera-
ture to degrade various chemical and microbiological pollutants: organic materials, organic acids, estrogens, pesticides, dyes, 
crude oil, microbes (including viruses and chlorine-resistant organisms), and inorganic substances.

There are several potential photocatalysts, but the most widespread substance is nano titanium dioxide. Nanosized particles 
are preferred to bulk TiO

2
 because they are significantly more reactive than larger particles due to their larger surface area. TiO

2
 

is chemically stable and has a high ability to break molecular bonds leading to degradation. To avoid free nanoparticles in water, 
nano TiO

2
 particles are usually immobilized on a substrate or integrated into thin films and other materials. On the other hand, 

the lifetime of nanoparticles before their agglomeration can be easily regulated [1], and the nanoparticles can be transformed 
into large particles that are absolutely safe for the environment. This method opens an opportunity to increase the efficiency of 
catalysts significantly by using colloidal nanophotocatalysts (NPC) homogeneously dispersed on the surface of land to be 
treated. At present, the development of new types of NPCs with enhanced catalytic properties is a challenge, as they have many 
applications in science and technology.

This chapter deals with a new method for the destruction of chloroorganic compounds that is based on the use of colloidal 
nanocarbon–metal compositions (NCMC) as NPC dispersed on polluted land, soil, and water. Dichlorodiphenyltrichloroethane 
(DDT), aldrin, lindane, and polychlorinated biphenyls (PCBs) have been chosen as the chloroorganic compounds to test NPC 
efficiency.

The production and agricultural use of DDT was banned in the early 1970s. The environmental distribution and effects 
of DDT arise from its unusual chemical stability and hence its persistence. DDT and some of the breakdown products of 
DDT, principally dichlorodiphenyldichloroethylene (DDE), are highly persistent in soil, sediment, and biota as they are 
relatively resistant to breakdown by the enzymes and higher organisms found in the soil. Thus contamination by these 
substances can last long after DDT application.

Aldrin is an organochlorine insecticide that was widely used until the 1970s, when it was banned in most countries. Before 
the ban, it was heavily used as a pesticide to treat seed and soil. In soil, on plant surfaces, or in the digestive tracts of insects, 
aldrin oxidizes to epoxide dieldrin, which is a stronger insecticide. Like related polychlorinated pesticides, aldrin is highly 
 lipophilic. Its solubility in water is only 0.027 mg/l, which exacerbates its persistence in the environment. It was banned by the 
Stockholm Convention on Persistent Organic Pollutants.
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The world health Organization classifies lindane as “moderately hazardous,” and its international trade is restricted and 
regulated under the Rotterdam Convention on Prior Informed Consent. In 2009, the production and agricultural use of lindane 
was banned under the Stockholm Convention on Persistent Organic Pollutants. Lindane is currently permitted only for applica-
tion as a second-line pharmaceutical treatment for lice and scabies skin conditions. Lindane is a persistent organic pollutant: it 
has a relatively long life in the environment, it can be transported for a long distance by natural processes like global distillation, 
and it can be bioaccumulated in food chains, though it is rapidly eliminated when exposure is discontinued. Lindane is stable 
to light, air, heat, carbon dioxide, and strong acids. Trichlorobenzenes and hydrochloric acid are formed during dechlorination 
processes in the presence of alkali or after prolonged exposure to heat.

PCBs were often used as a dielectric fluid in transformers and capacitors. PCBs are very stable compounds, and they do not 
decompose promptly. This is due to their chemical inability to oxidize and reduce in the natural environment. furthermore, 
PCBs have a long half-life (8–10 years) and are insoluble in water, which contributes to their stability. Their destruction by 
chemical, thermal, and biochemical processes is extremely difficult and presents the risk of generating extremely toxic diben-
zodioxins and dibenzofurans through partial oxidation. Intentional degradation as a treatment of unwanted PCBs generally 
requires high heat or catalysis. In the atmosphere, PCBs can be degraded by hydroxyl radicals. Starting in the early 1970s, 
production and new uses of PCBs have been banned due to concerns about the accumulation of PCBs and toxicity of their 
by-products. Today PCBs can still be released into the environment from poorly maintained hazardous waste sites that contain 
PCBs, illegal or improper dumping of PCB wastes, leaks or releases from electrical transformers containing PCBs, and disposal 
of PCB-containing consumer products into municipal or other landfills not designed to handle hazardous waste. PCBs may also 
be released into the environment by the burning of some wastes in municipal and industrial incinerators. At present, most 
 concentrations of PCBs are detected (up to 280 µg/kg) in bottom sediments.

11.2 principle of the methoD

The principle of the method is based on the destruction of organic substances and bacteria by NPC dispersed on polluted open 
land or water. The NPC under natural UV radiation form Oh radicals in the presence of water molecules, and the radicals 
destroy organic substances and bacteria. In brief, photocatalytic reactions of an aqueous NPC suspension system can be 
described as follows [2]:

 NPC h NPC e hCB VB+ → + +− +ν  (11.1)

 h OH surface OHVB
+ −+ ( ) → •  (11.2)

 h H O OH HVB
+ ++ → +2

•  (11.3)

 e O OCB
− −+ →2 2

 (11.4)

 e h heatCB VB
− ++ →  (11.5)

where hν is the UV irradiation, hVB
+  is the valence band holes, and eCB

−  is the conduction band electrons. It is known that active 
oxygen and radical species existing in the presence of oxygen and water take part in the oxidation–reduction reaction and 
destroy organic molecules and bacteria.

The NPC must be harmless and their concentration in water must be lower than the permissible level. Moreover, nanopar-
ticles must form agglomerates within the stipulated time with further coagulation and precipitation; that is, they must form safe 
ordinary particles. Many semiconductive metal compounds are used as photocatalysts and the most well known among them is 
TiO

2
. Usually photocatalysts are applied on a carrier [3–9], have sizes greater than 1 µm, and cannot be used for dispersion on 

a large area. That is why it is necessary to develop a new type of NPC that can meet all the requirements described earlier.
As is well known, nanocomposites combine the properties of two or more different materials with the possibility of novel 

mechanical, physical, or chemical behavior arising [10]. Nanocomposites of conjugated materials and metal nanoparticles are 
prepared from different metals, different types of conjugated polymers, and oligomer linkers [11–18].

Another type of nanoscale materials are nanocomposites of carbon nanoparticles and polymers. Indeed, for example, elec-
trolytically generated nanocarbon colloids (NCC) have functional groups such as carbonyl, hydroxyl, and carboxyl groups 
formed on the surface of carbon nanoparticles [19–22]. These nanocomposites can be modified by attaching different cations. 
On the other hand, most polymers can react with different ions and molecules and also participate in the modification of 
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 nanocomposites, for example, nanocarbon–polymer nanocomposites prepared via electrolytically generated NCC and 
polyethylenimine [1, 23]. A similar method can be used to prepare nanocarbon–metal nanocomposites (NCMC) as the NPC to 
control cyanobacteria [24].

11.3 materials anD equipment

NCC was prepared by the electrochemical method described in our previous works [1, 21, 23]. The process was based on the 
use of an inexpensive two-electrode device in which an anode and a cathode made from high-density isotropic graphites OEG4 
(Russia) (65 mm × 30 mm × 15 mm) were transformed into carbon colloidal particles. The anode and the cathode were immersed 
in a plastic electrolytic cell (120 mm × 140 mm × 105 mm) filled with distilled or deionized water as the electrolyte. The distance 
between the electrodes was varied from 10 to 120 mm in the current density range 0.1–3 mA/cm2 at a constant voltage of 60 V. 
The electrolytic cell was installed on the magnetic stirrer in order to provide water flowing between the electrodes. That allows 
saturating the electrolyte with carbon colloids and discharging the gas generated on the surface of electrodes due to the electrol-
ysis of water. The process of device operation involved two repeatable consecutive steps: (1) electrolysis for 10 min (2) and 
electrolyte stirring for 60 s. The process was executed automatically using ST-T2 twin timer controller (RIKO Opto-electronics 
Technology Co., Ltd., Taiwan).

The NCC preparation process was executed in two stages: anode activation and carbon nanoparticles generation. At the first 
stage, the electrolyte has low conductivity, electric current density is small, about 0.1–0.2 mA/cm2, and the oxidation reaction 
is slow. The duration of this stage is about 50 h and depends on the quality (density) of graphite. At this stage, the voltage bet-
ween the electrodes is high, about 60–100 V. As the reaction proceeds, the conductivity of the electrolyte is abruptly increased, 
the current density goes beyond 10 mA/cm2, and the oxidization reaction sets in. As a result, the carbon electrode is finely split 
with follow-up covering by the carboxyl group.

At the second stage, the electric current density between the electrodes is about 3–4 mA/cm2. The NCC is stable for at least 
150 days. If the current density values are greater than 8–10 mA/cm2, the rate of oxygen diffusion through the electrode is so 
high that the pressure inside the electrode causes its disintegration. In this case, the synthesized NCC is not stable, and its 
 precipitation is observed in 2–3 weeks.

The size and shape of nanoparticles were determined with transmission electron microscopy (TEM) (LEO-912-OMEGA, 
Carl Zeiss, Germany). The concentration of Ti in the solutions was determined by neutron activation analysis by irradiating 
water samples in the nuclear reactor of the Institute of Nuclear Physics (Tashkent, Uzbekistan).

The Ge(Li) detector with a resolution of about 1.9 keV at 1.33 MeV and a 4096-channel analyzer was used for the detection 
of γ-ray quanta. The area under the γ-peak of radionuclide 51Ti (half-life T

1/2
 = 5.8 min, energy of the γ-peak Eγ = 0.319 MeV) 

was measured to determine the concentration of Ti.
PCBs from the transformer (“transformer oil”) were used. The analysis of PCBs was performed by gas chromatography–mass 

spectrometry (GC/MS) (Agilent Technologies 6890N network gas chromatography system with 5973 inert mass selective detection 
(MSD)) operating in the SIM mode. The PCBs were separated using a DB-5 (60 m, 0.25 mm, 0.25 lm) chromatographic column.

The concentrations of DDT, C
12

h
8
Cl

6
, and C

6
h

6
Cl

6
 were determined in accordance with the Standard Methods 

(Russia) for Testing Chemical Procedures (method for determining residual quantities of pesticides) for the evaluation 
of disinfection [25].

The photocatalytic destruction of DDT, C
12

h
8
Cl

6
, and C

6
h

6
Cl

6
 in the NCMC (Ti) suspension under UV illumination was 

investigated in order to evaluate the photocatalytic activity of the nanoparticles. Aldrin and lindane water solutions, aldrin, 
linden and DDT powders, and transformer oils containing PCBs were filled or put into Petri dishes. A 60-w UV lamp (DB-60, 
Russia) fixed at a distance of 25 cm above the solution surface was used as the UV light source and provided radiation power 
of 1 w/m2 within the 220- to 320-nm region.

11.4 results anD Discussions

11.4.1 synthesis of npc

Experiments have shown that the yield of NCMC (Ti) in the electrolysis process depends on the voltage V between the elec-
trodes and the ph of the solution. figure 11.1 shows the yield dC

Ti
/dt of Ti 6 min after the start of the electrolysis process, where 

C
Ti
 is the concentration of Ti in the electrolyte. The yield dC

Ti
/dt increases with increasing voltage between the electrodes up to 

12–13 V but then it decreases slowly. This behavior is explained by the formation of trivalent titanium on the surface of the Ti 
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electrode, which becomes blue. figure 11.2 demonstrates the dependence of dC
Ti
/dt against the concentration of h

2
SO

4
 in the 

solution 6 min after the start of the electrolysis process. when the ph of the electrolyte comes close to a neutral value, trivalent 
titanium is formed on the surface of the Ti electrode.

At the first stage of the electrolysis process when the Ti electrode is the anode, electric current between the electrodes is 
about 3–4 mA/cm2. In the second stage, after changing the polarity, electric current increases up to 180–200 mA/cm2 in about 
0.1–0.2 s. During the first stage, the oxygen is released on the titanium anode, titanium oxides and sulfates are formed on the 
surface, and titanium ions leaving the anode are oxidized by oxygen near the surface of the anode in the solution or react with 
NCC that have carboxyl groups as the active groups. The thin semiconductor layer that forms on the surface of the titanium 
electrode has high resistance, and the electric current between the electrodes is small, about 3–4 mA/cm2. At the same time, the 
negatively charged carbon nanoparticles go away from the graphite cathode and functional groups such as carbonyl (>C=O), 
hydroxyl (–Oh), and carboxyl (–COOh) groups are formed on the surface of carbon particles.

During the second stage, the oxidation process occurs at the carbon anode. The magnitude of repulsion forces between the 
stacked layers of graphite becomes larger than that of van der waals attraction forces between the layers, leading to the formation 
of carbon nanoparticles, which changes the polarity of electrodes. The oxides are cleaned from the surface of the titanium 
cathode, and the electric current between the electrodes increases up to 180–200 mA/cm2. Titanium ions and charged particles 
from the titanium oxide interact with carbon nanoparticles and form NCMC (Ti). The oxygen adsorbed on the surface of the 
particles forms -Ti(Oh)-O-Ti(Oh)-, which can help the photogenerated holes h+ to change into a Oh∙ free radical. Otherwise, 
the oxidization activity of Oh∙ is the strongest in aqueous solution. A typical TEM micrograph of NCMC (Ti) is given in 
figure 11.3 and shows that nanoparticles have a spherical morphology. TEM measurements of particles have shown that the 
average size of nanoparticles is 6 ± 2 nm.
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figure 11.1 Dependence of the yield of titanium 6 min after the start of the electrolysis process versus electrolysis voltage.
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figure 11.2 Dependence of the yield of titanium 6 min after the start of the electrolysis process versus ph of the solution.
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11.4.2 laboratory tests

The photodegradation ability of aldrin, lindane, DDT, and PCBs by NCMC (Ti) was investigated in laboratory conditions.
Colloidal solutions of NCMC (Ti) were added to two Petri dishes containing water with aldrin. The first sample was irradi-

ated by UV lamp. The second Petri dish was irradiated by sunlight for 2 days from 11 a.m. to 4 p.m. The third sample did not 
contain NCMC (Ti) and was irradiated by a UV lamp. Concentrations of NCMC (Ti) and aldrin in solutions were 5 and 10 µg/l, 
respectively. The temperature of solutions during irradiation under UV lamp was 25°C and under sunlight was 26–30°C. 
Dependences of aldrin concentrations in water samples against exposure time are given in figure 11.4. The results show that 
aldrin in water is degraded in 5–6 h. we did not observe any degradation of aldrin without NCMC (Ti). In another experiment, 
emulsion of a fine powder of aldrin with particle size of about 10 µm was dispersed to reach a surface density 10 µg/cm2 on the 
bottom of two Petri dishes containing water and NCMC (Ti). The concentration of NCMC (Ti) was 10 µg/l, and the water 
layer thickness was 5 mm. Dependences of aldrin surface density in samples irradiated by UV lamp and sunlight against 
exposure time are given in figure 11.5. The results show that aldrin powder in water is degraded in 8–10 h.

for the investigating photodegradation of lindane, colloidal solutions of NCMC (Ti) were added to two Petri dishes contain-
ing water with lindane. The first sample was irradiated by UV lamp. The second Petri dish was irradiated by sunlight for 2 days 
from 11 a.m. to 4 p.m. The third sample did not contain NCMC (Ti) and was irradiated by UV lamp. Concentrations of NCMC 
(Ti) and lindane in solutions were 1 and 8 mg/l, respectively. The temperature of solutions during irradiation under UV lamp 
was 25°C and under the sunlight it was 26–30°C. The dependencies of lindane concentrations in water samples against exposure 
time are given in figure 11.6. The results show that lindane in water is degraded in 6–7 h. we did not observe any degradation 
of lindane without NCMC (Ti). Trichlorobenzenes are formed as reaction products during the first 2 h of irradiation, but they 
are destroyed 3 h after the start of the irradiation process. In another experiment, a fine powder of lindane with particle size of 
about 10 µm was dispersed to reach a surface density of about 8 mg/cm2 on the bottom of two Petri dishes containing water and 
NCMC (Ti). The concentration of NCMC (Ti) was 1 mg/l, and the water layer thickness was 5 mm. Dependences of lindane 
surface density in samples irradiated by UV lamp and sunlight against the exposure time are given in figure 11.7. The results 
show that lindane powder in water is degraded in 8–10 h.

we investigated the photodegradation of DDT powder with particle size of about 10 µm under UV lamp and sunlight. The 
powder was dispersed on the bottom of two Petri dishes containing water and NCMC (Ti). The concentration of NCMC (Ti) 
was 1 mg/l, the thickness of water was 5 mm, and the surface density of the powder was about 5 mg/cm2. Dependences of DDT 
surface density in samples irradiated by UV lamp and sunlight against exposure time are given in figure 11.8. The results show 
that the surface density of DDT powder in water decreases by two times in 8–10 h.

100 nm

figure 11.3 Typical transmission electron microscopy (TEM) micrograph of NCMC (Ti).
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The photodegradation of PCBs by NCMC (Ti) was studied in laboratory conditions. A colloidal solution of NCMC (Ti) was 
added to Petri dishes containing water with transformer oil with concentration of 800 µg/l and PCBs with concentration of 
80 µg/l. Petri dishes were placed under the sunlight at 11 a.m. and tested for 6 h. The concentration of NCMC (Ti) in water was 
1 mg/l. Dependences of PCB concentrations in the samples irradiated by sunlight and UV lamp against exposure time are given 
in figure 11.9. The results show that PCBs are degraded for 5–6 h.
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figure 11.4 Photodegradation of aldrin in water without NCMC (Ti) (1) and with NCMC (Ti) under sunlight (2) and UV lamp (3).

0

2

4

6

8

10

12

0 2 4 6 8 10

1

2

c 
(u

g/
cm

2 )

t (h)

figure 11.5 Photodegradation of aldrin powder in water under sunlight (1) and UV lamp (2).
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11.4.3 field tests

field tests of the technology have been conducted with DDT on the surfaces of concrete slabs. A water emulsion of DDT was 
sprayed to get a concentration of about 1–2 g/m2 on the concrete slab. Then the surfaces of the concrete slabs were pulverized 
by water solution of NCMC (Ti) at a concentration of 2 mg/l to get a surface density of about 0.01 g/m2 for nanocompositions. 
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figure 11.7 Photodegradation of lindane powder in water under sunlight (1) and UV lamp (2).
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figure 11.8 Photodegradation of DDT powder in water under sunlight (1) and UV lamp (2).
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figure 11.9 Photodegradation of PCBs under solar (1) and UV lamp (2) irradiation by NCMC (Ti) at a concentration of 1 mg/l. 
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Air humidity in the experiments was about 40% at a temperature of 32°C. Test results have shown that the concentration of 
DDT on the surface of the slab decreased to 0.1–0.2 g/m2 in 3 days.

11.5 conclusions

Colloidal solutions of electrochemically synthesized NCMC (Ti) have shown a high efficiency as  photocatalysts for the destruc-
tion of chloroorganic substances such as aldrin, lindane, DDT, and PCBs. Photodegradation occurs within the NCMC (Ti) 
concentration range of 1 µg/l to 10 mg/l. The time for degradation of aldrin, lindane, and PCBs dissolved in water under the UV 
lamp and sunlight is about 5–7 h. Trichlorobenzenes are formed as reaction products during the first 2 h of irradiation of lindane, 
but are completely destroyed 3 h after  the start of the irradiation process. The concentrations of organic reaction products in the 
photodegradation process of aldrin, DDT, and PCBs were lower than the detection limit. The destruction time of powders of 
aldrin, lindane, and DDT is about 8–10 h. The concentration of DDT sprayed on the concrete slab surface decreased from 1–2 
to 0.1–0.2 g/m2 in 3 days. In the near future, for decontamination of soil, we are going to develop an apparatus that continuously 
stirs the soil samples and irradiates them by sunlight or UV.
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12.1 introduction

The combination of nanotechnology and photocatalysis for clean environment and for providing a renewable energy source has 
been one of the most important research subjects in recent years. In particular, photocatalytic processes using semiconductor 
materials in nanoparticle size have been demonstrated to be effective technologies for organic compound degradation and 
hydrogen production from water splitting. The interest is because in these photocatalytic processes, solar energy can be used as 
a primary energy source to activate the semiconductor material used as catalyst. It is well known that the photocatalytic process 
is carried out through the activation of a semiconductor material with ultraviolet (UV) or visible light irradiation [1, 2].

The photocatalytic process involves the generation of electron–hole pairs in the valence and conduction bands of the 
 semiconductor. However, the recombination reaction of electrons and holes commonly tends to occur quickly, diminishing the 
semiconductor activity [3–9]. Therefore, an electron acceptor added to the reaction mixture is adequate. Hence, it is necessary 
to carry out modifications of electronic structure, crystal structure, or physicochemical properties in order to enhance the 
activity of semiconductor materials [10, 11]. In recent years, several chemical methods such as hydrothermal, solvo- combustion, 
sol–gel, and coprecipitation have been employed to synthesize new and better semiconductor materials with strict control of 
composition, homogeneity, size and particle shape, as well as use low temperature for their synthesis.

Particularly, during the past decade, several semiconductor nanomaterials with specific structural, physicochemical, and 
electronic characteristics have been designed and prepared in our laboratory for use as active materials in photoinduced 
processes. These catalysts could present better photocatalytic performance than TiO

2
, due to the different  methods of prepara-

tion like sol–gel, hydrothermal, colloidal, coprecipitation, and mechanical milling. Additionally, the presence of metal transition 
cations as dopant agents modifies the band gap value in order to activate the catalysts under UV and visible light irradiation. 
Therefore, in this chapter several ceramic semiconductor nanomaterials corresponding to the following binary and ternary 
oxides families are presented: (i) perovskite-type structure, for example, NaTaO

3
, La : NaTaO

3
, and Sm : NaTaO

3
; (ii) pyro-

chlore-type structure, for example, Sm
2
MTaO

7
 (M = Fe, In, Ga) and Bi

2
MTa0

7
 (M = Fe, In, Ga); (iii) rectangular tunnel–type 

structure, for example, Na
2
Ti

6
O

13
; and (iv) SiC–TiO

2
 compounds. These materials have been tested as catalysts for the photo-

degradation of methylene blue, rhodamine B, and indigo carmine under UV or visible light source, as well as a catalyst for 
hydrogen production from water splitting under UV light [12–23]. The main research activities of our group focus on both the 
performance–structure aspects and the effects of the synthesis route.
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12.1.1 Perovskite-type Structure compounds: natao
3
, la : natao

3
 and Sm : natao

3

One of the semiconductors mostly used in photocatalysis is the perovskite-type oxide NaTaO
3
 because it demonstrated excellent 

results as a catalyst for hydrogen production from water splitting reaction and for degradation of organic compounds [4, 7, 11]. 
This material has been considered as a catalyst due to its ability to carry out photoabsorption and charge separation, its mobility, 
as well as its use in reduction–oxidation (redox) reactions in the photocatalytic system. In general, NaTaO

3
 presents a cubic 

framework where Ta–O–Ta bonds form an angle close to 180° (Fig. 12.1).
In our research group, NaTaO

3
, La : NaTaO

3
, and Sm : NaTaO

3
 semiconductors have been synthesized by the sol–gel method 

[12, 13]. The incorporation of La and Sm into NaTaO
3
 reduces the mobility of electrons and holes to avoid the recombination 

and retards the crystallization of NaTaO
3
, provoking the formation of NaTaO

3
 nanoparticles with high specific surface area. 

Figure 12.2 shows the X-ray diffraction (XRd) patterns of NaTaO
3
 doped with La. This material was prepared by the sol–gel 

method. On the basis of observations, its patterns agreed well with the file pattern reported in the Joint Committee on Power 
diffraction File (JCPdF) database.

The material prepared by the sol–gel method was obtained in nanoparticle size, and as can be seen in the TeM micrographs, 
particles tend to agglomerate each other, increasing their size to greater than 200 nm (Fig. 12.3).

The specific surface area and the energy band gap of NaTaO
3
 perovskite-type compounds revealed interesting photocatalytic 

applications (Table 12.1).

figure 12.1 Crystal structure of NaTaO
3
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figure 12.2 X-ray diffraction (XRd) patterns of La : NaTaO
3
 synthesized by the sol–gel method.
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Synthesized samples were tested as a photocatalyst for the water splitting reaction. It was shown that by impregnating 
La : NaTaO

3
 with Ru, the activity for the water splitting increased; the water splitting activity was almost 25 times greater than 

that obtained with the La : NaTaO
3
 semiconductor (Fig. 12.4). RuO

2
 acts as an electron trap for the excited electrons induced by 

UV irradiation, generating very active semiconductors for hydrogen production for water splitting [13].
Results revealed that after 3 h of irradiation, hydrogen production reaches almost 11,500 micromols (µmol).  The hydrogen 

and oxygen production from the water splitting reaction is shown in Table 12.2. evaluation was carried out using pure water 
and a xenon UV lamp of 400 W.

figure 12.3 Transmission electron microscopy (TeM) micrographs of the nanometric size of (a) La : NaTaO
3
 and (b) Sm : NaTaO

3
 

 prepared via the sol–gel method.

200 nm

(a) (b)

200 nm

table 12.1 Specific surface area and the energy band gap of natao3 perovskite-type 
compounds prepared by the sol–gel method and compared with solid-state compounds

Synthesis method Material Surface area (m2·g-1) Band gap energy (eV)

Solid state 850°C NaTaO
3

5 4.0
La : NaTaO

3
5 4.0

Sm : NaTaO
3

5 3.9
Sol-gel 600°C NaTaO

3
14 4.0

La : NaTaO
3

14 4.0
Sm : NaTaO

3
22 4.0

14,000 H2 0.6 wt% RuO2/La:NaTaO3

O2 0.6 wt% RuO2/La:NaTaO3

H2 1.0 wt% RuO2/La:NaTaO3

O2 1.0 wt% RuO2/La:NaTaO3
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figure 12.4 Hydrogen production using La : NaTaO
3
 as a catalyst prepared via the sol–gel method. Reproduced with permission from 

Ref. [13]. © 2010, elsevier Limited.
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Therefore, RuO
2
 enhances the activity of La : NaTaO

3
 samples for hydrogen production because it traps the electrons and 

avoids easy recombination of the electron–hole pair during the reaction.
On the other hand, NaTaO

3
 perovskite-type compounds have also been tested as a photocatalyst for degradation of organic 

dyes [12]. When NaTaO
3
 compounds were used as a photocatalyst for methylene blue degradation, excellent activity was 

observed. In this case, sample doped with Sm showed the best half-life for this reaction (Table 12.3).
In comparison with TiO

2
, NaTaO

3
 perovskite-type compounds are more effective for methylene blue degradation [12].

12.1.2 Pyrochlore-type Structure: Sm2mtao7 (m = fe, in, ga), and bi2mta07 (m = fe, in, ga)

Several investigations have been conducted that focus on pyrochlore-type compounds with the formula A2BB′O7 where A and 
B sites can be substituted by metal ions in order to develop photocatalysts with a narrow band gap. This is because it has been 
reported that some metal oxides containing cations with d10 electronic configuration such as Ga3+, In3+, Ge4+, Sn4+, and Sb5+ are 
attractive for the synthesis of pyrochlore-type compounds [24–27]. Furthermore, the conduction band of d10 metal oxides pres-
ents larger dispersion than that of d0 transition metals, which allows high mobility of the photoexcited electrons [28]. Therefore, 
semiconductor oxides combining cations with 4f–d10–d0 electronic configurations are considered interesting for water splitting 
reaction and organic dye degradation. In particular, pyrochlore-type structure compounds prepared by means of a solid state 
reaction have shown excellent activity in photoinduced processes. This activity is due to the distortion of their octahedral, which 
causes an increase in the concentration of holes, thus having an important effect on the charge mobility.

Particularly in our group, novel pyrochlore-type compounds, for example, Sm
2
MTaO

7
 (M = Fe, In, Ga), and Bi

2
MTa0

7
 

(M = Fe, In, Ga), have been synthesized via the sol–gel method with attractive characteristics as potential photocatalyst materials 
[14–19]. The prepared compounds had improved photophysical properties and demonstrated excellent results for the inactiva-
tion of microorganisms as well as for organic dye degradation and hydrogen production.

Sm
2
GaTaO

7
 was prepared for the first time using this process, and its structural features are presented in Figure 12.5, which 

indicate that it is a compound with monoclinic structure and consisting of irregular Ga/Ta octahedra linked at the corners and 
interconnected into a hexagonal tungsten bronze (HTB)-type network forming two dimensional (2d) HTB blocks, similar to 
the one reported for Sm

2
FeTaO

7
 [14]. Therefore, Sm

2
GaTaO

7
 can be considered as a pyrochlore-related compound.

Sm
2
GaTaO

7
 was evaluated as a photocatalyst for the water splitting reaction, where it was found that it is able to produce 

hydrogen without loading the cocatalyst; however, when RuO
2
 was added, hydrogen evolution was enhanced (Fig. 12.6). The 

material 0.2RuO
2
/Sm

2
GaTaO

7
 showed the highest hydrogen evolution; however, when the amount of RuO

2
 increased the 

hydrogen evolution decreased considerably and it was even less than for Sm
2
GaTaO

7
. These results revealed that RuO

2
 as a 

cocatalyst provides efficient active sites for hydrogen evolution; however, an excess of RuO
2
 has a negative effect on the reaction. 

It is assumed that the overload of RuO
2
 limited the light absorption by Sm

2
GaTaO

7
, reducing the generation of electron–hole 

pairs and also acting as recombination centers.
The results revealed that the crystal structure and the constitutive elements play an important role in the photocatalytic activity and 

the presence of RuO
2
 is necessary because it acts as an effective cocatalyst to enhance hydrogen evolution activity of Sm

2
GaTaO

7
 [15].

On the other hand, Bi
2
MTaO

7
 pyrochlore-type compounds have been tested as photocatalysis for organic dye degradation 

[16–19]. According to the results, activity is higher in samples prepared via sol–gel than in samples prepared via the solid state. 

table 12.2 Hydrogen production using natao3 as catalyst synthesized by several methods

Compound Cocatalyst (wt.%) Hydrogen (μ·h−1) Oxygen (μ·h−1)

Sm : NaTaO
3

None 140 65
La : NaTaO

3
None 160 80

La : NaTaO
3

RuO
2
 0.2 660 377

La : NaTaO
3

RuO
2
 0.6 3,246 1,623

La : NaTaO
3

RuO
2
 1.0 4,108 2,160

La : NaTaO
3

RuO
2
 1.0 11,300 (after 3 h of irradiation) 10,050 (after 3 h of irradiation)

table 12.3 Kinetic parameters obtained from the photocatalytic degradation 
of methylene blue under uv light and using natao3 perovskite-type compounds

Semiconductor Sol–gel synthesis degradation (%) k (min−1) t
1/2

 (min)

NaTaO
3

SG-600 95 0.0078 89
La : NaTaO

3
SG-600 66 0.0084 83

Sm : NaTaO
3

SG-600 91 0.0106 65
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As given in Table 12.4, it is observed that Bi
2
InTaO

7
 shows the highest activity.

Bi
2
InTaO

7
 was also tested as a photocatalyst for red tide and green tide degradation. Figure 12.7 shows the photocatalytic 

behavior of these reactions [19].

figure 12.5 Structural features of monoclinic Sm
2
GaTaO

7
. (a) Sm

2
GaTaO

7
 with hexagonal tungsten bronze (HTB) arrangement and (b) 

Sm
2
GaTaO

7
 forming 2d HTB blocks structure. Reproduced with permission from Ref. [29]. © IJHe.
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figure 12.6 Photocatalytic hydrogen production of Sm
2
GaTaO

7
 materials: (a) Sm

2
GaTaO

7
, (b) 0.2 RuO

2
/Sm

2
GaTaO

7
, (c)  0.9 RuO

2
/

Sm
2
GaTaO

7
, and (d) 1.5 RuO

2
/Sm

2
GaTaO

7
. Reproduced with permission from Ref. [29]. © IJHe.

table 12.4 Photocatalytic activity of bi2mtao7 pyrochlore-type compounds for alizarin red degradation

Synthesis T (°C)

Bi
2
AlTaO

7
Bi

2
FeTaO

7
Bi

2
GaTaO

7
Bi

2
InTaO

7

% D t
1/2

 (h) % D t
1/2

 (h) % D t
1/2

 (h) % D t
1/2

 (h)

SG-400 30 6.5 90 1.0 50 4.0     90 1.0
SG-600 70 2.0 80 1.5 30 8.0 ~100 0.5
SG-800 80 1.5 75 2.5 15 16.5     80 1.5
Solid state 60 2.5 40 6.5 20 10.5 ~100 1.0



198 SeMICONdUCTOR NANOMATeRIALS FOR ORGANIC dye deGRAdATION ANd HydROGeN PROdUCTION

12.1.3 rectangular tunnel-type Structure: na2ti6o13

It is well known that the photocatalytic process can be increased by surface modification of the photocatalysts by loading a 
cocatalyst. The cocatalyst can be a noble metal (Pt and Rh) or a transition metal oxide (NiO and RuO

2
), which acts as an elec-

tron trap decreasing the electron–hole recombination process and also generates active sites for redox reactions.
Na

2
Ti

6
O

13
 was obtained for the first time using the sol–gel method and tested as a photocatalyst in methylene blue deg-

radation [20, 21].The crystal structure of Na
2
Ti

6
O

13
 is represented in Figure 12.8 where the presence of a tunnel structure 

is observed.
Through scanning electron microscopy (SeM) micrographs the presence of the Na

2
Ti

6
O

13
 compound was corroborated. This 

material was obtained in the form of microrods (Fig. 12.9).
The photocatalytic evaluation of Na

2
Ti

6
O

13
 on methylene blue revealed that the best photocatalytic performance on the deg-

radation of methylene blue under UV light was obtained using a photocatalyst sample heated at 400°C. However, total 
crystallization of Na

2
Ti

6
O

13
 occurred above 600°C; therefore, in this case, the activity reported for a sample at 400°C is influenced 

by the presence of the amorphous material (Table 12.5).

figure 12.7 Photocatalytic removal of Marine Plankton, Algae-tide (a) and microorganism-tide (b) using Bi
2
InTaO

7
 as a photocatalyst 

under ultraviolet (UV) light. Reproduced with permission from Ref. [19]. © 2011, JCPR.
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12.1.4 Sic–tio2 compounds

SiC has been considered as a support due to its properties like high thermal conductivity, high mechanical strength, as well as 
low chemical reactivity. In this work, TiO

2
 was deposited on SiC by the sol–gel method, but in order to increase the efficiency 

of the photocatalytic activity, time of deposition was decreased considerably. SiC–TiO
2
 has been tested as a catalyst for the 

 degradation of indigo carmine and methylene blue dyes. In this case, SiC–TiO
2
 was prepared via sol–gel method [22, 23].

According to the results, SiC did not undergo any reaction after the deposition of TiO
2
 (Fig. 12.10).

figure 12.8 Crystal structure of Na
2
Ti

6
O

13
. Reproduced with permission from Ref. [20]. © 2008, Springer.

figure 12.9 Scanning electron microscopy (SeM) micrographs of Na
2
Ti

6
O

13
 where the presence of microrods can be observed. 

Reproduced with permission from Ref. [20]. © 2008, Springer.

table 12.5 Kinetic parameters of methylene 
blue degradation using na2ti6o13 as photocatalyst

Na
2
Ti

6
O

13

Sol–gel

k (min−1) t
1/2

 (min)

400°C 0.0149   46
600°C 0.0011 630
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In this case, it was observed that this condition induces a synergistic effect between the two components of the catalyst that 
reduces the recombination of the electron–hole pairs , favoring the photocatalytic activity.

In Figure 12.11, the photocatalytic curves for methylene blue degradation are shown; it is observed that SiC–TiO
2
 samples 

have better degradation capacity than TiO
2
.

The kinetic parameters for this reaction are showed in Table 12.6. Although half-life reaches almost 200 min, all SiC–TiO
2
 

compounds are more active than TiO
2
.

The degradation of indigo carmine occurred faster than that of methylene blue. This is because the nature of the dye allows 
easy degradation (Fig. 12.12).

Table 12.7 shows the kinetic parameters for indigo carmine photodegradation. The half-life in this case is lower than the 
half-life for methylene blue. In fact, total degradation of indigo carmine is achieved in less than 1 h.

As mentioned, the catalysts discussed here were designed and prepared with specific structural, physicochemical, and 
electronic characteristics in order to be considered as active materials in photoinduced processes.

SG80

20 30 40
2 θ

50 60 70

SG50

SG20

figure 12.10 X-ray diffraction (XRd) patterns of SiC–TiO2
 samples prepared via the sol–gel method.
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figure 12.11 Methylene blue degradation using SiC–TiO
2
 compounds prepared via the sol–gel method.
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In some cases, these catalysts presented photocatalytic performance better than or similar to TiO
2
, particularly due to the 

different methods of preparation like sol–gel, which allows the control of morphology, surface area, and porosity enhancement. 
Additionally, the presence of metal transition cations as dopant agents modified the band gap value in order to activate the cat-
alysts under UV and visible light irradiation. In this sense a relationship was established between the performance–structure 
and the synthesis route of several catalyst materials.
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table 12.6 Kinetic parameters of methylene blue 
degradation using Sic–tio2 as photocatalyst

Material k (min−1) t
1/2

 (min)

TiO
2
 P-25 0.0024 289

SG20 0.0027 257
SG50 0.0025 277
SG80 0.0031 224
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figure 12.12 Indigo carmine degradation using SiC–TiO
2
 compounds prepared via the sol–gel method.

table 12.7 Kinetic parameters of indigo carmine degradation 
using Sic–tio2 as photocatalyst

Material k (min−1) t
1/2

 (min)

TiO
2
 P-25 0.0154 45

SG20 0.0145 48
SG50 0.0165 42
SG80 0.0331 21
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13.1 intrOductiOn

Environmental engineering is moving toward the next generation of science and technology. The advanced oxidation process 
(AOP) is a major water treatment and waste treatment procedure. Due to strict and stringent environmental restrictions and reg-
ulations, scientists are keen on discovering newer and novel environmental engineering procedures. So, AOPs or membrane 
separation procedures are opening up new windows of innovation in this age of green technology. The world of imagination has 
brought the scientific age to a new reality. Integration of various AOPs for wastewater treatment has opened up exciting and 
exhilarating insights for the scientific community. Our aim in this chapter is to outline in a far-reaching review and experimental 
validation the importance of various AOPs, the potential of nanofiltration, and the applications of a visionary tool—the bubble 
column reactor. Our basic aim is to outline the importance of AOPs and nanofiltration of dye wastewater and integrate them 
with applications of a bubble column reactor.

13.2 visiOn Of AOP

The vision of a scientist is versatile and inspiring. Research, scientific vision, and scientific steadfastness has compelled scien-
tists to strive further. The world of chemical engineering and environmental engineering is ushering in a new global era, and a 
new world of scientific research is emerging. The scientific vision and immense scientific understanding of advanced oxidation 
processes (AOPs), nanofiltration, and bubble column reactors is awesome, ever-growing, and far-reaching. The basic advan-
tages of a bubble column reactor are that it has feasible hydrodynamics and excellent heat and mass transfer characteristics. 
Extensive research work is being undertaken by scientists, researchers, and the learned scientific community. The world of the 
unknown is opening up to a new age and a new vision. Environmental restrictions and stringent regulations are the forerunners 
of this scientific vision.

AOPs comprise a promising and challenging technology for the treatment of wastewaters containing organic compounds that 
are not easily removable. All AOPs are designed to produce hydroxyl radicals, which act with high efficiency to destroy organic 
compounds. AOPs combine ozone(O

3
), ultraviolet (UV), hydrogen peroxide (H

2
O

2
), and/or a catalyst to offer a powerful water 

treatment solution for the reduction and/or removal of residual organic compounds as measured by chemical oxygen demand 
(COD), biological oxygen demand (BOD), or total organic carbon (TOC). This chapter delineates in detail a general review of 
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efficient AOPs developed to decolorize and/or degrade organic pollutants for environment protection. The fundamentals involved 
in the main applications of typical methods such as fenton, electro-fenton, photo-fenton, ozonation, and UV methods are delib-
erated and discussed in great detail. Various combinations of these processes and their industrial applications are outlined in 
this study.

13.3 visiOn Of nAnOfiltrAtiOn  And tHe Wide dOmAin Of memBrAne science And its 
imPAct On scientific reseArcH Pursuit

It is urgent and imperative to review and discuss the past to provide a compelling vision for the future. The research domain of 
membrane science and nanofiltration is undergoing rapid and spontaneous changes. The scientist’s vision has widened and the 
emerging scientific imagination is compelling. The purpose of this chapter is to review the history of development of mem-
branes and membrane processes particularly nanofiltration for water production in general and seawater desalination in 
particular. We want to highlight some new trends in the following areas: membrane development, membrane characterization, 
membrane transport, and membrane system design. The future prospects in the four areas are discussed in minute detail. 
membrane development deals with recent progress in the development of reverse osmosis (RO) membranes used for desalina-
tion. There are two different approaches, both based on in situ polycondensation. One is to develop membranes for desalination 
of brackish water operable at ultralow pressure and the other is to develop membranes operable at high pressures to achieve high 
pure water recovery in seawater desalination. In the membrane characterization section, atomic force microscopy (Afm) is 
featured as a new tool to investigate the nature of membrane surfaces. The effects of surface roughness, which can be measured 
by Afm, on membrane productivity and membrane fouling are outlined.

An in-depth insight into the drawbacks of nanofiltration is presented by Van der Bruggen et al. [1]. According to their definition, 
nanofiltration was defined as “a process intermediate between reverse osmosis and ultrafiltration that rejects molecules which have a 
size in the order of one nanometer.” They have reviewed every aspect of the subject of nanofiltration. nanofiltration was introduced in 
the late 1980s, mainly aiming at combined softening and organics removal. Since then, the applications of nanofiltration have extended 
tremendously. An insight into the branch of nanofiltration showed the giant steps science has taken for the well-being of mankind.

The review delineates six challenging areas for nanofiltration where solutions and remedies are still scarce: (i) avoiding mem-
brane fouling, and the possibility of remediation; (ii) improving the separation between solutes that can be achieved; (iii) further 
treatment of concentrates and an increase in the efficiency of separation; (iv) chemical resistance and limited/short life span of 
membranes; (v) insufficient and low rejection of pollutants in water treatment; and (iv) the urgent need for modeling and simula-
tion tools. This chapter gives a holistic idea of the state of the art in this field and what the scientific fraternity should aim at as 
well as its vision. All six thrust areas or domains are interlinked and could possibly reach out in a greater way to bring about rem-
edies and solutions.

nanofiltration has new possibilities such as in drinking water production, arsenic removal, the removal of pesticides, the 
production of endocrine disruptors and chemicals, and partial desalination.

matsuura [2] dealt with progress in membrane science and technology for seawater desalination in a phenomenal and visionary 
review paper. This review outlines some new trends in the following four areas: membrane development, membrane character-
ization, membrane transport, and membrane system design. future targets, vision, and prospects in these four areas are delin-
eated. The review deals with membrane development highlighting recent progress in the development of RO membranes used for 
desalination. There are two different approaches, both based on in situ polycondensation. One is to develop and devise mem-
branes used for desalination of brackish water operable at ultralow pressures, and the other is to develop and devise membranes 
operable at high pressures to achieve high pure water recovery in seawater desalination. In the membrane characterization section, 
the application of Afm in investigating and discovering the science behind membrane surfaces is discussed. Also, the review 
paper by matsuura (2001) deals with transport models made primarily for charged membranes. membrane transport deals with 
transport models made primarily for charged membranes. Hybrid systems for seawater desalination in which membrane processes 
are incorporated are discussed. According to the Conclusion section in this review paper, there is an enormous and sizable poten-
tial to reduce desalination costs by combining membrane processes with novel separation techniques/unit operations.

Sidek et al. [3] reviewed a phenomenal paper on the factors governing the nanofiltration membrane separation process. The 
main objectives of this paper are to review the performance of nanofiltration membranes in removing unwanted particles from 
a solution by evaluating the factors, such as Donnan and steric interaction and transmembrane pressure (TmP), that influence 
rejection by the membrane. The right combination of membrane pore size (steric effect) and its effective charge density (Donnan 
effect) leads to optimum separation performance. However, the effect of TmP on nanofiltration rejection is not consistent. At 
high TmP, rejection can be either increased or decreased, depending on other operating parameters such as pH, ionic strength, 
the presence of salt. pH and feed concentration (ionic strength) play a significant role in nanofiltration membrane separation.
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They outlined membrane characteristics governing factors. Trans membrane pressure drop (TmP) is outlined in major detail. 
The delineated features are effects of TmP on flow rate and rejection. They described in detail the physics behind the effects of 
TmP on flux rate. The effects of the TmP on the permeate flux at different solute concentrations can be observed by keeping 
the operating temperature and pH constant. The permeate flux at the steady state increases, with the applied pressure at all 
 concentrations. An increase in flux was noted with an increase in the operating pressure. Since nanofiltration is basically a 
pressure-driven filtration process, flux is supposed to increase with pressure. The phenomenon can be mathematically explained.

Hong et al. [4] delineated the chemical and physical aspects of natural organic matter (nOm) fouling of nanofiltration mem-
branes. The role of chemical and physical interactions in nOm fouling of nanofiltration membranes is systematically investi-
gated. Results of fouling experiments with three basic acids demonstrate that membrane fouling increases with increasing 
electrolyte (naCl) concentration, decreasing solution pH, and addition of divalent cations (Ca2+). At fixed solution ionic 
strength, the presence of calcium ions, at concentrations typical of those found in natural waters, has a marked effect on mem-
brane fouling. Divalent cations interact specifically with carboxyl functional groups and thus substantially reduce charge and 
the electrostatic repulsion between humic macromolecules.

In recent years, membrane filtration has emerged as a viable treatment alternative to comply with existing and pending water 
quality regulations. Of particular interest is the use of nanofiltration as a treatment alternative for the removal of nOm, a pre-
cursor of disinfection by-products, in anticipation of more stringent regulations. nanofiltration technology also offers a versatile 
approach to meeting multiple water quality objectives, such as the control of organic, inorganic, and microbial contaminants.

Successful application of nanofiltration technology, however, requires efficient control of membrane fouling. fouling, often 
associated with the accumulation of substances on the membrane surface or within the membrane pore structure, worsens mem-
brane performance and ultimately shortens membrane life.

Hilal et al. [5] reviewed research work on using Afm toward improvement in nanofiltration membrane properties for desa-
lination pretreatment.

Seawater is characterized by having a high degree of hardness, varying turbidity and bacterial contacts, and high total dissolved 
solids (TDS). These properties give rise to major problems such as scaling, fouling, high energy requirements, and the requirement 
of high-quality construction materials. To solve seawater desalination problems and to minimize their effect on productivity and 
water cost of conventional plants, a new approach using nanofiltration as pretreatment to both RO and thermal processes has been 
shown to enhance the production of desalted water and reduce the cost, yet it is an environmentally friendly process.

The following areas were covered:

a. Development of high-performance nanofiltration membranes

b. Development of accurate and practical characterization methods

c. Development of a good predictive modeling technique

The use of Afm in membrane studies was also outlined in detail.
Hilal et al. [6] attempted a comprehensive review of nanofiltration membranes and dealt with its treatment, pretreatment, 

modeling, and Afm. This review addresses the application of Afm in studying the morphology of membrane surfaces as part 
of nanofiltration membrane characterization.

A comprehensive review of nanofiltration in water treatments is presented including a review of the applications of nanofiltration 
in treating water as well as in the pretreatment process for desalination; the mechanism as well as minimization of nanofiltra-
tion  membrane fouling problems; and the theories for modeling and transport of salt and charged and noncharged organic 
 compounds in nanofiltration membranes.

Ashaghi et al. [7] dealt with nanofiltration in detail in their research review on ceramic ultrafiltration and  nanofiltration 
membranes for oilfield-produced water treatment. Produced water is any fossil water that is brought to the surface along with 
crude oil or natural gas. By far, produced water is the largest by-product or waste stream by volume associated with oil and 
gas production. The volume of produced water is dependent upon the state of maturation of the field. There is an urgent need 
for new technologies for produced water treatment due to increased focus on water conservation and environmental regula-
tion. Ceramic ultrafiltration and nanofiltration membranes represent a relatively new class of materials available for the 
treatment of produced water. According to their research, the issues needing to be addressed are the prevention of membrane 
fouling during operation and the provision of an expedient, cost-effective, and nonhazardous means of cleaning fouled mem-
branes. The researchers embarked on the present study because there are not enough existing studies related to the treatment 
of oilfield-produced water using ceramic membranes. Ceramic membrane systems under nanofiltration and ultrafiltration 
conditions have proven to be economically attractive for the treatment of produced waters with elevated concentrations of 
oils and low to medium diameters of the particles.

no research review is complete unless the mechanisms of membrane science or nanofiltration are not taken into account.
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Wijmans et al. [8] dealt with the solution–diffusion model in their review. The solution–diffusion model has emerged over 
the past 20 years as the most widely accepted explanation for transport in dialysis, RO, gas permeation, and pervaporation. In 
this review paper they dealt with the phenomenological equations for transport in these processes using the solution–diffusion 
model and derived the equations starting from the fundamental statement that flux is proportional to a gradient in chemical 
potential. The direct and indirect evidence for the model’s validity is presented, together with a brief discussion of the transition 
between a solution–diffusion membrane and a pore-flow membrane seen in nanofiltration membranes and some gas- permeation 
membranes. The principal property of membranes used in separation applications is the ability to control the permeation of 
different species. Two models are used to describe this permeation process. The first is the solution–diffusion model, in which 
permeants dissolve in the membrane material and then diffuse through the membrane down a concentration gradient. A separa-
tion is achieved between different permeants because of differences in the amount of material that dissolves in the membrane 
and the rate at which the material diffuses through the membrane. The second is the pore flow model in which permeants are 
separated by pressure-driven convective flow through tiny pores.

nghiem et al. [9] delineated the removal of natural hormones by nanofiltration membranes with measuring, modeling, and 
mechanisms. The removal of four natural steroid hormones—estradiol, estrone, testosterone, and progesterone—by nanofiltra-
tion membranes was investigated. Two nanofiltration membranes with quite different salt retention characteristics were utilized.

Renou et al. [10] reviewed the opportunities in landfill leachate treatment. In most countries, sanitary landfilling is nowadays 
the most common way to eliminate municipal solid wastes (mSW). In spite of many advantages, the generation of heavily 
 polluted leachates, with significant variations in both volumetric flow and chemical composition, constitutes a major drawback. 
Year after year, the recognition of landfill leachate effect on the environment has forced authorities to fix more and more strin-
gent requirements for pollution control. This paper is a review of landfill leachate treatments. The advantages and drawbacks 
of the various treatments are discussed under the following topics: (i) leachate transfer, (ii) biodegradation, (iii) chemical and 
physical methods, and (iv) membrane processes.

Childress et al. [11] related nanofiltration membrane performance to membrane charge (electrokinetic) characteristics. The 
performance (i.e., water flux and solute rejection) of a thin-film composite (TfC) aromatic polyamide nanofiltration membrane 
and its relation to membrane surface charge (electrokinetic) characteristics was studied.

Properties of nanofiltration membranes, model development, and industrial applications have been delineated in a disserta-
tion by Johannes martinus Koen Timmer [12]. The dissertation deals with industrial membrane processes and aspects of 
 nanofiltration. It also deals with the transport of lactic acid through RO and nanofiltration membranes. A model for mass trans-
port is described. In the pursuit of excellence, they delineated and described the entire pressure-driven membrane process. Their 
research encompassed the dairy industry and the applications of nanofiltration.

Water engineering or environmental engineering is a boost to this research pursuit when we consider the work done by xia et al. 
[13] for arsenic removal by nanofiltration and its application in China. According to their study, arsenic contamination of groundwater 
and the associated health risks have been reported in many parts of China. nanofiltration is a promising technology for arsenic removal 
since it requires less energy than traditional RO membranes. In this study, the removal of arsenic from synthetic waters by nanofiltra-
tion membranes was investigated. Arsenic rejection experiments included variation of arsenic feed concentration, pH, and existence 
of other ionic compounds. The possible influence of nOm on As(V) rejection by nanofiltration membranes was also explored.

Orecki and Tomaszewska [14] did a fundamental research on oily wastewater treatment using nanofiltration process. The 
authors lucidly and intensely dealt with a positive objective on the domain of oily wastewater treatment using the formidable 
intellectual challenge of the application area of nanofiltration. The nanofiltration studies were carried out with a permeate 
obtained from ultrafiltration (Uf) (used for the treatment of the oily wastewater from metal industry). The influence of trans-
membrane pressure on a permeate flux, the degree of rejection of oil and inorganic compounds were investigated with great 
precision. The studies on the nanofiltration treatment of oil wastewater demonstrated a high effectiveness of the rejection of oil 
and inorganic compounds. The permeate obtained from the treatment was free of oil. The nanofiltration process was carried out 
in a pilot plant equipped with a tubular module with the AfC 30 membrane (PCI)—(the working area equal to 0.9 m2) and a 
spiral wound module (with the nanofiltration 270-2540 membrane (film Tec—the working area equal to 2.6 m2). The studies 
earlier predicted and performed showed that the membranes differed in molecular weight cut-off (mWCO). The mWCO of the 
membranes were found out to be equal to 250 g/mol for nanofiltration 270-2540 and nanofiltration AfC30, respectively. The 
results and discussion showed a remarkable pattern. The raw oily wastewater used in these studies was collected from metal 
treatment industry. Apart from oil, the wastewater contained a lot of other contaminants, including solid state, lubricants, metal 
fines and sometimes dissolved metals. Although the Uf membranes rejected oil in 90%, the permeate still contained different 
solutes. The authors performed an integrated ultrafiltration and nanofiltration technique. The conclusions in this study were 
affirmative. As a result of nanofiltration used as a second stage of oily waste water treatment the removal of organic compounds 
(TOC) for the studied membranes (nanofiltration 270-2540 and nanofiltration AfC 30) exceeded 65%. moreover the cations are 
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rejected by 75% and  the sulfates were rejected by 95%. The permeate did not contain oil. Orecki and Tomaszewska [14] 
established a theory of the effectiveness of integrated ultrafiltration—nanofiltration process. Hilal et al. [15] dealt with nano-
filtration of highly concentrated salt solutions approaching seawater salinity. nanofiltration membranes have been employed 
in pretreatment unit operations in both thermal and membrane seawater desalination processes. This has resulted in reduction 
of chemicals used in pretreatment processes as well as lowering the energy consumption and water production cost and there-
fore has led to a more environmentally friendly process. In order to predict nanofiltration membrane performance, a systematic 
study on the filtration performance of selected commercial nanofiltration membranes against brackish water and seawater is 
required. In this study, three commercial nanofiltration membranes (nf90, nf270, nf30) have been used to treat highly con-
centrated (naCl) salt solutions up to 25,000 ppm, a salinity level similar to that of seawater.

A phenomenal review on cotton textile processing, its waste generation, and effluent treatment was undertaken by Babu et al. 
[16]. This review discusses cotton textile processing and methods of treating effluents in the textile industry. This area of 
research combines a discussion of waste production from textile processes, such as desizing, mercerizing, bleaching, dyeing, 
finishing, and printing with a discussion of advanced methods of effluent treatment, such as electrooxidation, biotreatment, and 
photochemical and membrane processes.

ning [17] undertook research work on arsenic removal by RO. A short review on the RO process and applications was dealt 
with by Garud et al. [18]. The short review discusses the applicability of an RO system for treating effluents from the beverage 
industry, distillery spent wash, groundwater treatment, the recovery of phenol compounds and the reclamation of wastewater, 
and seawater RO (SWRO) treatment indicating the efficiency and applicability of RO technology.

13.4 furtHer reseArcH endeAvOr in tHe field Of nAnOfiltrAtiOn

nanofiltration presents vast and challenging opportunities for knowledge advancement in the field of desalination technology. 
The world of environmental engineering will usher in a new era in the field of membrane science with immense challenges and 
vision. Our endeavor encompasses research on AOPs and the application of a bubble column reactor. The challenges that lie 
ahead are significant and far-reaching. Desalination technology and nanofiltration have a close umbilical relationship. These 
two branches of  engineering will definitely solve the intricate problems of water technology. man’s scientific vision will be 
enhanced and emphasized if the hurdles are overcome and frontiers scaled. The world of environmental engineering and nano-
filtration will surely be a challenge to the drinking water problems of the suffering millions.

13.5 reseArcH tHrust AreAs in tHe field Of AOPs And tHe visiOn tOWArd 
effective OzOnAtiOn PrOcedures

Palit et al. [19] dealt with membrane separation processes and RO in a detailed review. The application area and thrust was on 
wastewater treatment. The author has widely described the scope of RO and its potential applications.

Stasinakis [20] in an insightful review dealt with immense depth on the use of selected advanced oxidation processes for 
wastewater treatment. The purpose and the aim of the study was to review the use of titanium dioxide/UV light process, 
hydrogen peroxide/UV light process and fenton’s reactions in wastewater treatment. The main reactions and the operating 
parameters (initial concentration of the target compounds, amount of oxidation agents and catalysts, nature of the wastewater 
etc) affecting these processes are reported, while several recent applications to wastewater treatment are presented.

Koch et al. [21] dealt with immense details on ozonation of hydrolyzed azo dye reactive yellow 84(CI). According to 
scientific innovation and immense scientific understanding, the combination of chemical and biological water treatment 
processes is a promising technique to reduce recalcitrant wastewater loads. Ozonation has been applied to many fields in water and 
wastewater treatment. Especially for textile mill effluents ozonation can achieve high color removal, enhance biodegradability, 
destroy phenols and reduce chemical oxygen demand (COD). This work unfolds the reaction intermediates and products 
formed during ozonation. The work mainly deals with the degradation of hydrolyzed Reactive Yellow 84 (Color Index), a 
widely used azo dye in textile finishing processes with two monochlorotriazine anchor groups. The authors have investigated 
the formation of intermediate products and the reaction kinetics of the entire procedure of ozonation. A general review on AOPs 
for wastewater treatment was done by Sharma et al. [22]. Efficient AOPs developed to decolorize and/or degrade organic pollutants 
for environmental protection were covered. The fundamentals and main applications of typical methods such as fenton, electro-
fenton, photo-fenton, ozonation, and UV radiation were discussed. Various combinations of these processes and their industrial 
applications are the visionary aspects of this study.
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Research on AOPs for the treatment of textile and dye wastewater was attempted by Kalra et al. [23]. Their paper reviews 
different AOPs like ozonation, hydrogen peroxide, UV radiation, and their combination for comparison of treatment  efficiencies 
for remediation of textile wastewater. This paper reveals that the treatment efficiencies depend on the characteristics of waste-
water to be treated.

The use of AOP in an ozone+ hydrogen peroxide system for the removal of cyanide from water was dealt with by Kepa et al. 
[24]. The results of laboratory tests are presented in this paper, which indicate that AOPs can be used for the removal of cyanide 
from water. A comparative analysis was carried out for the processes of ozonation, oxidation with hydrogen peroxide, and 
advanced oxidation in the O
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zhou et al. [25] wrote a review paper on advanced technologies in water and wastewater treatment. They dealt with three 
emerging treatment technologies including membrane filtration, AOPs, and UV irradiation that hold great promise to provide 
alternatives for greater protection of human health and environment.

Kdasi et al. [26] provided a clear picture of the treatment of textile wastewater by AOPs in a review. An overview of basic 
treatment efficiency for different AOPs is considered and presented based on specific features. The review covers a lucid intro-
duction, textile wastewater characteristics, a description of AOPs, application areas of a UV lamp, ozone, O
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Palit et al. [27] touched upon membrane separation processes and AOPs for dyes in a bubble column reactor in a keen and 
far-reaching overview. Topics covered included the dependence of rate constant, order of reaction, and subsequently rate of 
reaction on the pH and oxidation–reduction potential associated with the ozonation of dye.

Gogate et al. [28] dealt with imperative technologies for wastewater treatment with emphasis on oxidation technologies at 
ambient conditions in a review. This work highlights the basis of the different oxidation processes including the operation param-
eters for the reactor design with a complete overview of the various applications for wastewater treatment in the recent years.

Chiron et al. [29] explained in a review the state of the art of pesticide chemical oxidation. This review reveals a general lack 
of data on kinetics of formation and disappearance of the major by-products. The efficiency of AOPs has scarcely been inves-
tigated at the industrial scale, that is, in presence of a mixture of active ingredients together with their formulating agents and 
at concentration levels above 10 mg/l.

Kos et al. [30] dealt with the subject of decoloration of real textile wastewater with AOPs. The efficiency rates of AOPs for the 
decoloration of different types of textile wastewater from textile plants in lodz, Poland, were compared on the basis of the results 
obtained. AOPs with the use of ozone, gamma radiation, hydrogen peroxide, and UV radiation gave good decoloration results.

Suty et al. [31] described the applications of AOPs with emphasis on the present and future aspects. The use of AOPs to 
remove pollutants in various water treatment applications has been the subject of study for around 30 years. most of the avail-
able AOPs have been investigated in depth, and a considerable body of knowledge has been built up about the reactivity of many 
pollutants. nevertheless, it is difficult to obtain an accurate picture of the use of AOPs, and their applications for a range of 
water treatment processes have not been determined to date. The purpose of this overview is to discuss these processes and 
provide an indication of future trends and prospects.

Abdelmalek et al. [32] dealt in the area of removal of pharmaceutical and personal care products (PPCPs) from RO retentate 
using AOPs. Studies focusing on pharmaceutical and PPCPs have raised questions concerning their concentrations in the RO 
retentate. AOPs are alternatives for destroying these compounds in retentate that contains high concentration of effluent organic 
matter (EfOm) and other inorganic constituents.

Huber et al. [33] dealt with oxidation of pharmaceuticals during ozonation and AOP applications in drinking water treatment. 
It was shown that the second-order rate constants determined in pure aqueous solutions could be applied to predict the behavior 
of pharmaceuticals dissolved in natural water. Overall, it can be concluded that ozonation and AOPs are promising processes 
for efficient removal of pharmaceuticals in drinking water.

Huber et al. [34] explained decolorization of process waters in deinking mills and similar applications in a review. 
Process waters in deinking mills often feature a strong coloration, due to dyes and pigments released from the recovered 
paper. This can usually be remediated by pulp bleaching treatment with appropriate chemicals. In this review, the available 
technologies for process water decolorization are discussed (chemical methods, physicochemical methods, and biological 
treatments).

13.6 mAn’s scientific mind tOWArd nOvel envirOnmentAl engineering PrOcedures

man’s scientific vision is targeted toward improving the lot of the suffering millions and toward tackling drinking water issues.  
The hidden scientific truth and scientific vision is targeted in every step towards progress of purposeful and definitive research 
pursuit. The aim of this chapter is to delineate the intricacies of wastewater treatment and bring before the scientific community 
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rigorous scientific inquiry. The greatness of the past and present will frame the future. So the aim and mission towards a better 
and congenial human society is ushering in hope and insightful destiny.

13.7 APPlicAtiOn Of A BuBBle cOlumn reActOr And visiOn Of innOvAtive ideAs

The bubble column reactor is a visionary tool for its application in AOPs. Challenges lie ahead in the integration of nanofiltra-
tion and the bubble column reactor. Excellent heat and mass transfer characteristics urges the scientific community to declare 
it as a challenging and visionary tool. The world of environmental engineering and the domain of wastewater treatment will 
usher in a new era with the application of bubble column reactor.

Bubble column reactors are intensively used as multiphase reactors and contactors in the chemical, biological, and pharma-
ceutical domains. They provide several advantages during operation and maintenance such as high heat and mass transfer char-
acteristics, compactness, and low operating and maintenance costs. Three-phase bubble column reactors are widely used in 
chemical reaction engineering, that is, in the presence of catalysts, and also in biochemical applications where microorganisms 
are utilized as solid suspensions in order to manufacture industrially valuable bioproducts. Investigation of design parameters 
characterizing the operation and transport phenomena of bubble columns has led to a better understanding of hydrodynamic 
properties, heat and mass transfer characteristics, and flow regime mechanisms at work during the operation. The review [35] 
also targets and focuses on bubble column reactors, their description, design and operation, application areas, fluid dynamics, 
and regime analysis encountered.

The application of bubble column reactors has had a tremendous impact in recent years in the field of environmental engi-
neering. The world of unknown in the areas of AOPs and nanofiltration will open up new windows of innovation and intuition 
in the years to come. Bubble column reactors have new applications with regard to AOPs. The vision is clear-cut with the fron-
tiers of environmental science and engineering expanding to unprecedented levels. The grit and determination of the scientist’s 
vision is inspiring and immense. The common man’s problems in the field of desalination will mostly be solved by the science 
of nanofiltration. Research areas will slowly grow to visionary proportions.

13.8 dOctrine Of HeAt And mAss trAnsfer cHArActeristics Of A BuBBle 
cOlumn reActOr

Heat and mass transfer predictabilities are the major targets of the operation of bubble column reactor. Theoretically, a scien-
tist’s vision is toward better operation and maintenance of this visionary tool. The aim is to achieve better hydrodynamics as 
well as better reactivity, heat, and mass transfer.

13.9 dOctrine Of HydrOdynAmics Of BuBBle cOlumn reActOr And multiPHAse flOW

The importance of hydrodynamics of bubble column and the associated regime of multiphase flow is targeted toward efficient 
reactivity and linked to heat and mass transfer characteristics.

Bubble column reactors belong to the general class of multiphase reactors that include mainly three categories, that is, trickle 
bed reactors (fixed or packed bed), fluidized bed reactor, and bubble column reactor [36–39].

13.10 Hidden trutH in tHe dOmAin Of envirOnmentAl engineering And nAnOfiltrAtiOn

Hurdles and unsurpassed barriers shapes the future and the scientific rigor is a vibrant witness. The greatness of environmental 
engineering tools are unraveled and the human society aims at a sustainable future. The loeb–Sourirajan model has revolution-
ized the entire field of membrane science. Principles of membrane science have been established through scientific research.  
newer and novel methods of water treatment and desalination are shaping and reshaping scientific intuition. Environmental 
engineering will usher in a new dawn in science and technology. The backbone of this unending scientific endeavor is strict and 
stringent environmental regulations. Developed and developing nations are gearing up toward new challenges  to embrace the 
far-reaching environmental engineering frontier.
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13.11 future visiOn And future flOW Of tHOugHts

nanofiltration has been found to be extremely effective and visionary and will be very much in demand in the years to come 
[36–39]. Vision, opportunity, and diligent truth will propel the scientist’s vision toward a new scientific generation. The great-
ness and the faults of the technology are envisioned in its application. Bubble column reactors and AOPs are also pillars of the 
ongoing review. Their applications in the field of environmental engineering are extremely purposeful, intricate, and far-reaching. 
man’s scientific vision and scientific endeavor is powered by a determination—the determination to serve the suffering millions. 
The problem of drinking water is immense, and stringent hurdles need to be overcome in both developed and developing coun-
tries. So the ultimate target and vision is to make technology accessible to the common masses and venture out to heal the 
wounds of science and technology. nanofiltration, AOPs, and the application of bubble column reactors is just a beginning. The 
application areas of nanofiltration are absolutely far-reaching and visionary. The world will face new challenges in these 
scientific domains in years to come.
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14.1 introduCtion

Nanotechnology can be defined as the science and engineering involved in the design, synthesis, characterization and application, 
organization, and devices of nanomaterials. In the past few years, nanotechnology has grown by leaps and bounds, and this 
multidisciplinary scientific field is undergoing explosive development. It can prove to be a boon for human health care because 
of the huge potential benefits in areas as diverse as drug development, water decontamination, information and communication 
technologies, and the production of stronger, lighter materials. A complete list of the potential applications of nanotechnology 
is too vast and diverse to discuss in detail, but without doubt, one of the greatest contributions of nanotechnology is in the 
development of analytical sciences [1, 2].

Nanomaterials, with bodily structures less than 100 nm in one or more dimensions, have attracted significant attention from 
scientists in recent years, mainly due to their unique, attractive, thermal, mechanical, electronic, and biological properties. Their 
high surface to volume ratio, the possibility of surface functionalization, and favorable thermal features provide the flexibility 
needed for a broad range of analytical applications. The physicochemical properties of nanomaterials can be controlled through 
structural design, incorporation of suitable components, or modification of their surfaces [3]. Widespread applicability and out-
standing performance of nanomaterials have not only accelerated the development of materials science, but also provided many 
opportunities in related disciplines. Research on application of nanomaterials in analytical chemistry has also experienced 
impressive growth in terms of the number of papers published in scientific literature. This chapter highlights the most important 
recent advances in the use of carbon nanomaterials (CNMs) for environmental analysis. Finally, an outlook in which challenges 
and opportunities are identified is given.

14.2 Cnms for environmental analysis

Environmental analysis is the use of analytical chemistry techniques to measure and detect pollutants in the environment. 
It involves the determination of natural and harmful concentrations of chemical constituents in the environment. CNMs are 
increasingly being considered one of the most promising materials for future applications. They can be combined with other 
types of nanomaterials to form nanocomposites, thus incorporating different properties in a single new material. Moreover, their 
unique electrical, optical, and mechanical properties make them useful for developing the next generation of miniaturized, low-
power, ubiquitous sensors. Additionally, CNMs can be used as nanoadsorbents for liquid- as well as gas-phase adsorption of 
environmental pollutants because of their special nano-scale adsorbent properties [4, 5]. Therefore, CNMs are poised to over-
take other well-established adsorbent materials; however, their commercial exploitation is still a long way off. Among the 
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CNMs, carbon nanotubes (CNTs) and fullerenes (FUls) receive the maximum attention because of their unique properties, 
which includes thermal conductivity, stability, tensile strength, and their ability to act as conductors and semiconductors 
depending on the chemical and physical treatments. Models of a CNT and C60 are shown in Figure 14.1. A general comparison 
of their role as nanoadsorbents in environmental analysis on the basis of published data and their application in separation 
sciences are shown in Figure 14.2.

14.2.1 Carbon nanotubes

CNTs, which were first noticed by Ijima in 1991, have been used for different purposes in the analytical sciences due to their 
mechanical, electric, optical, and magnetic properties as well as their extremely large surface area. CNTs are hollow graphitic 
material composed of one or multiple layers of graphene sheets (single-walled CNTs, sWNTs, and multiwalled CNTs, 
MWNTs, respectively. The synthesis of CNTs can be carried out by means of three main techniques: chemical vapor deposi-
tion (Cvd), laser ablation (lA), and catalytic arc discharge (CAd). Cvd seems to be the most appropriate procedure for the 
synthesis of CNTs for analytical applications due to the high purity and desirable tuning obtained at low temperature. However, 
for all the synthesis methods, the presence of different undesired by-products (such as carbonaceous residues, amorphous 
carbon, metal impurities) makes it necessary to purify CNTs. To purify synthesized nanotubes, different strategies including 
chemical oxidation, physical separation, or combinations of both chemical and physical techniques have been employed. 
Chemical oxidation is a purification system based on the fact that carbonaceous impurity residues are oxidized sooner than 
CNTs. The main advantage is their ease, but it should be noted that the oxidation process affects the structure of the nanotube 
introducing functional groups (hydroxyl, carbonyl, and carboxyl) and the defects in the side walls. Physical purification pro-
cedures are based on the different physical properties (such as size, ratio, weight, and electrical and magnetic characteristics) 
between impurities and CNTs. Filtration, centrifugation, chromatography, and electrophoresis are the commonly employed 
techniques. The disadvantages of these procedures are that (i) the elimination of certain impurities is inefficient; (ii) a high 
dispersion of CNTs is required; and (iii) only a low quantity of CNT can be purified [6]. The effect of purification can be seen 
in Figure 14.3.

The sorption sites on CNTs are on the wall and in the interstitial spaces between tubes. These sites are easily accessible for 
both adsorption and rapid desorption. The impurities on CNTs reduce their availability because the sorbate has to diffuse 
through these impurities to reach the CNTs. Moreover, the porous structure of impurities introduces mass transfer limitations, 
slowing both adsorption and desorption. Understanding these characteristics is important for their application in separation 
media. The excellent features of CNTs, along with their nano-scale features, make them ideal candidates for micro-scale 
devices for gas- as well as liquid-phase analysis. In gas-phase analysis, one can employ a microconcentrator or a microsorbent 
trap, which have been used in a variety of online chromatography and sensing applications. The purpose of such devices is usu-
ally to act as a fast preconcentrator or to modulate the concentration of a stream for real-time monitoring. They have been 

figure 14.1 Models of (a) CNT, (b) C60.

(a)

(b)



CNMs FoR ENvIRoNMENTAl ANAlysIs 219

fabricated in small capillary tubings and also by micromachining silicon and other substrates. The interesting liquid-phase 
preconcentrating applications are micro-scale solid-phase extraction (μ-sPE) and solid-phase microextraction (sPME) [4–6].

Functionalization of CNTs offers a unique opportunity for altering the physical and chemical characteristics of CNTs. The 
presence of a covalently attached functional group can alter the retention/affinity of the CNT surface and important properties 
such as polarity, hydrophilicity, and other specific interactions. The functional groups may also alter diffusional resistance and 
reduce the accessibility and affinity of CNT surfaces for certain analytes. Functionalization also enhances interaction with poly-
mers and other materials, thus facilitating the formation of composites that can be used as preconcentrating substrates. These 
include polymers and sol–gel–type immobilization [6]. Covalent and noncovalent functionalization are shown in Figure 14.4.

figure 14.2 (a) Recent applications of CNTs and FUls in environmental analysis (based on published data, from http://www.sciencedirect.
com). (b) The use of CNTs in analytical chemistry in the period 2009–2011. Reproduced with permission from Ref. [3]. © science direct 
Elsevier. (c) The use of FUls in analytical chemistry. Reproduced with permission from Ref. [4]. © science direct Elsevier.
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14.2.2 fullerenes

FUls have attracted considerable attention in different fields of science since their discovery in 1985. Physical, chemical, 
and biological properties of FUls indicate that they have promising applications. It is inferred that size, hydrophobicity, three-
dimensionality, and electronic configurations make them an appealing subject in chemistry. FUls are often accompanied with 
large amounts of soots; therefore, purification is necessary before their real applications are realized. Purification of FUls nor-
mally involves extraction from soots and then separation by liquid chromatography. Additionally, other purification techniques, 
like elution on molecular sieves or activated charcoal, gel permeation, and supercritical fluids purification, have also been used [4].

FUls are practically insoluble in water and generally tend to form aggregates in aqueous media. To disperse them in water, 
prolonged stirring for days is needed. The addition of additives, for example, surfactants, cyclodextrins (Cds), or sugar poly-
mers, aids their efficient dispersion in water. FUls can also be dispersed in water by first dissolving them in an organic solvent 
and then adding the solution to water and evaporating off the organic solvent.

Incorporation of FUls into polymeric materials to improve their processability has become a common practice in applica-
tions such as optoelectronics, photovoltaics, fuel cell membranes, and the life sciences. The unique properties of FUls, such as 
their spherical shape, conjugated three-dimensional π-electronic system, and the ability to exhibit donor–acceptor or π–π inter-
actions, make them attractive candidates for analytical applications. As a result, these have been used as chromatographic 

(a) (b)

figure 14.3 CNTs: (a) Impure, (b) Pure. Reproduced with permission from Ref. [6]. © springer.
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figure 14.4 sketch of covalent and noncovalent functionalization on a CNT.
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stationary phases in a wide temperature range (80–360°C), with good thermal stability and high selectivity for aromatic com-
pounds. Chemical functionalization of FUls is often carried out to alter their chemical properties and/or improve miscibility 
with host polymers [7–9].

14.3 adsorption on Cnms

Adsorption of pollutants on CNMs is controlled by hydrophobic, dispersion, and weak dipolar forces. The higher equilibrium 
rates of CNMs over conventional carbons are attributed to π–π electron donor–acceptor interactions with sorbates, reduced het-
erogeneity of adsorption energies, and the absence of pore diffusion as an intermediate mechanism in adsorption. Additionally, 
CNMs demonstrate a virtual absence of hysteresis between adsorption and desorption isotherms for liquids and gases under 
atmospheric pressure. various carbon-based sorbents have been utilized for the preconcentration of analytes. These include 
activated carbon, carbon molecular sieves, graphitized carbon black, and porous carbon. These differ in their physicochemical 
characteristics, such as pore size/shape, surface area, pore volume, and surface functionality. Kinetic and thermodynamic prop-
erties of carbon-based sorbents including breakthrough volumes, adsorption isotherms, intermolecular interaction mechanisms 
at the adsorbate/carbon sorbent interface strongly influence preconcentration [6]. Table 14.1 provides the general characteristics 
of some popular adsorbents and CNTs. The adsorbent can affect adsorption by providing a large number of available sorption 
sites and by facilitating specific interactions such as hydrogen bonding.

The sorption mechanism between CNTs and other conventional sorbents (Table 14.1) is shown in Figure 14.5. The diffusion 
into the porous structure leads to slow mass transfer, and consequentially the quantitative release of large molecules becomes a 
limiting factor. on the other hand, in CNTs, sorption occurs mainly on the outer surface and in the hollow spaces of the open 
tubes (provided the tubes are uncapped). Therefore, their release by both thermal processes and solvents are relatively simpler 
and are not limited by diffusion. As such, a wide range of compounds from small molecules to large semivolatile compounds 
can be easily concentrated and desorbed from CNTs [6, 7].

There are other factors that come into play. The exceptionally high aspect ratio (in millions) of CNTs provides a special confine-
ment effect, which leads to completely different physical behavior when compared to that of more conventional sorbents. Moreover, 
outer tube surfaces have a large number of intertubular spaces that provide specific adsorption sites. As a result, the sorption 
capacity is higher than what one would expect based on brunauer–Emmett–Teller (bET) surface area measurement. various 
approaches have been used to describe the adsorption of CNTs. The high sorption capacity of CNTs has been explained by the 
presence of high-energy adsorption sites, such as CNT defects and interstitial and groove regions between CNT bundles, and the 
phenomenon of multilayer adsorption during microsorption on CNTs. Capillary forces in nanotubes can also be strong, which may 
draw molecules from vapor or liquid phases by van der Waals attractive forces and dipole-induced dipole interactions. Hydrophobicity 
and capillarity can provide ordering and orientation of sorbents on the sorbate. Adsorption studies detail rapid equilibrium rates, 
high adsorption capacity, low sensitivity to pH range, minimal hysteresis in dispersed CNTs, and consistency with traditional 
langmuir, bET, or Freundlich isotherms. Moreover, increase in dispersion energy and the overlapping force of adjacent carbon 
walls expand sorbent–sorbate and sorbent–sorbent interactions, resulting in condensation within the nanotube. The filling of nano-
tubes may explain why some models describe adsorption capacity above the physical surface area of a CNT [8–10].

table 14.1 properties of porous adsorbents and Cnts

sorbent strength
surface 

area (m2/g)
Maximum T 

(°C) Analytes drawback

Tenax TA Weak 35 350 Nonpolar compounds and less 
volatile polar compounds

Undergo chemical decomposition 
in highly oxidizing atmospheres 
(i.e., in the presence of reactive 
gases such as 0

3
 and No

2
),

Carbotrap Medium-weak 100 >400 voCs including ketones, alcohols, 
aldehydes and perfluorocarbon 
tracer gases

No sorption for polar compounds

Carbopack Medium 240 >400 Hydrocarbons, bTEX No sorption for polar compounds
Carbosieve very strong 800 >400 C2, C3, and C4 hydrocarbons Not suited for higher organics
Carboxen 1000 very strong >1200 >400 Ultravolatile hydrocarbons Not suited for higher organics
CNTs very strong 150–1500 >400 very volatile to semivolatile 

organics (Methane to PAHs)
Need purification, relatively 

expensive

Reproduced with permission from Ref. [6]. © springer.
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Adsorption on FUls is a subject of increasing experimental and theoretical interest. A few research groups have explored 
the adsorption properties of FUls and generally focused on the adsorption of simple gases or vapors of organic compounds on 
C60 solid. both types of mechanisms—physisorption and chemisorption—have been realized on FUls both theoretically and 
experimentally. some studies have reported interfacial interactions of organic molecules with C60 in aqueous media. FUls 
exhibit strong hydrophobicity, and various methods have been used to disperse FUls in aqueous media. These include sonica-
tion, interaction with polymers, redox reactions, and extended mixing [11].

The occurrence of porosity on the FUl surface has been studied via adsorption. some research groups by using Kr, N
2
, o

2
, 

and Co
2
 adsorption and others by using N

2
 and o

2
 adsorption proved the existence of micropores in C60. Moreover, research 

also pointed out that surface area values normally depend on sample preparation and purification, as well as sample age. More 
recent work indicates that FUl powders with higher degrees of purity consist of nonporous particles. overall, the porous texture 
of FUls is very sensitive to the synthesis and purification procedures followed in their preparation [7, 12].

The desorption behavior of pyrene, phenanthrene, and naphthalene on FUls and CNTs was examined wherein FUls showed 
significant desorption in contrast to CNTs. The reason was the difference in their distinct geometries. spherical FUls resulted 
in aggregates providing two space structures, that is, the external surface of aggregates, where adsorption was reversible, and 
closed interstitial spaces in small aggregates. Interstitial spaces within small aggregates were unavailable for adsorption, but 
these contributed to pore deformation. Rearrangement of small aggregates and penetration of adsorbate molecules into closed 
interstitial spaces between small aggregates during adsorption led to molecular entrapment and hysteresis. However, CNTs did 
not form closed interstitial spaces in their aggregates due to their length; hence, no adsorption–desorption hysteresis was 
observed. Table 14.2 provides applications of FUls as an adsorbent for a variety of analytes [12, 13].

14.4 Cnms for preConCentration of environmental pollutants

14.4.1 solid-phase extraction

solid-phase extraction (sPE) is commonly employed in trace analysis of environmental pollutants because it was demonstrated 
to be one of the most suitable methods to preconcentrate the environmental analyte and to eliminate potential interferences. The 
advantages of sPE are its high enrichment factor, good recovery, rapidity, the use of small quantities of organic solvents, as well 
as the possibility of automatization of the whole process.

figure 14.5 (a) sketch of a porous carbon sorbent and diffusion into pores, (b) sorption on CNTs for analytes. Reproduced with permission 
from Refs. [6, 7]. Ref. [6] © springer and Ref. [7] © science direct Elsevier.
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14.4.1.1 CNTs as SPE Material CNTs have been extensively studied as sorbent material for conventional sPE. In-depth 
detailed reviews have been published in the literature where CNTs as sPE sorbent have been successfully used for diverse 
organic and inorganic analytes from water, seawater, food, and pharmaceutical samples [3, 14–17].

As already mentioned, in general, CNTs tend to demonstrate higher capacity than conventional carbon-based adsorbents. 
CNTs have been used in conventional sPE preconcentration of a variety of polar and nonpolar analytes including endocrine dis-
rupters such as phenolic compounds, highly polar sulfonylurea herbicides, and molecules of pharmaceutical origin. They have 
been compared to other conventional sorbents such as C18 and XAd. They demonstrated advantages such as superior break-
through volumes, better retention of polar species, better efficiency with seawater, and higher extraction efficiencies [3, 17].

Covalent functionalization that usually incorporates hydroxyl, carboxyl, or carbonyl groups onto side walls of CNTs can 
selectively alter their selectivity. CNTs are also covalently immobilized onto solid supports such as steel or silica, and thus 
changes in the geometry of the sPE device can take place. Alternatively, noncovalent side-wall functionalization of CNTs also 
provides a change in selectivity. This type of functionalization includes ionic interactions (e.g., dipole–dipole), π–π stacking, 
hydrogen bonds, electrostatic forces, van der Waals forces, dative bonds, and hydrophobic interactions. The combination of two 
or more similar or different interactions increases the stability and the selectivity of the system. Nonpolar organic analytes gen-
erally show high capacity sorption with unfunctionalized CNTs as hexagonal arrays of carbon atoms in graphene sheets interact 
strongly with aromatic rings, due to van der Waals interactions, whereas functionalized CNTs showed higher retention of polar 
organic analytes. sPE using CNTs has been carried out in cartridges and disks. The disk format provides a larger surface area 
leading to good mass transfer and fast flow rates. MWNTs are assembled into a disk by means of a filtration process, firmly 
fixed on a piece of polytetrafluoroethylene (PTFE) membrane filter, and then used as a preconcentrator. Enrichment factors as 
high as 4000 with recoveries in the range of 87–110% have been reported [3, 7, 16].

14.4.1.2 FULs as SPE Materials A limited number of applications of FUls for sPE have been reported. ballesteros et al. 
studied the adsorption behavior of FUls C60 using organic compounds and organometallic compounds as model analytes. The 
adsorption capacity of FUls was found to be significantly higher for organometallic compounds. Extraction of benzene, tol-
uene, ethylbenzene, and xylenes (bTEX) from water samples on a home-made C60-packed minicolumn was also reported, 
where FUls were found to be better than conventional C18 and Tenax TA in terms of sensitivity and precision. Adsorption of 

table 14.2 applications of fuls in as adsorbent

Analyte sample Techniquea

detection 
limit (ng/ml) R.s.d.(%) Comments

Pb Waters FAAs 5 2.1 study of adsorption isotherms
Cd biological FAAs 0.3–2.0 1.9–2.3 Comparison of APdC and 8-hydroxyquinoline 

as chelating reagents
Cu Waters FAAs 0.3–3.0 1.7–3.1 Comparison of C

60
 and C

70
 fullerene. sorption 

of neutral chelates and ion pairs
Cd Waters ETAAs 0.002 Tungsten coil atomizer
Pb 0.023
Ni 0.075
Co Wheat 

flour
ETAAs 0.008 4.0 Comparative study of C

60
 fullerene and RP-C

18
. 

Autosampler as interface
lead species Waters FAAs 0.5–4 3.5 Precipitation of inorganic lead. selectivity 

related to column conditioning
organic and 

organometallic 
compounds

Waters GC/FId, 
FAAs

5–15 2.4–3.0 systematic study of retention of organic and 
organometallic compounds on C

60
 fullerene

Alkyl lead species Waters FAAs, 
GC/Ms

0.5 6.0 screening by FAAs and speciation by GC. 
derivatization with Grignard reagent

0.001–0.004
Alkyl lead species Waters GC/Ms 0.004–0.012 4.5 In situ derivatization with NabPr

4

dithiocarbamates of 
Zn, Mn, and Fe

Grain FAAs 1–5 2.5 Group speciation according to the metal 
present in the fungicide

Reproduced with permission from Ref. [4]. © science direct Elsevier.
FAAs, flame atomic absorption spectrometry; ETAAs, electrothermal atomic absorption spectrometry; GC/FId, gas chromatography with flame ionization 
detector; GC/Ms, gas chromatography/mass spectrometry; R.s.d., relative standard deviation, n = 11.

http://www.sciencedirect.com/science/article/pii/S0165993602003060
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metallic compounds on FUls has shown higher extraction efficiencies for lead in water, cobalt in wheat flour, as well as inor-
ganic and organic cadmium and lead during metal speciation [4, 7–9].

14.4.2 micro solid-phase extraction

To achieve high enrichment while reducing the sorbent and solvent amount, μ-sPE has been developed recently. The objective 
was to approach the size and convenience of sPME but retain the lower detection limits offered by sPE. These techniques 
attempt to miniaturize conventional sPE to smaller beds and solvent volumes and offer the convenience of easier analyte 
recovery and shorter sample preparation time. The small sorbent beds contain a small amount of sorbent, and high-performance 
sorbent materials are required to obtain satisfactory extraction efficiencies.

A membrane-assisted μ-sPE device containing C-18 and CNTs has been reported [18]. Here the sorbent is held within a 
polypropylene membrane envelope. A square (15 × 15 mm), heat-sealed polypropylene sheet membrane envelope was packed 
with 6 mg of MWCNT. This μ-sPE device may be dropped into and stirred in aqueous samples. The approach is somewhat sim-
ilar to stir bar microextraction (sbME). The analytes from the sample diffuse through the membrane and are adsorbed on the 
MWNT filling. After extraction, the device is removed, rinsed, dried, and dipped in organic solvents under ultrasound to desorb 
the extracted species. MWNT was found to be an efficient sorbent for this new μ-sPE device and was compared to conventional 
sorbents like C18, C2, Carbograph, Hayesep A, and Hayesep b. In Figure 14.6, C18 showed the highest extraction efficiency 
(EE) for both compounds. CNTs were better than Carbograph and comparable with Hayesep A. However, as compared to C18, 
CNTs showed lower EE. The reason was insufficient electrostatic interaction between MWNTs and target analytes [18].

A μ-sPE device consisting of a syringe where CNTs were packed and self-assembled within an attached 0.53-mm Id needle 
has been reported. The device is shown in Figure 14.7. The enrichment factor (EF) and EE for self-assembled CNTs, sWNTs, 
and MWNTs were compared to C-18. Table 14.3 lists these values for 2-nitrophenol, 2,6-dichloroaniline, and naphthalene. The 
results show that 300 µg of C-18 was not sufficient to accomplish EF higher than one. However, CNTs were quite effective as 
a μ-sPE sorbent with higher EE and EF. This is in agreement with previous reports where the CNTs were more effective than 
C-18 as sPE devices [19].

14.4.3 solid-phase microextraction

sPME was first proposed in 1990 by Arthur and Pawliszyn [20]. It can be considered as a miniaturized sample pretreatment 
technique whose advantages over other well-established methodologies have been clearly identified. one of the advantages is its 
easy online coupling which chromatographic and electrophoretic techniques. operationally, this technique is based on the parti-
tion of the analyte between the sample and the stationary phase coated on a solid support. CNMs have emerged in the past decade 
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as a strong alternative to commercial sPME coatings because of their remarkable electronic properties and their excellent 
mechanical, electrical, and chemical properties.

14.4.3.1 CNTs as SPME Material CNTs have been employed as a sorbent for sPME fibers. since sPME fibers require 
immobilization of the CNTs on a wire of micron-scale diameter, significant effort has gone into investigating various 
approaches to implementing CNTs on a fiber. some general approaches have been dip coating in a CNT suspension, making 
a polymer composite, immobilization by the sol–gel approach, and electrodeposition. Generally, CNT-based sPME coatings 
have acceptable reproducibility; high solvent, mechanical, and thermal stabilities; reduced fiber affinity to water molecules in 
the headspace (Hs), and improved EE. A detailed review was recently published on CNT-based sPME coatings covering most 
of these aspects [21].

Immobilization by sol–gel technology has been the most dominant sPME fibers built-technique for CNTs coating on fiber 
solution (Fs) fibers, which exhibited higher EE and thermal stability and longer life span compared with commercial sPME 
fibers. The peak areas of chromatographic responses of CNT fibers for analytes were more than those of poly(dimethylsiloxane) 
(PdMs) and polyethylene glycol (PEG) fibers. This is mainly due to the highly porous structure obtained from sol–gel tech-
nology, which leads to larger surface area and better accessibility for analytes toward inner sorbents [22].

Fragile Fs fibers were replaced with stainless steel (ss) wires and introduced a repeatable coating procedure to enhance 
the reproducibility of sol–gel CNT fibers. In this method, the ss wire was drawn at a constant rate during sol–gel layer coat-
ing. The unbreakable sol–gel CNT sPME metal fiber showed excellent thermal stability, solvent durability, and good EE 
because of inherent features of MWNTs and the innovative repeatable sol–gel method. The sol–gel technique, although hav-
ing many advantages, was replaced by other methods because of its inadequate reproducibility and because the fragile Fs 
fiber was mostly used as a support in this method. This deficiency in the reproducibility was the outcome of a great number of 

Steel capillary

Self-assembled CNTs

MWNTs packed
in steel capillary

figure 14.7 schematic diagram of the μ-sPE system. Reproduced with permission from Ref. [19]. © science direct Elsevier.

table 14.3 Comparison of breakthrough times (min) of different organic compounds on functionalized Cnts, unfunctionalized 
Cnts, and Carbopack

sorbents

2-Nitrophenol 2,6-dichloroaniline Naphthalene breakthrough

EF EE (%) EF EE (%) EF EE (%) volume (ml)

C-18 0.3  1.3 0.6  2.5 0.6  2.5 5
self-assembled CNTs 0.6  2.3 0.7  2.8 1.9  7.5  7.5
sWNTs 2.8 11.1 4.1 16.2 6.2 24.7 17.5
MWNTs 3.4 13.7 3.7 14.8 6.8 27.1 17.5

Reproduced with permission from Ref. [19]. © science direct Elsevier.

CNMs FoR PRECoNCENTRATIoN oF ENvIRoNMENTAl PollUTANTs 225



226 CARboN NANoMATERIAls As AdsoRbENTs FoR ENvIRoNMENTAl ANAlysIs

optimization factors in the sol–gel coating technique. The chemical and electrochemical methods of coating preparation 
emerged to overcome this obstacle [23].

Recently, electrodeposition of CNTs and conductive polymers on metal wires was carried out. Aniline dissolved CNTs 
through the donor–acceptor complex, and the polyaniline (PANI/MWNT) coating was electrochemically prepared. This fiber 
showed higher EE than the PANI fiber because of its porous structure and the π–π interaction of CNTs with aromatic com-
pounds. The MWNT/PANI fiber also showed high thermal stability and excellent reusability due to the chemical bonding bet-
ween the Pt substrate and coating and the interaction of PANI with MWCNTs. The MWCNT/polypyrrole (PPy) sPME-coated 
fiber showed higher EE for the pyrethroids than the PPy-coated fiber and selected commercial fibers. The mechanical strength 
of the MWCNT/PPy-coated fiber and the resistance of the coating to different organic solvents and strong acidic and basic 
aqueous solutions illustrated the high chemical stability of the fiber [24].

Nafion was also used as a binder to immobilize MWNTs on a ss wire to prepare the MWNT/Nafion fiber. This fiber was 
used as a working electrode for the EE-sPME of basic drugs in urine samples and organic ionic compounds. The EE-sPME of 
anionic (deprotonated carboxylic acids) and cationic (protonated amines) compounds in aqueous solutions showed more effec-
tive and selective extraction in comparison with dI-sPME, due to electrophoresis and complementary charge interaction [25].

14.4.3.2 FULs as SPME Material FUls have a large surface to volume ratio and a thermal stability that make them ideal 
for sPME application. The main problem in using FUls as an sPME coating is their poor solubility in solvents, which is crucial 
for preparing sPME coatings; so, to use FUls in sPME, they have to be attached to a polymeric matrix. Xiao et al. used a 
polysiloxane–FUl composite for sPME. synthesis of the coating involved the reaction between a polyazidosilicone backbone 
and C60. They then used epoxy resin glue to coat the treated silica capillary with the resultant polymeric FUl [26].

sol–gel technology was used to develop the FUl–polysiloxane surface-bonded porous coating to the Fs fiber. The sol–gel 
hydroxyfullerene coating exhibited high thermal stability, excellent solvent (organic and inorganic) resistance, and long lifes-
pan because of the unique properties of FUl and the chemical bonding between the coating and fiber surface. The charge 
transfer and structural similarity between the analytes, polychlorinated biphenyls (PCbs), and hydroxyfullerene caused the high 
extraction capabilities of coating for the planar PCb congeners [27].

14.4.4 gas-phase micropreconcentration on Cnt

The gas adsorption capacity of CNTs has been studied by computational methods as well as by experimental measurements. 
Adsorption of Co and Co

2
 and of Ar, N

2
, and CH

4
 has shown that CNTs are a favorable sorbent for lighter gases. limited 

studies have been carried out with organics, where adsorption isotherms for benzene, methanol, and methane as well as affinity 
of dioxins have been studied. Adsorption kinetics of ethanol, isopropanol, cyclohexane, benzene, and hexane and sorption 
capacities of a variety of analytes on sWNTs and MWNTs have also been studied. CNTs were used for the preconcentration of 
organic vapors on sWNTs and MWNTs, and retention was found to be stronger than for Tenax [6, 7, 28–30].

The high capacity of CNTs makes them excellent sorbents for gas-phase microconcentration, where the amount of sorbent is 
limited. Typical methods of release for the trapped analyte is thermal desorption, and the ease of desorption of large molecules 
from the CNT surface makes them high-performance sorbents. The microconcentration device can be made by two methods. 
The first approach is the packing of CNTs into the capillary tubing. The packing of a nano-scale sorbent requires special efforts 
to ensure uniform packing and low pressure drop. Powdered CNTs as well as nanotube paper have been used as a packing 
material in a metal preconcentrator tube for a vapor preconcentrator. The second approach is a self-assembled format, where the 
CNTs are synthesized in situ within preconcentration devices like a steel tubing or a microfabricated device by Cvd. The self-
assembled format of CNTs provided a consistent ordered structure along the tubing that facilitated a compatible flow within a 
device, especially for a serpentine microfabricated structure that could be difficult to pack. The self-assembly of CNTs in 250 
and 500-µm i.d. capillaries has been reported using Cvd of Co, C

2
H

4
, and ethanol. The surface of stainless-steel tubing was 

found to be effective because it could be made catalytically active for CNT growth. The self-assembled layer was then heated in 
a stream of oxygen for 5 h at 300°C to oxidize any impurities formed during the growth process [6, 7, 31–33]. An online moni-
toring CNT microtrap and chromatogram generated by it with a microfabricated sWNT device is shown in Figure 14.8.

The trapping efficiency of a sorbent depends upon its surface area as well as physisorption/chemisorption on the surface. As 
mentioned earlier, the sorption capacity in a flow system is usually estimated by studying the breakthrough time, which is 
defined as the time required by an analyte to elute through, or the time for which the solute is retained on the sorbent. 
breakthrough time is known to be a function of the capacity factor, length, and flow rate. CNTs have been used for the precon-
centration of volatile organic compounds (voCs) as well semivolatile organics (svoCs). breakthrough times of selected voCs 
obtained on a microtrap using different types of CNTs are presented in Table 14.4. Comparative data using as-prepared MWNTs 
with NTCs, purified MWNTs, and sWNTs are presented. The breakthrough volume on impure MWNT was similar to that of 



Carbopack. This is mainly because of the nonnanotubular nature of adsorption. once the impurities were removed, the break-
through volume increased quite dramatically. sWNTs showed the highest adsorption capacity in terms of breakthrough volume. 
This was attributed to the higher aspect ratio due to the smaller diameter, which led to a higher specific area. For example, the 
breakthrough time of dichloromethane (dCM) on sWNTs was five times higher than on Carbopack or unpurified MWNTs. 
CNTs were also excellent for sampling small molecules such as CH

4
 to large svoC molecules [32, 33].

The effect of CNT functionalization on gas-phase preconcentration was also studied. Carboxylated CNT showed signifi-
cantly different retention characteristics. The breakthrough time for polar compounds increased dramatically—nearly 300% for 
ethanol, 200% for dCM, and 200% for propanol. This was because the presence of polar functional groups led to strong inter-
actions with polar compounds. Therefore, CNTs aid preconcentration for a wide range of polar and nonpolar compounds, and 
mixed sorbent beds may be used for a wide range of compounds [34].

The phenomenon of desorption is complementary to adsorption. Quantitative desorption is important for accurate quantita-
tion as well as for the reuse of expensive CNTs. desorption efficiency often determines the range of compounds, especially the 
larger molecules that can be used with a microconcentrator. Rapid desorption from a microtrap is also essential for producing 
a sharp concentration pulse to serve as an injection for gas chromatography (GC) or GC/mass spectrometry (Ms), and for 

figure 14.8 (a) online monitoring with a CNT microtrap; (b) chromatogram generated by a CNT microconcentrator; (c) microfabricated 
sWNT column. Reproduced with permission from Refs. [31–33].  Ref. [31] © ACs Publications, Ref. [32] © science direct Elsevier, and 
Ref. [33] © RsC Publication.
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table 14.4 breakthrough times (min) for voCs and svoCs with different types of Cnts, where the concentration of the 
analytes was in the range of 9–12 ppm at a flow rate of 3 ml/min, and the amount of sorbent in the microtrap was 20 mg

Type of microtrap dichloromethane Hexane Toluene o-nitro phenol Naphthalene

MWNT-1Ca 5 15 40 50.0 120.0
sWNTb 10 20 50 30.0 90.0
MWNT-1c 2 5 6 5.0 15.0
Carbopack 2 5 6 5.0 12.0

Reproduced with permission from Refs. [32–34]. © science direct Elsevier.
a Cleaned MWNTs (Fig. 14.3b).
b Commercially available purified sWNTs.
c synthesized MWNTs with significant amount of impurities (Fig. 14.3a).
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producing a high signal to noise ratio for sensors. Figure 14.9 shows the desorption profile of naphthalene from CNT, unpuri-
fied CNT, and Carbopack™. Under the same conditions, the desorption band from sWNTs was much narrower than that from 
either Carbopack™ or unpurified MWNTs. The purified MWNT was similar to the sWNT and is not presented here [33].

14.5 ChromatographiC appliCations of Cnms

Most recent work deals with CNMs used as separation media in GC, and in particular in the past 15 years various research 
groups have been investigating the gas chromatographic properties of FUls and CNTs. Essentially two general approaches 
have been practiced, that is, their usage in packed and in capillary columns. despite the lower efficiency of the former, simplicity 
in preparation made packed columns attractive for easily studying the chromatographic behavior of the selected stationary 
phase. different techniques have been considered to prepare open tubular columns based on CNMs, mostly entailing Cvd or 
chemicals methods, the latter widely employed especially for FUls bonded stationary phases [3, 4, 13].

14.5.1 Chromatographic stationary phases with Cnts

li and yuan were the first who tested purified MWNTs in glass columns for different classes of compounds for the GC 
stationary phase. Good separation was achieved compared to graphitized carbon especially in the case of polar analytes, due to 
the low content of polar groups in CNTs. The role of sorbent morphology was elucidated by an analysis of selected probes: it 
was observed that for the same surface area and amount of material packed in the columns, CNTs exhibited higher adsorption 
than graphitized carbon (Carbopack b) due to their higher number of sorption sites in comparison with a planar carbon surface 
in spite of the higher number of theoretical plates of the graphitized packing; on the other hand, porous material such as 
activated charcoal demonstrated strong retention toward aromatics, making any separation unfeasible. such findings were also 
substantiated in another work where pristine and purified MWNTs were compared with activated charcoal for the separation of 
light alkanes and aromatic hydrocarbons. The pristine material was HCl-treated to remove metallic impurities, as these influ-
enced surface properties such as acceptor/donor characteristics and the dispersive component of the surface energy, without 
altering their original structure due to the nonoxidative nature of HCl. Results clearly showed the outstanding chromatographic 
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figure 14.9 Comparison of desorption profile from different CNTs and Carbopack. Reproduced with permission from Refs. [33, 34]. 
© RsC Publication.
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properties of MWNTs in comparison with activated charcoal. linear/branched alkanes and aromatics could be analyzed on 
CNTs, contrary to charcoal where very strong adsorption and lack of selectivity were evident, and not even temperature over 
300°C could desorb alkyl benzenes in a reasonable timeframe [35, 36].

saridara and Mitra reported the immobilization of CNTs on the inner wall of capillary columns by using Cvd to prepare 
self-assembled CNTs in capillary tubes with ethylene as the carbon source. Radial-aligned MWNTs were grown in situ on the 
wall of a stainless-steel tube, which was properly treated to generate a catalytically active surface. Importantly, the thickness of 
the CNT coating, responsible for different retention capabilities, could be varied by tuning experimental conditions; cogenera-
tion of amorphous and nontubular carbon was overcome by selective annealing after assembling, due to the higher thermal 
stability of CNTs. The column showed good thermal stability and satisfactory efficiency in the separation of C2–C6 alkenes. 
It has to be underlined that in situ self-assembly enables preservation of CNTs. Nano characteristics may be lost due to agglom-
eration when nanotubes are packed as a powder. such synthetic route was studied further by the same research group. sWNTs 
were Cvd-grown on an open tubular GC column by using ethanol and metallic cobalt as the carbon source and catalyst, respec-
tively. In contrast to a previous report, noodle-like structures of CNTs were observed. C2–C14 alkanes and polycyclic aromatic 
hydrocarbons (PAHs) were separated, although the peak shape was far from ideal. Temperature up to 425°C could be reached 
for eluting the highest molecular weight compounds, with no bleeding. Further optimization of CNT self-assembly via Cvd 
was possible by a one-step process based on ethanol as the carbon source, yielding highly pure CNTs (Fig. 14.10). despite its 
relatively short length (1.5 m), this column showed good chromatographic properties in terms of resolution and efficiency, 
enabling analysis of compounds whose volatility is very different (Table 14.5) [6, 7, 37–39].

safavi et al. synthesized packed capillary columns by the online Cvd method. CNTs showed selectivity for separation of 
gases. Ar, H

2
, and Co

2
 were easily resolved on sWNTs, yielding better results than MWNTs, whereas no separation was pos-

sible on activated carbon and carbon nanofibers. Completely different procedures, based on chemical methods (i.e., oxidation, 
acylation and nucleophilic substitution), were adopted to anchor CNTs on the inner surface of capillary columns. sWNTs–
CoCl, obtained by treating sWNTs–CooH with thionyl chloride, were covalently grafted on the column wall exposing free 
amino groups previously inserted by amino silanization of the fused-silica capillary tube with 3-aminopropyl-trietoxysilane. 
Interestingly, bonded sWNTs were end-to-end-linked forming a CNT network, as a result of the reaction between sWNTs–
CoCl and sWNT–CooH possibly present in the reaction medium. The column, tested for separation of light hydrocarbons, 
alcohols, and aromatics, showed selective adsorption in terms of retention times, but resolution was far from optimal, with 
marked band broadening and peak tailing [40].

stadermann et al. fabricated the sWNTs-based stationary phase of the microchannels consisting of a 100 m by 100 m2 and a 
50-cm-long microcolumn placed in a functional chip with an integrated resistive heater and interfaced with a flame ionization 
detector (Fig. 14.8c). The device was initially patterned by photolithography and then the CNT film was grown in situ by Cvd, 
with variable thickness being obtained depending on the growth time. The layer was quite uniform, despite the presence of 
voids. In less than 1 min four C6–C12 alkanes, as well as a functional group test mixture (methanol, 2-pentanone, anisole, 
decane), were separated at flow rates of 12–14 ml min−1. due to the small thermal mass, a fast temperature gradient of 60°C s−1 
was applicable, with short equilibration time (90 s) between each thermal gradient run. The micro-GC system was further 
improved, in particular a smaller device was implemented (50 by 50 m2 and a 30-cm-long channel) with a different chip 
bonding technique and a new growth 183 recipe, obtaining a homogeneous CNT mat, important for minimizing band broad-
ening. such improvements led to better resolution and peak shape, as apparent from the separation of five alkanes in a frame 
time of about 5 s. Control tests performed on the bare chip highlighted the chromatographic role of sWNTs [31, 41] (Fig. 14.11).

14.5.2 Chromatographic stationary phases with fuls

Chemical linking of C60 to polysiloxane by bond formation was undertaken to prepare a capillary column for separation 
of PCbs. starting from functionalized FUls, the synthesis consists of a single simple reaction step involving the coupling of 
polyaminopropyl(methyl)siloxane with the reactive ester cyclohexylaminocarbonyl-(N)-succinimyloxycarbonyl-1,2- 
dihydro-[60] FUls. Increase in analyte retention was seen in going from tetra-ortho- to mono-ortho-substituted PCbs, as the 
biphenyls with low number of chlorine atoms in the ortho position are liable to assume planar conformations; this promotes 
charge transfer/dipole interactions between the solute and the sorbent. High-resolution separation of other high-boiling-point 
compounds such as PAHs and phthalic esters was achieved on a polysiloxane capillary column modified with FUls. In this case 
the polymeric phase was firstly chemically modified by electrophilic addition to allyl bromide, followed by reaction with 
sodium azide and finally by 1,3-dipolar addiction with C60. C12–C32 n-alkanes and C1–C10 phthalic esters, as well as stan-
dard mixtures of PAHs, which eluted in the order of their increasing dispersion force, were nicely separated [42, 43].

As expected, stacking was one of the main interactions governing adsorption, as demonstrated by higher retention times of 
methyl esters of unsaturated fatty acids in comparison with homologous saturated analytes. Also, alcoholic and aromatic 
positional isomers were resolved, thus evidencing structural selectivity. FUls loading was an influencing parameter with regard 
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table 14.5 Chromatographic data of a Cnt-coated gC column with select 
 compounds, where, k′ is the capacity factor and N is the number of theoretical plates

Compound boiling point (°C ) k′ (CNT coating) N

Methanol 64.7 1.02 1820
Hexane 69 0.82 1710
Ethanol 78 2.05 1920
Carbon tetrachloride 76.76 1.21 1620
benzene 80 1.59 1724
Acetonitrile 81.6 1.67 1780
Propanol 97 3.62 1684
Toluene 111 2.59 1450
1-butanol 117 5.21 1675
Xylene 139 5.02 1684
Phenol 182 5.97 1520
Naphthalene 217.9 7.16 1350

Reproduced with permission from Ref. [39]. © science direct Elsevier.

figure 14.10 (a) Cvd for self-assembly of CNTs and (b) sEM image of self-assembled CNTs inside a steel tubing. Reproduced with 
permission from Ref. [39]. © ACs Publications.
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to column performance; specifically, by increasing CNMs (from 3 to 6 wt%), retention and selectivity were enhanced, although 
efficiency did not improve. bonding of C60 imparted a certain polarity to the siloxane phase, resulting in a column with higher 
polarity than commercial sE-30 and similar to that of ov-3. To enhance FUls selectivity for separation of both polar and apolar 
analytes, different stationary phases based on FUls but with mixed composition have been prepared. Crown ethers and Cds 
were selected as “model modifiers” with hydrophilic and hydrophobic cavities, respectively. A synergistic effect of FUls and 
crown ethers was considered to explain the complete separation of structural isomers of butanol on the C60-(dibenzo-24-C8) 
sorbent, not achieved on the nonmixed phases. Also, increased retention of heterocyclic compounds containing nitrogen or 
sulfur was observed. FUls coupled with Cds were prepared to separate aromatic hydrocarbons, based on the ability of Cds to 
yield inclusion complexes, due to hydrophobic and stacking interactions [42, 43].

14.5.3 high-pressure liquid Chromatography

The use of CNMs for designing novel stationary phases for high-pressure liquid chromatography (HPlC) is a current trend in 
analytical chemistry. The synthesis of hybrid materials is very promising, in which CNTs or FUls play the role of active modifiers 
responsible for retention and selectivity, while the bulk material in which they are incorporated just acts as the support (i.e., silica), 
not taking part in the separation process. This is an approach especially adopted for packed-column liquid chromatography. Also, 
CNT embedment in polymeric monoliths has been undertaken by chemical and physical methods [44, 45].

However, one of the main troubles encountered in this application is the preparation of sorbent phases with suitable chemical 
stability—mandatory for long-term high-quality performance in particular with regard to the chemical route used for grafting 
the nanomaterials. An alternative approach is the preparation of nanostructured stationary phases. overall, it is has to be con-
sidered that the chromatographic behavior of the sorbent would be heavily affected by some major factors, such as support 
particle size, porosity, homogeneity of functionalization, and nanomaterials [46].

14.6 membranes appliCations of Cnms

The natural characteristics of CNMs such as high porosity and surface area make them attractive for the preparation of mem-
branes. CNTs-based membranes have been used to distinguish between molecules based on their size; additionally, functional-
ized CNTs have been used to influence molecular transport. because of this, the fabrication of CNTs-based membranes has 
dramatically increased in recent years, particularly for their use in gas separation [3]. several physicochemical studies have 
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figure 14.11 Chromatographic separations using a CNT-coating column: methanol (1), ethanol (2), carbon tetrachloride (3), acetonitrile 
(4), xylene (5), phenol (6) and naphthalene (7). Reproduced with permission from Ref. [39]. © ACs Publications.
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demonstrated that fluids can flow through the cores of CNTs (e.g., hydrogen, hydrocarbon gases, water, and methane). dense 
arrays of aligned MWNTs have been described in literature, which could potentially be used for solute transport. Atomistic 
simulations have predicted CNTs have exceptional flux and selectivity properties compared to other known nanomaterials and 
the transport of gases in CNTs with diameter 1 nm was predicted to be orders of magnitude faster than in zeolites. These excep-
tionally high transport rates have been attributed to the inherent molecular smoothness of the nanotubes. some of these theoret-
ical predictions have been verified experimentally with larger CNTs. Holt et al. have constructed nanotube−si

3
N

4
 composite 

membranes using Cvd [47]. In related work, Hinds and coworkers constructed polymer–nanotube composite membranes 
using MWNTs having large diameters (6–7 nm) [48]. They verified that transport of liquids (alkanes, water) is orders of mag-
nitude faster than can be accounted for by conventional hydrodynamic flow [49].

In the analytical field, Kamilah et al. and o. sae-Khow et. al. Prepared a CNT-immobilized membrane (CNIM) where func-
tionalized CNTs were immobilized. one membrane image is shown in Figure 14.10 [50, 51] (Fig. 14.12).

both sWNTs and MWNTs were used to fabricate the CNIM hollow fiber. Immobilization was carried out such that the CNT 
surface was fully accessible to adsorption/desorption. It was found that incorporation was quite rugged, and the membrane did 
not lose the CNTs in spite of several washes with water and solvent. several organic compounds including trichloroacetic acid 
and tribromoacetic acid, two important disinfection by-products in water treatment, were selected as the model solutes for 
CNIM hollow fibers. CNT-mediated membrane extraction provided higher enrichment for all compounds, with improvements 
of up to 240% over the polypropylene membrane. This is also attributed to the enhanced partitioning of the uncharged acids in 
the CNTs prior to preconcentration into the basic acceptor (Fig. 14.10).

14.7 other appliCations of Cnms

In addition to sorbent properties, CNMs present excellent electric, magnetic, and thermal properties. In general, analytical tools 
based on carbon nanostructures exploit two or more properties. In the previous sections, we described applications in which 
sorption was the most important property. However, there are applications in which sorption plays a secondary role, especially 
the participation of CNTs in developing biosensors and sensors based on field-effect transistors (FETs). due to their excellent 
electrical properties, CNTs can be used to develop electrical sensors in which CNTs mediate the electron-transfer reaction with 
electroactive species [52].

The sorption properties of CNTs facilitate immobilization of biomolecules (e.g., antibodies, cofactors, or enzymes) and the 
redox process by immobilizing the analyte on the electrode surface. Although CNTs are inert structures, their electrical prop-
erties very much depend on the effects of charge transfer and chemical doping. CNT-FETs have been used to detect gases, so 
the electronic structures of target molecules near semiconducting nanotubes produce changes in the electrical conductivity of 
CNTs. CNT-FETs can be applied to detect NH

3
, Co, and Co

2
. However, we need to make it clear that the applicability of CNT-

FETs is limited when the analytes have low adsorption energy or poor charge transfer to CNTs [53, 54].

14.8 ConClusions and future vision

CNMs, especially in the form of CNTs and FUls, have a tremendous potential in environmental analysis as nanoadsorbents in 
a wide variety of environmental analytical applications. However, this is only the starting point because there are large numbers 
of other CNMs with exceptional properties that have not yet been explored from the environmental analytical point of view. one 
of the main challenges and research is to find cost-effective, scalable production methods that retain the essential properties of 
CNMs. Additionally, the combination of CNMs with other new materials (e.g., quantum dots or ionic liquids) can enhance sorp-
tion properties of these, which will help in the development of new analytical tools that will simplify the environmental analytical 
process. Moreover, to bring CNM development a step forward, the sorption kinetics on CNMs need to be studied in more detail 
for understanding the interaction of gases and liquids. Although CNMs have demonstrated their potential because of their unique 
chemical and physical properties, the applications of CNMs in environmental analysis are still limited and at an early stage.

In conclusion, the applications of CNMs in the field of environmental analysis are very interesting and endless; however, the 
commercial production of CNMs is still some way off, and there is a need for important breakthroughs. Along with the growth 
of interest in CNMs, the potential effects on human health and the environment, both adverse and beneficial, need to be consid-
ered. Their short- and long-term effects on the human body, immunotoxicity, and phototoxicity will also require detailed explo-
ration. Increasingly, a study of their fate and environmental impact is becoming important due to the discharges already 
occurring to the environment. The likely further increase in CNM discharges along with the dramatic industry growth, and the 
immense knowledge gaps in risk assessment and management, would necessitate further studies in this area.
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figure 14.12 sEM images of (A) unmodified composite membrane and (b) membrane immobilizing with CNTs. schematic representa-
tion of solvent retention and solute transport in (a) the plain membrane and (b) the CNIM. The triangles represent the path of the analyte 
molecules, and the dashed lines mark the solvent barriers. Reproduced with permission from Refs. [50, 51]. Ref. [50] © science direct 
Elsevier and Ref. [51] © ACs Publications.
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15.1 introduction

Water is a scarce resource, and with the pressures of climate change, rapid industrialization, and population growth, water 
has become even scarcer, especially in developing regions. It is estimated that about one-sixth of the population living in 
developing countries have no access to clean drinking water, while about 2.6 billion people do not have access to basic san-
itation facilities [1]. This situation becomes worse with contamination of water by a wide variety of toxic pollutants from 
natural, domestic, or industrial sources. Despite their presence at low concentration ranges, environmental pollutants pose 
serious threats to freshwater supply, living organisms, and public health. Water pollution is one of the critical problems of the 
twenty-first century that humanity is facing. The quest to ensure that all people have access to clean drinking water is now 
enshrined in the United Nations’ (UN) Millennium Development Goals, which aim to halve the proportion of people without 
sustainable access to safe drinking water by 2015. Robust and technological improvements are urgently required to treat pol-
luted water economically and efficiently. In recent years, various technologies have been developed to address this problem 
[2, 3]. Among them, adsorption has been found very promising to remove diverse types of pollutants from water and waste-
water [4]. One of the most prominent examples of a conventional adsorbent for environmental application is activated carbon 
[5]. This conventional material is cost-effective in application and thus widespread in the European drinking water industry 
for water purification. However, in recent years, nanotechnology has emerged as a powerful platform, among other twenty-
first-century technologies, and various nanoadsorbents have been developed and tested toward water treatment applications 
[6]. Nanostructured adsorbents offer the opportunity of an even greater adsorption capacity and might be designed to target 
specific contaminants. Nanotechnology, related to the manipulation of materials and systems at the nanoscale (<100 nm), is 
considered one of the most important achievements in science and technology. At the nanoscale, materials show unique char-
acteristics and, because of their small size, they possess a large surface area and “surface area to volume” ratio [7]. In this 
regard, promoting nanoadsorbents presents opportunities to develop local and practical solutions for tackling global water 
pollution. This chapter presents a brief overview of the technical applicability of different nanoadsorbents for removing various 
aquatic pollutants. Present challenges, future research directions, and potential implications to public health, resulting from 
their applications in water treatment, are also discussed.
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15.2 nAnoAdsorbents in WAter treAtment

Nanoadsorbents are nanoscale particles from organic or inorganic materials that have a high affinity to adsorb substances. 
Because of their high porosity, small size, and active surface, nanoadsorbents not only are capable of sequestering contaminants 
with varying molecular size, hydrophobicity, and speciation behavior, but they also enable manufacturing processes to consume 
raw materials efficiently without releasing a toxic payload [8]. Nanoadsorbents not only work rapidly, but also have considerable 
metal-binding capacities. They can also be chemically regenerated after being exhausted [9]. for these reasons, recently, scholarly 
interest in nanotechnology has been growing rapidly worldwide.

15.2.1 carbon nanotubes

Due to the high specific area and large micropore volume, carbon nanotubes (cNTs) have been widely utilized for the adsorp-
tion of various aquatic contaminants such as organic compounds and inorganic ions in the past decade. cNTs include single-
walled carbon nanotubes (SWcNTs) and multiwalled carbon nanotubes (MWcNTs), and both can be used for the adsorptive 
removal of various pollutants from water. The unique physicochemical and electrical properties of cNTs surpass those of its 
prominent counterpart, activated carbon. Some of the studies describing the adsorptive removal of various contaminants by 
cNTs are discussed herein: Adsorptive removal of zinc (Zn2+) using purified cNTs (MWcNTs and SWcNTs) has been exam-
ined by lu and chiu [10]. The cNTs were subjected to thermal treatment and treated with sodium hypochlorite. As reported in 
other studies [11], purification resulted in the removal of metal catalysts and amorphous carbon from cNTs, and large quantities 
of nanotube bundles with a hollow inner tube diameter were observed in the purified cNTs. The Brunauer–Emmett–Teller 
(BET) analysis showed that SWcNTs possess higher surface area and pore volume than MWcNTs, but average pore diameter 
of SWcNTs was lower than that of MWcNTs. The zeta potentials of purified cNTs were more negative than that of raw cNTs 
due to the presence of negative functional groups on the surface of purified cNTs. Adsorption of Zn2+ increased in the pH 
range of 1–8. But low Zn2+ adsorption occurred at low pH due to the competition between H+ and Zn2+ for the adsorption 
sites. After an increase in Zn2+ adsorption up to pH 8.0, adsorption remained constant in the pH range of 8.0–11.0. The Zn2+ 
species prevails until pH 8.0, and the process governing Zn2+ removal is adsorption. The kinetics of Zn2+ adsorption onto the 
cNTs was fast (60 min). The kinetics and isotherm study confirmed that the adsorption capacity of Zn2+ onto purified SWcNTs 
was higher than that onto MWcNTs, which was in agreement with the BET results. The maximum adsorption capacities of Zn2+ 
calculated by the langmuir model were reported as 43.66, and 32.68 mg/g with SWcNTs and MWcNTs, respectively, at an 
initial Zn2+ concentration range of 10–80 mg/l. The isotherm data was better explained by the langmuir model than by the 
freundlich model. Gupta et al. [12] studied cr(III) removal by combining the magnetic properties of iron oxide with adsorption 
properties of MWcNTs. Acid treatment (HNO

3
) of MWcNTs was performed to modify the surface of the cNTs with carbonyl 

and hydroxyl groups. furthermore, the MWcNTs/nano iron oxide composites were prepared using ferric chloride hexahydrate 
and ferrous chloride. Scanning electron microscopy (SEM) images of the prepared composite exhibited an entangled network 
of oxidized MWcNTs with clusters of iron oxides attached to them. The presence of maghemite (γ-fe

2
O

3
) and magnetite 

(fe
3
O

4
) was confirmed by the X-ray diffraction (XRD) analysis of the composites. The additional adsorbing sites provided by 

the oxygen atoms of iron oxide nanoparticles (NPs) on the surface of MWcNTs became available for the electrostatic interac-
tion with cr(III) and, thus, the prepared composite showed higher cr(III) capacity. The composite was effective for cr(III) 
adsorption in the pH range above pH 3 and below pH 7 due to the presence of cr(OH)2+ and cr(OH)

2
+ species of chromium. 

Also, at pH values of 4.0–7.0, the net negative surface charge on the former allowed increased adsorption of chromium species 
on MWcNTs. The results of the fixed bed experiments revealed that lower flow rate favored cr(III) removal due to the increased 
contact time between cr(III) and adsorbent. An increase in fixed bed layers also revealed an increase in cr(III) uptake, which 
was attributed to the availability of more adsorption sites. Several researchers have also modified cNTs to evaluate the efficiency 
of the former with the unmodified cNTs for the removal of various contaminants. Konicki et al. [13] evaluated the performance 
of magnetic MWcNT–fe

3
c nanocomposites (MMWcNTs–IcN) for the adsorption of the anionic dye Direct Red 23 (DR23), 

which is present in various industrial effluents. chemical vapor deposition (cVD) was used to obtain the nanocomposites. 
Thermogravimetric analysis (TGA) confirmed that the composites were composed of graphite and iron carbide (fe

3
c) phases. 

Adsorption equilibrium was attained in 160–340 min depending on the initial dye concentration. The availability of a large 
number of vacant sites resulted in faster adsorption in the initial stage. The driving force of concentration gradient increased with 
an increase in the initial concentration of the dye and resulted in increased dye adsorption capacity. With an increase in pH (from 
3.7 to 11.1), the adsorption capacity decreased due to the electrostatic interaction between the anionic dye and the partially neg-
atively charged nanocomposites. At lower pH, the positive surface charge was dominant due to the protonation of oxygen- 
containing functional groups. Temperature also favored the adsorption of DR23 onto the nanocomposites. The kinetic data and 
experimental isotherm data fitted well with the pseudo-second-order model and freundlich isotherm model, respectively.
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chatterjee et al. [14] impregnated chitosan (cS) hydrogel beads with MWcNTs and studied the adsorption efficiency of the 
modified adsorbent for congo red (cR) dye removal. cNT impregnation rendered the beads materially denser and the porosity 
of the cS/cNT beads also increased due to the addition of cNT. The field-emission SEM (fE-SEM) image of the modified 
adsorbent revealed that cNT was present both uniformly throughout the cS matrix and as small aggregates in the cS/cNT 
beads. The energy-dispersive X-ray (EDX) analysis of the modified adsorbent after cR adsorption revealed higher S (wt.%) in 
the cS/cNT beads (4.62%) than in the cS beads (1.83%), indicating that cNT impregnation increased the adsorption capacity 
of cS/cNT beads. A negative effect of cNT concentration in cS beads was observed. An increase from 0.01 to 0.05 wt.% cNT 
showed a decrease in adsorption capacity. It was attributed to the formation of larger aggregates of cNTs, which hindered the 
access of cR to the adsorption site of cS and cetyltrimethylammonium bromide (cTAB). cTAB is a dispersant present in cS/
cNT beads that interacts with the hydrophobic moieties of cR and partly has ionic interaction with the anionic charge on cR. 
The adsorption of cR onto cS/cNT was highly pH dependent, and maximum adsorption by the cS/cNT beads (423.1 mg/g) 
occurred at pH 4.0. Since beads formation was carried out in a sodium hydroxide precipitation bath, the amine groups of cS 
molecules were not protonated. An increase in initial pH 4.0–5.6 and from pH 5.0 to 6.0 during adsorption indicated a decrease 
in H+ concentration in the solution. However, such behavior was absent when the initial pH of the cR solution was neutral or 
basic as protonation of amine groups did not occur at pH 7.0 and 9.0 due to absence of free H+ in solution. The langmuir iso-
therm model showed a better fit with the experimental isotherm data than the freundlich isotherm model. The maximum 
adsorption capacity of cS/cNT beads for cR was reported as 450.4 mg/g. The values obtained from pseudo-first-order, pseudo-
second order kinetic models and the intraparticle diffusion model showed that the mass transfer rate was fairly increased by the 
addition of cNT. Bazrafshan et al. [15] studied the removal of reactive red 120 textile dye (RR-120) using SWcNTs. The 
SWcNTs were synthesized by the catalytic cVD method. They were further functionalized by dispersing the former in nitric 
acid. The adsorptive removal of RR-120 was influenced by pH. The optimum pH for the process was 5.0 as below and above 
this pH adsorptive removal of the dye was found to decrease. Maximum adsorption capacity of SWcNTs for the dye was 
reported as 426.49 mg/g, with 85.3% dye removal taking place at pH 5.0 with initial dye concentration of 50 mg/l. The proton-
ation of electron Π–rich regions on the surface of SWcNTs at lower pH values forms positive surface charge, increasing the 
uptake of negative charged dye. However, with an increase in pH, the carboxylic groups ionized and caused an increase in neg-
ative surface charge density resulting in reduced removal of RR-120. The increased adsorbent dosage resulted in an increase in 
the surface area and adsorption sites that helped in achieving maximum dye adsorption (88.28%, 882.83 mg/g). Adsorption 
equilibrium was achieved in 180 min contact time. The BET model fitted well with the isotherm data.

In another study, resorcinol was taken as a model phenolic derivative and the efficiency of MWcNTs was assessed for the 
adsorption of the former [16]. Nitric acid treatment was conducted to oxidize the MWcNTs. The kinetics of resorcinol onto 
MWcNTs was fast. The experiments were not performed at pH values greater than 8.0 as in basic conditions resorcinol is 
oxidized. Resorcinol uptake increased with the decrease in solution pH since its solubility decreases with the lowering of pH. 
A comparison of the adsorption properties of treated and nontreated MWcNTs was performed. A reduction in the uptake 
capacity of resorcinol was observed due to the electrostatic repulsion between negatively charged resorcinol and acid-treated 
MWcNTs. Also, the carboxylic groups, those that are present on the surface of MWcNTs, act as electron withdrawing groups 
localizing electrons from the Π system of MWcNTs and interfering and weakening the forces between the aromatic ring of 
resorcinol and the graphite structure of MWcNTs. The hydroxyl group (located in meta-position) present in the structure of 
resorcinol also positively influenced its adsorption. The potential of MWcNTs for herbicide adsorption has also been tested 
by researchers [17]. Diuron and dichlobenil were the two representative herbicides studied, and the effect of lead on their 
adsorption onto MWcNTs was observed. The MWcNTs with outer diameters of less than 8 nm (MWcNTs8) exhibited 
maximum adsorption capacity for both herbicides due to their large surface area and pore volume, and the experimental iso-
therm data was in agreement with the Polanyi–Manes model. It was also observed that an increase in oxygen content of 
MWcNTs decreased the adsorption of the herbicides due to deprotonation of carboxylic groups at pH 6.0. Since MWcNTs 
with outer diameters of 10–20 nm and oxygen content of 1.52% (MWcNTs-O (1.52%)), and MWcNTs-O (2.66%) and 
MWcNTs-O (7.58%), had quite similar diameters and surface areas, but different oxygen contents, they were chosen to 
study the effect of lead on the sorption of herbicides. In case of Pb(II), in a single-solute system, MWcNTs-O (2.66%) and 
MWcNTs-O (7.58%) showed Pb(II) adsorption capacities of 17.75 and 91.67 mg/g for the same Pb2+ equilibrium concentration 
implying that the surface O-containing groups improved the ion exchange capabilities of MWcNTs and, therefore, resulted in 
higher Pb2+ adsorption. The adsorption of diuron or dichlobenil on MWcNTs-O (7.58%) was suppressed significantly (~10–30 
and ~15–30%, respectively) in the presence of Pb2+. But less effect of Pb2+ on herbicide removal was noticed when MWcNTs-O 
(2.66%) and MWcNTs-O (1.52%) were used as adsorbent. It was concluded that complexation of Pb2+ with carboxylic groups 
was responsible for the reduced herbicide removal. Also, hydrated lead cations occupied partial surface of MWcNTs-O 
and shielded the hydrophobic and hydrophilic sites of MWcNTs, leading to inhibition in herbicides adsorption around the 
metal-complexed moieties.
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Natural organic matter (NOM) removal by cNTs has also been studied by researchers, and the results were found to be promising. 
lu and Su [18] investigated the role of thermally treated MWcNTs (at 400°c for 60 min) in the removal of NOM in terms of dis-
solved organic carbon (DOc) and assimilable organic carbon (AOc). A comparative study of cNT and granular activated carbon 
(GAc) adsorption of NOM was also conducted. The NOM had anionic character across the pH range 3.0–9.0. The thermally 
treated cNTs had greater surface area than their counterparts. Boehm titration results confirmed that the acidic and basic site con-
centrations were 0.4 and 0.25 mmol/g, respectively for raw (untreated) cNTs and 0.3 and 0.2 mmol/g, respectively for heated 
cNTs. The kinetics of DOc removal was faster than that of AOc onto cNTs due to higher initial DOc concentration that creates 
a greater diffusion driving force on the cNT surface. The experimental isotherm model fitted well with the langmuir model, and 
the equilibrium adsorption of DOc and AOc obtained by the treated adsorbent was found to be more than that obtained by raw 
cNTs. The increase in solution pH indicated that the hydroxyl ions were released from the cNT surface when NOM adsorption 
occurred. But on increasing the initial pH from 4.0 to 5.0, DOc and AOc removal decreased due to the competition between NOM 
and OH- on the same cNT site. GAc exhibited DOc and AOc adsorption capacities as 14.711 and 0.341 mg/g, respectively. The 
raw and modified cNTs exhibited 22.003 and 26.138 mg/g adsorption capacity for DOc and 0.485 and 0.548 mg/g for AOc. 
Joseph et al. [19] investigated NOM removal from a variety of potential drinking water sources through a combination of coagu-
lation and adsorption with cNTs. Both SWcNTs and MWcNTs were examined for their removal efficiencies of NOM parallel to 
the coagulation process in the presence of alum and ferric chloride metal coagulants. Synthetic seawater (SW) and brackish water 
(BW) (contained humic acid as its representative NOM), synthetic (old and young) landfill leachates (Ol, Yl) (contained glucose 
as its representative NOM), and broad river water (BRW) in columbia, South carolina were chosen to obtain a detailed knowledge 
of NOM and its behavior with regard to adsorption and coagulation. Humic acid used in the study contained approximately 40% 
DOc. The isotherm data of BW, SW, and BRW fitted well with the freundlich model, and SWcNTs consistently had a higher 
adsorption capacity than MWcNTs for NOM. The higher specific surface area of SWcNTs (407 m2/g) as compared to that of 
MWcNTs (60 m2/g) was assumed to be responsible for the greater NOM uptake capacity of the former.

Adsorption of trihalomethanes (THMs) from water using cNTs has also been investigated [11]. MWcNTs were fabricated 
by catalytic decomposition of the cH

4
/H

2
 mixture at 700°c using Ni particles as catalyst. The as-prepared cNTs were treated 

with concentrated acids for 24 h to remove metal catalysts and then washed by deionized water. After cleaning, the cNTs were 
again dispersed into concentrated acid solutions and refluxed at 80°c for 2 h to remove amorphous carbon. finally, the cNTs-
containing solution was filtered to obtain purified cNTs. The THM solution consisted of equivalent concentrations of cHcl

3
, 

cHcl
2
Br, cHclBr

2
, and cHBr

3
. The SEM images confirmed the cylindrical shape of the cNTs, and the transmission electron 

microscopy (TEM) image exhibited that cNTs possessed multiple walls with hollow inner diameter. The purity of cNTs 
increased from 95.05 to 98.87% after acid treatment as revealed by TGA. The kinetic studies showed that the diffusion mech-
anism controlled the THMs adsorption onto cNTs and the smallest molecule, cHcl

3
, was preferred over other THMs (cHcl

2
Br, 

cHclBr
2
, and cHBr

3
) because cHcl

3
 could easily enter the inner cavities through the pores. The adsorption capacity of cHcl

3
 

was observed to be the highest (2.41 mg/g), followed by cHBrcl
2
 (1.23 mg/g), cHBr

2
cl (1.08 mg/g), and then cHBr

3
 

(0.92 mg/g). As the surface tension of cHcl
3
 (27.14 dyn/cm) is much lower than that of cHBr

3
 (46.2 dyn/cm), adsorption of the 

former onto cNTs was much easier. Also, the polarity of the different THM compounds influenced the adsorption process. 
Since the polarity of cHcl

3
 is the highest, maximum adsorption was noticed in the case of cHcl

3
. THMs adsorption fluctuated 

only a little in the pH range of 3.0–7.0. This was attributed to the purification of cNTs by an acid solution that made the cNTs 
resistant to the acidic environment. But at higher pH (>7.0), THMs adsorption decreased due to the ionization of oxygen-con-
taining groups on cNTs surface resulting in the blocking of access of THM molecules to adsorption sites. The comparative 
adsorption study of THMs by powdered activated carbon (PAc) and cNTs showed that the adsorption capacity of cHcl

3
 on 

cNTs was twice that on PAc due to the presence of functional groups on cNTs surface. Several other reports are also available 
where carbon nanomaterials have been used for the removal of different pollutants [20–32].

15.2.2 metal oxide-based nps

Several adsorption studies have also been conducted to evaluate the performance of iron oxide–based nanomaterials. Many 
studies have successfully shown the use of iron oxide as composite materials with host materials to fabricate magnetic sorbents. 
Agrawal and Bajpai [33] synthesized iron oxide–based gelatin NPs and evaluated their use for the removal of cr(VI) from 
aqueous solutions. An emulsion cross-linking method was followed to synthesize the gelatin-based NPs. The cross-linking 
occurred between gelatin and glutaraldehyde. The gelatin NPs were allowed to swell in fe2+/fe3+ solution and further treated 
with NH

4
OH (an alkali) to precipitate the fe ions into iron oxide within the NP matrix. The SEM characterization revealed the 

smooth, homogeneous, and relatively spherical particle surface of the gelatin NPs. The TEM images confirmed that after cr(VI) 
adsorption onto the nanomaterial surface, the average size of the adsorbent increased. The XRD patterns of the feOGel nano-
composites showed the impregnation of iron oxide into gelatin NPs. The percent crystallinity of the feOGel was also higher 
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than of the bare gelatin NPs confirming the impregnation of iron oxide in the gelatin NPs. The zeta potential measurements 
indicated that in basic media the adsorbent surface exhibited a negative potential due to the formation of feO−, while in acidic 
media, positive surface charge prevailed due to the formation of feOH2+. Maximum cr(VI) removal was observed at pH 2.0–3.0. 
Such adsorptive behavior was confirmed by the zeta potential measurements. Electrostatic attraction between the positively 
charged surface hydroxyl groups feOH2+ of feOGel and negatively charged chromium species (HcrO

4
−) was responsible for 

the maximum uptake of cr(VI) at pH 2.0. At pH less than 1.0, the H
2
crO

4
 species is predominant and results in less adsorption 

of cr(VI) onto the nanomaterial. At higher pH, feO species occur primarily, and the adsorbent surface mainly carries net neg-
ative charge thus repelling the metal anions (crO

4
2-). The kinetics of cr(VI) uptake on feOGel was fast, and equilibrium was 

achieved in 90 min. The increase in feOGel dosage resulted in the increase of chromium uptake. The adsorption data fit well 
with the langmuir isotherm model. The maximum adsorption capacity of feOGel for cr(VI) was determined to be 120 mg/g.

Iron (fe+3) oxide/hydroxide NPs-based agglomerates suspension as adsorbent was evaluated by Zelmanov and Semiat [34] 
for the removal and recovery of cr(VI) from water. Iron (fe3+) oxide/hydroxide–based NPs (Nanofe) sol and iron (fe+3) oxide/
hydroxide NP agglomerates (Aggfe) suspension were prepared by hydrolysis and by adjusting solution pH, respectively. In 
case of cr(VI) removal by Nanofe and Aggfe separately, a significant influence of nanoparticle concentration on residual chro-
mium concentration was reported. The effect of pH on cr(VI) removal by Nanofe corroborated the observations obtained by 
Agrawal and Bajpai [33] for the removal of cr(VI) by feOGel nanocomposites. A sharp rise in residual cr(VI) concentration 
was observed when the solution pH was increased. At basic pH (8.3–8.5), cr(VI) adsorption onto NPs was not observed due to 
the presence of hydroxyl groups. The effect of pH was similar in case of cr(VI) removal by Aggfe. The kinetics of cr(VI) onto 
Nanofe and Aggfe was extremely fast (<1 min). The large external surface adsorption area of Aggfe was found to be respon-
sible for the rapid adsorption kinetics of cr(VI). Precipitation of chromium as BacrO

4
 crystals was found to be possible due to 

which 99% chromium could be recovered. Thermal hydrolysis method was employed by Nieto-Delgado and Rangel-Mendez 
[35] to generate iron oxide NPs inside the activated carbon pores considering that other techniques employ voluminous chemi-
cals such as surfactants, chelating agents, and organometallic compounds that have a poor diffusion into the activated carbon 
pores. The efficiency of synthesized iron-modified activated carbon was further tested for arsenic (As(V)) removal. Three dif-
ferent activated carbons viz. (i) filtrasorb 400–activated carbon (f400), (ii) a bagasse-based activated carbon produced by 
Zncl

2
 (AcZ), and (iii) carbon produced by H

3
PO

4
 (AcP) were used in the study. The results were analyzed based on response 

surface methodology. The iron content in AcZ-fe (0.92–4.63%) and AcP-fe (2.18–5.27%) was found to be higher than in 
f400-fe (0.73–2.2%) activated carbons. The characterization results revealed that the f400 carbon was basic and had less oxy-
genated surface groups. On the contrary, AcZ and AcP were found to be acidic containing larger amount of oxygenated surface 
groups. The results also suggested that the oxygenated surface groups promote the anchorage of iron to the adsorbent surface. 
In the study, adsorption capacity of 1.4 mg As/g c was reported for f400, whereas it was almost null for AcP and AcZ pristine 
carbons. SEM analysis revealed that f400-fe had the smallest iron hydro(oxides) particle size and a higher surface area and 
hence the highest iron efficiency to remove As(V). In contrast, AcZ-fe, which is mainly microporous, had a reduced surface 
area after modification. However, AcP-fe, which is mesoporous in nature, had a moderate surface area on modification. Along 
with the particle size of iron hydro(oxides) loaded onto activate carbon,  the carbon surface charge was also crucial. AcP fe and 
AcZ-fe had low pH

pzc
 (3.1–3.6), whereas pH

pzc
 of f400-fe was 8.6, which favored the adsorption of negative species of arsenic. 

It was confirmed via XRD analyses that iron existed as hematite crystals in the adsorbent; thus the adsorption capacity of mod-
ified carbon was unaltered with time. for the three modified carbons, the adsorption capacities for As(V) were reported as 3.25, 
1.45, and 1.65 mg As/g for f400-fe, AcZ-fe, and AcP-fe, respectively, at pH 7.0 (with 1.0 ppm arsenic concentration).

Iron oxide magnetic NPs (MNPs) have also been applied as immobilization carriers for a biomass strain (Phanerochaete 
chrysosporium), and the prepared adsorbent has been tested for lead (Pb(II)) removal [36]. Iron oxide MNPs (fe

3
O

4
 MNPs) and 

ca alginate were encapsulated in the P. chrysosporium pellets to prepare the adsorbent. The adsorption equilibrium of Pb(II) 
onto the prepared adsorbent was achieved within 8 h. The pseudo-second-order model fitted well with the experimental kinetics 
data. Maximum Pb(II) adsorption capacity was reported as 176.33 mg/g at initial Pb(II) concentration of 500 mg/l. The langmuir 
isotherm model fitted well with the experimental isotherm data. The interfacial adsorption and intraparticle diffusion were 
found to influence Pb(II) adsorption onto the adsorbent. The electrostatic attraction between MNPs and metal ions also influ-
enced the sorption process. It was proven from the fourier transform infrared (fTIR) spectra of the adsorbent, before and after 
Pb(II) adsorption, that the functional groups present on the surface of P. chrysosporium also played a critical role in Pb(II) 
removal. The adsorption efficiency of the adsorbent for five adsorption–desorption cycles of Pb(II) was almost constant (90%). 
Synthesis of magnetite nanoparticles using a low-cost approach was also undertaken [37]. Iron ore tailings (IOT) as the primary 
source of MNPs were taken into consideration during the study. Methylene blue (MB) and cR dyes were taken as the model 
pollutants. complete recovery of iron from IOT was made with Hcl. finally, ferric (hydro)oxide (fHO) (primarily constituting 
of goethite) was obtained after treatment with concentrated ammonia. The adsorbent pH was raised with NaOH and stabilized 
using sodium dodecyl sulfate (SDS). The chemical analysis of synthesized MNPs showed that the total iron content was close 
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to the theoretical value (72.36%). The pH
pzc

 of MNPs was found to be 7.1. The results of adsorption studies of MB and cR dyes 
exhibited that the kinetics of the process was rapid, showing that adsorption occurred only on the surface of MNPs. The 
behavior of MNPs toward varying pH was explained on the basis of pHpzc (pH

pzc
: ~7.1), and the adsorption of cationic MB was 

found to be above pH
pzc

 and anionic cR adsorption was higher in the lower pH range. The optimized pH for MB and cR dye 
adsorption was approximately 9.2 and 6.2, respectively. The aggregation of MNPs with increase in the MNPs dose led to a non-
linear adsorption of dyes. An increase in dye concentration led to an increase in dye uptake by MNPs, but the percentage of 
adsorption decreased. The monolayer adsorption capacities of MNPs (70.4 and 172.4 mg/g for MB and cR, respectively) were 
obtained. Desorption studies of MB and cR dyes were also performed, and 95% cR was found to desorb at pH greater than 8.0. 
However, MB desorption was more effective (85% MB desorption) when methanolic solution of acetic acid (4% (v/v) acetic 
acid in methanol) was used as an eluent.

In an attempt to modify the iron oxide NPs for rendering them effective for dye removal, Inbaraj and chen [38] synthe-
sized poly(γ-glutamic acid) (PGA)–coated iron oxide NPs. PGA coating was found to improve the stability of the MNPs, 
which was confirmed by the leaching experiments in different aqueous matrices (deionized water, tap water, river water, 
acidic solutions, basic solutions). The MB dye experimental isotherm data fitted well with the Redlich–Peterson and 
langmuir models. The maximum adsorption capacity of MB dye onto PGA MNPs obtained from the langmuir model was 
78.67 mg/g. The adsorption kinetics of MB onto synthesized nanomaterials was fast (equilibrium was achieved in 5 min). 
In the presence of coexisting ions, MB adsorption was lowered. A declining trend in the presence of cacl

2
 was more 

significant than in the presence of Nacl due to the valence effect. Acidic pH (1.0–3.0) was not favorable for the adsorption 
of MB dye onto PGA MNPs due to the competition between dye cations and hydrogen ions in the solution for the 
α-carboxylate anions present on the surface of the adsorbent. The ion exchange mechanism that dominated at higher pH 
favored the MB adsorption onto PGA MNPs. On the other hand, desorption was favorable in acidic media (ionized water). 
Salih et al. [39] investigated the fate and transport of fe

2
O

3
 NPs in a GAc adsorber bed and its impact on trichloroethy-

lene (TcE) adsorption. The TEM image revealed that fe
2
O

3
 NPs formed chains and branches due to intermolecular 

attraction. The presence of fe
2
O

3
 NPs enhanced TcE removal (70%) from the aqueous phase as compared to kinetics onto 

GAc alone. But, desorption was similarly fast due to the lack of a suitable pore size distribution for permanent adsorp-
tion of TcE. characterization results revealed that only 3% of fe

2
O

3
 NP total surface area was microporous resulting in 

their easy desorption into bulk solution. It was concluded from the values obtained from the kinetic models that batch sys-
tems might not be optimal to study TcE adsorption. column breakthrough studies were also undertaken in which it was 
observed that TcE breakthrough occurred in a shorter time in the presence of fe

2
O

3
 NPs than in their absence. This was 

attributed to the attachment of fe
2
O

3
 onto GAc. Also, the impact of fe

2
O

3
 NPs on TcE breakthrough was found to be 

concentration-dependent.
Jegadeesan et al. [40] reported the sorption of As(III) and As(V) species on nanosized amorphous and crystalline TiO

2
. The 

isotherms indicated TiO
2
 sorption capacities as dependent on the site density, surface area, and crystalline structure. The 

adsorbent surface remained almost constant for particles between 5 and 20 nm. But As(V) surface coverage increased with 
the degree of crystallinity, which was confirmed by X-ray absorption spectroscopic analysis. The data indicated binuclear 
bidentate inner sphere complexation of As(III) and As(V) on amorphous TiO

2
 at neutral pH. Belessi et al. [41] synthesized 

TiO
2
 NPs and used them for the removal of reactive red 195 azo dye. The effects of pH, concentration of dye, and adsorbent 

dose have been studied on the removal of dye. The equilibrium data fitted well with langmuir and pseudo-second-order 
kinetic models. At pH 3.0 and 30°c, the maximum adsorption capacity was 87.0 mg/g. The kinetic studies indicated a rapid 
sorption of dye in the first 30 min with equilibrium at 1 h.

few other efforts have been made to use other nano metal oxides for the removal of various aquatic pollutants. Arsenic 
(As(III) and As(V)) removal using nano copper oxide has been tested [42, 43]. The kinetics of arsenic onto cuO NPs was fast, 
but As(III) took a comparatively longer time than As(V) to adsorb [42]. As(III) adsorption onto cuO NPs was maximum at 
pH 9.3; on the contrary, As(V) adsorption was relatively independent of  pH. Sulfate and silicate are the main competing ions 
in case of As(III), whereas only phosphate was found to affect As(V) adsorption.  Hydrous cerium oxide (HcO) NPs have also 
been reported for the removal of arsenic [44]. The kinetics of As(III) and As(V) was observed to be rapid onto HcO NPs. The 
increase in pH from 3.0 to 7.0 resulted in the decrease of percent removal of As(V) from 99.7 to 54.7%. On the contrary, only 
a slight increase in As (III) removal percent was noticed when the pH was increased from 3.0 to 7.0. Unlike the case of other 
metal oxyhydroxides, the increase in solution pH affected As(III) removal only slightly, suggesting that a strong affinity exists 
between the As(III) and HcO NPs. The repulsion effect from the increase in solution pH was easily overcome by the adsorp-
tion energy. Mainly H

2
PO

4
− had an adverse effect on As(III) and As(V) removal efficiency, which was similar to the results 

obtained in previous studies on arsenic adsorption. The fTIR results of HcO NPs after adsorption process exhibited the 
formation of ce-O-As and As-Oce bonds in case of As(III)–HcO and As(V)–HcO NPs, respectively, indicating the formation 
of inner-sphere complexes.
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15.2.3 miscellaneous nanoadsorbents

cS–fe(0) NPs were prepared using biodegradable cS as a stabilizer, and batch experiments were conducted to evaluate the 
influences of initial cr(VI) concentration and other factors on cr(VI) reduction on the surface of cS–fe(0) [45]. The authors 
suggested that the overall disappearance of cr(VI) might include both physical adsorption of cr(VI) onto the cS–fe(0) surface 
and subsequent reduction of cr(VI) to cr(III). characterization with high-resolution X-ray photoelectron spectroscopy revealed 
that after the reaction, relative to cr(VI) and fe(0), cr(III) and fe(III) were the predominant species on the surface of cS–fe(0). 
cS also inhibited the formation of fe(III)–cr(III) precipitation due to its high efficiency in chelating fe(III) ions. The adsorp-
tion of eosin Y, as a model anionic dye, from aqueous solution using cS NPs prepared by the ionic gelation between cS and 
tripolyphosphate was examined by Du et al. [46] The adsorption capacity was found to be 3.33 g/g. The adsorption process 
was endothermic in nature with an enthalpy change (ΔH) of 16.7 kJ/mol at 20–50°c. The optimum pH value for eosin Y 
removal was found to be 2–6. The dye was desorbed from the cS NPs by increasing the pH of the solution. The desorption 
percentage was about 60% within 60 min at pH 11.0, whereas 98.5% of the dye could be eluted at pH 12 in 150 min. The 
potential of nanochitosan to remove acid dyes from aqueous solution was also explored by the researchers [47]. The mono-
layer adsorption capacities were determined to be 1.77, 4.33, 1.37, and 2.13 mmol/g nanochitosan for acid orange 10, acid 
orange 12, acid red 18, and acid red 73 dyes, respectively. The differences in capacities might be due to the differences in the 
particle size of dye molecules and the number of sulfonate groups on each dye molecule. The results have demonstrated that 
monovalent and smaller dye molecular sizes have superior capacities due to the increase in dye/cS surface ratio in the system 
and deeper penetration of dye molecules into the internal pore structure of nanochitosan. The mechanism of the adsorption 
process of acid dye on nanochitosan was proposed to be the ionic interactions of the colored dye ions with the amino groups 
on the cS. By encapsulating zirconium phosphate (ZrP) NPs into three macroporous polystyrene resins with various surface 
groups, that is, −cH

2
cl, −SO

3
−, and −cH

2
N+(cH

3
)

3
, three nanocomposite adsorbents (denoted as ZrP–cl, ZrP–S, and ZrP–N, 

respectively) were fabricated for lead removal from water [32]. Effect of the functional groups on nano ZrP dispersion 
and effect of ZrP immobilization on the mechanical strength of the resulting nanocomposites were investigated. charged 
functional groups (−SO

3
− and −cH

2
N+(cH

3
)

3
) are more favorable than the neutral −cH

2
cl group to improve nano ZrP 

tAble 15.1 list of some nanoadsorbents used in the removal of different aquatic pollutants

Nanoadsorbent Adsorbate Uptake capacity Reference

SWcNTs Zn(II) 43.66 mg/g lu and chiu [10]
MWcNTs Zn(II) 32.68 mg/g lu and chiu [10]
cS/cNT beads congo red 423.1 mg/g chatterjee et al. [14]
SWcNTs Reactive red 120 426.49 mg/g Bazrafshan et al. [15]
feOGel cr(VI) 120 mg/g Agrawal and Bajpai [33]
Magnetite nanoparticles Methylene blue 70.4 mg/g Giri et al. [37]
Magnetite nanoparticles congo red 172.4 mg/g Giri et al. [37]
Poly(γ-glutamic acid)-coated iron oxide 

nanoparticles
Methylene blue 78.67 mg/g Stephen and chen [38]

TiO
2
 nanoparticles Reactive red 195 87.0 mg/g Belessi et al. [41]

chitosan nanoparticles Eosin Y 3.33 g/g Du et al. [46]
Nanochitosan Acid orange 10 1.77 mmol/g cheung et al. [47]
Nanochitosan Acid orange 12 4.33 mmol/g cheung et al. [47]
Nanochitosan Acid red 18 1.37 mmol/g cheung et al. [47]
Nanochitosan Acid red 73 2.13 mmol/g cheung et al. [47]
P(A-O)/AT nano-adsorbent Pb(II) 109.9 mg/g Jin et al. [48]
fe–Al–ce nanoadsorbent  

(coated granules)
fluoride 2.77 mg/g chen et al. [49]

Aligned carbon nanotubes fluoride 4.5 mg/g li et al. [61]
Nanoscale aluminum oxide hydroxide fluoride 3259 mg/kg Wang et al. [62]
caO nanoparticles fluoride 163.3 mg/g Patel et al. [63]
fe

3
O

4
@Al(OH)

3
 NPs fluoride 88.48 mg/g Zhao et al. [64]

Nanoalumina fluoride 14.0 mg/g Kumar et al. [66]
Nanoalumina Nitrate 4.0 mg/g Bhatnagar et al. [65]
Nanoalumina Bromate 6 mg/g Bhatnagar and Sillanpää [67]
Mg-doped nano ferrihydrite fluoride 64 mg/g Mohapatra et al. [57]
Hierarchical porous ceO

2
 nanospheres congo red 942.7 mg/g Ouyang et al. [56]
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dispersion (i.e., to achieve smaller ZrP NPs). ZrP–N and ZrP–S had higher capacity than ZrP–cl for lead removal. As 
compared to ZrP–N, ZrP–S exhibits higher preference toward lead ion at high calcium levels as a result of the potential 
Donnan membrane effect. On the other hand, nano ZrP immobilization would simultaneously reinforce both the compressive 
strength and the wear performance of the resulting nanocomposites with the ZrP loadings up to 5 wt%.

The organic–inorganic hybrid of poly(acrylic acid–acrylonitrile)/attapulgite, P(A-N)/AT nanocomposites, were prepared by 
in situ polymerization and composition of acrylic acid (AA) and acrylonitrile (AN) onto modified AT NPs [48]. The resulting 
P(A-N)/AT nanocomposites were transformed into a novel nanoadsorbent of poly(acrylic acid-acryloamidoxime)/AT by 
further functionalization, that is, P(A-O)/AT nanoadsorbent. The adsorption properties of P(A-O)/AT toward metal ions were 
determined, and the results indicated that the adsorbents with nanocomposite structure held a good of selectivity to Pb(II) 
among numerous metal ions. The maximum removal capacity of Pb(II) was up to 109.9 mg/g, and it was notable to see that the 
adsorption removal of P(A-O)/AT nanoadsorbent for Pb(II) was more than 96.6% when the initial concentration of Pb(II) was 
120.0 mg/l. Besides the nanoadsorbents mentioned, several other materials have also been examined as nanoadsorbents for the 
removal of different aquatic pollutants [49–75]. Table 15.1 lists some of the nanoadsorbents used to for the removal of different 
aquatic pollutants.

15.3 conclusions

In the past few decades, various types of nanoadsorbents have been developed and tested for the removal of different types of 
aquatic pollutants. Nanoadsorbents present a potent alternative to conventional treatment methods due to increased adsorption 
capacity and substance specificity. However, most applications are not yet ready for the market due to technical challenges 
(e.g., scale-up, system setup), environmental concerns, and cost-effectiveness, and only a few commercial products are avail-
able in the market. Another important aspect that needs to be considered is the selection of the most suitable nanoadsorbent 
in removing target pollutants depending on the characteristics of effluents to be treated, technical applicability, discharge 
standards, cost-effectiveness, regulatory requirements, and long-term environmental impacts. Although the amount of avail-
able literature data for the application of nanoadsorbents in water and wastewater treatment is increasing at a tremendous 
pace, there are still several gaps that need more attention, such as investigation of these materials with real industrial effluents, 
regeneration studies, and continuous flow studies. Despite various drawbacks and challenges that currently exist, widespread 
and significant progress in this area can be expected in the future.
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16.1 intrOduCtiOn

Toxic heavy metals in air, soil, and water lead to global ecological problems that are a growing threat to humanity [1]. 
Contamination of water by toxic heavy metals is a major environmental problem now. Heavy metals discharged in water bodies 
through wastes also affect aquatic life and destroy their self-purification power [2]. In view of these facts, it is important to pre-
vent water pollution caused by heavy metals. Research is now focused on developing suitable clean and green technologies 
either to prevent heavy metal pollution or to reduce it to very low levels. This can be achieved either by decreasing the afflux of 
heavy metals to the receiving bodies (rivers, sewer and lake, etc.) or by their removal from contaminated media. The heavy 
metal pollution arising from anthropogenic activities can be prevented, while that of natural origin is unavoidable.

Various treatment technologies have been developed for the removal of heavy metals from water and wastewater. The most 
widely used conventional methods for removing heavy metals from wastewater include ion exchange, chemical precipitation, 
reverse osmosis, evaporation, and membrane filtration. The type of treatment technique required for a particular industry 
depends upon the nature, composition, and flow rate of the effluent together with the quality control needed to be achieved. The 
effectiveness of the treatment plant can be optimized by adopting any one of the techniques discussed or the appropriate 
combination of two or more techniques. But most of these methods suffer from some drawbacks, such as high capital and oper-
ational cost or the disposal of the residual metal sludge, and are not suitable for small-scale industries [3]. Besides high capital 
and operational cost, most of the conventional methods are often ineffective or uneconomical when the heavy metal concentration 
is in the range of 10–100 mg/l [4].

Adsorption has been found to be an efficient and economic process to remove heavy metals from industrial wastewater. The 
process is suitable even when the metal ions are present in concentration as low as 1 mg/l [5]. Activated carbon (powdered or 
granular) [6] and polymer ion exchangers and adsorbents [7] are the most widely used adsorbents in the removal of heavy 
metals in water. However, the cost of the adsorbent becomes relatively high; therefore there is an increasing trend for substi-
tuting these sorbents with nonconventional adsorbents [8] (such as natural by-products [9], fly ash [10], sand [11], and so on) 
in order to make the process economically feasible.

Clays are hydrous aluminosilicates broadly defined as those minerals that make up the colloid fraction (<2 µm) of soils, sed-
iments, rocks, and water [12] and may be composed of mixtures of fine-grained clay minerals and clay-sized crystals of other 
minerals such as quartz, carbonate, and metal oxides. Clays play an important role in the environment by acting as a natural 
scavenger of pollutants by taking up cations and anions either through ion exchange or through adsorption or both. Thus, clays 
invariably contain exchangeable cations and anions held to the surface. Large specific surface area, chemical and mechanical 



250 ORgAnO-CLAy nAnOHyBRId AdsORBenTs In THe RemOVAL Of TOxIC meTAL IOns

stability, layered structure, high cation exchange capacity (CeC), and so on, have made clays excellent adsorbent materials 
toward heavy metal ions (HmI) [13], dyes [14], pesticides [15], and other organic matters [16].

The prominent cations and anions found on the clay surface are Ca2+, mg2+, H+, K+, nH
4

+, na+, and sO
4

2−, Cl−, PO
4
3−, and 

nO
3

−. These ions can be exchanged with other ions relatively easily without affecting the clay mineral structure. The edges and 
the faces of clay particles can adsorb anions, cations, and nonionic and polar contaminants from natural water. The contami-
nants accumulate on the clay surface leading to their immobilization through the processes of ion exchange, coordination, or 
ion–dipole interactions. sometimes the pollutants can be held through H bonding, van der Waals interactions, or hydrophobic 
bonding arising from either strong or weak interactions. The strength of the interactions is determined by various structural and 
other features of the clay mineral [13].

There have been various attempts to improve the quality and characteristics of clays by modifying them using different tech-
niques, such as acid activation [17], which can improve their exchangeability, or surface modifications with inorganic materials 
such as magnetic nanoparticles [18–20] or organic molecules [21–26]. However, the adsorption selectivity of clay adsorbents 
seems to be low due to the ion-exchanging interaction between pristine clays, acid-treated clays, or the magnetic clay nanocom-
posites and HmI. On the contrary, the functional groups introduced via surface modifications with organic molecules can obvi-
ously improve their adsorption selectivity toward HmI [13, 25]; therefore, the surface organo-modification of clay minerals has 
become increasingly important for improving the practical applications of clays and clay minerals.

In the present chapter, recent advances in the preparation of the organo-clay nanohybrids via surface modification with small 
organic molecules or polymers, as well as their adsorption performance toward the toxic HmI, are reviewed. The surface mod-
ification techniques and the adsorption selectivity of the resultant organo-clay nanohybrid adsorbents are emphasized. And the 
practical application prospects of the organo-clay nanohybrid adsorbents are also prospected.

16.2 OrganO-mOdifiCatiOn with small mOleCules

16.2.1 electrostatic interactions or intermolecular forces

due to high CeC and exchangeable cations, ion exchange with organic cations has been used to modify the surface properties 
of clay minerals. Organic cation intercalation or modification plays an important role in clay/polymer nanocomposite formation 
by providing a hydrophobic environment for the intragallery adsorption of the polymer precursor [27].

16.2.1.1 Quaternary Ammonium Salts or Amines Wang et al. developed a simple two-step approach to design several 
 modified clays for selective removal and recovery of heavy metals via ion exchange and hydrophobic anchoring of several 
 surfactants such as long-chain alkyldiamines (cetylbenzyldimethylammonium, CBdA), long-chain dialkylamines (alkyl-
1,3-diaminopropane, dT), and long-chain carboxylic acids (palmitic acid, PA) onto clay matrices (hectorite (Hect.) or montmo-
rillonite (mmT)) [28]. The adsorption capacities and affinity constants of the organo-modified clays were found to approach 
those of the commercial chelating resin (Chelex 100, Bio-Rad). Adsorption had been shown to be mainly through chemical 
complexation rather than ion exchange. The maximum adsorption capacity of the modified clay toward Cd(II) ion was found to 
be 42 ± 0.8 mg/g clay with affinity constant of 3.0 ± 0.1 mg/l. The adsorption of the metal ions was pH-dependent, so pH can act 
as a molecular switch to regenerate the modified clay complex adsorbents.

Bhattacharyya et al. prepared the organo-clay adsorbent for Cd(II) [29] and Cu(II) ions [30] via the immobilization of tetra-
butylammonium bromide (TBA) onto the surfaces of kaolin and mmT. After calcination of the TBA-modified mmT (TBA–
mmT), it also had a higher adsorption capacity than the corresponding clay. The calcined TBA–mmT had only 44, 41, and 42% 
of the adsorption capacity of the parent mmT with respect to fe(III), Co(II), and ni(II), indicating an actual decrease in the 
number of adsorption sites for taking up metal ions [31].

2-Oxyhydrazino-N-(2-methylen-yl-hydroxyphenyl)pyridinium (OmHP) ion was immobilized onto na–mmT clay, and the 
modified clay (OmHP–mmT) was used in the removal of Cu(II) [32]. It showed good removal efficiency and selectivity toward 
Cu(II) at pH 3.0–8.0 and stirring time 10 min with a removal capacity of 119 meq/100 g. most common ions did not interfere 
with the removal process except fe3+. And the adsorbed Cu(II) could be quantitatively recovered by 10 ml 1% thiourea in 
0.1 mol l−1 HCl with 100-fold preconcentration factor. The same group had also modified bentonite (BnT) with methylene blue 
(mB) [33]. The modified clay (mB–BnT) showed good selectivity toward Hg2+ with an extraction capacity of 37 mequiv./100 g 
in the presence of I−, giving rise to a ratio of mB/Hg2+/I− 1:1:3 in the clay phase. And the adsorbed Hg2+ could be quantitatively 
recovered by ammonia buffer (0.05 m nH

4
Cl/nH

4
OH) at pH 8.5.

The unmodified clay minerals show no affinity for chromate due to their negatively charged surfaces. Prakash et al. had 
modified the surfaces of the clay mineral such as kaolinite (kaolin), mmT, and pillared mmT with hexadecyltrimethylammo-
nium bromide (HdTmAB) for the removal of the chromate [34]. It was found that mmT could adsorb a quantity of HdTmAB 
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equivalent to its CeC. The amount of the modified mmT adsorbed was maximum at pH ≤ 1 and decreased to almost half the 
quantity at pH 2, and remained constant up to pH = 6. Above pH = 8, the amount adsorbed was negligible. And the pH dependence 
of chromate adsorption was attributed to the pH-dependent equilibria HCr

2
O

7
− ⇋Cr

2
O

7
2− ⇋CrO

4
2−. HdTmA was also used for 

the modification of various minerals for the removal of chromate. The optimum pH for Cr(VI) adsorption was 4 in all the exam-
ined cases. The maximum adsorption capacity followed the order vermiculite (27 mg/g) > BnT (24 mg/g) > attapulgite (ATP) 
(15 mg/g) > zeolite (13 mg/g) [35].

With regard to the Cr(VI) ion, several works were reported to compare the adsorption property of the clay minerals after 
different treatments. It was found that the adsorption capacity of organo-modified clay was higher than that of acid- and heat-
treated ones [36, 37]. It indicated that organo-modified clay could be used as the adsorbent for Cr(VI) removal.

natural rectorite (ReC) was modified with the surfactant of dodecyl benzyl dimethyl ammonium chloride, HdTmAB, and 
octadecyl trimethyl ammonium bromide via the cation exchange reaction. The three kinds of organic modified rectorites 
(OReC) were used as adsorbents for Cr(VI) removal in aqueous solution [38]. They showed better adsorption of Cr(VI) at pH 
range of 2–6, with maximum adsorption near 100% with the octadecyl trimethyl ammonium bromide–modified ReC within 
40 min. And its maximum adsorption capacity (q

m
) was calculated to be 3.57 mg/g.

stearyl trimethylammonium chloride (sTAC) was used for the modification of ReC via a similar procedure [39]. The 
adsorption capacity of the modified ReC (sTAC–ReC) reached as high as 21 g/kg for Cr(VI), or 400 mmol/kg of chromate. 
Higher Cr(VI) adsorption on the sTAC–ReC occurred in acidic solutions (pH 4), and the amount of adsorbed Cr(VI) decreased 
rapidly with increasing pH. so the formation of the Cr(VI)–sTAC complex was inhibited during adsorption.

The halloysite nanotubes (HnTs) were modified with the surfactant of HdTmAB to form a new adsorbent. The modified 
HnTs exhibited a rapid adsorption rate for chromates and approached 90% of the maximum adsorption capacity within 5 min 
[40]. The regeneration of modified HnTs could be realized by an eluent (mixed solution of nanO

3
 and naOH), and the recov-

ered adsorbent could be used again for Cr(VI) removal.
naidu et al. modified BnT with a commercially available, low-cost alkyl ammonium surfactant Arquad® 2HT-75 (Aq) or 

adsorbing Cr (VI) from aqueous solution [41]. It was found that more ordered solid-like conformation of surfactant molecules 
was obtained in the organo-clay as the surfactant loading increased. And higher surfactant loadings provide better adsorption 
efficiency.

Two hydrous phyllosilicates, a mmT, and a vermiculite were organo-modified with hexadecylpyridinium (HdPy), 
HdTmA, and benzethonium (Be), and the Cr(VI) adsorption properties were investigated [42]. After the organic cation 
treatment, the surface charge of the clays shifted from negative to positive values up to 269 mmol

c
/kg; it was highly affected 

by the specific surface area, layer charge, and pH. depending on the kinds of the organic cations used, the adsorption capacity 
of Cr(VI) was shown to have a comparable effect of 0.38 and 0.30 mol/kg for organo-vermiculites HdPy and HdTmA and 
0.37 and 0.26 mol/kg for the corresponding BnTs at pH 4.5, respectively. for all organo-clays, the adsorbed amount of 
Cr(VI) decreased with increasing pH. The effect of competing anions, Cl−, nO

3
−, and sO

4
2−, on Cr(VI) adsorption appeared 

to be small.
Atia modified BnT with cetylpyridinium bromide (CPBr) for the removal of the oxyanions of Cr(VI) and mo(VI) from 

aqueous solutions [43]. It was found that the surfactant was adsorbed on mmT in a bilayer structure, and the adsorption was an 
ion exchange mechanism.

The cationic surfactant octadecyl benzyl dimethyl ammonium was used for the modification of BnT to remove As(V) and 
As(III) from aqueous solution [44]. Its adsorption capacities were 0.288 mg/g for As(V) and 0.102 mg/g for As(III), which 
were much higher than 0.043 and 0.036 mg/g for the unmodified BnT. The adsorption of As(V) and As(III) was strongly 
dependent on solution pH. Addition of anions did not impact As(III) adsorption, while they clearly suppressed adsorption of 
As(V).

majdan et al. modified BnT with octadecyltrimethylammonium bromide (OdTmA) for the sorption of u(VI) [45]. It was 
reported that OdTmA–BnT exhibited high sorption affinity for u(VI) ions in a pH range of 6–10, and the most probable 
anionic complex was the (uO

2
)

3
(OH)

7
− ions.

Besides the quaternary ammonium salts mentioned earlier, alkylamine, diamines, and the amphoteric or other surfactants 
containing an amino group have also been used for the organo-modification of clay minerals as adsorbents for HmI. guerra et 
al. modified the BnT via an intercalation process with polar n-alkylamine molecules of general formula H

3
C(CH

2
)

n
–nH

2
 

(n = 1–4) for mercury removal from water [46]. It was found that the Hg(II)–nitrogen interactions was favorable for the adsorp-
tion of Hg(II).

dodecylamine-intercalated na–mmT was prepared as a novel adsorbent for the removal of chromium from tannery waste-
water [47]. The adsorption involved the electrostatic interaction of hydrogentetraoxochromate(VI) anion with the protonated 
dodecylamine and the surface hydroxyl groups of the clay material with a adsorption capacity of 23.69 mg/g. The adsorbent 
could be regenerated using naOH solution.
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In order to increase the adsorbed amounts of Zn2+ and Cu2+, mmT was previously intercalated with ethylenediamine (edA-mmT) 
[48]. edA caused an increase in the adsorbed copper ions of about 28% due to the formation of [Cu(edA)

2
]2+ in the interlayer. 

However, the adsorbed amounts of the Zn2+ ions on the edA-mmT was three- to fourfold higher than CeC, but no complex 
with edA was observed. It was resulted from the expansion of a space between the mmT layers, which facilitates the interca-
lation of the zinc ions and nitrate compensating the excessive positive charge.

Amphoteric surfactants-modified clay exhibited the potential for simultaneously adsorbing heavy metals and organic 
pollutants. Boyd et al. used the carboxylic group–bearing carboxydecyltriethylammonium [(HOOC)C

10
H

20
n(C

2
H

5
)

3
]+ 

(CdTeA) cations to substitute exchangeable inorganic cations of the mmT [49]. The dual sorptive properties of the 
CdTeA–mmT toward Pb2+ and chlorobenzene were compared with those of its nonfunctionalized analogue, decyltri-
methylammonium (dTmA)–mmT, and with na–mmT. The results indicated that CdTeA–mmT possessed the dual 
sorptive properties for both heavy metals and organic contaminants with the noncompetitive nature of the sorption 
processes.

An amphoteric biologically based ligand, cysteine (Cys), was also used for the modification of the BnT (n-Ben). The mod-
ified sorbent (Cys-Ben) demonstrated affinity for soft and moderately soft HmI, such as Cd(II) and Pb(II), probably as a result 
of the soft basic character of the thiol ligand side chains [50]. Cys-Ben was found to be effective for metal binding with capac-
ities of 0.503 and 0.525 mmol/g for Pb(II) and Cd(II), respectively, much higher than that of n-Ben.

2-(3-(2-aminoethylthio)propylthio)ethanamine (AePe) was used as the ligand for Hect. and mmT to increase the che-
lating affinity toward Hg(II) ions, due to the presence of both n and s donor atoms in the molecule and the ease of syn-
thesis [51]. The x-ray diffraction (xRd) patterns indicated that AePe was mainly grafted on the external surface of 
mmT, while AePe was grafted on both the external and interlayer surfaces of Hect. The AePe-modified clay minerals 
were good chelating materials for Hg(II) ions, compared to the unmodified clay minerals. The adsorption capacity of 
AePe–mmT and AePe–Hect. for Hg(II) was 46.1 and 54.7 mg/g, respectively, for solution containing 140 mg/l Hg(II) 
ions (pH 4).

16.2.1.2 Other N-Containing Molecules The organic chelating agents for HmI have also been immobilized onto the clay 
minerals as adsorbents. de Leon et al. revealed the potential of pillared clay as an adsorbent for the removal of metal ions from 
effluents [52]. They pillared a Brazilian BnT with 1.10-phenanthroline via the chemical adsorption process for the removal of 
Cu2+ ions. The pillared clay showed a maximum uptake of Cu2+ ions at approximately 110 mg/g of adsorbent, which represented 
more than 10 times the uptake capacity of the untreated BnT. This Cu2+ ion adsorption was independent of medium pH, and it 
was very high when compared with other known adsorbents. However, the adsorbed Cu2+ ions could not be desorbed from the 
pillared clay in either acidic or basic solutions.

2,2′-dipyridyl was used as a complexation agent to be immobilized onto BnT via ion exchange as an adsorbent in the 
removal of copper(II) ions [53]. The results indicated that the maximum adsorption capacity was 54.07 mg/g from the Langmuir 
isotherm model at 50°C. The thermodynamic parameters indicated that the adsorption process is spontaneous, endothermic, 
and chemical in nature.

8-Hydroxy quinolin was modified onto BnT by intercalation of 8-hydroxy quinolinium ion for the removal of Pb(II) [54], 
Cd(II) [55], and Cu(II) [56] ions. The maximum adsorption capacity was 142.94, 61.35, and 56.55 mg/g, respectively, for the 
three HmI from the Langmuir isotherm model.

In order to enhance the adsorption selectivity toward Hg(II) ions, some sulfur-containing molecules such as 2-mercaptoben-
zothiazole [57] and 2-mercaptobenzimidazole (mBI) [58] were impregnated onto the clay surface for the removal of some HmI 
from water samples. The adsorption of Hg(II) increased with increasing pH and reached a plateau in the pH range 4.0–8.0. The 
removal of Hg(II) was found to be >99% at an initial concentration of 50 mg/l. The adsorbents could also be used to remove 
Cd(II) and Pb(II) from wastewaters.

16.2.1.3 Anionic Surfactants Ion exchange with cationic surfactants has been widely used to alter the surface properties of 
the clay minerals in order to improve sorption ability. Relatively few studies have been made for sorption of heavy metal cations 
on clays modified with anionic surfactants such as sodium dodecyl sulfate (sds). The sorption of metal ions by naturally avail-
able clays did not receive much attention, perhaps due to the weak binding strength between them. since BnT clays have a 
tendency to swell, large anionic species such as sds can easily enter and become fixed strongly in the interlayer region of, for 
example, mmT [59]. In order to adsorb metal cations and form complexes, the clay surface must possess negatively charged 
sites or there should be a replacement of weakly held counterions in the solution. sorption of metal cations on anionic surfac-
tant-modified clays is due to the formation of a surface cation complex [60]. Lin and Juang modified the naturally available 
mmT by the anionic surfactant sds, which penetrated into the interlamellar region of the clay by the expansion of clay sheets 
in the c-axis, for the removal of Cu2+ and Zn2+ ions from aqueous solutions [61].
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Humic acid–modified Ca–mmT was prepared to adsorb copper (II), cadmium (II), and chromium (III) ions from aqueous 
solutions [62]. Batch experiments were carried out to investigate the possible adsorption mechanisms of the metal ions on 
humic acid–modified Ca–mmT. The results showed that the adsorption capacities of the modified clay for the metal ions were 
improved significantly as compared to that of the raw clay. The maximum adsorption capacities followed the order of 
Cr(III) > Cu(II) > Cd(II) for both materials.

16.2.1.4 Neutral Molecules Crown ether is known to complex with numerous metals and is widely used for the adsorption 
of HmI. They can also be  intercalated between the layers of 2:1 BnT saturated with alkaline or alkaline earth cations. 
dicyclohexano-18-crown-6 was modified to BnT for the adsorption of cesium and strontium (fig. 16.1) [63]. The extraction 
data were fitted by the Langmuir adsorption model, and the apparent experimental exchange capacity obtained by linear regres-
sion analysis was in good agreement with the amount of crown ether (0.22 mmol/g) intercalated in BnT.

Liu et al. modified BnT with 4′-methylbenzo-15-crown-5 for the adsorption of HmI (Cu2+ and Pb2+) [64]. for BnT modi-
fied with mB15C5 (mB15C5-BnT) and natural BnT (n-BnT), the equilibrium data closely fitted the Langmuir model and 
showed the affinity order Pb2+ > Cu2+, and the adsorption capacity of mB15C5-BnT was higher than that of n-BnT for Pb2+ 
and Cu2+. The adsorption of Cu2+ and Pb2+ increases with increasing pH, and the adsorption of Cu2+ and Pb2+ reached a 
maximum at pH 3.5–6.

16.2.2 Covalent modifications

The most widely used surface covalent organo-modification method is to modify the clay with functional silanes. Celis et al. 
functionalized sepiolite by covalently grafting 3-mercaptopropyltrimethoxysilane (mPs) to the surface silanol groups of the 
clay, whereas mmT was functionalized by replacement of the interlayer inorganic cation (na+) by 2-mercaptoethylammonium 
(meAm) cations [65]. The functionalized clays adsorbed most of the Hg(II) ions present in solution up to saturation and were 
also good adsorbents of Pb(II) at low metal ion concentrations (i.e., <0.02 mm). They were, however, less effective toward 
Pb(II) and Zn(II) at high metal ion concentrations. The presence of nanO

3
 or Ca(nO

3
)

2
 as background electrolytes at concen-

trations ranging from 0.001 to 0.1 m did not alter the great adsorption capacity of functionalized sepiolite for Hg(II).
The BnT from Campina grande (Paraíba, PB), Brazil, was modified by acid treatment followed by immobilization of ligands 

containing thiol (–sH) groups by covalent grafting with surface and interlayer silanol groups with mPs under anhydrous con-
ditions (fig. 16.2) [66]. The unmodified BnT adsorbed silver ions in negligible amounts (0.06–0.08 mmol/g of freeze-dried 
BnT) due to the cation exchange mechanism. The functionalized samples revealed a high affinity toward Ag+ (0.85–1.03 mmol/g 
of clay), about 10 times higher than the unmodified one. The results suggested that the mechanism of adsorption involves pri-
marily silver ion complexation by the thiol groups instead of cation exchange.

natural and acid-activated sepiolite samples were functionalized with mPs, and the functionalization of sepiolites by grafting 
silane reagents occurs mainly on the surface, whereby their crystalline structure remains unchanged [67]. The efficiency of the 
adsorbents in Cr(VI) removal from aqueous solutions follows the order: functionalized acid-activated sepiolite > functionalized 
natural sepiolite > acid-activated sepiolite > natural sepiolite. The adsorption capacity was strongly dependent on the pH of the 
solution from which the adsorption occurred. maximum Cr(VI) removal was ca. 8.0 mg Cr(VI) per gram of functionalized 
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 acid-activated sepiolite at initial pH 3, when the pH of solution reached 4.7, and ca. 2.7 mg Cr(VI) per gram of functionalized 
natural sepiolite at initial pH 2, when the pH of the solution reached 2.5. Cr(VI) removal by the functionalized sepiolites was 
mainly attributed to electrostatic attraction between the protonated mercapto groups and the negatively charged Cr(VI) species.

Besides the functional silane-containing thiol (–sH) groups, those containing amino (–nH
2
) groups were widely investi-

gated as surface modifiers. 3-Aminopropyltriethoxysilane (APTs) was used for the surface modification of sepiolite as an 
adsorbent in the removal of various HmI such as fe, mn, Co, Zn, Cu, Cd, and ni from aqueous solutions (fig. 16.3) [68]. The 
results showed that the amount adsorbed increases with solution pH in the pH range of 1.5 and 7.0, indicating that the modified 
sepiolite adsorbed fe and mn ions more than other metal ions such as Co, Zn, Cu, Cd, and ni. It was also found that temperature 
had an important effect on metal ion adsorption by the modified sepiolite.

smectite clay was used for pillaring and the organo-functionalization process in the present study. The pillaring ions were 
obtained through chemical reaction of AlCl

3
·6H

2
O/naOH, Ti(OC

2
H

5
)

4
/HCl, Cr

3
(OH)

4
4+/naOH and ZrOCl

2
·8H

2
O solutions. 

The resulting materials were organo-functionalized with APTs to obtain the S
Al/APs

, S
Zr/APs

, S
Ti/APs

, and S
Cr/APs

 samples [69]. The 
adsorption affinity of the divalent metal Pb2+ ions onto modified clays edge sites exhibited the following order:

 S S S S SZr ASP Al APS Cr APS Ti APS nat/ / / /> > > >

mmT clay was intercalated with pyridine/APTs and dimethyl sulfoxide/3-aminopropyltri-ethoxysilane for mercury cation 
adsorption from aqueous solutions [70]. The specific area of the natural mmT, 41.4 m2/g, increased after the immobilization 
process to give 198.5 m2/g. Therefore, the adsorption capacity for mercury removal increased after the chemical modification.

Three organo-mmT, APTs–mmT, sds–mmT, and HdTmAB–mmT, were prepared by grafting with 3-aminopropyl-
triethoxysilane (APTs), or surface modification with HdTmAB and sds from the calcium-saturated mmT (Ca–mmT), 
 respectively [71]. The organo-mmT were used for the adsorption of sr(II). The adsorption capacity of APTs–mmT was 65.6 
mg/g, much larger than those of Ca–mmT, sds–mmT, and HdTmAB–mmT (13.23, 26.85, and 3.91 mg/g, respectively) under 
the chosen conditions. sr(II) removal by Ca–mmT was mainly by ion exchange; nevertheless, removal by sds–mT and APTs–mmT 

CH3O

(CH2)3

3 CH3OH

OCH3

OCH3

OH

Δ

HO

O O

OH

Methoxy group

SH

Toluene
(reflux)

Clay surface

Si

Si

+

(CH2)3 SH

figure 16.2 schematic illustration of the functionalization with functional silane.

O

O

O

O

Si

Si (CH2)3–NH2

Mn+ Mn+

(CH2)3–NH2O

O

O

O

O

O

Si

Si (CH2)3–NH2

(CH2)3–NH2O

O

Se
pi

ol
ite

Se
pi

ol
ite

figure 16.3 Reaction mechanism between the modified sepiolite and the metal ions.



ORgAnO-mOdIfICATIOn WITH smALL mOLeCuLes 255

were through surface adsorption and ligand adsorption, respectively. The organo-mts were used for the adsorption of sr(II). The 
adsorption capacity of APTs–mT was 65.6 mg/g, much larger than those of Ca–mT, sds–mT, and HdTmAB–mT (13.23, 
26.85, and 3.91 mg/g, respectively) under the chosen conditions. sr(II) removal by Ca–mT was mainly by ion exchange; never-
theless, removal by sds–mT and APTs–mT were through surface adsorption and ligand adsorption, respectively.

APTs was also used for the surface modification of the natural fibrous crystalloid hydrous magnesium aluminum silicate 
mineral ATP after being activated with acid, in order to develop an effective adsorbent for aqueous Hg(II) removal (fig. 16.4) 
[72]. The adsorption capacities significantly increased from 5 (raw ATP) to 90 mg/g modified ATP (m-ATP), due to the com-
plexation between mercury and the amine functional groups on the m-ATP. Batch adsorption results showed that the adsorption 
process was rapid and over 90% of aqueous Hg(II) was removed within 1 h. The efficiency of the adsorbent was found to remain 
almost constant over a wide pH range (3–11). Ionic strength and coexisting ions had a slight influence on the adsorption 
capacity. Hg(II) adsorbed onto m-ATP could be effectively desorbed in 1:1 (m/m) chlorohydric acid/thiourea solution.

The surface of pyrophyllite mineral was modified by coating with a 3-(2-aminoethylamino) propyl-methyldimethoxysilane 
(APmds) coupling agent and the utility of the APmds-modified pyrophyllite was investigated as an adsorbent for removal of Pb(II) 
ions from aqueous solutions [73]. The APmds-modified pyrophyllite adsorbed approximately 93% of Pb(II) ions at an initial 
concentration of 20 mg/l, while natural pyrophyllite did only 35% under the same conditions. The adsorption of Pb(II) increased with 
increasing pH and reached a maximum value in the pH range 6.5–7 and at an initial concentration of 20 mg/l. The presence of some 
metal ions such as na+, K+, Ca2+, mg2+, fe3+, Cu2+, mn2+, and Zn2+ and the ligand type of lead complex added to the solution (e.g., 
Pb(OOC-CH

3
)

2
) negatively affected the adsorption of Pb(II) from solutions under the optimized conditions. It was suggested that the 

functional amino groups on the surface of APmds-modified pyrophyllite are the main available interaction sites for Pb(II) ions.
The surface modification of sepiolite with [3-(2-aminoethylamino)propyl]trimethoxysilane has been employed for the 

adsorption of metal ions [74]. Adsorption of metal ions onto the modified sepiolite varies with the type of metal cations. The 
available basic nitrogen centers covalently bonded to the sepiolite skeleton were studied for Co(II), Cu(II), mn(II), Zn(II), 
fe(III), and Cd(II) adsorption from aqueous solutions. It was found that the amount of metal ion adsorbed onto the modified 
sepiolite increases with an increase in solution equilibrium pH and temperature, whereas it generally decreases with the ionic 
strength. The experimental data correlated reasonably well with the Langmuir adsorption isotherm. The ability to adsorb the 
cations gave a capacity order of Zn(II) > Cu(II) similar to Co(II) > fe(III) > mn(II) > Cd(II) with affinities of 2.167 × 10−4, 
1.870 × 10−4, 1.865 × 10−4, 1.193 × 10−4, 0.979 × 10−4, and 0.445 × 10−4 mol/g, respectively.

Triethoxy-3-(2-imidazolin-1-yl)propylsilane was modified onto sepiolite clay for the adsorption of HmI (fig. 16.5) [75]. 
The adsorption of metal ions onto modified sepiolite as an adsorbent increased with increasing pH and temperature, but ionic 
strength exhibited no significant effect. The affinity of metal ions for the modified sepiolite surface is a result of both chemical 
and electrostatic affinity. The adsorption followed the sequence Co(II) > Cu(II) > Cd(II) > mn(II) > fe(III) > Zn(II).

The compound n-[3-(trimethoxysilyl)propyl]diethylenetriamine (mPdeT) was anchored onto the Amazon kaolinite surface 
(KLT) by the heterogeneous route. The adsorption of uranyl on natural (KLT) and modified (KLT(mPdeT)) kaolinite clays was 
investigated as a function of the solution pH, metal concentration, temperature, and ionic strength [76]. The ability of these 
materials to remove u(VI) from aqueous solution was followed by a series of adsorption isotherms adjusted to a sips equation 
at room temperature and pH 4.0. The maximum number of moles adsorbed was determined to be 8.37 × 10−3 and 
13.87 × 10−3 mmol/g for KLT and KLT(mPdeT) at 298 K, respectively.
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A new material has been synthesized using dry process to activate bentonite followed by N-(2-hydroxyethyl) ethylenedi-
amine (nHed) connecting chlorosilane coupling agent (fig. 16.6) [77]. The most interesting trait of the new material was its 
selective adsorption of rare earth elements. samarium (sm) was quantitatively adsorbed at pH 4 and shaking time of 2 min onto 
the new material. under these conditions, the maximum static adsorption capacity of sm(III) was found to be 17.7 mg/g. The 
adsorbed sm(III) ions were quantitatively eluted by 2.0 ml, 0.1 mol/l HCl, and 5% Cs (nH

2
)

2
 solution.

An efficient adsorbent was synthesized by anchoring n-methylimidazole onto activated palygorskite (fig. 16.7) [78]. The 
n-methylimidazole-modified palygorskite was examined as a strongly basic anion exchange adsorbent for the adsorption of 
Pb(II) ions from wastewater. The maximum adsorption capacity was found to be 714.29 mg/g at pH 4 and temperature 283 K. 
The maximum adsorption capacity of functional palygorskite obtained for Pb(II) ions in this study was found to be comparable 
and the highest for all of corresponding clay-related adsorbents reported in the literature.

Hectorite clay has been modified with mBI using homogeneous and heterogeneous routes (fig.  16.8) [79]. due to the 
increase in basic centers attached to the pendant chains, the metal adsorption capability of the final chelating materials was 
found to be higher than for its precursor. The adsorption of metal ions from aqueous solution follows the order eu3+ > u6+ > Th4+ 
for all systems. The maximum number of moles adsorbed was determined to be 11.63, 12.85, and 14.01 mmol/g (H

HeT
) for Th4+, 

u6+, and eu3+, respectively. The competitive sorption behavior, with variation of pH, was favorable for the separation of 
thorium(IV) from binary mixtures with uranium(VI) and europium(III).
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novel organo-clay minerals AePe–mmT and AePe–Hect. were synthesized by grafting  AePe onto the clay minerals 
(fig. 16.9) [80]. The xRd patterns indicated that the chelating agents (AePe) were mainly grafted on the external surface of 
mmT, while AePe was grafted on both the external and interlayer surfaces of Hect. The AePe-modified clay minerals were 
good chelating materials for Hg(II) ions, compared to the unmodified clay minerals. The adsorption capacity for Hg(II) of 
AePe–mmT and AePe–Hect. was 46.1 and 54.7 mg/g, respectively, for solution containing 140 mg/l Hg(II) ions (pH 4).

Tannin-immobilized activated clay (TA–AC) as a spent adsorbent was used to remove Cr(VI) ions from the aqueous solution 
(fig. 16.10) [81]. The maximum adsorption capacity was 24.09 mg/g from the Langmuir isotherm model at 330 K with initial pH = 2.5. 
Oxidation–reduction was found to occur during the adsorption process. It enhanced the removal capability by partly reducing Cr(VI) 
ions to Cr(III) ions. so TA–AC demonstrated a high adsorption capacity for Cr(VI) comparable to other adsorbents.
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The organo-modified clay minerals were also used as soil-flushing agents for heavy metal–contaminated soil. natural 
beidellite, Hect., and vermiculite were transformed into sH-grafted pillared clays, but difficulties were encountered to keep a 
regular and significant interlayer distance until the last step [82]. The well-crystalline high-charged vermiculite of santa Olalla 
(spain), after exchanging with alkyl ammonium cations and grafting of interlayer si pillars, showed the highest capacity of Cd2+ 
and Pb2+ among the three functionalized tested clay minerals. The cadmium uptake by ray-grass grown on polluted soil was 
quite depressed by amendments with 0.17% or 0.5% of functionalized synthetic beidellite, but these amendments were ineffi-
cient for lead.

16.3 POlymer mOdifiCatiOn

The water-soluble polymers exhibit several advantages, such as high solubility in water, easy and cheap route of synthesis, an 
adequate molecular weight and molecular weight distribution, chemical stability, high affinity for one or more metal ions, and 
selectivity for the metal ion of interest [83]. However, they are difficult to be reused after the adsorption of HmI. To overcome 
some of the problems associated with the reusability of water-soluble polymers as adsorbents for HmI, they have been grafted 
onto water-insoluble materials such as clay minerals as supports or used in the form of hydrogels or hybrid hydrogels [84]. In 
this chapter, the preparation and application of adsorbents for the removal of HmI are covered only with the functional water 
soluble polymers–grafted nano-clay minerals.

16.3.1 ionic interactions

Huang et al. synthesized a novel adsorbent of BnT modified with n-2-hydroxypropyl trimethyl ammonium chloride chitosan 
(HACC) [85]. The adsorption of Cd(II) onto the HACC–BnT was examined in aqueous solution with respect to the pH, 
adsorbent dosage, contact time, temperature, and initial concentration. The maximum amount of Cd(II) adsorbed (q

m
), as eval-

uated by the Langmuir isotherm, was 22.23 mg/g of HACC–BnT at pH 7.0 or so and 20°C, and the best desorption performance 
was obtained with HnO

3
, HCl, and edTA as eluents. The change of adsorption enthalpy indicated that the adsorption of Cd(II) 

onto the HACC–BnT may be carried out via cation exchange.
Humic acid (HA) was immobilized onto the amine-modified polyacrylamide/BnT composite (Am-PAA-B), which was 

prepared by direct intercalation polymerization technique, and the product (HA–Am-PAA-B) was used as an adsorbent in 
the removal of copper(II) ions from aqueous solutions (fig. 16.11) [86]. The adsorbent behaved like a cation exchanger, and 
more than 99.0% Cu(II) ion removal was observed in the pH range 5.0–6.0. The desorption of adsorbed Cu(II) ions was 
achieved by 0.1 m HCl, and four adsorption/desorption cycles were performed without a significant decrease in the adsorp-
tion capacity.

Kumar et al. reported an effective methodology for the detoxification of chromium using cellulose–mmT composite material 
as the adsorbent (fig. 16.12) [87]. The interaction of surfactant-modified na–mmT with cellulose biopolymer was followed by 
the subsequent adsorption of Cr(VI) from aqueous solution as bichromate anion onto the surface of the biocomposite material. 
The material exhibited a maximum adsorption capacity of 22.2 mg/g in accordance with the Langmuir isotherm model. The 
composite material could be regenerated using sodium hydroxide as the eluent. The adsorbent could be reused with quantitative 
recovery for 10 adsorption–desorption cycles. The applicability of the method was demonstrated in the quantitative removal of 
total chromium from a chrome tannery effluent sample.

16.3.2 Covalent grafting

Polyacrylamide was successfully grafted from the surfaces of the organo-modified fibrillar clay ATP via the copper-mediated 
surface-initiated atom transfer radical polymerization (sI-ATRP) technique in water (fig. 16.13a) [88]. The product, polyacryl-
amide-grafted ATP (PAm––ATP), was applied preliminarily as an adsorbent in the removal of heavy metal ion (Hg(II)) and two 
dyes (cationic dye: mB and anionic dye: methyl orange (mO)) from aqueous solutions. Compared with bare ATP, PAm–ATP 
had much higher adsorption capacities toward Hg(II) ion because of the chelation with Hg(II) ion by formation of either mono-
amido- or diamido-Hg structures (fig. 16.13b), which provides a means of capturing Hg(II) from aqueous solution. They also 
had much higher adsorption capacities toward the cationic dye mB likely due to the flotation with cationic dye of the grafted 
polyacrylamide chains. However, the adsorption capacities toward the anionic dye mO did not improve from the surface graft 
polymerization of acrylamide (Table 16.1).

Zhao and Chen et al. synthesized the polyacrylamide/ATP (PAm/ATP) adsorbent by grafting acrylamide (Am) onto the 
silane coupling reagent–modified ATP (OATP) using solution polymerization (fig. 16.14) [89–91]. equilibrium and kinetic 
adsorption data showed that PAm/ATP displays a high selectivity toward one metal in a two-component or a three-component 
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system with an affinity order of Hg2+ > Pb2+ > Co2+ [92]. It was found that the Hg2+ adsorption capacity of the PAm/ATP pre-
pared under these conditions is more than sixfold compared with those of ATP and OATP. The adsorption process was rapid; 
88% of adsorption occurred within 5 min and equilibrium was achieved at around 40 min. The equilibrium data fitted well with 
the Langmuir sorption isotherms, and the maximum adsorption capacity of Hg2+ onto PAm/ATP was found to be 192.5 mg/g. 
The Hg2+ ions adsorbed onto PAm/ATP could be effectively desorbed in hot acetic acid solution, and the adsorption capacity 
of the regenerated adsorbents could still be maintained at 95% by the sixth cycle.

Hyperbranched aliphatic polyester (HAPe) had been grafted from the surfaces of the ATP via melt polycondensation of an 
AB

2
-type monomer, 2,2-bis (hydroxymethyl) propionic acid (bis-mPA), with p-toluenesulfonic acid (p-TsA) as catalyst 

figure 16.13 Preparation procedure of PAm–ATP (a) and the formation of the amido-Hg complexes (b).
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(fig. 16.15) [93]. The competitive adsorption capacities of the three clay adsorbents, bare ATP, aminopropyl ATP (A-ATP), and 
HAPe-grafted ATP (HAPe–ATP), toward the four HmI (Cu(II), Hg(II), Zn(II), and Cd(II)), were also compared (Table 16.2). 
It was found that bare ATP had higher adsorption capacities for Zn(II) and Cd(II) ions. However, the A-ATP and the HAPe–
ATP adsorbents had higher adsorption capacities for Cu(II) and Hg(II) ions. furthermore, the adsorption capacities for Cu(II) 
and Hg(II) ions of the HAPe–ATP clay adsorbent were slightly lower than those of the A-ATP clay adsorbent because the 
groups containing the n element were enshrouded with HAPe, which is not soluble in water, and the ester and hydroxyl groups 
of HAPe had lower complexation abilities toward these HmI. However, HAPe–ATP had a faster sedimentating rate than 
A-ATP. This is an advantage in practical applications.

The organic–inorganic hybrid of poly(acrylic acid–acrylonitrile)/ATP, P(A-n)/AT nanocomposites, was prepared by in situ 
polymerization and composition of acrylic acid (AA) and acrylonitrile (An) onto modified ATP nanoparticles (fig. 16.16) [94]. 
The resultant P(A-n)/AT nanocomposites were transformed into a novel nanoadsorbent of poly(AA-acryloamidoxime)/ATP by 
further functionalization, that is, P(A-O)/AT nanoadsorbent. The adsorption properties of P(A-O)/AT toward metal ions were 
determined, and the results indicated that adsorbents with nanocomposite structure had good selectivity toward Pb2+ among the 
numerous metal ions. The maximum removal capacity of Pb2+ ions was up to 109.9 mg/g, and it is notable to see that the adsorp-
tion removal of the P(A-O)/AT nanoadsorbent for Pb2+ ions could achieve more than 96.6% when the initial concentration of 
Pb2+ ions was 120.0 mg/l. The kinetics, isotherm models, and conductivity indicated that it could be a chemisorption process 
and the best coordination took place when AO:AA:Pb2+ = 1:1:1. In addition, after treatment with cetyltrimethylammonium 
bromide (CTAB), the P(A-O)/AT nanoadsorbent showed better adsorption properties for phenol than similar kinds of 
materials.
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table 16.2 Competitive adsorption data of atP adsorbents

samples

Adsorption capacities (mg/g)

Cu(II) Hg(II) Zn(II) Cd(II)

Bare ATP 0.41 0.32 0.97 0.37
A-ATP 2.45 5.29 0.18 0.34
HAPe–ATP 1.76 3.52 0.45 0.29
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A novel amphiphilic hybrid material ATP-P(s-b-dVB-g-AO) (AsdO) was synthesized via the combination of sI–ATRP and 
radical grafting polymerization, after transforming An units into acrylamide oxime (AO) as a hydrophilic segment (fig. 16.17) 
[95]. The amphiphilic hybrid material was employed in the absorption of heavy metal and organic pollutants. The adsorption 
capacity of AsdO for Pb(II) was 131.6 mg/g, and the maximum removal capacity of AsdO toward phenol was found to be 
18.18 mg/g in the case of monolayer adsorption at 30°C. The optimum pH was 5 for both lead and phenol adsorption. desorption 
of the adsorbed contaminants from AsdO can take place in alkali solution (1 mol/l naOH). Repeating the test for six times 
revealed that the synthesized hybrid materials maintained the stable high adsorption capacity during the adsorption/desorption.

Previous research works suggest that chemically modified clay minerals with small organic molecules or polymers present 
a new and promising class of adsorbents for water purification and industrial wastewater treatment, especially for the adsorption 
of metal ions from aqueous solutions [96]. It has been found that these clay minerals would have as great an efficiency as 
activated carbon if the difficulty experienced in the recovery of the adsorbent from filters after use could be overcome. This also 
makes the regeneration and possible reuse of a clay adsorbent very difficult.

unuabonah et al. synthesized a novel water-stable ion exchange resin for the adsorption of metal ions with polyvinyl alcohol 
(PVA) kaolinite clay as a PVA–nanoclay adsorbent, in order to address the problem of the recovery of adsorbent/resin from 
filters after use [97]. This adsorbent was found to have an adsorption capacity of 56.18 mg/g for Pb2+ ions and 41.67 mg/g for 
Cd2+ ions. The adsorption data obtained was well explained by the diffuse Layer model (dLm), which implies that the adsorp-
tion of both metal ions onto the modified adsorbent was via an inner-sphere surface complexation mechanism. Virtually 
complete desorption (ca. 99%) of both metal ions occurred from the PVA–nanoclay within 3 min.

16.4 COnClusiOns and PrOsPeCts

The organo-clay nanohybrid adsorbents have been investigated intensively particularly in the removal of a variety of toxic HmI 
from water. The clay minerals functionalized with organo-compounds become more hydrophobic with enhanced interspace 
basal spacing, enabling enhanced and selective affinity toward inorganic oxyanions/cations. Although these materials possess 
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several advantages, several difficulties or drawbacks are still underlying, which have to be addressed in future for wider/ 
practical applications.

The adsorption capacity of clay minerals without being exfoliated into the nanoscale is limited due to their small 
 surface area. The development of innovative organo-nanoparticles of layered silicates and similar nanocomposites with 
large specific surface area merits attention for environmental remediation studies; it needs to be studied in-depth. However, 
nanoscaled adsorbents are difficult to be separated from the water treating system, although they usually exhibit much 
higher adsorption capacity. so the adsorption capacity and the practical maneuverability should be comprehensively con-
sidered for future work.

The organo-modification of clays via noncovalent interactions seems easier than those with covalent interactions. However, 
the stability and reusability of the organo-modification of clays via noncovalent interactions might be of concern. The modified 
organic molecules might fall off from the clays, decreasing their adsorption capacity. moreover, the dropped organic molecules 
might become a secondary pollutant.

The studies conducted till now were mostly based on laboratory experiments. Wastewaters containing several cations/anions 
as well as organic molecules may likely hamper the removal efficiency. Hence, more comprehensive works concerning selec-
tivity are likely to be conducted.

Before organo-modification of clay minerals, they are usually activated with acids. Handling acidic solutions containing a 
large amount of metal ions produced in the acid-activated process may be another problem to solve.
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17.1 introdUction

Globally, the demand for clean water has increased due to the increasing world population. The rapid development of the 
industrial and agricultural sectors that consume large amounts of hazardous chemicals, toxic materials, and pesticides has 
resulted in the contamination of groundwater and the generation of contaminated wastewater [1]. This phenomenon further 
increased the demand for clean water, particularly drinking water. The World Health Organization (WHO) has set a guideline 
on the allowable concentration of chemicals in drinking water, without causing health issues [2]. Some of the major chemicals 
that often exist in contaminated water have been selected, and the guideline values are given in Table 17.1. Thus, there is an 
urgent need for new technologies that reduce the contaminants in water.

Advances in nanotechnology suggest that water quality problems could be solved through the utilization of nanomaterials in 
water remediation because nanomaterials possess properties suitable for water remediation, such as large surface area, high 
sorbent capacities, and the ability to be functionalized to enhance affinity and selectivity [3]. There are several methods to 
remove contaminants from water using nanoparticles, including adsorption, photocatalytic degradation, and disinfection. Such 
methods can be performed using the following: nanoadsorbents, such as nanoscale iron particles (Fe0) and nanosized metal 
oxides; nanophotocatalysts, such as titanium dioxide (TiO

2
) and zinc oxide (ZnO) nanoparticles; and disinfection agents, such 

as biogenic silver nanoparticles (bio-Ag0). However, modifications are still required to improve the efficiency of nanoparticles 
in the remediation of contaminants [4–7]. These modifications will eventually lead to the development of new and novel nano-
materials with specific properties and functions, including bimetal nanoadsorbents, rigidly supported nanoadsorbents, and 
core–shell systems of nanosized photocatalysts. Meanwhile, nanoparticles with magnetic properties have always been preferred 
in water remediation, for the easy separation of contaminant-loaded nanoparticles from treated water, by applying a magnetic 
field. In the water disinfection process, metallic Ag and TiO

2
 nanoparticles are the frequently used disinfection agents because 

of their bactericidal effects and the ability to inactivate a wide range of harmful microorganisms.
Membrane technologies have also been gaining significant interest in the field of water and wastewater treatment because of 

their efficiency in contaminant removal. Due to the recent advances in nanotechnology, various nanoparticles have been incor-
porated into membranes to produce synergistic effects on the treatment processes. Astounding effects of the introduction of 
nanoparticles for the development of membranes for the said purposes have been widely reported, including fouling mitigation, 
improved permeation quality, and flux enhancement. TiO

2
, Ag, aluminum oxide (Al

2
O

3
), and silicon dioxide (SiO

2
) nanoparti-

cles are among the many nanomaterials being employed. This chapter focuses on the role of various nanoparticles in water 
remediation, as well as the role of nanomaterials in membrane technology for water and wastewater treatment processes.
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17.2 nanoparticles in Water remediation

nanoparticles have shown great potential in water remediation because their small sizes (1–100 nm) allow them to cover larger 
surface areas with no resistance on internal diffusion  [8]. They can also be anchored onto a solid matrix, such as activated 
carbon (Ac) or zeolite, to enhance their effectiveness in water remediation [9], thereby presenting opportunities to resolve or 
greatly ameliorate water remediation problems [3, 10]. Water remediation can be achieved through adsorption [11–13], photo-
catalytic degradation [14–17], and disinfection [18–20] using nanoadsorbents, nanophotocatalysts, and bioactive 
nanoparticles.

17.2.1 Water remediation by nanoadsorbents via the adsorption technique

The adsorption technique using nanoadsorbents is one of the most common and widely used methods in removing certain 
classes of water contaminants. In principle, the adsorption technique is beneficial for the removal of water contaminants as well 
as for recovery purposes [21]. The adsorbed toxic materials are recovered in a concentrated form for disposal, and the valuable 
adsorbed materials are recycled for industrial purposes [22]. The adsorption technique is a simple, low-cost, and effective tech-
nique for removing organic and inorganic contaminants. In addition, dyes [23] and phenolic contaminants [24, 25] with low 
biodegradability, as well as heavy metal ions, such as As [12, 23, 26–29], cu [11], Hg [11], cd [11], pb [11, 30], cr [11, 23, 
30], and cobalt (co) [24], can also be effectively removed by nanoadsorbents.

nanoadsorbents with high surface area to volume ratios are required to achieve high adsorption capacity for water contam-
inants [10]. nanosized particles are more efficient than larger-sized particles as adsorbents in water remediation because the 
former are thermodynamically metastable and tend to transform into more stable forms by adsorbing substances, such as mol-
ecules, onto their surfaces to reduce the total free energy and approach the equilibrium state. There are several types of nanopar-
ticles that are suitable and can be used as nanoadsorbents for the removal of water contaminants, such as Fe0 [9, 25–27, 29–32] 
and nanosized metal oxides [8, 11, 12, 21, 23, 33]. Other than the selection of suitable adsorbents, the adsorption mechanisms 
of nanoadsorbents should be studied to improve adsorption efficiency during water remediation [27].

17.2.1.1 Nanoscale Particles Fe0 is a nontoxic, inexpensive, highly stable, and durable substance. Hence, it is suitable for 
water remediation and can be sustained for a long period of time without any loss in activity [25]. Furthermore, nanoscale 
Fe0 is an effective reductant in treating a wide variety of water contaminants, such as chlorinated benzenes, chlorinated eth-
enes, pesticides, organic dyes (Orange II, acid orange, acid red, chrysoidine, and tropaeolin O), heavy metal ions (Hg, cd, 
ni, and silver (Ag)), organic contaminants (N-nitrosodimethylamine and trinitrotoluene(TnT)), and inorganic anions (As, 
dichromate (cr

2
O

7
2−), perchlorate (clO

4
−), and nO

3
−) [9]. The mechanism of nanoscale Fe0 in water remediation often 

involves the iron (Fe) oxidation process. The oxidation stoichiometry of nanoscale Fe0 is given by equations 17.1 and 17.2. 
In the presence of oxygen and water, nanoscale Fe0 is rapidly oxidized to form free Fe ions through the release of electrons 
[9]. Therefore, highly reactive nanoscale Fe0 should be stored in ethanol, not in water, because water contains higher levels 
of dissolved oxygen than ethanol. Zhang et al. [9] reported that the electron released from the oxidation of nanoscale Fe0 is 
accepted by c

2
cl

4
 in water, and then reduced to ethane (c

2
H

4
) in accordance with equation 17.3, as given in Table 17.2. 

table 17.1 guideline values for chemicals that have health significance in drinking water [1]

chemical Guideline value (mg/l)

1,1,1-trichloro-2,2′bis(p-chlorophenyl)ethane (DDT) 0.001
2,4,6-trichlorophenol (Tcp) 0.2
Arsenic (As) 0.01
cadmium (cd) 0.003
chromium (cr) 0.05
copper (cu) 2
lead (pb) 0.01
Mercury (Hg) 0.006
nickel (ni) 0.07
nitrate (as nO

3
−) 50

Tetrachloroethene (c
2
cl

4
) 0.04
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cheng et al. [25] revealed that nanoscale Fe0 successfully reduced chlorophenols (rcl) to phenol (rH), while some of the 
chlorophenols were transformed to oxidation compounds, as given by equation 17.4.

 2 4 2 20
2

2
2Fe H O Fe H O+ + → ++ +  (17.1)

 Fe H O Fe H OH0
2

2
22 2+ → + ++ −  (17.2)

In the past few years, nanoscale zero-valent iron (nZVI), consisting of an Fe0 core and a predominantly magnetite shell [31], 
has become one of the most common adsorbents for the rapid removal of arsenic, including both arsenite (As(III)) and arsenate 
(As(V)), [26, 27, 29] as well as halogenated hydrocarbons, such as trichloroethylene (Tce) [31], nO

3
32–, cr, and pb [30]. Kanel 

et al. [27] revealed that the removal of As(III) is due to the spontaneous adsorption and coprecipitation of As(III), with the reac-
tive surface sites of nZVI as oxidation products. X-ray diffractograms demonstrated that nZVI was converted to amorphous iron 
(III) oxide (Fe

2
O

3
), iron (III) hydroxide, magnetite (Fe

3
O

4
), or maghemite (γ-Fe

2
O

3
) corrosion products, mixed with lepidocroc-

ite (γ-FeOOH). Hence, As(III) adsorption was enhanced with the increase of corrosion products.
To achieve a higher adsorption rate and removal efficiency, Hwang et al. [32] investigated the optimum conditions for the 

reduction of nO
3

− using nZVI. Their results showed that the supply of excessive thermal energy to the system increased the rate 
of nitrate reduction to nitrite and ammonia, where the activation energy barrier was overcome. In addition, a lower aqueous pH 
favors nitrate removal, in which ferrous hydroxide (Fe(OH)

2
) and other protective layers deposited on the nZVI surface were 

dissolved, thereby yielding fresh reactive sites for the reduction process. The general reduction process of nitrate is given by 
equation 17.5. Suzuki et al. [34] reported that the reduction of nitrate can be further enhanced by augmenting aqueous iron ions 
(Fe2+), where the role of Fe2+ has been revealed to facilitate the electron transfer from the nZVI core to nitrate. Furthermore, a 
higher adsorbent dose can increase the removal efficiency of arsenate, and complete arsenic removal is achievable in acidic and 
neutral pH ranging from pH 3 to pH 7, as reported by Kanel et al. [29].

Although the addition of nZVI to the aquifer showed no effect on the geochemistry and indigenous microbial communities 
during Tce removal, as reported by Kirschling et al. [31], materials such as Ac are recommended as support to nZVI to avoid 
loss and prevent the agglomeration of nZVI nanoparticles in the treated water. The use of support materials can also enhance 
the specific surface area of nZVI, thereby leading to higher adsorption capacity [30]. Zhu et al. [26] reported that Ac-supported 
nZVI was easily regenerated by elution with 0.1 M sodium hydroxide (naOH) for 12 h. Great reusability was shown because 
there was no observed significant reduction in As removal efficiency after eight cycles of adsorption and desorption. Meanwhile, 
ponder et al. [30] revealed that supported nZVI showed great performance in the remediation of cr(VI) and pb(II) from 
aqueous solutions. Fe0 was rapidly oxidized to goethite (α-FeOOH), while cr(VI) and pb(II) were reduced to cr(III) and zero-
valent lead (pb0), respectively, as given by equations 17.6 and 17.7.

Fe becomes oxidized when it is in contact with a less active metal, such as Ag and palladium (pd). Hence, the said concept is 
applied in water remediation to enhance the reactivity of monometallic nZVI [35]. bimetallic nZVI, such as Ag/Fe, pd/Fe, and 
ni/Fe, have been shown to be effective in the transformation of chlorinated compounds [4, 36–38]. Xu et al. [4] evaluated the 
effectiveness of Ag/Fe bimetallic nZVI in the transformation of hexachlorobenzenes to tetra-, tri-, and dichlorobenzenes in an 
aqueous solution at room temperature. The results showed that the transformation rate was positively correlated to the metal 
loading, as well as the location of chlorine on the benzene ring. lien et al. [36] and Tee et al. [38] demonstrated the utilization of 
pd/Fe and ni/Fe bimetallic nZVI on the degradation of chlorinated ethenes. Trichloroethene (c

2
Hcl

3
) and c

2
cl

4
 were reduced 

completely, with c
2
H

4
 as the primary reduction product, in accordance with equations 17.8 and 17.9, as given in Table 17.2. The 

presence of metal on the nZVI surface significantly increased its reactivity due to the increase in the specific surface area for 
reactivity. The degradation of Tce in an aqueous solution is shown in Figure 17.1. Moreover, Tian et al. [37] demonstrated that 

table 17.2 general reactions for the remediation of several types of contaminants in water by nanoscale iron particles

General reactions contaminants equations references

c
2
cl

4
 + 4Fe0 + 4H+ → c

2
H

4
 + 4Fe2 + + 4cl− Tetrachloroethene 17.3 [9]

rcl + Fe0 + H+ → rH + Fe2 + + cl− p-chlorophenol 17.4 [25]
nO

3
− + 4Fe0 + 10H+ → nH

4
+ + 4Fe2 + + 3H

2
O nitrate 17.5 [32]

2Fe0 + 2H
2
crO

4
 + 3H

2
O → 3(cr

.67
Fe

.33
)(OH)

3
 + FeOOH chromium 17.6 [30]

2Fe0 + 3pb(c
2
H

3
O

2
)

2
 + 4H

2
O → 3pb0 + 2FeOOH + 4(Hc

2
H

3
O

2
) + 2H+ lead 17.7 [30]

c
2
cl

4
 + 5Fe0 + 6H+ → c

2
H

6
 + 5Fe2 + + 4cl− Tetrachloroethene 17.8 [36]

c
2
Hcl

3
 + 4Fe0 + 5H

2
O → c

2
H

6
 + 4Fe2 + + 5OH− + 3cl− Trichloroethene 17.9 [38]



274 WATer reMeDIATIOn USInG nAnOpArTIcle AnD nAnOcOMpOSITe MeMbrAneS

the degradation rate of dichloro-diphenyl-trichloroethane (DDT) was faster with bimetallic ni/Fe nanoparticles than with mono-
metallic nZVI. Their results also revealed that weak acidic or alkaline conditions favor the degradation of DDT.

In real scenarios, however, wastewater contains more than one contaminant. Thus, the effects of competing anions are 
significant. Anions, such as bicarbonate (HcO

3
−), H

4
SiO

4
0, and H

2
pO

4
2−, have potential competing agents in As(V) adsorption 

[27, 29]. The common divalent metal cations, such as magnesium ions (Mg2+) and calcium ions (ca2+), present in contaminated 
water increase the affinity of nZVI toward As(V) anions. This is attributed to the fact that metal cations cause the nZVI surface 
to be more positively charged [26]. Therefore, more experiments are required to investigate the correlation among common 
contaminants in wastewater with nZVI adsorption capability.

17.2.1.2 Nanosized Oxides nanoscale metal oxides rather than microscale metal oxides are preferred as adsorbents due to 
the larger specific surface area they cover, which favors adsorption. However, the separation of these nanosized materials from 
treated water has also raised some issues. Therefore, nanoadsorbents with good adsorption and magnetic properties have often 
been chosen for the said purpose, where separation can be easily achievable using an external magnetic field right after water 
remediation. Among nanosized metal oxides, nanosized Fe

2
O

3
, such as hematite (α-Fe

2
O

3
), γ-Fe

2
O

3
, and Fe

3
O

4
 nanoparticles, 

exhibited magnetic properties.
The ability of α-Fe

2
O

3
, γ-Fe

2
O

3
, and Fe

3
O

4
 nanoparticles to remove Orange II, a common azo dye in the textile industry, was 

investigated by Zhong et al. [23]. Their results showed that all three adsorbents successfully removed Orange II, with similar 
adsorption capabilities. Fe

2
O

3
 containing Orange II was also regenerated by catalytic combustion at 300°c in air for 3 h, and the 

readsorption performance remained almost unchanged. Furthermore, Hu et al. [21] demonstrated the potential of γ-Fe
2
O

3
 

nanoparticles as a magnetic nanoadsorbent for the removal of cr(VI) in wastewater. The adsorption of cr(VI) by γ-Fe
2
O

3
 

nanoparticles proceeded rapidly and reached equilibrium within 15 min, independent of adsorbate concentration. The existence 
of competitive ions, such as sodium ions (na+), copper ions (cu2+), nickel ions (ni2+), ca2+, Mg2+, nO

3
−, and chloride ions (cl-), 

in wastewater has no significant effect on the adsorption of cr(VI) by γ-Fe
2
O

3
 nanoparticles. Furthermore, cr(VI)-loaded 

γ-Fe
2
O

3
 nanoparticles were recovered successfully, and were reused in the readsorption of cr(VI) ions.

To increase the adsorption rate of contaminants from water, chang et al. [8, 33] reported the effectiveness of chitosan-bound 
magnetic nanoadsorbents using Fe

3
O

4
 nanoparticles as cores and chitosan as ionic exchange groups, in the removal of heavy 

metal ions, such as cu(II) and cobalt ion (co(II)). chitosan bound covalently on the surface of magnetite was capable of adsorb-
ing metal ions due to the amino groups that serve as chelation sites. The time required to achieve adsorption equilibrium was 
1 min for the removal of cu(II) and co(II) ions. The rapid adsorption of heavy metal ions using chitosan-bound magnetite 
nanoparticles from aqueous solutions was due to the high specific surface area and the absence of internal diffusion 
resistance.

Adsorption

Desorption

nZVI

C2HCl3 (aq)

C2H6(g)  

Fe2+

Cl–(aq)

O

H

H

OH–

Fe0

FigUre 17.1 Degradation of Tce by nanoscale iron nanoparticles.
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nanosized Al
2
O

3
 is one of the most widely studied nanosized metal oxides, aside from nanosized Fe

2
O

3
 [39]. pacheco et al. 

[11] showed that nanosized Al
2
O

3
 was capable of removing five different metal ions, including pb, cr, cu, cd, and Hg, from 

aqueous solutions. However, the adsorption of pb was quite low (50%), whereas the adsorption of other cations exceeded 90%. 
Meanwhile, Jang et al. [12] studied As(V) adsorption using highly ordered nanostructured SiO

2
 media impregnated with metal 

oxides. SbA-15 was impregnated with three types of metal oxides, namely, Al
2
O

3
, zinc oxide (ZnO), and Fe

2
O

3
. Aluminum-

impregnated SbA-15 showed higher As(V) adsorption capacity and faster adsorption rate than activated alumina. This result 
was due to the large number of active sites created by the dispersion of Al

2
O

3
 in the mesopore SiO

2
 structures. The homoge-

neous and open pore structure of aluminum-impregnated SbA-15 also contributed to the transport of arsenate species, thereby 
increasing adsorption performance. Önnby et al. [40] demonstrated that nanosized Al

2
O

3
 was successfully incorporated into 

crygels, resulting in higher adsorption capacity and faster kinetics for the treatment of arsenic-contaminated waters, compared 
with nanosized Al

2
O

3
. However, the As removal efficiency of the aforementioned nanoadsorbent was reduced due to the 

existence of co-ions in water. The adsorption of phosphate ions (pO
4

3−), nO
3

−, and sulfate ions (SO
4

2−) by the nanoadsorbent 
was 69, 9, and 6%, respectively.

17.2.2 Water remediation by nanophotocatalysts via photocatalytic degradation

photocatalytic degradation is one of the advanced oxidation processes (AOps) using ultraviolet (UV) light as an energy source 
with a suspended powder or an immobilized form of semiconductor. AOps are chemical remediation methods that involve the 
use of semiconductors [41], where active hydroxyl radicals (OH•) species are generated by a high-energy source and serve as 
the primary oxidant to induce chemical reduction or oxidation reaction [42]. photocatalytic degradation possesses several 
advantages compared to other AOps such as Fenton and photo-Fenton catalytic reactions and hydrogen peroxide (H

2
O

2
)/UV 

processes. The advantages included the ability to operate under ambient conditions, the use of inexpensive and nontoxic 
 photocatalysts, as well as atmospheric air as oxidant [43].

photocatalytic degradation can be categorized as either homogeneous or heterogeneous [44]. Homogeneous photocatalytic 
degradation involves the dissolution of catalysts and oxidants, such as H

2
O

2
 or ozone, by direct UV photolysis of the solution. 

Meanwhile, heterogeneous photocatalytic degradation, also called semiconductor photocatalytic degradation, involves the use of 
a heterogeneous semiconductor using oxygen (O

2
) as an electron scavenger and UV light to remove organic impurities [45]. The 

basic mechanism of heterogeneous photocatalytic degradation involves the migration of electrons (e−) and holes (h+) to the sur-
face of the photocatalyst through UV light irradiation. The photogenerated electrons and holes react with water (H

2
O) and O

2
, 

which is adsorbed on the surface of the photocatalyst, to produce reactive oxygen species, such as oxygen radicals (O
2
−⋅) and OH⋅ 

[46]. Figure 17.2 shows the schematic of the general photocatalytic activities for photocatalysis under UV irradiation.

17.2.2.1 Titanium Dioxide Nanoparticles TiO
2
 or titania nanoparticles are the most frequently used semiconductor for pho-

tocatalytic degradation of contaminated water, with good UV scattering effect [14]. The anatase crystalline phase of TiO
2
 has 

been assumed to be more efficient than rutile and brookite TiO
2
 because anatase TiO

2
 have smaller particles (<50 nm), a larger 

surface area, and a higher degree of crystallinity, which favors photocatalytic degradation [47]. In addition, anatase TiO
2
 also 

contains high concentrations of surface hydroxyl groups (OH) [48]. TiO
2
 nanoparticles are inexpensive, nonselective, nontoxic, 

insoluble in water, photostable, and highly photoactive with a wide band-gap energy (3.2 eV), and can completely mineralize 

OH•

H+

H2O
h+

e–

O2

O2
–•

UV light

FigUre 17.2 Schematic of general photocatalysis activity under UV irradiation.
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toxic and nonbiodegradable organics to carbon dioxide (cO
2
), water, and inorganic constituents [6, 44, 45, 49–52]. However, 

there are some drawbacks in using TiO
2
 nanoparticles, including the following: the use of a UV light–limited irradiation source 

because only light below 388 nm can produce electron and hole pairs; recombination of electron and holes; and separation and 
agglomeration problems [44, 49, 53]. These limitations lead to a decrease in the photocatalytic efficiency of TiO

2
 nanoparticles 

and eventually reduce the photodegradation of contaminants in wastewater. Hence, numerous studies have been undertaken to 
utilize TiO

2
 nanoparticles more efficiently, such as doping noble metals (Ag, platinum (pt), gold (Au)), metals, metal ions, or 

metal oxides, on TiO
2
 [5, 42, 44, 45, 48, 50, 54–59], and/or the immobilization of TiO

2
 on a rigid support, such as Ac and silicon 

carbide (Sic) [6, 7, 49, 51, 60–62]. The deposited metals and doped ions onto TiO
2
 can extend the light absorption capacity into 

the visible range and suppress the recombination of electrons and holes by acting as electron traps in photocatalysts, leading to 
better availability of the holes and consequently to better degradation efficiency [45, 55].

Sobana et al. [45] demonstrated that the photocatalytic degradation of dyes was improved by doping noble metal Ag nanopar-
ticles on TiO

2
 as electron traps. results showed that Ag nanoparticles could enhance electron–hole separation by transferring 

the trapped electrons to the adsorbed O
2
, acting as an electron acceptor to produce reactive O

2
−⋅ OH⋅ was also generated during 

the process. In this study, the observed optimum loading ratio to achieve the highest photocatalytic degradation efficiency of 
dyes was approximately 1.5% Ag concentration in relation to TiO

2
 concentration. However, due to the high prices of noble 

metals, most of the researchers focused on the use of other metals as dopants, such as transition metals and alkaline metals.
park et al. [5] demonstrated the enhancement in photocatalytic degradation of 4-chlorophenol (4-cp) by doping cu into TiO

2
 

nanoparticles. The increase in photocatalytic activity was due to the successful entry of cu atoms into the TiO
2
 lattice, which 

created charge compensating anion vacancies in the lattice points of TiO
2
. Hydrochloric acid (Hcl), cO

2
, and water were the 

products formed after the photocatalysis of 4-cp. In the photocatalysis of 2-propanol, bimetal-incorporated TiO
2
 photocatalysts 

(FeZn–TiO
2
) were prepared, and the photocatalytic activity was investigated by park et al. [48]. The highest activity was 

achieved at the element ratio of 1.5 between Fe and Zn. In this Fe/Zn ratio, the charge recombination of photoexcited electrons 
and holes was circumvented, thereby enhancing the degradation efficiency. penpolcharoen et al. [44] showed the positive effect 
of nanohematite, embedded onto TiO

2
, in the photocatalysis of sucrose and nO

3
-, wherein the photogenerated electrons were 

trapped by iron (III) ion (Fe3+), which led to an improvement in the electron–hole separation and increased photocatalytic 
activity. Jeon et al. [42] investigated the photonic efficiency of nanosized molybdenum-doped TiO

2
-mixed (Mo/Ti) oxide pho-

tocatalysts in the degradation of dichloroacetate (DcA). The optimum Mo content was 0.5 mol% to obtain the highest degra-
dation efficiency of 28%.

The degradation efficiency of TiO
2
 could be improved by doping with alkaline metals, such as lithium (li), sodium (na), and 

potassium (K). According to bessekhouadet et al. [56], these alkaline metals lead to the creation of negative charges on the 
surface of the photocatalyst, facilitating adsorption of cationic molecules of malachite green oxalate (MG) contaminants 
through electrostatic interactions. The photoformed electrons then move from the lowest unoccupied molecular orbital (lUMO) 
band of MG to the conduction band of TiO

2
. This process enhances electron production by the photocatalyst under illumination, 

thereby increasing the generation of radicals for the degradation of organic contaminants. An optimum content of dopant on 
TiO

2
 can increase the ability of the doped photocatalyst in absorbing the light spectrum near the visible region. This phenomenon 

was revealed by Fan et al. [54], where TiO
2
 was doped with 0.4% cerium and an enhancement in the photocatalytic degradation 

of phenol was observed when compared with that of pure TiO
2
. The absorption spectrum of TiO

2
 increased from 390 to 450 nm 

after doping, with cerium causing more light to be absorbed for photocatalytic activities.
Aside from noble, transition, and alkaline metals as dopants on TiO

2
, metal oxide–modified heterogeneous nanoparticles are 

also important for maximizing the efficiency of photocatalytic degradation of wastewater contaminants. Dong et al. [59] indi-
cated that cationic and anionic dyes in mesoporous TiO

2
–SiO

2
 nanocomposites exhibit high decolorization and degradation 

efficiency because of the synergistic effect of coupled adsorption and photocatalytic oxidation provided by the nanocomposites. 
The cationic and anionic dyes were absorbed by surface Si–OH and Ti–OH groups, respectively. Meanwhile, Han et al. [55] 
confirmed that the photocatalytic degradation of phenol begins with the breakup of carbon–carbon bonds by TiO

2
–SrO photo-

catalysts, during which butane (c
4
H

10
) and propanal (c

3
H

6
O) ions are detected in the aqueous solution. The fastest photocata-

lytic degradation rate of phenol (14 h) has been achieved using 60 wt% of SrO in TiO
2
 photocatalysts under visible light, 

compared with the 20 and 40 wt% of SrO. Meanwhile, doping ZnFe
2
O

4
 onto TiO

2
 successfully enhanced the photocatalytic 

degradation of rhodamine b, as reported by liu et al. [58] Moreover, O
2
 is an important oxidant in photooxidation, acting as an 

electron acceptor to decrease the recombination rate between photogenerated electrons and holes. O
2
 also promotes the gener-

ation of OH⋅ radicals for the degradation of organic contaminants.
The photocatalytic activity of TiO

2
 significantly affects the degradation of wastewater contaminants. Thus, aside from metals 

or metal oxides, ions can be doped onto TiO
2
 to enhance its photocatalytic activity. Venkatachalam et al. [50] indicated that 

doping zirconium ions (Zr4+) onto TiO
2
 nanoparticles enhanced the photocatalytic degradation of 4-cp. Zr4+ successfully enters 

the TiO
2
 lattice and increases photocatalytic activity. charge-compensating anion vacancy was created in the TiO

2
 lattice points, 
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thereby improving the adsorption of 4-cp. electron–hole recombination was also minimized under a pH of 5, as suggested by 
the increased degradation rate of 4-cp. However, according to liu et al. [57], high levels (i.e., above the optimum level) of dop-
ant ions such as Zn2+ limit the diffusion of Zn2+ on the TiO

2
 lattice. Therefore, many ions are deposited on the particle surface, 

thereby inhibiting photocatalytic activity. Thus, the optimum Zn2+ ion content was set at 0.5 mol% in the photocatalytic degra-
dation of rhodamine b.

Immobilizing TiO
2
 on a rigid support, such as Ac [6, 49, 62], perlite granules [60], Sic [51], SiO

2
 spheres [61], and magnetic 

cores, [7] enhances photocatalytic degradation of organic contaminants and the separation properties of suspended TiO
2
 photo-

catalysts from the solution. li et al. [6] doped TiO
2
 on Ac grains to hybridize the photocatalytic activity of TiO

2
 with adsorptiv-

ity of Ac for photocatalytic degradation of methyl orange. Ac enhanced the photoefficiency of TiO
2
 photocatalysts by preventing 

the recombination of electron–hole pairs and extending its adsorption of methyl orange. Methyl orange was then transferred to 
TiO

2
 and photocatalytically degraded. He et al. [62] investigated the use of TiO

2
 on Ac in removing rhodamine b under 

microwave irradiation. rhodamine b is stable in aqueous solutions under microwave irradiation. However, the degradation 
efficiency of rhodamine b improved significantly to 96% 20 min after Ac-supported TiO

2
 was introduced into the solution, in 

which rhodamine b was mineralized to cO
2
 and water after the conjugated structure of rhodamine b was destroyed by photo-

catalysts. perlite and Sic are also effective supports for TiO
2
 in the photocatalytic degradation of phenol [60] and 2-propanol 

[51]. Hosseini et al. [60] revealed that the rate of phenol degradation is positively affected by UV light intensity. Yamashita  
et al. [51] indicated that for photocatalytic degradation, the hydrophobic surface of TiO

2
–Sic photocatalysts is preferred over 

that of 2-propanol diluted in water, which produces cO
2
 and water.

core–shell systems, composed of nanosized photocatalysts as the shell and a core with support, are required for easily 
reclaiming photocatalysts after photocatalytic degradation by either sedimentation or filtration of the aqueous solution. The 
properties of core–shell photocatalysts can be varied depending on the application, including the size, composition, and thick-
ness of both the core and the shell. Using an inexpensive core in these systems reduces the preparation cost compared with 
non–core–shell systems, which use solely pure photocatalysts. Fu et al. [7] reported on using nanoscale hexaferrites (baFe

12
O

19
) 

as a magnetic core to enhance the separation properties of photocatalysts from the aqueous solution. They also indicated that 
the TiO

2
 shell is responsible for the photocatalytic degradation of organic contaminants. Wilhelm et al. [61] coated TiO

2
 on SiO

2
 

spheres to photodegrade rhodamine b and found that rhodamine b was decomposed completely to colorless products, such as 
cO

2
, mineral acids, and water, after illumination. Sun et al. [49] found that nanosized Sn(IV)/TiO

2
/Ac photocatalysts enhance 

the photodegradation activity of orange G and exhibit effective separation from the aqueous solution. Tin, at a dosage of approx-
imately 2.5 % and pH of about 2, exhibited the highest photocatalytic activity. However, the degradation efficiency dropped 
with SO

4
2− and H

2
pO

4
− in the solution because these ions are deposited on the surface of photocatalysts and reduce vacancies 

for orange G adsorption, thereby reducing photodegradation activity.

17.2.2.2 Zinc Oxide Nanoparticles ZnO is a cheap and nontoxic photocatalyst used in degrading and mineralizing environ-
mental contaminants to cO

2
, water, and mineral acids [43]. ZnO has approximately the same band-gap energy as TiO

2
 (3.2 eV) 

and is thus expected to exhibit photocatalytic degradation activity similar to that of TiO
2
 [16, 17]. However, ZnO nanoparticles 

outperform TiO
2
 nanoparticles in photocatalytically degrading wastewater contaminants. Sobana et al. [43] and chen et al. [63] 

found that ZnO is more reactive than TiO
2
 in the photocatalytic degradation of dyes under UV light irradiation. Moreover, the 

photodegradation rate is faster in alkaline conditions. The surface of ZnO in such conditions is negatively charged, favoring the 
absorption of dye with a positive charge. Thus, more active OH• radicals are generated, thereby enhancing activity. Furthermore, 
the efficiency of degrading estrone in water using ZnO is higher than that of degradation using TiO

2
 [64]. The efficiency is 

higher because ZnO exhibits higher UV absorbance than TiO
2
 within the wavelength range of 320–385 nm. The excellent 

activity of ZnO is also due to its intrinsic properties and unique open structure, which acts as a harvesting site for photogene-
rated electrons during optical excitation, thereby enhancing charge separation. Therefore, ZnO is a suitable alternative to TiO

2
 

because its photocatalytic degradation outperforms that of TiO
2
 and both have a similar photocatalytic degradation mechanism 

[65]. Jang et al. [66] compared the photocatalytic degradation capacity of methylene blue between ZnO and ZnO nanocrystal-
line particles. ZnO nanoparticles exhibited greater photocatalytic degradation capacity than ZnO nanocrystalline particles 
because of the larger surface area provided by the former. The photodegradation efficiency of the dye increases by increasing 
photocatalyst loading (i.e., expanding the total active surface area) or decreasing the initial concentration of methylene blue 
solution. However, increasing photocatalyst loading decreases degradation activity because UV light penetration decreases 
upon loading beyond the optimum limit.

researchers have made some modifications to increase the efficiency of ZnO in photocatalytically degrading contaminants. 
Wu et al. [67] found that ZnO coated with TiO

2
 degraded phenol better than pure ZnO. Moreover, the light absorption scope of 

composite nanoparticles is wider than that of pure TiO
2
. Yu et al. [68] investigated the performance of pure and Ag-modified 

ZnO as photocatalysts in the photocatalytic degradation of rhodamine b dye. Activity increased after incorporation of Ag into 
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ZnO. This result is consistent with that obtained by Anandan et al. [69], who found that the degradation rate of Tcp over lan-
thanum (la)-doped ZnO is much higher than that of pure ZnO and TiO

2
. The photocatalytic degradation rate of methyl orange 

dyes on nanosized coupled oxides (ZnO/SnO
2
) is also faster than that on ZnO by about 66% [70]. The former is higher because 

modified ZnO photocatalysts have higher charge separation efficiency. Sobana et al. [41] modified ZnO with Ac to enhance the 
photocatalytic activity of pure ZnO. Direct blue 53 dye molecules were initially adsorbed on Ac, and then diffused to ZnO, 
which was deposited within the Ac pores and degraded. As mentioned earlier, alkaline pH enhances photocatalytic degradation 
compared with acidic pH. Therefore, ZnO can be modified with metals or metal oxides to enhance its efficiency. Modification 
reduces the band-gap energy and improves charge separation between photogenerated electrons and holes, thereby enhancing 
the efficiency of ZnO in photocatalytically degrading contaminants.

17.2.3 Water remediation by nanodisinfection agents via disinfection

conventional chlorination, ozonation, advanced filtration, and UV radiation processes are effective water disinfection tech-
niques. However, these techniques have several limitations, including the formation of toxic by-products and high energy con-
sumption [71]. Therefore, new methods for water disinfection, such as nanotechnology, that can overcome such limitations are 
being explored. The photocatalysis of heterogeneous nanosized particles, such as TiO

2
 and metallic Ag nanoparticles, degrades 

hazardous contaminants in water, as discussed in previous sections. Moreover, these nanoparticles kill bacteria and inactivate 
various harmful microorganisms [18–20, 72]. These nanoparticles can do so because their small size and high surface to volume 
ratio enable them to interact closely and directly with pathogens [73].

Ag nanoparticles are effective bactericides, exhibiting strong toxicity against various microorganisms [20]. Morones et al. 
[73] proposed the general route of bio-Ag0 against Escherichia coli, Pseudomonas aeruginosa, Vibrio cholerae, and Salmonella 
typhi. The bactericidal process begins by disrupting the functions of the bacteria, such as respiration, after the nanoparticles 
attach to the bacteria cell membrane. The penetration of nanoparticles into the bacteria damages the DnA, a major sulfur- and 
phosphorus-containing compound. Ag ions (Ag+) also contribute to such bactericidal effect. The bactericidal properties of the 
nanoparticles are size- and surface area–dependent, and only nanoparticles of about 1–10 nm interact well with Gram-negative 
bacteria. Figure 17.3 illustrates the pathway of Ag+ ions against bacteria.

According to lalueza et al. [74], the bactericidal effect of Ag nanoparticles is weak because of the slow generation rate of 
Ag+ ions resulting from the small number of Ag nanoparticles. Thus, the number of Ag+ ions should be sufficient to ensure full 
interaction with thiol groups in proteins and interfere with DnA replication in bacteria as one disinfection pathway [75]. The 
bactericidal effects with the same total silver content are ranked as follows: AgnO

3
> Ag-ZSM-5 > Ag

2
O > pellets > granular > 

Ag nanoparticles. Thus, bactericidal efficiency largely depends on the easy release of Ag+ ions from the material to yield high 
silver concentration. De Gusseme et al. [20] found that biologically produced bio-Ag0 exhibits a faster inactivation rate of 
Enterobacteraerogenes-infecting bacteriophage (UZ1) than AgnO

3
 and chemically produced bio-Ag0 with the same Ag 

Ag+

Ag+

DNA

FigUre 17.3 pathway of Ag+ ions against bacteria.
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concentration. The advance properties shown by biogenic Ag0 was due to the role of the dead lactic acid bacterial cell wall 
within the nanoparticles as microscale carrier matrix for the nanoparticles and prevent the aggregation problem.

nangmenyi et al. [19] reported that Ag nanoparticles impregnated on an inorganic fiberglass surface exhibit both bacterio-
static and bactericidal properties for disinfecting E. coli because of its inorganic fibrous network that offers high contact 
efficiency and faster kinetics. Gangadharan et al. [18] used modified AgnO

3
 methacrylic acid copolymer beads in disinfecting 

Gram-negative and -positive bacteria. E. coli, P. aeruginosa, and Staphylococcus aureus were completely inhibited, but not for 
spore-forming Bacillus subtilis. The inhibited bacteria had little resistance toward the Ag nanoparticle–bound copolymer beads, 
with 99.9% reduction within the same time frame. In addition, no bacteria adhered to or were adsorbed onto the copolymer 
beads containing Ag nanoparticles. Thus, these beads have potential applications in water disinfection. lin et al. immobilized 
Ag nanoparticles on TiO

2
 (TiO

2
/Ag) to form hybrid nanocomposite particles [76]. The antibacterial activity of TiO

2
/Ag hybrid 

particles against E. coli is similar, with or without UV irradiation. However, the bactericidal behavior of hybrid particles is 
 significantly affected by Ag concentration in the nanocomposite, which is favorable for deactivating E. coli.

17.3 nanocomposite membranes in Water remediation

Membrane separation technology is of interest in water remediation because of its high separation efficiency and ease of opera-
tion. This technology uses polymeric and ceramic membranes composed of organic and inorganic materials, respectively. 
polymeric membranes have become the focus of membrane research because of better control of the pore-forming mechanism, 
higher flexibility, and lower costs as compared to ceramic membranes. polymeric membranes have been widely studied including 
polyethersulfone (peS), poly(vinylidene) difluoride (pVDF), polyamide (pAm), polysulfone (pSf), and polyacrylonitrile (pAn). 
However, polymeric membranes exhibit high hydrophobicity, fouling and biofouling, low flux, and low mechanical strength. 
Meanwhile, ceramic membranes made of refractory oxides, such Al

2
O

3
, TiO

2
, and zirconium oxide (ZrO

2
), have excellent 

chemical, thermal, and pH stability compared with polymeric membranes. Moreover, given their long lifetime and resistance to 
high temperature, pressure, and corrosive solutions, ceramic membranes are very cost-effective for water treatment.

With the objective to improve the properties and functionalities of polymeric and ceramic membranes in water remediation, 
nanoparticles have been introduced into polymeric and ceramic membranes. Generally, the main goals behind the incorporation 
of nanoparticles into membranes include membrane fouling and biofouling mitigation, disinfection, and photocatalytic degra-
dation of pollutants.

17.3.1 development of membranes with antifouling properties

17.3.1.1 Fouling Mitigation in Polymeric Membranes nanoparticles are added to membranes to minimize fouling and 
enhance separation properties. Membrane fouling caused by organic solutes and biofouling are the most common types of foul-
ing. The addition of nanoparticles to the membranes increases skin layer thickness and skin surface porosity, suppresses mac-
rovoid formation, increases membrane permeability, and increases or decreases rejection [77]. TiO

2
 nanoparticles are the most 

widely used in remedying membrane fouling caused by organic solutes.

17.3.1.1.1 Titanium Dioxide Nanoparticles One problem in the fabrication of TiO
2
/polymer nanocomposites is the dispersion 

of TiO
2
 nanoparticles into the polymer matrix because these nanoparticles weaken the performance of nanocomposites by 

agglomeration. Thus, Wu et al. [78] modified the TiO
2
 surface with γ-aminopropyltriethoxysilane before introducing TiO

2
 to 

the peS matrix to overcome agglomeration. TiO
2
 content was optimal at 0.5 wt%. Antifouling properties were improved based 

on the filtration of bovine serum albumin (bSA) solution. Yang et al. [79] employed sodium dodecyl sulfate to modify the 
surface of TiO

2
 nanoparticles before incorporating them into the pSf matrix. The membranes exhibited outstanding water 

permeability, hydrophilicity, mechanical strength, and good antifouling properties at 2 wt% TiO
2
 content. The membranes also 

effectively treated emulsified oil wastewater.
Aside from homogeneously dispersing TiO

2
 into the polymer matrix, other preparation methods, including membrane 

 surfaces coated with TiO
2
 nanoparticles, have been explored to fabricate nanocomposite membranes. TiO

2
 nanoparticle self- 

assembly membranes were prepared by immersing a poly(styrene-alt-maleic anhydride) and pVDF blend membrane in a TiO
2
 

nanoparticle solution [80]. TiO
2
 nanoparticles were assembled on the membrane surface via electrostatic interaction established 

between TiO
2
 nanoparticles and the -cOOH groups on the membrane surface. bae et al. [81] successfully fabricated sulfonated 

poly(ether) sulfone (SpeS) membranes surface-coated with TiO
2
 via the electrostatic interaction between TiO

2
 nanoparticles 

and anionic groups on the surface of SpeS membranes. permeability and antifouling ability were enhanced by the TiO
2
 layer 
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on the membrane surface [80, 81]. rahimpour et al. [82] discovered that the performance and antifouling properties of TiO
2
-

coated membranes are better than those of TiO
2
-entrapped membranes.

The effect of UV irradiation on the performance of TiO
2
 nanocomposites has also been examined [82–84]. Membrane performance 

and antifouling properties significantly improved with the increased hydrophilicity of the membrane and the photocatalysis reaction 
initiated by the UV irradiation, thereby decomposing and removing the foulants, especially organic compounds.

The size of TiO
2
 nanoparticles also significantly affects the performance of TiO

2
 nanocomposite membranes. Vatanpour et 

al. [85] and cao et al. [86] studied the effect of TiO
2
 nanoparticle size on the performance of peS and pVDF membranes, 

respectively. The antifouling property of the TiO
2
 nanocomposite membrane improved with decreasing TiO

2
 nanoparticle size 

because of the large surface area and high adsorption of water.

17.3.1.1.2 Silicon Dioxide Nanoparticles Aside from TiO
2
, SiO

2
 is used to mitigate fouling in polymeric membranes. SiO

2
 

has been widely used in fabricating thin-film nanocomposites for various applications because of its availability and low price 
compared with TiO

2
. Jadav and Singh [87] incorporated self-synthesized SiO

2
 nanoparticles via the hydrolysis of tetraethyl 

orthosilicate in an acidic medium into pAm films coated over a porous pSf support through interfacial polymerization to produce 
a thin-film nanocomposite membrane. The flux increased as a function of SiO

2
 loading because of increasing pore size. excellent 

separation efficiency and productivity flux are obtainable with nanocomposite membranes containing about 1–2 wt% SiO
2
.

Similarly, commercialized SiO
2
 nanoparticles incorporated into thin-film nanocomposite membranes were synthesized by adopt-

ing poly(amidoamine) dendrimers as aqueous monomers, trimesoyl chloride as organic monomer, and pSf as substrate [88]. The 
addition of 1.0 wt% SiO

2
 nanoparticles increased the permeation performance of the pAm–SiO

2
 membrane by nearly 50%, without 

a decrease in the salt rejection rate. When subjected to one cycle of filtration with oily wastewater, the pAm–SiO
2
 membrane demon-

strated higher stable flux and nearly 50% salt removal. Jin et al. [89] reported that using pAm–SiO
2
 thin-film nanocomposite mem-

branes prepared by a similar method in treating raw surface water enhanced membrane separation and antifouling properties.
Yin et al. [90] synthesized McM-41 (~100 nm) and nonporous spherical silica nanoparticles (~100 nm) as nanofillers to 

study the influence of the internal pore structures of SiO
2
 nanoparticles on the performance of thin-film nanocomposite mem-

branes. The McM-41 nanoparticles incorporated in the membrane showed significant improvement in permeating water flux, 
while maintaining high rejection of salts. This result suggests that the internal pores of McM-41 nanoparticles significantly 
improved water permeability compared with those of nonporous silica nanoparticles.

Apart from the incorporation of SiO
2
 nanoparticles into thin-film nanocomposite membranes by in situ polymerization, the 

hydrophilicity of pSf ultrafiltration membranes functionalized with SiO
2
 nanoparticles via solution blending was also enhanced 

[91]. The functionalized pSf membrane exhibited good antifouling properties and an increased permeability that is 16 times 
higher than that of the neat pSf membrane in the filtration of oil-in-water emulsion, which is attributed to the larger pore size 
and higher hydrophilicity.

17.3.1.1.3 Aluminum Oxide Nanoparticles like other metal oxide nanoparticles, aluminum-based nanoparticles possess 
properties that improve the performance of nanocomposite membranes. Yan et al. [92] dispersed commercialized Al

2
O

3
 nanoparticles 

(10 nm) into pVDF membranes homogeneously via ultrasonication for the treatment of oily wastewater. Antifouling ability was 
enhanced as a result of decreased contact angle at constant surface porosity. The antifouling ability of the membranes was also 
proven by filtration of α-amylase solutions [93] and oil field wastewater [94]. Yang et al. [95] also found that the integration of 
nanosized Al

2
O

3
 into the pVDF membrane structure significantly enhanced the antifouling ability of the pVDF membrane.

Aside from homogeneously dispersing the nanoparticles into a polymer matrix, as discussed previously, Saleh and Gupta 
[96] fabricated pAm nanocomposite membranes containing Al

2
O

3
 nanoparticles by in situ interfacial polymerization. They used 

Al
2
O

3
 nanoparticles with an average size of 14 nm, self-generated by an aqueous sol–gel method using precursors of aluminum 

nitrate and citric acid mixed solution. The permeate flux was enhanced, while maintaining the salt rejection with the introduc-
tion of nanoparticles to the pAm membranes.

Apart from Al
2
O

3
 nanoparticles, boehmite, an aluminum oxide hydroxide (γ-AlOOH) particle containing extra hydroxyl 

groups on its surface, was used by Vatanpour et al. [97] in preparing peS-blended membranes. Incorporating boehmite nanopar-
ticles improved the hydrophilicity and pure water flux of the membranes. boehmite nanoparticle–embedded membranes also 
exhibited superior characteristics and antifouling ability compared with γ-Al

2
O

3
/peS membranes. nevertheless, pure water flux 

decreased at high nanoparticle concentrations because of agglomeration.

17.3.1.1.4 Zinc Oxide Nanoparticles ZnO nanoparticles, one of the multifunctional inorganic nanoparticles, have gained increasing 
attention because of their remarkable physical and chemical properties, including high catalytic activity and effective antibacterial and 
bactericidal abilities. In addition, ZnO nanoparticles are economically more practical than TiO

2
 and Al

2
O

3
 nanoparticles [98]. 

Furthermore, incorporating ZnO nanoparticles enhanced the hydrophilicity and mechanical properties of the polymer matrix.
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ZnO nanocomposite membranes are developed by dispersing different dosages of ZnO nanoparticles homogenously into the 
polymer matrix, followed by phase inversion [98–100]. In treating reclaimed water, Hong and He [99] reported maximum pure 
water flux, minimum surface roughness, and minimum membrane resistance at an optimum dosage of 0.005 wt% of ZnO 
nanoparticles in the pVDF membranes because of enhanced hydrophilicity. enhanced membrane separation properties were 
also observed by liang et al. [98] and balta et al. [100] Given the successful implantation of ZnO nanoparticles into the mem-
brane inner surface or pore wall, the membrane exhibited remarkable anti-irreversible fouling property and doubled water per-
meability at the optimum dosage of 6.7 wt% ZnO nanoparticles when the pVDF membranes modified with ZnO were used in 
multicycle filtration experiments [98]. Aside from lower flux and improved permeability, balta et al. [100] observed a prominent 
improvement in dye rejection potential induced by the addition of ZnO nanoparticles to peS membranes even at unusually low 
concentrations. Given that ZnO nanoparticles exhibit properties similar to those of TiO

2
, but are comparatively cheaper, the 

former have been predicted as an excellent alternative to TiO
2
 for use as an antifouling material.

17.3.1.2 Fouling Mitigation for Ceramic Membranes Metal oxides, such as Al
2
O

3
, TiO

2,
 and Fe

2
O

3
 are the most commonly 

used nanoparticles for the fabrication of nanostructured ceramic membranes for applications in water treatment. The integration 
of metal oxide nanoparticles with ceramic membranes provides additional functionalities to catalyze and degrade foulants 
under oxidizing conditions.

17.3.1.2.1 Titanium Dioxide Nanoparticles TiO
2
 nanoparticles have drawn significant research attention in the fabrication 

of ceramic membranes because of their excellent chemical resistance, high water flux, and photochemical and catalytic 
properties [101]. previous studies fabricated ceramic membranes by incorporating highly hydrophilic TiO

2
 nanoparticles to 

create preferential passages for the transport of water. For example, Zhang et al. [102] prepared Al
2
O

3
 ceramic membranes 

doped with 5% TiO
2
 by the solid-state sintering technique. compared with pure Al

2
O

3
 membranes, the Al

2
O

3
–TiO

2
 nanocomposite 

membranes exhibited up to 30% improvement in permeate flux in the filtration of oily wastewater under the same operating 
conditions because of their enhanced membrane hydrophilicity and antifouling properties resulting from the doping of TiO

2
. 

Monash and pugazhenthi [103] prepared low-cost porous ceramic membranes with different loadings of TiO
2
 nanoparticles. 

The prepared nanocomposite membranes with optimum TiO
2
 loading exhibited a maximum rejection of 99% for an oil 

concentration of 200 ppm in the oil–water emulsion separation.
Yang and li [104] fabricated inside-out tubular TiO

2
/Al

2
O

3
 composite membranes for electrofiltration of chemical–mechanical 

polishing wastewater. The composite membranes were fabricated by coating the TiO
2
 coating layer inside the tubular substrate 

of Al
2
O

3
 using sol–gel/slip-casting technique and then followed by firing process. The incorporation of 5% TiO

2
 to Al

2
O

3
 increased 

the permeate flux up to 20%, indicating enhanced hydrophilicity of TiO
2
–Al

2
O

3
 composite membranes compared with pure Al

2
O

3
 

membranes. Zhang et al. [105] fabricated a hierarchical TiO
2
 nanowire ultrafiltration membrane made of two dimensions of TiO

2
 

nanowires, 20–100 nm TnW20 and 10 nm TnW10, by hydrothermal synthesis, followed by a filtration and hot-press process. 
TnW20 acts as the supporting layer of the membrane, providing mechanical strength, while TnW10 serves as the functional 
layer, providing outstanding permeability and separation properties. TiO

2
 nanowire ultrafiltration membranes exhibited excep-

tional performance in photodegradation and antifouling tests because of the degradation and inactivation of organic and biological 
pollutants under UV irradiation.

17.3.1.2.2 Aluminum-Based Nanoparticles In addition to the application of aluminum-based nanoparticles as nanofillers in 
nanocomposite membranes, Al

2
O

3
 nanoparticles can also be used as ceramic precursors. Jones et al. [106] fabricated asymmetric 

Al
2
O

3
 ultrafiltration membranes with acetic acid surface-stabilized Al

2
O

3
 nanoparticles (A-alumoxanes). A defect-free Al

2
O

3
 

membrane was obtained by contacting α-Al
2
O

3
 supports with an aqueous solution of A-alumoxanes followed by firing. The 

alumoxane-derived membranes possessed high porosity and similar or improved permeability as compared with commercially 
available alumina membranes. The smooth surface of alumoxane-derived membranes was confirmed by scanning electron 
microscopy (SeM), and their high hydrophilicity was verified by atomic force microscopy (AFM), indicating great potential in 
fouling remediation of membranes. bailey et al. [107] also found that alumoxane-coated ceramic membranes are more 
hydrophilic than uncoated membranes.

γ-Al
2
O

3
, another type of aluminum-based nanoparticles, has been extensively studied because of their unique surface charge char-

acteristics defined by the amphoteric behavior of their surface sites (hydroxyl groups). Majhi et al. [108] prepared a low-cost γ-Al
2
O

3
 

membrane on a macroporous clay support using the dip-coating method. The production cost was reduced by fabricating the γ-Al
2
O

3
 

top layer from a boehmite sol prepared via a sol–gel route employing aluminum chloride (Alcl
3
) salt as a starting material. The 

maximum rejection values for Mgcl
2
 and Alcl

3
 were up to 72 and 88%, respectively, at a salt concentration of 3000 ppm.

Instead of employing self-generated γ-Al
2
O

3
, Madaeni et al. [109] employed a commercialized γ-Al

2
O

3
-based ceramic 

microfiltration membrane to eliminate coke particles from petrochemical wastewaters prior to the introduction of coalescers. 
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The γ-Al
2
O

3
-based ceramic microfiltration membrane achieved 100% coke rejection at harsh operating conditions of 70°c and 

15 bar pressure. DeFriend et al. [101] doped Al
2
O

3
 membranes fabricated using A-alumoxanes with transit metals, such as Fe, 

la, and manganese (Mn), to further improve the separation performance of Al
2
O

3
-based ceramic membranes. FeAlO

3
 and 

laAlO
3
 membranes showed permeate flux increment of 50%, while the MnAlO

3
 membrane showed decreased permeate flux 

compared with the Al
2
O

3
 homogeneous membrane when used for filtration of dye solutions. Therefore, permeate flux improve-

ment was influenced by chemical functionalization of the Al
2
O

3
 surface.

17.3.1.2.3 Silicon Dioxide Nanoparticles A separation skin layer with a uniform pore size distribution and a smaller pore size 
than an inorganic membrane support is required to improve the separation properties of the ceramic membrane [110]. Mesoporous 
SiO

2
 with uniform monodispersed pore sizes and ordered pore structure, which provide large surface area and high pore volume, 

is one of the promising candidates for the fabrication of the skin layer of a membrane to provide high separation efficiency.
Modified ceramic membranes coated with a layer of mesoporous SiO

2
 have been synthesized for different applications to 

investigate their separation performance. Fakhfakh et al. [111] prepared ceramic membranes derived from mesoporous SiO
2
 

coated on a clay tubular support and studied their separation properties. The performances of the membranes M1 and M2, with 
12.5 and 27-µm thickness, respectively, were compared. The water permeability of M1 was higher at 77.3 l/h·m2·bar, while that 
of M2 was 34.56 l/h·m2·bar. On the contrary, the bSA retention of M2 was higher at 98.64% than that of M1 at 78.33%.

Oh et al. [110] further grafted the SiO
2
 coating layer with 3-aminopropyltriethoxysilane (ApTS) to facilitate the removal of 

cu2+ from the aqueous solution. The resulting membrane showed improved rejection and selectivity compared with unmodified 
ceramic membranes, suggesting that the introduction of mesoporous SiO

2
 and amine functionality exhibited great potential in 

the removal of heavy metal ions from wastewater streams.
In addition to mesoporous SiO

2
, Duke et al. [112] fabricated Al

2
O

3
 ceramic membranes coated with an amorphous molecular 

sieve of SiO
2
. The fabricated membranes exhibited excellent separation properties, with a flux of approximately 1.8 kg/m2·h and 

sodium chloride (nacl) rejection up to 98% with 3.5 wt% (seawater-like) feed. However, knowledge of the effects of employing 
real seawater feed, long-term operation, and scale-up on membrane performance are essential for future studies.

17.3.1.2.4 Iron-Based Nanoparticles Fe-based nanoparticles have been employed in the modification of ceramic membranes 
because of their relatively high specific surface area, low cost, availability, easy production, and catalytic activities when 
combined with strong oxidants and/or UV/visible light. cortalezzi et al. [113] fabricated ceramic membranes deposited with 
Fe-based nanoparticles, ferroxane, to examine the effect of the number of coating layers on membrane permeability by 
measuring clean water fluxes. The results revealed that the membrane permeability varied with the number of coating layers. 
The rejection tests using dextran molecules showed that the ceramic membrane with two layers of ferroxane nanoparticle 
coating demonstrated the highest rejection.

A previous study applied Fe
2
O

3-
-coated tubular AZT (a mixture of Al

2
O

3
, ZrO

2
, and TiO

2
) ceramic membranes in a combined 

ozonation–ultrafiltration process through a layer-by-layer technique to eliminate the disinfection by-products and their precur-
sors [114]. More than 85% reduction in the concentration of dissolved organic carbon was obtained using the resulted mem-
brane. In addition, up to 90% decrease in the concentrations of simulated distribution system total trihalomethanes and 85% 
decrease in simulated distribution system halo acetic acids were observed. compared with uncoated membranes, the concentra-
tions of aldehydes, ketones, and keto acids in the permeate were decreased by >50% with the Fe

2
O

3
-coated ceramic membranes. 

Harman et al. [115] also reported better natural organic matter (nOM) rejection with the coating of Fe
2
O

3
 on γ-Al

2
O

3
 ceramic 

membrane in water with a high specific UV absorbance (SUVA) value, resulting from nOM sorption onto the Fe
2
O

3
 surfaces.

17.3.2 development of membranes with antibiofouling properties

17.3.2.1 Antibiofouling in Polymeric Membranes The incorporation of antimicrobial nanomaterials into membranes has 
been a potential alternative to the conventional forms of biofouling control as polymeric membranes cannot withstand the cor-
rosiveness of chemical cleaners during pretreatment or chemical cleaning. Ag nanoparticles are widely applied in biofouling 
mitigation of polymeric membranes because of their antibacterial property. A few types of Ag nanoparticles are incorporated 
into polymeric membranes including commercialized Ag, self-derived Ag from AgnO

3
, and bio-Ag0.

lee et al. [116] employed commercialized Ag nanoparticles in the fabrication of pAm membranes with 10 wt% Ag nanopar-
ticles by in situ polymerization. The nanocomposite membranes exhibited dramatic antibiofouling effects on Pseudomonas 
with little influence on water flux and salt rejection. In addition, SeM analysis also proved that all Pseudomonas were made 
inactive on the nanocomposite membrane.

In another study carried out by Zodrow et al. [117], commercial Ag nanoparticles integrated pSf ultrafiltration membranes 
synthesized by the wet-phase inversion process showed antimicrobial properties toward different types of bacteria, including 
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E. coli K12, Pseudomonas mendocina Kr1, and MS2 bacteriophage. The results showed that the membrane hydrophilicity was 
improved with the addition of Ag nanoparticles. nevertheless, a loss of Ag from the membrane surface caused the loss of anti-
bacterial and antiviral activities.

Meanwhile, Zhang et al. [118] coated amidoxime surface functionalized pAn (ASFpAn) nanofibers with silver ions (Ag+) 
generated from AgnO

3
 by coordination with the amidoxime functional groups followed by reduction into Ag nanoparticles. 

The resulting membranes demonstrated the capability of killing the tested microorganisms of S. aureus and E. coli within 
30 min. Furthermore, the resulting membranes showed good transport properties in water permeability tests, suggesting their 
suitability for filtration applications.

Sawada et al. [119] developed a hydrophilic acrylamide-grafted peS hollow fiber membrane containing Ag nanoparticles 
with both organic antifouling and antibacterial properties using the method used by Zhang et al. [118] A reduction in membrane 
fouling by bSA was observed with the nanocomposite membrane because of the improved hydrophilicity resulting from the 
grafting with acrylamide. High antibacterial activity was exhibited by the Ag-loaded membrane when evaluated against E. coli 
by the halo zone test with an agar culture medium. li et al. [120] also reported an improvement in antibiofouling performance 
and surface hydrophilicity because of the immobilization of Ag nanoparticles on the pVDF membrane surface grafted with 
poly(acrylic acid) (pAA).

Ag nanoparticles, commonly synthesized by the chemical reduction method, are often associated with problems, such as 
particle stability and the tendency of agglomeration at high concentrations or when the average particle size is less than 40 nm 
[121]. Therefore, Zhang et al. [122] employed a biological route to synthesize bio-Ag0 nanoparticles using Lactobacillus fer-
mentum lMG 8900 and embedded them into peS membranes. The results showed that the bio-Ag0/peS composite membranes 
had excellent antibacterial activity and prevented the attachment of bacteria to the membrane surface as well as reduced biofilm 
formation in the 9-week test.

17.3.2.2 Antibiofouling in Ceramic Membranes ceramic membranes are widely used in drinking water treatment because 
of their long lifetime and resistance to high temperature, pressure, and corrosive solutions. However, biofilms are formed on the 
surface of ceramic membranes because of the attachment of microorganisms. Hence, Ag nanoparticles are coated onto ceramic 
membranes because of their antibacterial properties.

lv et al. [123] coated Ag nanoparticles on porous ceramic modified by an aminosilane coupling agent, ApTS, via the 
coordination bonds formed between the -nH

2
 group of the ApTS molecule and the Ag atoms on the surface of the nanoparticles. 

The results showed that the resulting composite can be stored for long periods of time and is resilient under washing in spite of 
ultrasonic irradiation without loss of nanoparticles. The output count of E. coli was zero when tested in filtered water with a 
bacterial load of approximately 105 colony-forming units (cFU) per milliliter. Seo et al. [124] deposited large amounts of 
Ag nanoparticles on the surface of mesoporous Al(OH)

3
 film using the polyol process. The results showed that the Al foam filter 

coated with Ag/Al(OH)
3
 mesoporous nanocomposite film showed enhanced antimicrobial filtration properties compared with 

the bare Al foam filter.
Ma et al. [125] employed TiO

2
 modified with Ag nanoparticles in the fabrication of Ag–TiO

2
/hydroxyapatite (HAp, 

ca
10

(pO
4
)

6
(OH)

2
)/Al

2
O

3
 bioceramic composite membranes through a simple two-step approach, involving the sol–gel method 

followed by calcinations, to integrate membrane separation and photocatalytic bacterial inactivation. The resulting membranes 
exhibited remarkable bactericidal activity because of the improved photobiocide activity of the Ag–TiO

2
 nanocomposite and the 

bacterial adherence of metallic Ag, with the presence of weak UV illumination.

17.3.3 development of membranes with photocatalytic Functionalities

In addition to antifouling properties and flux improvement, the introduction of nanoparticles in membranes also provides 
catalytic functionalities in the development of photocatalytic membranes for application in photocatalytic reactors for water 
treatment. Aside from TiO

2
 nanoparticles, other metal oxides, such as ZnO, Fe

2
O

3
, and manganese oxide (MnO), have also been 

utilized and investigated for this purpose [126, 127].
photocatalytic reactors for water treatment can be categorized into two main configurations, namely, reactors with suspended 

photocatalyst particles and reactors with the photocatalyst immobilized on the membrane [128]. The difference between these 
two configurations is that the former requires an additional downstream separation unit to recover the photocatalyst particles, 
whereas the latter enables continuous operation. recently, the development of photocatalytic membranes has gained increasing 
attention because of their ability to induce photocatalytic reactions on the membrane surface or inside the pores of the mem-
brane. Furthermore, water treatment can be continuously discharged without risking the loss of photocatalyst particles. 
Significant results were obtained when the catalytic process on the membrane surface was combined with the oxidation process, 
such as ozonation and UV illumination.
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As a strong oxidizing agent, ozone possesses high reactivity with organic compounds responsible for the fouling of mem-
branes in water treatment [129]. Furthermore, the integration of ozonation with other oxidation processes, such as photocataly-
sis, in the degradation of organic substances was successful [130–132]. polymeric membranes are not feasible in the combination 
of ozonation and membrane processes because of their poor stability when exposed to ozone [133]. Meanwhile, ceramic mem-
branes with superior thermal properties and high resistance against corrosion and chemicals are suitable in combined ozonation 
and membrane processes for water or wastewater treatment [133–135].

17.3.3.1 Polymeric Membranes with Photocatalytic Functionalities Under UV irradiation, polymeric membranes incor-
porated with TiO

2
 nanoparticles exhibit excellent photocatalytic and separation properties in various applications [136–138]. In 

the removal of rb5 dye under UV via photolysis and photocatalysis mechanisms, composite pVDF/TiO
2
 demonstrated a higher 

rate of rb5 removal than a neat pVDF membrane [138].
Meanwhile, You et al. [137] investigated the photocatalytic and separation performances of a pAA plasma-grafted pVDF 

membrane with self-assembled TiO
2
 nanoparticles in the removal of rb5 dye. The results showed that the flux behavior 

improved significantly after UV irradiation, which activated the photodegradation of strongly attached foulants. The resulting 
membrane also demonstrated the capability for photocatalytic removal of rb5 dye.

Song et al. [136] reported that polyethylene glycol (peG)–pVDF membranes doped with TiO
2
 nanoparticles exhibited 

improved removal of nOM and reduced membrane fouling. In addition, the peG–TiO
2
–doped pVDF membranes also exhib-

ited excellent self-cleaning ability because of their photocatalytic properties.

17.3.3.2 Ceramic Membranes with Photocatalytic Functionalities In addition to polymeric membranes, ceramic mem-
branes have been employed in the fabrication of catalytic membranes for the integrated oxidation and separation processes 
under UV irradiation. Ma et al. [139] fabricated an asymmetrical inorganic membrane by coating silicon (Si)-doped TiO

2
 layers 

on a commercial Al
2
O

3
 membrane by a sol–gel technique and found that the removal efficiency of the dye reactive red eD-2b 

was enhanced significantly under UV irradiation than with photocatalysis or membrane separation alone because of simulta-
neous separation and degradation of the pollutant.

Similar results were reported by Ma et al. [140] using a composite membrane incorporated with Ag-doped TiO
2
 nanoparti-

cles (Ag–TiO
2
/HAp/Al

2
O

3
) for humic acid (HA) removal by microfiltration-coupled photocatalysis. Owing to the synergistic 

effect of the photocatalytic degradation of foulants and filtration, HA removal and the antifouling property of the fabricated 
membrane was enhanced under UV irradiation.

In addition to employing doped TiO
2
 nanoparticles in the integrated oxidation and separation processes, liu et al. [141] 

deposited Ag nanoparticles on electrospun TiO
2
 nanofibers by in situ polyol synthesis in the fabrication of Ag/TiO

2
 nanofiber 

membranes. remarkably high permeation flux was exhibited by the Ag/TiO
2
 nanofiber membrane. The Ag/TiO

2
 nanofiber 

membranes exhibited bacterial inactivation up to 99.9% and dye degradation up to 80% under solar irradiation of 30 min.
Hong et al. [142] demonstrated a different approach in the degradation of organic solvents using needle-shape TiO

2
 nanofi-

bers inside a micro-channeled Al
2
O

3
–ZrO

2
 composite porous membrane system through a sol–gel technique for the integrated 

photocatalytic filtration process. In this study, TiO
2
 nanofibers were grown on the surface frame of the micro-channeled Al

2
O

3
–

ZrO
2
 composite membrane, and the interior of the micro-channeled pores were fully covered. notably, the specific surface area 

of the TiO
2
-coated membrane system was significantly increased by over 100-fold by following this procedure compared with 

that of the noncoated membrane.
In addition to TiO

2
 nanoparticles, Ke et al. [143] studied the performance of Ag nanoparticles doped with Al

2
O

3
 nanofiber 

filtration membranes for the removal of organic dyes. excellent results were obtained in removing organic dyes under the 
combination of photocatalysis and filtration processes because of the ability of Ag nanoparticles in stimulating photocatalytic 
degradation under visible light irradiation.

Membrane processes combined with ozonation are only feasible with ceramic membranes because of their excellent physical 
and chemical properties. Zhu et al. [144] combined filtration with ozonation to treat wastewater from a major wastewater 
treatment plant to eliminate organic compounds using a tubular ceramic membrane (α-Al

2
O

3
) deposited with TiO

2
 nanoparticles 

via a dip-coating technique. The permeate flux increased significantly because of the reduced membrane fouling contributed by 
the ozonation process. The resulting membrane not only functions as a physical barrier to separate the particulates, but also 
simultaneously breaks down the organic matter catalytically.

Aside from TiO
2
 nanoparticles, byun et al. [127] investigated the performance of catalytic membranes coated with differ-

ent metal oxides (MnO or Fe
2
O

3
 nanoparticles) in a hybrid ozonation–ceramic membrane filtration system. The MnO-coated 

membrane exhibited the best performance in the filtration of water obtained from a borderline eutrophic lake. The membrane 
exhibited the fastest recovery in permeate flux when ozone was applied and the highest reduction in the total organic carbon 
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(TOc) in the permeate. Moreover, Zhu et al. [145] improved membrane antifouling, separation, and degradation of organic 
pollutants using a TiO

2
-nanorod-assembled membrane coated with a mesoporous titanium (Ti)–Mn catalyst layer in the 

treatment of simulated wastewater (aqueous solution of dye red-3bS and aniline) because of its high catalytic ozonation 
capability.

17.4 conclUsions

environmental problems, especially water contamination, are becoming very serious and gaining significant attention world-
wide in the search for effective remediation methods to meet the continuously growing demand for clean water. Advances in 
nanotechnology suggest that water quality problems can be solved. This chapter discussed the application of nanoparticles in 
water remediation through adsorption, photocatalytic degradation, and disinfection. Fe0 and nanosized metal oxides have poten-
tial as efficient nanoadsorbents of toxic materials because of their high surface area to volume ratio, high stability, and high 
durability. Hybrid nanomaterials, such as Ac/chitosan/Sic–supported and bimetal nanoadsorbents, can be fabricated to enhance 
the specific surface area for higher adsorption capacity and increase the removal of contaminants from water. TiO

2
 and ZnO are 

inexpensive, nontoxic photocatalysts with great capability in degrading contaminants in water. The deposition of metals or ions 
onto photocatalysts and the immobilization of photocatalysts on a rigid support are necessary to enhance degradation efficiency. 
Fe0, nanosized Fe

2
O

3
, and core–shell systems of nanosized photocatalysts with super paramagnetic properties are preferable for 

easy reclaiming using a magnetic field. Meanwhile, TiO
2
 and Ag nanoparticles showed great bactericidal effects and inactiva-

tion of various harmful microorganisms during water disinfection. The small size and high surface to volume ratio of these 
nanoparticles allows them to interact closely and directly with pathogens. This chapter also reviews the development of mem-
branes incorporated with various nanoparticles including TiO

2
, SiO

2
, Al

2
O

3
, ZnO, Fe

2
O

3
, and Ag with remarkably enhanced 

performances in membrane fouling and biofouling mitigation, disinfection, and photocatalytic functionalities. Various strat-
egies have been employed for the fabrication of nanoparticle-incorporated membranes. prior to the introduction of nanoparti-
cles into the membranes, modification of the nanoparticles, such as doping or surface functionalization, may be performed to 
improve the functionalities and enhance the dispersion or attachment of nanoparticles. eventually, the nanoparticles are 
integrated into membranes via different routes, including homogeneous dispersion, surface coating, or as ceramic membrane 
precursors. The dosage of the nanoparticles should be optimized to produce more cost-competitive and better-performance 
membranes in the future. Thus, the properties of nanoparticles and the ecotoxicity effects of the release of nanoparticles to the 
environment need to be investigated further for drinking water applications.
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18.1 introduction

As early as 1959 the renowned physicist Richard Feynman proposed that the concept of “nanotechnology,” in its traditional 
sense, means building things from the bottom up, with atomic precision. The prefix “nano” is derived from Greek word nanos 
meaning “dwarf” that denotes things one billionth (109 m) in size. Nowadays nanotechnology research is developing as a cut-
ting-edge technology interdisciplinary with chemistry, physics, material science, biology, and medicine. In the field of material 
science, a material is called a “nanoparticle” when “a particle is having one or more dimensions of the order of 100 nm or less.” 
There is a note associated with this definition: “Novel properties that differentiate nanoparticles from the bulk material typically 
develop at a critical length scale of under 100 nm.”

The “novel properties” stated are completely dependent on the fact that at the nanoscale, their properties are unlike the prop-
erties of the bulk material (Fig. 18.1). Nanoparticles shows distinctive chemical, physical, electrical, electronic, mechanical, 
magnetic, dielectric, thermal, optical, and biological properties different than that of the bulk materials [1, 2]. The dimension of 
nanoparticles has a distinct effect on the physical properties that is significantly dissimilar from those of the bulk material, 
caused by their large surface atoms, large surface energy, spatial confinement, and reduced imperfections. Nanoparticles show 
characteristic properties in the field of physicochemistry, optoelectronics, and electronics that mostly depend on their size, 
shape, and crystallinity. Because of such wide applicability and distinct characteristic properties, nanoparticles are considered 
as key in the next generation of electronics, optoelectronics, and various chemical and biochemical sensors [3, 4]. Therefore, 
the recent research activities focus on the synthesis of monodispersed nanoparticles with various shapes and sizes.

Though several physical and chemical methods are comprehensively applied for the synthesis of monodispersed nanoparti-
cles, the stability and the use of toxic chemicals is the topic of predominant concern. The use of nonpolar solvents and toxic 
chemicals on the surface of nanoparticles in the synthesis procedure limits their applications in the clinical field. Therefore, the 
development of nontoxic, clean, biocompatible, and ecofriendly methods for nanoparticle synthesis deserves merit. In this 
regard, recent research is focused on the novel protocol that links it to the green aspects. The green aspects in nanoparticle prep-
aration bypass the conventional techniques and toxic organic solvents. In the literature it has been observed that the current 
research focuses on the novel, nonconventional, and green methods for metal and metal oxide nanoparticle synthesis. In addition 
to the benign environmental properties, the new green protocol is inexpensive and time-saving.

This chapter deals with green techniques involving biological methods, supercritical solvents, microwave, sonochemistry, elec-
trochemistry, sonoelectrochemistry, and hydrothermal energy for the synthesis of metal and metal oxide nanoparticles. The micro-
bial synthesis of nanoparticles is one of the most promising fields of research in nanobiotechnology interconnecting biotechnology 
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and nanotechnology. In addition to the green techniques mentioned earlier, some of the techniques utilize the vast and easily avail-
able solar energy for the synthesis of metal nanoparticles. In recent investigations Bhanage and coworkers developed the concept of 
concentrated solar energy for the synthesis of metal and metal oxide nanoparticle and proved their applicability in catalysis.

18.2 Biosynthesis Methods

Though biological processes are associated with a variety of problems like lengthy time periods (due to culturing of microbes), 
size distribution and crystallinity, difficulty in shape control synthesis, slow reduction rate, these methods are safe, inexpensive, 
sustainable, and environmentally friendly. The related limitations are overcome by apt strain selection, incubation temperature, 
and time, concentration of metal ions, optimal ph conditions, and the quantity of biological material that produce them on a 
large scale and for commercial applications. Microbial synthesis of nanoparticles is a green chemistry approach that combines 
microbial biotechnology and nanotechnology. Till date biosynthesis of various nanoparticles, such as gold, silver, gold–silver, 
alloy, selenium, tellurium, platinum, palladium, silica, titania, zirconia, quantum dots, magnetite and uraninite (Uo) nanopar-
ticles, by bacteria, actinomycetes, fungi, and yeasts has been reported [5].

18.2.1 nanoparticles by Bacteria

Bacteria produce inorganic materials in nanoscale dimensions with attractive morphology either by extra- or by intracellular 
mechanism. Microbial systems can detoxify the metal ions by reduction and/or precipitation from soluble toxic inorganic ions 
to insoluble nontoxic metal nanoclusters. This detoxification can be made by intracellular bioaccumulation or extracellular 
biosorption, biomineralization, complexation, or precipitation. In intracellular production, the accumulated particles are of 
particular dimension and with less polydispersity; therefore, metal nanoparticles produced extracellularly have more commercial 
applications in various fields.

18.2.1.1 Bacteria-Assisted Intracellular Nanoparticle Synthesis The various classes of bacteria used for intracellular 
synthesis of metal and metal oxide nanoparticles such as Bacillus subtilis 168 are used to reduce water-soluble Au ions to 
metallic Au having octahedral morphology inside the cell walls in the range of 5–25 nm [6, 7]. however, in recent investiga-
tions Escherichia coli dh5α-mediated bioreduction process has been reported for Au(0) nanoparticles production from chlo-
roauric acid; the collected particles on the cell surface were mostly spherical with some having quasi-hexagonal and triangular 
morphology [8].

In case of silver nanoparticle synthesis, an airborne Bacillus sp. isolated from the atmosphere has been reported recently to 
reduce Ag ions to metallic Ag in the size range of 5–15 nm [9]. Metal ion-reducing bacteria, Shewanella algae, was incubated 
anaerobically at room temperature and neutral ph in an aqueous solution of h

2
Ptcl

4
, to reduce ionic platinum in the existence 
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BIosyNThesIs MeThods 297

of lactate as the electron donor to metallic platinum obtaining black color from pale yellow. The distinct approximately 5-nm-
sized platinum nanoparticles were found to be deposited in periplasmic space between the inner and outer membrane of S. algae 
[10]. yong et al. have synthesized palladium nanoparticles anaerobically by using the sulfate-reducing bacterium Desulfovibrio 
desulfuricans  NcIMB 8307 through bacterium bioreduction and biocrystallization. The ionic palladium (II) converts to palla-
dium nanoparticles on the cells surface at neutral ph in the presence of exogenous electron donor [11]. Furthermore, Mann et 
al. used sediments-isolated microaerophilic bacterium Aquaspirillum magnetotacticum for the synthesis of magnetite (Fe

3
o

4
) 

nanoparticles [12]. Desulfosporosinus sp., a Gram-positive sulfate-reducing microbe, was used for the reduction of hexavalent 
uranium U (VI) to tetravalent uranium U (IV), which precipitated Uo. These Uo crystals coated on the cell surface have a size 
range of 1.5–2.5 nm [13].

18.2.1.2 Bacteria-Assisted Extracellular Nanoparticle Synthesis Metal nanoparticle synthesis by microbes depends on the 
localization of the reductive components of the cell. When the cell wall-soluble secreted enzymes or reductive enzymes are 
involved in the metal ion reduction process then the metal nanoparticles are obtained by the extracellular mechanism. In 
comparison with intracellular accumulation, extracellular production of nanoparticles has broader applications in electronics, 
optoelectronics, bioimaging, and sensor technology. so far there have been several reports on bacteria obtained for the production 
of nanoparticles such as Rhodopseudomonas capsulata, a prokaryotic bacterium, which was used for the synthesis of spherical 
Au nanoparticles in the size range of 10–20 nm by reduction of ionic Au at room temperature under neutral condition [14]. 
however, variation in shapes and sizes was obtained by change in ph; at ph 4.0 triangular nanoparticles of size 50–400 nm and 
spherical nanoparticles of size 10–50 nm appeared. Remarkably, extracellular synthesis of silver nanoparticles with other bacteria 
such as Aeromonas sp. sh10 [15], Aeromonas xylinum [16], and Morganella sp. was reported [17] Prasad et al. prepared titanium 
nanoparticles with spherical aggregates of 40–60 nm extracellularly using the culture filtrate of Lactobacillus sp. at room temper-
ature [18]. Unlike in abiotic conditions, an ancient Gram-negative cyanobacterium, Pediastrum boryanum UTex 485, produced 
Pt (II) organics and metallic platinum nanoparticles extracellularly with different morphologies such as spherical, dendritic, and 
bead-like chains in the size range of 30 nm to 0.3 µm [19]. In addition to this, Micrococcus lactilyticus cell-free extracts were used 
for production of U(IV) by the reduction of U(VI) [20].

18.2.2 nanoparticle synthesis by fungi

In recent decades, the synthesis of silver and gold nanoparticles using fungi such as Fusarium oxysporum [21], Colletotrichum sp. 
[22], Fusarium semitectum [23], Aspergillus fumigatus [24], Coriolus versicolor [25], Aspergillus niger [26] has been reported. 
Birla et al. reported silver nanoparticles by Phoma glomerata [27]. They observed black color formation indicates reduction of 
silver nanoparticles (Fig. 18.2). Fungi are more beneficial than other microorganisms in various ways; for example, fungal mycelia 
mesh can resist flow pressure and agitation in bioreactors compared to plant materials and bacteria. These are fastidious to grow 
and easy to handle and fabricate. Also, since the nanoparticles precipitated outside the cell are devoid of unnecessary cellular 
 components, they can be directly used for various applications.

fiGure 18.2 conical flasks with silver nitrate (1 mmol l–1) before (left) and after (right) exposure to the culture supernatant of Phoma 
glomerata. Reprinted with permission from Ref. [27]. © 2008, The society for Applied Microbiology. 
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18.2.2.1 Fungi-Assisted Intracellular Nanoparticle Synthesis In continuation with the earlier discussion, various research 
groups reported different fungi for nanoparticle synthesis; for example, Mukherjee et al. reported the eukaryotic microorganism 
Verticillium sp. (AAT-Ts-4) for the biological synthesis of gold nanoparticles (Fig. 18.3). Gold particles of size 20 nm were 
prepared on the surface and on the cytoplasmic membrane of fungal mycelium [28].

Recently, Vigneshwaran et al. prepared silver nanoparticles up to 9 nm in size using silver nitrate in the presence of Aspergillus 
flavus on the surface of its cell wall and incubated for 72 h [29].

18.2.2.2 Fungi-Assisted Extracellular Nanoparticle Synthesis extracellular synthesis of nanoparticles has many applica-
tions as unnecessary adjoining cellular components are absent from the cell. Because of the enormous secretory components 
that are involved in the reduction and capping of nanoparticles, fungi produce nanoparticles extracellularly. In this regard 
shankar et al. found an endophytic fungus, Colletotrichum sp., isolated from the leaves of the geranium plant, which is helpful 
in the synthesis of spherical gold nanoparticles [22]. Bhainsa and d’souza reported the synthesis of silver nanoparticles by use 
of Aspergillus fumigatus with silver nitrate. The spherical and triangular shape nanoparticles were observed in the range of 
5–25 nm [24]. This is the fastest reduction protocol by a biological method and is faster than even physical and chemical 
methods. cationic proteins secreted by F. oxysporum were used for the synthesis of zirconia nanoparticles when incubated with 
zirconium fluoride [30].

It was also found that F. oxysporum produced optoelectronic nanocrystalline material Bi
4
 in the size range of 5–8 nm with 

quasi-spherical morphology by extracellular mechanism, when bismuth nitrate was added as precursor [31].

18.2.3 actinomycete-Mediated synthesis of nanoparticles

Actinomycetes have popularly been known as ray fungi. A novel extremophilic actinomycete, the Thermomonospora sp. was 
found to synthesize extracellular spherical gold nanoparticles with size up to 8 nm [32]. The obtained nanoparticles were stable 
for more than 6 months. In contrast, the alkalotolerant actinomycete Rhodococcus sp. intracellularly accumulated gold nanopar-
ticles with a dimension of 5–15 nm. The availability of reductases on the cell wall reduced ionic Au and accumulated as Au on 
the cell wall and on the cytoplasmic membrane [33].

18.2.4 yeast-Mediated synthesis of nanoparticles

lin et al. reported baker’s yeast, Saccharomyces cerevisiae, for the reduction of Au3+ to metallic gold in the peptidoglycan layer 
of the cell wall by the aldehyde group present in reducing sugars [34]. extracellular hexagonal silver nanoparticles in the size 
range of 2–5 nm were reported by using yeast MKy3 [35]. yeast Pichia jadinii (Candida utilis) has been used for intracellular 
synthesis of gold nanoparticles up to 100 nm size with spherical, triangular, and hexagonal morphologies [36, 37]. however, Jha 
et al. reported S. cerevisiae for the synthesis of spherical-shaped face-centered cubic unit cell antimony oxide (sb) nanoparticles 
in the size of 2–10 nm at room temperature [38].

fiGure 18.3 TeM images at different magnifications (a–d) of thin sections of stained Verticillium cells after reaction with Aucl
4
 ions for 

72 h. Reprinted with permission from Ref. [28]. © 2001, Wiley-Vch Verlag Gmbh, Weinheim, Fed. Rep. of Germany. 
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18.3 Microwave-assisted nanoparticle synthesis

Microwaves are radio waves with wavelengths ranging from as long as 1 m to as short as 1 mm, or equivalently, with 
frequencies between 300 Mhz (0.3 Ghz) and 300 Ghz. In addition to applications in communication, radar, radio 
astronomy, and navigation, microwave-assisted heating has attracted significant attention in organic synthesis and inor-
ganic material preparation. The fast reaction times, high-throughput capabilities, and beneficial crystallization effects 
induced by “hotspot” heating helps in the preparation of nanoparticles. specifically,  microwave chemistry has been 
employed recently in the synthesis of semiconducting nanoparticles, f-block oxide nanostructures, and some interesting 
hetero-bimetallic d-metal nanoparticles. In this regard, Peng et al. recently reported synthesis of silver nanoparticles 
using bamboo hemicelluloses as stabilizer and glucose as reducing agent under microwave heating in aqueous medium. 
The results specified the synthesis of spherical, nanometer-sized particles in the range of 8.3–14.8 nm [39]. Using 
microwave irradiation Raghunandan et al. also reported silver nanoparticles of 26 ± 5 nm from guava (Psidium guajava) 
leaf extract. The reaction occurs very rapidly within 90 s and results in spherical nanoparticle formation [40]. Recently, 
eluri and Paul applied the microwave irradiation method for the synthesis of nickel nanoparticles (Ni NP) from the nickel 
acetate tetrahydrate [Ni(ch

3
co

2
)

2
.4h

2
o] precursor, using sodium hypophosphite monohydrate (NaPh

2
o

2
.h

2
o) reagent. 

The effect of additive concentration on  particle size and morphology was studied under microwave heating. The isolated 
spherical particles (7.2 ± 1.5 nm) changed to agglomerated nano flowers  (72 ± 14 nm) by increasing Naoh concentration, 
whereas addition of small amounts of cetyltrimethyl ammonium bromide (cTAB) or polyvinylpyrolidone (PVP) resulted 
in slight increase in particle size [41].

Galletti et al. reported an efficient and highly reproducible process for palladium nanoparticle synthesis using the micro-
wave-assisted solvothermal technique. Nanoparticle synthesis has been carried using ethanol solution of Pd(oAc)

2
 in the 

presence of PVP as capping agent and by adopting mild reaction conditions and very short irradiation times. The preparation 
of γ-Al

2
o

3
-supported catalysts has been suitably carried out in absence of PVP, leading to supported palladium nanoparticles 

with an average particle size of 5–8 nm [42].
yu et al. reported shape-controlled synthesis of palladium nanoparticles using the microwave irradiation technique. Palladium 

nanocubes and nanobars with a mean size of approximately 23.8 nm were readily prepared with h
2
Pdcl

4
 as a precursor and 

tetraethylene glycol (TeG) as both a solvent and a reducing agent in the presence of PVP and cTAB under microwave irradia-
tion for 80 s. The PdBr4

2–  formation due to the coordination replacement of the ligand cl– ions by Br– ions in the presence of 
bromide was responsible for the synthesis of Pd nanocubes and nanobars. A milder reducing power and higher viscosity with 
stronger affinity of TeG were helpful in producing larger-sized Pd nanocubes and nanobars [43].

dahal et al. [44] conducted a widespread comparative study on the effects of microwave versus conventional heating on the 
nucleation and growth of monodispersed Rh, Pd, and Pt nanoparticles. The obtained results reveal that microwave-assisted 
heating allows the convenient preparation of nanoparticles with improved morphological control, monodispersity, and higher 
crystallinity, compared with the conventional heating method under identical conditions. This work indicates a variety of ben-
eficial effects of the microwave heating method such as (i) under identical reaction conditions, morphological control and crys-
tallinity of NPs are significantly improved due to microwave heating; (ii) the microwave-induced nucleation process is faster 
and more reproducible compared to conventional heating methods; (iii) microwave synthesis results in cubic RhNPs that are 
more highly active catalysts for hydrogenation reactions.

In addition to metal nanoparticle synthesis, this technique was also explored for the synthesis of various nanocrystalline metal 
oxides; for example, Bhosale et al. reported synthesis of cu

2
o nanoparticles using benzyl alcohol under microwave irradiation. 

Benzyl alcohol as solvent, stabilizer, and reagent helps in the synthesis of spherical nanoparticles up to size of 15 nm [45].
however, Bhatte et al. reported additive-free synthesis of nanocrystalline magnesium hydroxide (Mh) and magnesium oxide 

(Mgo) using the microwave technique. Use of 1,3-propanediol as a solvent played multiple roles in circumventing the addi-
tional requirement of any extraneous species such as base and other capping agents [46].

In continuation with this work, the same group reported an additive-free synthesis of nanocrystalline zinc oxide using 
the microwave technique. The microwave irradiation technique was found to be faster, cleaner, and more cost-effective for the 
synthesis of zinc oxide nanocrystalline materials than the conventional method. The results prove that microwave heating can 
produce polygonal zinc oxide within a short span of time [47].

Idalia et al. showed a fast synthesis route to a variety of binary and ternary metal oxide nanoparticles with high crystallinity 
and proposed a way to control the reaction rate by applying microwave irradiation to accelerate the organic reaction pathway 
occurring in a parallel way to nanoparticle formation. In contrast to the parallel synthesis procedures performed in the autoclave, 
the reactions were much faster and the crystallite size was tuneable [48]. The x-ray diffraction (xRd) pattern of the synthesized 
metal oxide nanoparticles helped confirm the crystalline nature of the synthesized nanoparticles (Fig. 18.4); however, transmission 
electron microscopy (TeM) images provide a morphological image of the nanomaterials (Fig. 18.5).



300 GReeN MeThodoloGIes IN The syNThesIs oF MeTAl ANd MeTAl oxIde NANoPARTIcles

18.4 sonocheMical synthesis of nanoparticles

sonochemical study is concerned with understanding the effect of sonic waves and wave properties on chemical systems. The 
chemical effects of ultrasound do not come from a direct interaction with molecular species. Instead, sonochemistry arises from 
acoustic cavitation: the formation, growth, and implosive collapse of bubbles in a liquid, which creates high pressure and tem-
perature followed by a high rate of cooling [49]. These acoustic cavitations are the driving force in a variety of reactions and in 
materials synthesis. The effectiveness of cavitations depends on the contents of the collapsing bubble and hence on the nature 
of the solvent. high-boiling hydrocarbons are highly effective in ultrasound methodology because of their low vapor pressure 
and extremely high temperature within bubbles during cavitations. Nowadays, ultrasound-assisted synthesis is gaining attention 
for the synthesis of nanocrystalline materials. The methodology works due to acoustic cavitations, that is, formation, growth, 
and immediate collapse of bubbles in the solvent. Normally an ultrasonic horn is used for the synthesis of various metal and 
metal oxide nanoparticles (Fig. 18.6).

18.4.1 Metal nanoparticle synthesis by sonochemical route

dhas and Gedanken reported palladium nanoclusters at room temperature by sonochemical reduction of palladium acetate, 
Pd(ch

3
co

2
)

2
, using myristyltrimethylammonium bromide, [ch

3
(ch

2
)13N(ch

3
)

3
Br] (NR

4
x), in ThF or methanol. Apart from 

having a stabilizing effect, NR
4
x acts as a reducing agent, probably due to the decomposition that occurs at the liquid-phase 

region immediately surrounding the collapsing cavity and provides reducing radicals. The obtained Pd nanoclusters are catalyt-
ically active toward carbon–carbon coupling, in the absence of phosphine ligands, to a moderate extent of 30 conversions [50].

Fujimoto et al. reported novel metal Pd and Pt nanoparticles by sonochemical reduction of h
2
Ptcl

6
 or K

2
Pdcl

4
 solutions, 

wherein atmospheric gas effect on the particle size distribution was investigated. The particle size of Pd and N
2
 (Pd/N

2
) were 

found to be 3.6 ± 0.7 nm under Ar (Pd/Ar) and 2.0 ± 0.3 nm in (Pd/N
2
). In the case of Pt, a smaller and sharper distribution of the 

particle size was observed under a xe atmosphere. These can be explained in terms of a hot-spot temperature created by 
acoustic cavitation [51].

Bimetallic nanoparticles composed of gold and palladium were synthesized by Mizukoshi et al. using the sonochemical 
method. Under ultrasound irradiation in an aqueous medium, Au (III) and Pd (II) ions of sodium tetrachloroaurate (III) dihydrate 
and sodium tetrachloropalladate (II) were reduced by sodium dodecyl sulfate (sds). In addition to having a stabilizing effect, 
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fiGure 18.4 x-ray diffraction patterns of (a) coo, (b) Zno, (c) Fe

3
o

4
, and (d) BaTio

3
. Reprinted with permission from Ref. [47]. 

© 2008, Royal society of chemistry. 
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fiGure 18.5 TeM and high-resolution transmission electron microscopy (hRTeM) images (insets) of (a) coo, (b) Mno, (c) Fe
3
o

4
, and 

(d) BaTio
3
. Reprinted with permission from Ref. [48]. © Royal society of chemistry. 
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fiGure 18.6 schematic representation of the ultrasonic horn.
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sds remarkably enhanced the reduction rate, maybe due to the thermal decomposition that occurs at the interfacial region bet-
ween bulk solution and cavitation bubbles. A spherical particle with a geometric mean diameter of about 8 nm was obtained [52].

18.4.2 Metal oxide nanoparticles by the sonochemical route

In addition to being used for metallic and bimetallic nanoparticle synthesis, sonication was also explored for the synthesis of 
metal oxide nanoparticles. In this regard, Bhatte et al. reported additive-free nanocrystalline zinc oxide synthesis using zinc 
acetate and 1,4-butanediol through sonication. The solvent 1,4-butanediol played a dual role of fuel as well as capping agent, 
eliminating the need for addition of any extraneous species [53].

18.5 electrocheMical synthesis of nanoparticles

electrochemistry is a branch of chemistry that deals with chemical reactions that occur in a solution at the interface of an elec-
tron conductor (the electrode: a metal or a semiconductor) and an ionic conductor (the electrolyte) and that need electron 
transfer between the electrode and the electrolyte or species in solution.

chemical reactions where electrons are transferred between molecules are called redox (oxidation/reduction) reactions. In 
general, electrochemistry addresses situations where oxidation and reduction reactions are separated in space or time, connected 
by an external electric circuit. electrochemistry has been proven to have various applications in the field of physics and chem-
istry. In recent investigations, electrochemistry has been successfully applied for nanoparticle synthesis. electrochemical 
methods have several advantages in terms of quickness, ease of operation, cost, and energy efficiency.

Reetz and helbig described an electrochemical procedure for the formation of palladium and nickel nanoparticles [54]. The 
formed intermediate metal salt is reduced at the cathode, to provide metallic particles that are stabilized by tetra-alkyl ammonium 
salts along with coelectrolyte acetonitrile/tetrahydrofuran.

Recently, deshmukh et al. reported a novel, one-stroke potential controllable, electrochemical method for PdNP synthesis 
in the electrolyte as well as on the working electrode. In this case, ionic liquid (Il) plays the role of an electrolyte cum stabilizer. 
In the typical synthesis, electrodeposition of palladium metal is carried out from a 1-butyl-3-methylimidazolium acetate Il 
([BMim][oAc]), which is a common anion with a metal precursor Pd(oAc)

2
 responsible for the dissolution of metal. The 

presence of a common acetate anion leads to an increase in the solubility of the metal salt in Il. At a certain potential, deposition 
of metallic Pd NPs took place at the working electrode; also, the formation of Pd NPs was observed in the bulk electrolyte. The 
effect of various process parameters on the morphology of synthesized nanoparticles was further investigated [55].

Khaydarov et al. reported a novel electrochemical method for the synthesis of long-lived silver nanoparticles suspended in an 
aqueous solution as well as silver powders. The method did not include any chemical stabilizing agents. Ag nanoparticles suspended 
in water solution that were produced by the present protocol are almost spherical in the size range of 2–20 nm. Ag nanoparticles 
synthesized by the proposed method were sufficiently stable for more than 7 years even under ambient conditions [56].

li et al. defined a simple, green, and controllable approach for electrochemical synthesis of nanocomposites made from 
electrochemically reduced graphene oxide (eRGo) and gold nanoparticles. This material retains the specific features of both 
graphene and gold nanoparticles. The obtained result reveals a homogeneous distribution of gold nanoparticles on the graphene 
sheets [57].

Taleb et al. describe the electrochemical preparation of dendritic silver films with unusual wetting properties coming from 
the use of a self-assembled gold nanoparticle (Au NP) template. It shows that the Au NP self-assembled monolayer on the 
highly ordered pyrolytic graphite (hoPG) surface is responsible for the formation of the dendritic morphology, which is not 
observed for the same deposition conditions on a bare hoPG substrate. The dendritic structure of the deposited silver film was 
revealed at a later stage of the electrodeposition process. surprising wetting properties in terms of hydrophobic surface were 
also revealed [58]. Mohanty reported the synthesis of various nanoscale materials, such as nanoparticles and nanowires of Au, 
Pt, Ni co, Fe, Ag, and so on, by electrodeposition techniques in his article. Both potentiostatic and galvanostatic methods were 
employed to carry out the electrodeposition process under different potential ranges, time durations, and current densities [59].

18.6 sonoelectrocheMical reduction

Introducing ultrasonic waves into homogeneous solutions has a considerable effect upon mass transport processes because of 
macroscopic streaming and microscopic interfacial cavitation events. In electrochemical systems, cavitational erosion permits 
electrode activation by continuously removing the material present at the electrode surface. In literature studies, nanoporous 
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metals were usually prepared by electrodeposition into the template preformed on the surface of the electrode, but it was diffi-
cult to release the products from the template to obtain nanoporous metal powders. Therefore, those methods could not meet 
the requirement for the production of nanoporous metal powders with high yields. Among the electrochemical methods for 
nanoporous metal synthesis, sonoelectrochemical reduction is effective since the product can be separated from the cathode and 
collected by centrifugation. In this protocol, metal ions were reduced on the cathode surface and dispersed into the solution by 
the cavitation effect of the ultrasound. The typical setup for the sonoelectrochemical protocol consists an ultrasonic horn with 
electrochemical assembly (Fig. 18.7). In this regard, Reisse et al. first came up with a device for the production of metal pow-
ders by sonoelectrochemical reduction [60, 61]. since then, several kinds of metal and semiconductor nanoparticles have been 
prepared using this method [62–64]. Qui et al. [63] discusses PbTe nanoparticles having a rod shape and spherical morphology 
(Fig. 18.8). For instance, durant et al. prepared Zn nanoparticles in an aqueous system and studied catalytic activity [65].

In their review article, sáez and Mason reported the nanomaterials that were prepared by pulsed sonoelectrochemistry. The 
majority of nanomaterials produced by this technique are pure metals such as silver, palladium, platinum, zinc, nickel, and gold. 
The preparation of nanosized metallic alloys and metal oxide semiconductors was also included. A main advantage of this tech-
nique is that the shape and size of the nanoparticles can be adjusted by changing the operating parameters, which include ultra-
sonic power, current density, deposition potential, and the ultrasonic versus electrochemical pulse times. In addition, the effect 
of ph, temperature and composition of the electrolyte in the sonoelectrochemistry cell is also possible [66].

18.6.1 Metallic nanopowders

haas et al. prepared copper nanoparticles from an aqueous acidic solution of cuso
4
 using PVP as a stabilizer [67]. spherical 

copper nanoparticles with a diameter range of 25–60 nm were observed by applying a range of current densities between 55 and 
100 mA cm. The first step was the formation of a coordinative bond between PVP and copper ions, forming a cu2+–PVP com-
plex. When the current pulse was applied to the formed complex in the solution, the cu was reduced to cu(0) when polyvinyl 
alcohol (PVA) was used as a stabilizing agent, and copper with dendritic morphologies was obtained [68].

Zin et al. reported synthesis of platinum nanoparticles from an aqueous chloroplatinic solution [69]. The obtained platinum 
nanoparticles were spherical with an average size ranging from 10 to 20 nm. The obtained particles get aggregated into secondary 
structures with a mean size ranging between 100 and 200 nm. Tridimensional dendritic Pt nanostructures were prepared when 
PVP was used as stabilizer [70].

Aqil et al. prepared gold nanoparticles using pulsed sonoelectrochemistry in an aqueous medium [71]. The aggregation of 
nanoparticle was prevented by the addition of electrolyte. The electrodeposition of gold was carried out by applying a potential 
in the range of −850 to −1300 mV versus the normal hydrogen electrode (Nhe), and in the presence of α-methoxy-ω-hydroxyl 
polyethylene (MPeo) the nanoparticles aggregated and settled down in the electrochemical cell. however, using a MPeo/PVP 
polymer mixture, a stable violet suspension was obtained without sedimentation. Most of the nanoparticles are up to the size of 
12 nm, together with a few larger particles (30 nm). In the presence of polyethylene oxide (Peo) disulfide polymer, a very stable 
suspension of gold nanoparticles with an average diameter of 35 nm was obtained. Jiang et al. synthesized silver nanoparticles 

Counter electrode

Electrolyte
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horn Electric supply

Ultrasound generator

fiGure 18.7 schematic representation of sonoelectrochemical setup used for nanoparticle synthesis.
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with a face-centered cubic structure from a saturated solution of silver citrate in the presence of PVP [64]. Under the experi-
mental conditions, spherical Ag nanoparticles with an average size of 20–25 nm were prepared. In contrast, amorphous silver 
nanoparticles of 20-nm size were prepared from an aqueous solution of AgBr in the presence of gelatine [72].

however, lei et al. prepared spherical nanoparticles of tungsten by pulsed sonoelectrochemistry [73]. The mean diameter of 
these nanoparticles was 30 nm, and some aggregated particles were observed.

Qui et al. synthesized highly dispersed palladium nanoparticles by pulsed sonoelectrochemistry methods with diverse sizes and 
shapes using an ionic palladium solution in the presence of cetyltrimethylammonium bromide [74]. Mostly, spherical nanoparti-
cles with an average size of 4–5 nm were obtained. however, a longer reaction time than 2.5 h resulted in dendritic-structured Pd. 
The dendritic palladium was made up of numerous spherical Pd nanoparticles with a diameter of approximately 10 nm. Zinc [61, 
65], nickel [61, 75], and cobalt [61] nanoparticles have also been successfully synthesized by pulsed sonoelectrochemical methods.

Nanoparticles of very reactive metals with a high negative reduction potential, for example, magnesium and aluminum, can 
also be synthesized using pulsed sonoelectrochemistry.

fiGure 18.8 (a) TeM image of PbTe nanorods prepared by sonoelectrochemistry at room temperature for 30 min. (b) enlarged TeM image 
of PbTe nanorods prepared under identical conditions. (c) TeM image of a nanorod obtained after 45 min of reaction. (d) TeM image of a 
nanorod obtained after 1.5 h of reaction; the inserted selected area electron diffraction pattern indicates the single-crystal nature of the shown 
nanorod. (e) hRTeM image of PbTe, a nanorod indicating the (200) lattice plane spacing. (f) spherical PbTe nanoparticles synthesized under 
a low concentration of Pb2+ ions (2 mm). Reprinted with permission from Ref [63]. © 2005, Wiley-Vch Verlag Gmbh & co. KGaA, Weinheim. 
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In the case of aluminum nanoparticles a solution of liAlh
4
 and Alcl

3
 in ThF was used for the synthesis, and the resulting 

nanoparticles were found to be in the size range of 10–20 nm [76]. The technique has been also used for the synthesis of binary 
and ternary alloyed nanopowders containing iron, cobalt, and nickel. These alloys were synthesized using electrolyte bases on 
Aotani’s formulation. Binary and ternary alloys were deposited galvanostatically at 8000 A m–2, and particles with a mean diam-
eter of 100 nm were produced [77].

18.6.2 semiconductor nanopowders

semiconducting materials are the foundation of modern electronics and have applications in photochemistry, in dye-sensitized 
solar cells, and in the photocatalytic treatment of chemical waste. Nanocrystalline cuo has been prepared in the potentiostatic 
mode [78]. The work was based on a previous voltametric study that revealed that at an applied potential range between −0.65 
and −1 V/sse it was possible to avoid the formation of a mixture of cu

2
o and cu. TeM micrographs showed agglomerates of 

nanoparticles of various sizes; in addition, isolated particles were also found with diameters ranging between 7 and 20 nm.
In literature, lei et al. reported this technique for the synthesis of tungsten nanoparticles. The electrolyte contained sodium 

tungstate, trisodium citrate, ferrous sulfate, and citric acid. A titanium alloy horn was used as the cathode and a platinum slice 
as the anode. A 20-khz ultrasound generated by an ultrasound generator was used for the synthesis. Because of the combined 
effect of the electrochemical reaction and the cavitation effect of the ultrasound, iron–tungsten aggregates at the cathode were 
dispersed into the electrolyte and iron atoms were dissolved in the acidic environment. In this manner tungsten nanoparticles 
having body-centered-cubic (bcc) structure were obtained by controlling the density of the electric current, the ultrasound pulse 
period, and the amplitude [73].

18.7 supercritical solvents for nanoparticle synthesis

A supercritical fluid (scF) is a substance at a temperature and pressure above its critical point, where distinct liquid and gas 
phases do not exist. It can flow out through solids like a gas and dissolve materials like a liquid. scFs are found to be a suitable 
substitute for organic solvents in various laboratory and industrial processes. carbon dioxide and water are the most commonly 
used scFs, being used for decaffeination and power generation, respectively. on the basis of the characteristic properties and 
applications discussed, various research groups have applied scFs for nanoparticle synthesis.

A general classification of scF-based nanoparticle synthesis techniques can be proposed based on the role of scF in the 
process. certainly, scFs have been proposed as solutes, solvents, antisolvents, and reaction media. e. Reverchon has put up a 
detailed review on scFs for nanoparticle synthesis [79].

18.7.1 rapid expansion of supercritical solutions

The rapid expansion of supercritical solutions (Ress) is associated with the saturation of the scF with a solid substrate; then 
depressurization into a low-pressure chamber through a heated nozzle produces a rapid nucleation of the substrate in the form 
of very small particles that are collected from the gaseous stream. The resulting morphology depends on the chemical structure 
of the material and on the Ress parameters such as temperature, pressure drop, impact distance of the jet against a surface, 
nozzle geometry [80]. The fast release of the solute in the gaseous medium results in the production of very small particles. This 
process is particularly attractive since it eludes organic solvents. In this regard, sun et al. reported Ag nanoparticle synthesis 
wherein water was used in supercritical co

2
 (w/c) as a microemulsion, and the modified supercritical solvent was used to dis-

solve AgNo
3
 [81]. A w/c microemulsion containing AgNo

3
 was rapidly expanded into a room-temperature solution of sodium 

borohydride for the synthesis of Ag nanoparticles with an average particle size of 7.8 nm. In a subsequent work Meziani et al. 
reported nanocrystalline Ag particles with a bimodal distribution, with the smaller ones centered around 3.1 nm and larger ones 
around 10 nm [82].

18.7.2 scf as reductant

A variety of reports have documented the synthesis of nanoparticles using scF as a reductant; for example, Korgel et al. 
reported Ag nanoparticle synthesis by reduction of silver acetylacetonates in sc–co

2
 in the presence of organic ligands that 

were used as stabilizers for the nanoparticles [83]. Using the same technique, silicon nanoparticles in the range of 2 and 20 nm 
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were also synthesized in sc–hexane. Kameo et al. produced Pd and Ag nanoparticles by reduction of palladium acetate and 
silver acetylacetonate in supercritical co

2
 [84].

18.7.3 scf for hydrolysis

In supercritical water (scW) Ziegler et al. synthesized copper oxide (cu
2
o) nanoparticles from the copper nitrate precursor by 

hydrolysis [85]. The reaction was performed with and without ligands. In the absence of alkanethiol ligands, polydisperse 
nanoparticles of cu

2
o with size range of 10–35 nm were obtained by hydrolysis; however, addition of 1-hexanethiol results in 

the formation of cu nanocrystals of about 7 nm. The alkanethiol ligand helps to stabilize the synthesis of nanocrystals and con-
trol their oxidation by reduction to cu nanoparticles. ligands that bind on the nanoparticle surface can block the growth of 
nanoparticles, with a stabilization process [86].

han and coworkers synthesized Ag nanoparticles in water-in-isooctane continuous phase using w/o reverse micelles and 
sodium bis(2-ethylhexyl)succinate as surfactant [87]. Water-in-co

2
 tetraethylene glycol dodecyl ether was added as the cosur-

factant. The reactants AgNo
3
 and KBh

4
 were separately loaded in two micellar solutions and then mixed. supercritical co

2
 

was used to eliminate the organic phase. The obtained Ag nanoparticles were in the size range between 2 and 5 nm (minimum 
size) and 6 and 20 nm (maximum size) and obtained by varying the pressure and the w/o ratio.

hong et al. synthesized Tio
2
 nanoparticles by controlled hydrolysis in water-in-co

2
 reverse micelles [88]. The average particle 

size increases from 8 to 18 nm by increasing the water to surfactant ratio. cason and Roberts reported cu nanoparticle preparation 
in w/c reverse micelles using sc–ethane [89]. The authors compared the rate of particle growth in liquid solvents, and the process 
is faster in scF due to improved transport properties. The same research group also used reverse micelles (w/c) in compressed 
propane or supercritical ethane to produce Ag and cu nanoparticles by reduction of the corresponding precursors [90].

18.7.4 scf for thermal deposition

cansell et al. reported the thermal degradation of metallic precursors dissolved in a supercritical fluid (ammonia) [91]. The 
precursors of cu and Fe acetylacetonates that show good solubility in ammonia were used for nanoparticle synthesis; the tem-
perature of the reactor was then increased, thus inducing decomposition of the precursors and the precipitation of the 
corresponding oxides and nitrites. Aggregates of about 50 nm were obtained. The same group subsequently proposed the pro-
tocol for nanoparticle synthesis of several other compounds including cr, co, cu, Ni, Al, Ti, and Ga using supercritical 
ammonia–methanol mixtures.

18.7.5 supercritical h
2
o

over the past 10 years, synthesis of micro- and nanosized metal oxides has been reported by using the supercritical water 
method (FT-scW) by continuous hydrothermal synthesis [92]. In this protocol, an aqueous solution of starting materials is 
pressurized and fed into a mixing tee that combines reactants with preheated water. Rapid heating results from the mixing and 
allows the hydrothermal reactions. The hydrothermal reaction rate and metal oxide solubility can be greatly varied when water 
in its near-critical or supercritical state is used, since the reaction solvent properties are strongly dependent on thermodynamic 
conditions in these regions. Therefore, the technique can be used to change size, morphology, and crystal structure of many 
types of particles [93].

scW is an excellent reaction medium for hydrothermal synthesis since it can vary the rate of reaction and equilibrium by a 
shift of the dielectric constant and solvent density with temperature and pressure.  In this regard, cote et al. produced nanocrys-
tals of α-Fe

2
o

3
 and co

3
o

4
 using two disparities of the continuous hydrothermal technique: cold mixing and hot mixing of the 

reactants [94]. In the experiments, compressed water (subcritical) was used. In a subsequent work they also obtained nanocrys-
talline coFe

2
o

4
 using the same process variations [95]. In case of metal oxide nanoparticles, Viswanathan and Gupta reported 

Zno nanoparticle synthesis [96]. The reaction was carried out in a continuous tubular reactor starting from zinc acetate and 
using various flow rates and feed concentrations to obtain spherical nanoparticles with the average particle size of 39 nm.

18.8 solar enerGy

due to global warming, special attention has been paid to the development of green techniques with available renewable energy 
sources as a replacement for conventional energy sources. Till date various conventional and nonconventional methods for 
nanoparticle synthesis have been reported, but these reported methods have some limitations such as harsh reaction conditions, 
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expensive energy source, sophisticated equipment source, the need for a skilful operator. solar energy is one of the carbon-free, 
easily available, and nonpolluting energy sources. There have been very few reports on the application of solar energy for the 
synthesis of nanoparticles.

In this context, luo reported the size-controlled preparation of dendrimer-protected gold (Au) nanoparticles by application 
of sunlight [97]. subsequent to this work, luo reported one-step dendrimer-protected gold nanoparticles using sunlight [98]. 
Recently, chien et al. reported the synthesis of gold nanoparticles under normal sunlight for 5 h wherein the reaction tempera-
ture was 34°c [99]. They showed that the synthesis of gold nanoparticles takes place in the temperature range of 30–50°c.

18.9 concentrated solar enerGy

In these cases, researchers achieved success in the synthesis of nanoparticles using solar as a green and inexpensive energy 
source, but the same protocol fails for the synthesis of various other metal and metal oxide nanoparticle as it requires high-
intensity energy and this is not possible from natural solar energy sources. To overcome this problem and fulfill the necessity 
of a higher driving force for nanoparticle synthesis, Bhanage and coworkers introduced the concept of concentrated solar 
energy. Using this protocol, the authors reported a temperature rise to up to 95°c by using a Fresnel lens as a solar concentrator. 
This method helps in the faster synthesis of nanoparticles because of the combination of radiation and thermal effects; this dual-
energy effect overcomes the limitation of insufficient driving force for nanoparticle synthesis. This novel technique has proven 
its application for metal and metal oxide nanoparticle synthesis.

This concept was used for the first time for the synthesis of palladium nanoparticles [100, 101]. The reaction mixture was 
irradiated under concentrated solar energy for palladium nanoparticle synthesis. The nanoparticles in the size range of 30–45  nm 
have been reported with mixed morphology. The obtained nanoparticles come in various shapes like, triangular, octahedral, 
decahedral, and icosahedral.

In continuation with this work, the same author applied this concept for shape-selective nanoparticle synthesis, wherein 70% 
decahedral nanoparticle selectivity was obtained. The synthesized recyclable catalyst was then used for catalysis [102].

subsequent to this work, Patil et al. used this technique for the synthesis of metal oxides such as zinc oxide nanoparticles. 
After 6 h of irradiation of Zn(ch

3
coo)

2
 and 1,4-butanediol mixture a milky white Zno nanocrystalline material was obtained 

consisting of nanoparticles in the size range of 10–15 nm [103]. Recently, the same author reported Mgo nanoparticle synthesis 
by concentrated solar energy. The obtained nanoparticles show excellent catalytic applications for the claisen–schmidt conden-
sation reaction [104].

18.10 conclusion

This chapter provides a comprehensive review of current research activities that are dedicated to green synthesis methods for 
metal and metal oxide nanoparticle preparation. In this chapter, typical green methods that involve the use of nonconventional 
energy sources like ultrasonication, microwaves, hydrothermal energy, supercritical co

2
, biosynthesis, and solar energy and 

avoid toxic reagents are discussed. It also covers the various examples for the shape-selective synthesis of metal and metal oxide 
nanoparticles using green methods. The nanostructured materials that can be synthesized by these techniques include nanopar-
ticles, nanowires, nanofibers, and nanocomposites. Additionally, special weightage has been given to the solar energy concept 
for metal and metal oxide nanoparticle synthesis, which also covers the use of concentrated solar energy, which was recently 
introduced in this field.
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19.1 introduction

This new millennium has begun with a lot of technological advancements in every sector. As a result, basic living standards 
have seen many improvements in the recent past. Many scientific discoveries have opened the way for new innovations in the 
health sector, food processing, and product recovery. However, there are considerable negative consequences, and they have a 
great impact on the environment. Increasing industrial activities eventually leads to environmental pollution. One of the most 
promising fields that has the potential to manage our environment could be “nanotechnology.” Nanotechnology in the broadest 
and the simplest sense refers to all the technological developments at the nano scale, exactly one billionth of a meter. 
Nanoparticles (NPs) are the particles whose size ranges from 1 to 100 nm. Their increased surface to volume ratio makes them 
more catalytic [1]. NPs of metals have different physical and chemical properties than that of bulk metals. Even though NPs 
have a lot of applications, the way in which they are synthesized is a matter of concern. Chemical methods are available for NP 
synthesis; this adds to pollution because of the use of toxic chemicals and the generation of hazardous by-products. Physical 
methods are limited to low yield [2]. Biogenesis of NPs is a possible solution, which uses only biological agents for the 
development of metal NPs. Among the biological components, bacteria are used the most as they are easy to handle and product 
recovery is easy with possible genetic manipulations [3, 4].

19.2 thE Story oF SilvEr nps

The earliest usage of NPs was reported during Roman times, as they used NPs for staining glasswares [5]. Faraday’s findings 
for colloidal gold provided a better understanding of NPs [6]. M. C. Lea in 1889 introduced a method to synthesize 
 citrate-stabilized silver colloid with particle  size averaging 7–9 nm [7, 8]. Silver NPs were available commercially for medical 
applications even as early as 1897 under the commercial name “collargol” [9] whose mean size was later determined to be 
10 nm [10, 11]. Soon after, a lot more techniques for silver NP synthesis were developed, which involved both physical and 
chemical methods.

The history of biogenesis of NPs has its origin in bioremediation studies of microbes on toxic metals. Many microbes 
were found to have bioremedial action over heavy metals, which eventually eliminated heavy metal contamination. Close 
observations showed that these metal ions were adsorbed by the microbes as aggregates over their cell wall or even into 
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their cytoplasm. Nevertheless, the metal aggregates were found only in those organisms that were capable of withstanding 
concentrated heavy metals. These were termed as competent organisms; they possessed the ability to bind with metal ions 
forming aggregates. This phenomenon was observed in both Gram-positive and Gram-negative bacteria [12–14]. However, 
the metal aggregates were not identified as NPs at that time [13]. Gram-positive bacteria like Bacillus subtilis showed  
higher adsorption capacity for various metals than Gram-negative bacteria like Escherichia coli [14]. The biological syn-
thesis of silver NPs came into the limelight in 1984 when Haefeli and his colleagues first reported synthesis of silver NPs 
from a silver mine bacterial strain Pseudomonas stutzeri AG259 [15–17]. Several Bacillus species also have been reported 
for the synthesis of silver NPs. We found that Bacillus flexus GS, a novel isolate from silver mines, produces silver NPs 
(Fig. 19.1).

19.3 Why microbiAl SynthESiS?

Recently biogenesis of silver NPs has gained attention because of its green approach. A lot more physical and chemical 
methods are also available for the synthesis of silver NPs. Physical methods like spark discharge, pyrolysis, and attrition are 
available for NP synthesis. The chemical methods involve reduction of metal ions into NPs and prevention of their aggregation. 
A lot more reducing agents are available, including sodium borohydride, methoxypolyethylene glycol, potassium bitartarate, 
and hydrazine [2, 18, 19, 20]. Stabilizers are used to prevent the aggregation of NPs. Some of the stabilizers are sodium dodecyl 
benzyl sulfate and poly vinyl pyridone [19, 20].

Physical and chemical methods are subject to some drawbacks. High yield is not possible in the physical method, and the 
chemical method involves usage of toxic solvents like thioglycerol and 2-mercaptoethanol and the production of hazardous 
by-products [2]. Since silver NPs are used for medical purposes, the toxic components that are involved in their synthesis cause 
problems. It was found that chemically synthesized NPs have chemicals over their surfaces [21]. This limits the application of 
silver NPs in the medical field.

In order to overcome the problems faced in physical and chemical methods, biosynthesis of NPs came into focus, since 
there is no usage of toxic chemicals and the scaling-up process is affordable. Moreover, the method is green, and it uses only 
biological components for NP synthesis. It is simple and less time-consuming when compared with other techniques. Hence, 
NPs can be produced at lower costs with reduced toxicity [22]. There is no need for any stabilizers as that in chemical 
methods because the proteins in the microorganisms act as stabilizers [23]. The biological approach adds to further  extensions 

20 nm

FiGurE 19.1 Biologically synthesized silver nanoparticles (NPs) using B. flexus GS5.
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like size control over the NPs synthesized. It was proven that the size of the NPs synthesized varies according to the pH and 
temperature of the reaction conditions [24].

19.4 bioGEnErAtorS oF SilvEr nps

Soon after the biosynthesis of silver NPs came  into the spotlight, a lot of works were conducted for a wide range of organisms 
encompassing both prokaryotes and eukaryotes. Moreover, because this method of synthesis is pollution free, it adds to the 
value of the biological reduction method. A wide range of biogenerators have been shown to synthesize silver NPs including a 
variety of bacteria, fungi, algae, and plant species. Among them bacteria are shown to be the best platform for synthesis as they 
are easy to handle and are easy subjects for genetic modifications [3, 4].

Bacteria like Bacillus licheniformis, E. coli, and Brevibacterium casei have been shown to synthesize silver NPs mostly 
around the range of 50 nm [22, 24, 23]. Some of the fungal species also synthesized silver NPs, notably Fusarium oxysporum, 
Aspergillus niger, Fusarium semitectum, and Trichoderma asperellum [25–28]. Silver NPs have also been synthesized in plants 
due to the presence of phytochemicals that reduce silver ions. For instance, anthraquinone emodin leads to the synthesis of 
silver NPs in Bryophyllum species [29].

19.5 principlE oF np bioSynthESiS

Metal aggregates are reported to be formed over the cellular surfaces of the microorganisms [30]. Metal aggregates are formed 
only if metal ions are reduced, and the process of this reduction is undertaken by cellular components. Such reducing  components 
are proteins, amino acids, polysaccharides, and even vitamins, which are the host components of the microorganism itself. This 
reduction is possible only if the microorganisms have the resistant machinery against metal ions. At higher concentrations, 
silver ions are found to inhibit the growth of microorganisms by destroying them. This could be the key reason for silver’s 
 antimicrobial activity. Therefore, only those microorganisms possessing the resistant machinery can be used for metal NP syn-
thesis. Moreover, the effectiveness of the microorganisms is decided by parameters like reduction potential and the capacity of 
the system. Enzymes are found to be the key source of reduction of metal ions. The role of enzymes in the reduction of metal 
ions was studied by Anil Kumar and his colleagues [31]. They carried out the experiment by adding purified enzyme nitrate 
reductase from the fungi F. oxysporum with silver nitrate and nicotinamide adenine dinucleotide phosphate-oxidase (NAdPH). 
The change of color to brown indicated the formation of silver NPs. This experiment provided direct evidence that enzymes 
produced by the microorganisms are responsible for reducing the metal ions to their NPs.

19.6 mEchAniSm oF SilvEr np SynthESiS

Even though a lot of work has been done in the biosynthesis of silver NPs, the exact mechanism by which NPs are synthesized 
is not clear. Many mechanisms have been hypothesized for the synthesis of NPs involving biological components, including 
those that are used for the reduction of metal ions, and also some electro shuttles found in the microorganisms.

19.7 pEptidES

Naik et al [32] introduced the idea that peptides can be used as stabilizers for the synthesis of silver NPs. They showed that the 
peptides would bind over nuclei and enhance crystal growth. Thus, the peptides create a reducing environment that enables easy 
reduction of silver ions to form silver NPs. This model was confirmed by adding peptides into a solution of silver ions. Upon 
addition, these peptides interacted with the nanoclusters present in the solution, and it produced a reducing environment that 
reduced the silver ions at the peptide–metal interface. Thus, the peptides provide a reducing environment over the nanoclusters, 
enabling crystal formation.

Certain amino acid moieties are found to be involved in the recognition and reduction of silver ions. Mostly amino acids 
like arginine, cysteine, lysine, and methionine are found to be involved in the formation of silver crystals from silver ions, which 
gives a better understanding of silver with peptides [32]. In addition, tyrosine is found to reduce silver ions in the alkaline condition. 
Thus in an alkaline environment, tyrosine acts as a reducing agent where reduction occurs by ionization of the phenolic group 
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of the tyrosine. Finally, the phenolic group turns out to become a semi-quinone structure. Then, the formed silver NPs are 
 separated [33]. It is also found to have reducing action for gold NP synthesis [34] (Fig. 19.2).

19.8 EnzymES

As stated earlier, the role of enzymes in the biosynthesis of silver NPs was well established by the work of Anil Kumar et al. [31]. 
They had taken purified nitrate reductase from F. oxysporum along with NAdPH to synthesize silver NPs. The brown color 
 indicated the formation of silver NPs [31]. Another experiment with B. subtilis was performed by Saifuddin et al. [35]. They 
performed extracellular synthesis of silver NPs in the culture supernatant of B. subtilis. The silver ion (Ag+) when subjected to 
microwave irradiation was shown to synthesize silver NPs. The synthesized NPs were found to be stable without aggregation 
mainly because of the protein capping over the silver NPs. Moreover, the culture supernatant also had a considerable amount of 
nitrate reductase activity. They proposed that the reductase enzyme along with electron shuttling compounds and other peptides 
could be the reason for silver ion reduction, leading to the formation of silver NPs, as in the case of fungi [36, 37].

An extended view on the function of nitrate reductase enzyme for the synthesis of silver NPs using bacteria was proposed 
by Kalimuthu et al. [22] who studied silver NP synthesis in B. licheniformis. Nitrate reductase helps in the conversion of nitrate 
to nitrite, and it is mainly involved in the nitrogen cycle [37]. They proposed a mechanism in which electron shuttle enzymatic 
metal reduction occurs. Earlier, Ahmed et al. [25] had highlighted the importance of NAdH- and NAdH-dependent nitrate 
reductase in the synthesis of metal NPs. In vitro analysis provided the need for nitrate reductase in the synthesis of silver NPs 
[31]. B. licheniformis is also found to express NAdH- and NAdH-dependent reductases as an electron carrier. Thus silver ion 
(Ag+) is reduced to free silver metal (Ag0) [22] (Fig. 19.3).

Primarily metal NPs are produced only if the microorganisms are resistant against metal ions. Parikh et al. [4] demonstrated 
that extracellular synthesis of silver NPs using silver-resistant Morganella species and suggested that the microorganisms would 
have separate unique mechanisms for synthesis. In that case, the silver crystals were formed in the extracellular matrix. Sintubin 
et al. [38] suggested a mechanism for synthesizing metal NPs in lactic acid bacteria in which the effect of pH was studied. At 
higher levels of pH, monosaccharides like glucose are converted to open chain aldehydes. These aldehydes are responsible for 
reducing metal ions as they are oxidized to their corresponding carboxylic acid.

The influence of visible light on NP synthesis was studied in the culture supernatant of Klebsiella pneumoniae. Silver NPs 
were formed, and the size of the silver NPs was found to be around 3 nm. The reduction of silver ions in the presence of light 
was made by reducing agents/electron shuttles of Enterobacteriaceae. Even if the bacterial cells were absent, the silver ions 
were reduced, which confirmed the release of reducing agents from the Entero bacteria. This suggested that reduction of silver 
ions occurred after conjugation of the photosensitive electron shuttles with nitrate reductase [39].

Silver ion Peptide molecule

Silver crystal

Silver cluster

Reduced silver cluster

FiGurE 19.2 Peptide aided the growth of the silver crystal. Modified from Naik et al. [32]. 
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Fungi are also found to show a similar kind of reductase-mediated mechanism found in bacteria for silver NP synthesis. 
The  involvement of NAdH-dependent reductases for silver NP synthesis was assayed by Ahmed et  al. [25] in the fungi 
F.  oxysporum. They suggested that fungi that lack NAdH-dependent reductases might not be involved in silver NP production. 
duran et al. [37] verified that with nitrate-dependent reductase and quinine, an extracellular electron shuttle is responsible for 
the reduction of silver ions in the fungi F. oxysporum. The NPs were synthesized extracellularly, and their size ranged from 20 
to 50 nm [37]. It was also found that the NPs produced were stabilized by fungal proteins [40]. Ingle et al. [41] confirmed the 
existence of nitrate reductase by nitrate reductase disks in the fungal filtrate, thereby confirming that NAdH-dependent nitrate 
reductases are important in the synthesis of NPs as they reduce silver ions to silver NPs.

19.9 ExtErnAl FActorS AFFEctinG nps production

It has been reported that factors like pH, temperature, and even silver nitrate concentration have an effect on the production of 
silver NPs [24]. The effect of silver nitrate concentration on the synthesis of silver NPs was studied, and the results showed that 
the synthesis of NPs increased with the increase in silver nitrate concentration. The synthesis of NPs was confirmed by 
measuring the absorbance at 420 nm. The maximum optimum concentration at which the synthesis of silver NPs occurred the 
maximum was found to be 5 nM in case of E. coli [24]. By increasing the concentration over 5 nM, absorbance was reduced, 
which indicated the reduction in production of silver NPs. Also, the size of NPs decreased with increase in concentration up to 
5 nM after which the size increased. There is no clear explanation as to why the size of NPs varied with varying concentrations 
of silver nitrate.

Increase in temperature caused an increase in the rate of synthesis of silver NPs up to a certain threshold temperature after 
which the rate reduced. In E. that threshold temperature is found to be 60°C after which the rate of synthesis of silver NPs is 
reduced. Even as the temperature was increased, NPs were produced in smaller sizes after that threshold temperature the size 
of the synthesized NPs was found to be increasing. The higher rate of reduction of silver ions might be because enzymes are 
induced more at that temperature.

The pH is found to have a profound impact on the synthesis of silver NPs. Usually NP production increases with an increase 
in pH. This is mainly because at higher pH, the hydroxide ions increase the reduction in capacity of the enzymes involved in 
the synthesis of silver NPs, leading to increased silver NP production. For example, in E. coli, maximum production occurred 
at pH 10.0, and above this pH the reduction decreased. This was observed by a decrease in the absorbance value at 420 nm [24].

19.10 puriFicAtion oF nps

NPs have amazing properties, most of which are due to their unique size and shape. Synthesized NPs are mostly of different 
sizes; hence it is necessary to separate and select them according to their size and shape, so that certain functions of the particles 
can be determined. The size and shape of NPs have an effect on the catalytic activity and cytotoxicity [42, 43]. They are also 

Nitrate reductase
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FiGurE 19.3 The possible mechanism by which nanoparticles (NPs) are produced in a bacterial cell. The enzyme nitrate reductase present 
in the bacterial cell mediates the reduction of silver ions to silver NPs. Modified from Kalimuthu et al. [22]. 
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used in many nanodevices where the size of the particle plays a major role [44–47]. There are various techniques used to purify 
NPs; a few of them are described below:

1. Centrifugation: This is the most widely adopted technique used for the separation and purification of NPs. This involves 
the separation of particles based on their size and shape by the action of a centrifugal force. A particle in a centrifugal 
field experiences three main types of forces: centrifugal force, buoyant force, and frictional force. The centrifugal force 
and buoyant force act in one direction, while the frictional force acts in the opposite direction. The particles are acceler-
ated under the centrifugal field, until all three forces are balanced, after which they settle under constant velocity. The 
main basis for the separation of NPs by centrifugation is that particles of different sizes and shapes have different settling 
velocities. For examples, gold NPs and gold nanorods have been separated by centrifugation at 5600 rpm for half an hour 
[48]. A drawback that persists in the normal centrifugation process is that particles that are similar would have almost 
similar settling velocity, and hence result in reduced quality of separation. This drawback can be overcome by the use of 
superior centrifugation techniques like density gradient centrifugation, isopycnic centrifugation, rate zonal centrifuga-
tion. Lighter NPs like carbon nanotubes have been efficiently purified using isopycnic centrifugation [49, 50]. Heavier 
NPs like metallic and inorganic NPs have been effectively separated using rate zonal centrifugation [51].

2. Electrophoresis: This technique implies the separation of charge particles using an electric field. When these particles are 
placed in an electric field, they drift toward the oppositely charged electrode, making this an effective tool for the sepa-
ration of NPs based on their charge, size, and shape. The most frequently employed electrophoresis techniques for sepa-
ration of charged NPs include gel electrophoresis [52] and free-flow electrophoresis [53]. Isoelectric focusing is also an 
important electrophoresis technique used to separate proteins based on their isoelectric points. Gel electrophoresis has 
been used effectively to separate both gold and silver NPs [54]. Ho and his coworkers showed that free-flow electrophoresis 
can be used as an effective tool to separate semiconductor NPs. [55]

3. Magnetic field: This can be an effective tool to separate the NPs that have magnetic receptiveness, based on their sizes. 
For example, iron oxide NPs can be separated by this method. In this case it has been stated theoretically that particles of 
sizes up to 50 nm can be efficiently separated and that smaller particles show hindrance due to thermal diffusion and 
Brownian movement [56]. Practically, the separation of the smaller NPs was possible due to certain unique properties 
exhibited by the NPs compared to the bulk material and also due to the overlook of dipole–dipole interactions among the 
magnetic moment of particles, which can be present even in the absence of an external magnetic field. Moeser and 
coworkers visualized aggregates of magnetic NPs after high gradient magnetic separation (HGMS) [57]; these were 
mainly due to the dipole–dipole interaction, which causes aggregation of NPs. This explained the ability of a magnetic 
field to separate particles smaller than predicted by theory [57, 58]. The magnetic NPs can also be separated based on 
their material composition with the help of magnetic field flow fractionation (MFFF) This separation takes place mainly 
due to the competition between magnetic forces and hydrodynamic forces [59]. Thus the magnetic field is one of the 
major purification techniques that is used to separate and purify magnetic NPs; practically these NPs can also be purified 
by other techniques like chromatography, centrifugation [60]

4. Chromatography: Chromatography is one of the techniques used to separate nonmagnetic NPs. The driving force is 
mainly the variation in their partition coefficient. The NPs that need to be purified are taken in the mobile phase and 
passed through the stationary phase. Among the various chromatography techniques available, size exclusion chromatog-
raphy (SEC) is the most preferred and commonly used technique for purification of NPs. For example, SEC is used to 
separate gold [61] and silica [62] NPs. A drawback associated with SEC is the irreversible binding of the NPs to the 
stationary phase, and this difficulty was overcome with the addition of sodium dodecyl sulfate (SdS) to the mobile phase. 
The idea behind this was the simple concept that like charges repel each other and the negatively charged SdS surfactant 
would electrostatically repel the negatively charged particles [63, 64]. Other chromatographic techniques like High-
performance liquid chromatography (HPLC) have also been reported. Other chromatographic techniques like HPLC have 
also been reported to purify nanoparticles [65, 66].

5. Precipitation: Selective precipitation is a technique that separates the NPs based mainly on their size by precipitating them 
on the basis of their physical and chemical properties. Gold NPs have been successfully purified by this method [67].

6. Filtration: Membrane filtration remains one of the most widely preferred methods for the separation of NPs. This tech-
nique separates the particles based mainly upon the pore size of the membrane. Polymeric membrane filters have been 
shown to be an efficient means for the purification of gold NPs [68]. Sweeney and his fellow workers showed that this 
filtration technique could be an effective tool for the separation of soluble NPs. Their experiment involved the purification 
of soluble gold NPs. Their experimental setup showed a continuous filtration system that contained a reservoir, a filter 
membrane, and a pump. The sample addition rate and the elution rate were kept constant. Based on the size of the filter 
membrane, the smallest NPs were elected while the larger particles were retained [69] (Fig. 19.4).
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7. Extraction: The process of extraction mainly involves the separation of compounds on the basis of their relative solubil-
ities in two different immiscible liquid phases, the most common being water and an organic solvent. Both organic and 
inorganic compounds have been separated by this method. For example, gold and silver dendrimer-encapsulated NPs 
have been separated by this method [70].

8. Other purification techniques: Many other techniques have also been used for the purification of NPs. One, not so 
popular, technique is the use of supercritical ethane for the purification of NPs, which has been used to purify alkanethiol-
stabilized gold NPs [71]. Another technique used to purify NPs based on the shape involves the use of surfactants like 
cetyl trimethyl ammonium bromide (CTAB) because these surfactants have the ability to precipitate rods and platelets in 
a concentrated solution while not affecting spherical NPs [72]. Other techniques include micelle induction [73, 74], the 
use of ultrasound-assisted phase transfer for shape-dependent separation [75], and periodic precipitation [76].

19.11 ApplicAtionS oF nps

The application of NPs has been extended to multiple fields. Especially in the fields of medicine and the environment it holds 
distinct advantages and is being applied extensively. From the early days, silver salts have been used in many novel therapies 
such as for the treatment of nicotine addiction and mental illness. It has also been used in the treatment of diseases like syphilis 
and gonorrhea [77–80]. The main advantage of NPs is their higher surface area due to which they have higher reactivity [81], 
and these unique properties are not exhibited by them in their bulk nature. The antibacterial property of nanosilver has been 
widely used in various applications such as in bandages, wound dressing, and ointments [82]. According to some theories, silver 
ions released from NPs have the ability to inactivate essential bacterial enzymes, drain intracellular Adenosine triphosphate 
(ATP) levels, hinder dNA replication in bacteria, damage the cytoplasmic membrane of bacteria, and in the end cause cell lysis 
[83]. A coat of Pd on nanosilver enables them to be used as a catalyst, and it can also be used to treat pollutants in groundwater 
efficiently [84]. Immobilization of certain enzymes on NPs is found to have a direct impact on their stability. Upon immobili-
zation, controlled release of the enzyme is possible thereby improving the reactivity of the enzyme, and it also has an additional 
advantage in that it shields the enzyme from degradation [85]. This antibacterial property of silver can be augmented when it is 
persists for a longer time in a specified location, and by controlled release of silver NP this is possible. dlugosz M and his 
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FiGurE 19.4 Schematic representation of the experimental setup maintained by Sweeney and coworkers. In this experiment, the sample 
containing soluble nanoparticles (NPs) was added to the reservoir; this was pumped through the filter membrane. The filter membrane filters 
the smaller particles while retaining the larger particles. The filtration process that takes place in the diafiltration membrane is also shown in 
an expanded manner. This figure has been modified from Sweeney et al. [69]. 
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coworkers  developed a hybrid material made of calcium carbonate and silver NPs. The calcium component in this hybrid 
released the silver NPs in a controlled manner, which enhanced the antibacterial activity. An additional advantage is that it can 
be stored as dry powder and reused without any decrease in the bactericidal effect of the NP [86].

19.12 mEdicinAl ApplicAtionS

One of the major applications of NPs in medicine is the treatment of diabetic retinopathy. diabetic retinopathy is associated with the 
loss of vision mainly due to angiogenesis. Nanosilver comprises the activity to inhibit angiogenesis. The silver ions released from 
silver NPs were at sufficiently lower concentration as they did not show any detrimental effects on the development of embryos [87].

19.12.1 cancer therapy

Most of the techniques used in cancer therapy have a major drawback in that they tend to damage normal cells in addition to 
cancer cells. This is seen mainly in the cases of chemotherapy and radiotherapy. NPs have been found to have both direct and 
indirect effects on tumor cells, and hence they can be one of the game changers in cancer therapy. The in vivo and in vitro studies 
in dalton’s lymphoma tumor–induced mice and normal mice showed that nanosilver has the ability to specifically target the 
tumor cells with negligible effect on normal cells [88]. Cancer therapeutic drugs face a problem of effective delivery to the 
specific cells, and they have chances of being degraded in this process. In such cases, NPs are used as vehicles for the movement 
of these drugs to specific cancer cells. This process directly minimizes the dose [89] and quantity required [90], reduces the 
chances of degradation of the drug [91], and also improves its stability [92].

19.12.2 molecular imaging

One of the most important techniques employed in detecting the exact location of a cancer cell is molecular imaging. Hybrid 
NPs are being generated by a combination of either organic or inorganic agents. They can be used as probes for imaging cancer 
cells [93]. Gold NPs are one of the many NPs to be effectively used for this imaging technique [94]. Wang et al. developed an 
immunosensor by hybridizing silver on porous silica NPs. This sensor had the ability to detect the tumor marker, the prostate 
specific antigen (PSA), on prostate cancer cells. Silica NPs enhanced the binding of the primary antibody, and the electron 
transfer rates were increased with the help of silver NPs in the component. This technique helped to image the prostate cancer 
cells without the help of a labeling agent [95].

19.12.3 drug delivery Across the blood–brain barrier

The blood–brain barrier is a layer of endothelial cells that regulates the influx of most of the blood components to the brain. 
Apart from endothelial cells, it consists of two other cellular elements: astrocyte end-feet and pericytes. The tight junctions 
(TJs) found between the endothelial cells of the brain are responsible for the formation of a selective diffusion barrier, and they 
prevent most of the bloodborne compounds from entering the brain. This forms a protective barrier for the brain and maintains 
a different environment for brain cells excluding many bloodborne substances [96]. But it still remains as a barrier for the 
administration of many drugs to the brain [97–99].

NPs can be used as a better platform for delivering drugs across the blood–brain barrier. Earlier studies revealed that NPs of poly-
mers like poly (butyl cyanoacrylate) that are coated with polysorbate 80 can cross the blood–brain barrier and be used to deliver 
drugs that are not able to enter the brain across the blood–brain barrier. Hexapeptide dalagrin has been successfully transported 
across the blood–brain barrier [100–106]. This opened up a new way for treating brain diseases before which surgery followed by 
radiotherapy, chemotherapy and photo dynamic therapy (PdT) are made. However, they have many limitations [107]. But the 
researches with NPs have shown them to be an effective vehicle for delivering drugs and in therapeutic functions of the brain.

However, the mechanism by which the NPs cross across the blood–brain barrier is not clearly known. Poly(butyl cyanoac-
rylate) NPs coated with polysorbate 80 show increased interactions with endothelial cells of the blood–brain barrier when cou-
pled with apolipo proteins [108].

19.13 EnvironmEntAl ApplicAtionS

When it comes to the environment, NPs are used in water treatment and desalination. The ability of NPs to desalinate stands 
out to be one of the most potential applications for the future [109].
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19.13.1 Wastewater treatment

The decrease in fresh water due to global warming, drought, and various other factors has increased the need for waste-
water treatment especially in most of the underdeveloped countries. Most of the diseases that occur in children are mainly 
due to the uptake of contaminated water having many harmful pathogenic microbes [110–114]. Wastewater treatment 
follows a series of steps, among which one of the major steps is the destruction of bacteria and other pathogenic organisms 
found in wastewater [115]. The commonly used technique for this step is the use of ultraviolet (Uv), light chlorine, and 
other halogens [116]. There is a rising concern regarding toxicity associated with the use of chlorine in water treatment. 
The ammonium ion is another major contaminant in drinking water. The presence of this ion decreases the dissolved 
oxygen in water and reduces its toxicity as the ammonium ion is toxic to most fish species [117]. Water treatment also 
involves the substitution of these ions by biologically suitable ions, for example, Na+, K+. Certain studies involve evalu-
ating the property of synthetically and naturally produced zeolite, metal ions like Ag+, and polymer films as effective anti-
bacterial agents [83, 118–124]. The larger surface area of NPs enables them to be more reactive, and hence they have the 
ability to directly react with contaminants more effectively [125, 126]. Around the twentieth century nanofilters were 
developed, which were very useful in eradicating the hardness and organic solutes that were in the range of 1000–3000 da 
[127]. Synthesized MgO and magnesium NPs proved to be effective bactericidal agents against both Gram-negative and 
Gram-positive bacteria like E. coli and Bacillus megaterium, respectively [126]. Jain and Pradeep extensively studied the 
use of silver NPs for water treatment in Gram-negative, rod-shaped coliform bacteria due to its heavy presence in waste-
water [128]. Later, various other studies to detect the bactericidal property of silver NPs were undertaken for many other 
Gram-positive and Gram-negative microbes like E. coli, Staphylococcus aureus, K. pneumoniae, and Pseudomonas aeru-
ginosa [128, 129]. Silver NPs have the ability to destroy bacterial cells by binding to their cell wall and proteins at multiple 
sites and inhibiting their function. They also infiltrate the bacterial dNA and RNA at the precise site and cause cell lysis 
[130, 131]. The coating of silver NPs on various materials began mainly in 1993 when silver ions were coated on sand fil-
ters [132]. This was further expanded to many other materials like zeolites [133] and more recently on fiberglass [134]. 
Thus the future of nanotechnology for water treatment would mainly be the use of combinations of NPs on filters like 
ceramic and activated charcoal; this would result in enhanced bactericidal activity and efficient removal of other insoluble 
impurities (Fig. 19.5).

19.13.2 nanobiotics

This term basically refers to the use of antibiotics conjugated to NPs. This complex enhanced the bactericidal activity of NPs. 
Ping li and his fellow workers considered the effect of silver NP on E. coli using amoxicillin as a conjugate. This complex was 
found to have a higher bactericidal activity than silver NPs when they were used alone. The chances for the development of 
resistance were decreased considerably as either of the two was sufficient for destroying the bacteria. Other such antibiotics 
used in combination were beta-lactam antibiotics [135] (Fig. 19.6).

FiGurE 19.5 Sewage water treatment using Ag NPs.
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19.14 riSinG concErn ovEr nAnoSilvEr toxicity

At lower concentrations, silver NPs exhibit strong antimicrobial activity. Silver NPs release silver ions, which have the 
ability to destroy bacterial cells by lowering the transmembrane pH gradient and terminating its proton motive force. 
Although this antimicrobial activity is highly potent, it has serious negative consequences at higher concentrations. As the 
silver ions accumulate, their concentration increases and at higher concentrations the silver ions have a serious impact on 
health and on the environment [136]. Certain skin diseases like argyrosis and argyria mainly result due to accumulation of 
silver in the skin [137]. In the environment, silver NPs inhibit some helpful microbes like nitrogen-fixing and ammonifying 
bacteria in the soil [138, 139]. They are also found to have an impact on aquatic life. The interaction of silver ions in the gills 
of fishes affects Na+ and K+ uptake and indirectly affects osmo regulation in fishes [140]. These are the main concerns in the 
widespread use of silver NPs.

19.15 concluSion

Green synthesis of NPs holds the future for nanotechnology. NPs have widespread applications due to their low cost, environmen-
tally friendly nature, ease of synthesis, and greater yield. When compared with other available methods for synthesis, like chemical 
and physical, they have more potential. The chemically synthesized NPs are found to require an additional stabilizer to prevent 
aggregation of the particles. Moreover, the chemical process used to synthesize NPs uses chemicals that are toxic to the environ-
ment. The physical method of synthesis is comparatively tedious and often produces lower yields. Hence, all these factors support 
biogenesis for the synthesis of NPs. Among the various biological routes available for synthesis, the bacterial method is the most 
widely preferred, as genetic manipulation is possible and handling is relatively easy. NPs have properties that differ greatly from 
that of bulk particles. The unique properties of silver NPs make them a vital tool for many applications. As their synthesis does not 
involve the use of any toxic substance, they have a wide array of medical and environmental applications. The biogenesis of NPs 
results in bulk production of NPs. If this potential is rightfully utilized, they can have numerous industrial applications. One of the 
rising concerns in the use of silver NPs is its toxicity at higher concentrations. If this problem can be overcome, silver NPs would 
become one of the most sought-after resource in the future with biogenesis being the major route for synthesis.

Nanoparticle

Amoxicillin

FiGurE 19.6 Binding of amoxicillin with silver nanoparticle (NP). Modified from Fing et al. [135]. 
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20.1 introdUction

In today’s modern day science, we can relate future discoveries to one of the most famous and influential talks given by Richard 
Feynman “There is plenty of room at the bottom,” wherein the foundation for one of the most important fields known to man-
kind, that is, nanotechnology, was laid [1]. The past few decades have seen the premises of nanotechnology revolutionizing 
modern technology with the dawn of several applications including small and flexible devices that can be used for sensing and 
electronics to generate a wide array of new generation tools capable of identifying and treating infectious agents [2–8].

To realize the true potential of nanotechnology, it was essential to develop efficient fabrication protocols of nanomaterial 
synthesis and testing their potential applications. This saw the introduction of physical methods such as mechanical grinding 
toward nanomaterial synthesis, especially in the early years of the field [9]. With gaining importance, solution-based nanomate-
rial synthesis routes were developed (more commonly known as chemical route) that now enjoy a long history and have typi-
cally dominated the nanosphere with well-established protocols for synthesizing particles with excellent control over shape, 
size, and properties [9]. With the development of physical and chemical methods, the paramount concern for a negative impact 
on the environment was also heightened due to the use of toxic chemicals, reaction conditions involving extremes of tempera-
ture, pressure and pH, as well as the release of harmful by-products. Hence, scientists started investigating alternative strategies 
toward new “green” environment friendly fabrication routes for nanomaterial synthesis [9–13].

Unsurprisingly, Mother Nature has developed a large repertoire of functional assemblages of proteins, nucleic acids, and 
other macromolecules to perform complicated tasks that are still daunting for us to emulate in our laboratories [9, 10]. One such 
task that is an integral part of biological systems is the assimilation of inorganic materials in hard tissues, which are biocom-
posites containing structural biomolecules in addition to some 60 different kinds of minerals that perform a myriad of vital 
biological functions [13, 14]. Furthermore, unicellular organisms have also been observed for their ability to synthesize inor-
ganic materials, both intra- and extra-cellularly [15]. Some examples exhibiting bioinorganic materials include magnetotactic 
bacteria that synthesize magnetite [16, 17] diatoms that synthesize silica [18, 19] and S-layer bacteria that synthesize gypsum 
and calcium carbonate as surface layers [20]. Although it is known that these inorganic materials serve important biological 
functions, it was also realized that the study of these minerals from the material science perspective may have significant poten-
tial to transform the fields of physical, biological, and material sciences [9]. The complementary knowledge gained from these 
areas of sciences by incorporating the concepts and ideas derived from the biological world to the inorganic material synthesis 
has led to a merger between different fields, giving rise to green nanosciences, green nanotechnology and bionanotechnology.
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20.2 Bioremediation

During the detailed study of nature’s strategies involved in fabricating materials, one of the pivotal discoveries was the impor-
tant role of microbial activity in transforming elements in the periodic table, which is a result of assimilatory, dissimilatory, 
or detoxification processes [21]. This process, also referred to as bioremediation, forms a cornerstone of many biogeochem-
ical cycles and typically involves a change in the oxidation state of at least one-third of the elements in the periodic table by 
biological entities, and includes highly toxic elements such as Hg, cr, Se, Te, and As [22]. Microorganisms such as bacteria, 
fungi, algae, and plants are known for their inherent ability to withstand high concentrations of toxic metal ions through 
specific resistance mechanisms and therefore these are commonly employed toward the remediation of different metal ions 
[23–25]. The detoxification by these resistance mechanisms typically occurs either by reduction/oxidation of metal ions or by 
the formation of insoluble complexes that results in the intracellular accumulation of metal ion complexes/nanoparticles 
[23–25]. Some of the earliest reports that outline the accumulation of inorganic materials date back to the 1960s when ele-
mental gold was reported in Precambrian algal blooms [26], algal cells [27] and bacteria [28]; cdS in bacteria [29] and yeast 
[30], and magnetite in magnetotactic bacteria [31]. Although a microbiologist’s interest purely lies in understanding the 
biochemical processes involved in the resistance machinery, materials scientists are conversely fascinated by the ability of 
these biological entities to make technologically important inorganic materials. This has opened up a new avenue of research 
wherein biological organisms known for withstanding high concentrations of metal ions are deliberately explored as “nano-
factories” to achieve potential large-scale “green” synthesis of  nanomaterials. This is similar to the commercially successful 
fermentation technology, which is regularly employed for the large-scale synthesis of enzymes, drugs, etc., and has potential 
to be employed for large-scale nanoparticle synthesis. Although a great deal of work has been performed in this emerging area 
of bionanotechnology with organisms including bacteria, fungi, and plants being regularly employed for the synthesis of a 
wide range of nanomaterials ranging from metals and metal oxides to metal sulfides, the biological synthesis (or biosynthesis) 
of inorganic nanomaterials is still in its infancy phase, as the actual biochemical processes involved in the formation of inor-
ganic materials largely remain poorly understood [13]. The following sections will outline some of the biological entities 
employed for nanomaterial biosynthesis.

20.3 metal nanoparticleS

The synthesis of metal nanoparticles especially that of noble metals is of enormous importance due to their interesting optical, 
electronic, catalytic, and sensing properties [5, 32–39]. Although solution-based chemical routes have dominated the field of 
nanomaterial synthesis, the recent past has seen an increasing trend in employing biological entities toward the synthesis of 
metal nanoparticles. These biological entities includes bacteria, fungi, algae, plants, and plant extracts, each of which have their 
own potential advantages and associated drawbacks in the context of the synthesis of nanoparticles [9–13]. The different 
biological entities employed for the reduction of metal ions to their nanoparticulate counterparts are summarized in Table 20.1.

Some of the earliest studies in the field date back to the late 1970s, wherein gold was reported to interact with Precambrian 
algal blooms and bacteria [26]. Following this report, a wide range of bacterial species were reported for their ability to form 
nanoparticles. Beveridge and Murray showed the ability of Bacillus subtilis to accumulate gold nanoparticles of 5–25 nm in the 
cell wall when incubated with precursor gold salt [28]. The organophosphate compounds secreted by the bacterium were believed 
to play an important role in the reduction of gold ions [40]. Additionally, Beveridge and co-workers also showed the unique 
ability of bacterial (Pseudomonas aeruginosa) biofilms toward intracellular precipitation of gold nanoparticles with particle 
diameter of 20 nm [41]. Several groups have further shown the ability of Shewanella spp. (S. algae, S. oneidensis), a marine 
bacteria belonging to Proteobacteria for the synthesis of gold and platinum nanoparticles [42–44]. Bacteria that belong to this 
genus have been reported for their unique ability to reduce/oxidize metal ions efficiently as these organisms are found under 
harsh environmental conditions [45]. S. algae, an iron-reducing bacterium, showed the ability to reduce gold ions under anaer-
obic conditions that typically yields gold nanoparticles of 10–20 nm in diameter. This metal salt reduction ability of these metal-
reducing organisms through dissimilatory pathways was attributed to the presence of c-type cytochromes. A few other alternative 
strategies were also hypothesized wherein the involvement of a species-specific hydrogenase when hydrogen was used as an 
electron donor was speculated [42]. Additionally, another fascinating hypothesis proposed the expression of a gold reductase 
enzyme in bacteria in response to gold ion stress that might be involved in the direct reduction of gold ions extracellularly 
[42, 46]. However, these hypothesized biochemical mechanisms for the reduction of gold ions remains invalidated till date.

In a series of reports, lengke and co-workers investigated the ability of filamentous cyanobacterial strain Plectonema boryanum 
UTeX 485 for its ability to reduce metal ions (gold, silver, platinum, and palladium) [47–50]. Although this cyanobacterial 
strain had an interesting ability to reduce all these metal ions to their metallic counterparts, the nanoparticles synthesized were 
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of different size and shape. The reduction of gold thiolate and gold chloride complexes resulted in 10–25 nm diameter gold 
nanoparticles that were found deposited on the outer surface of the cell membrane, while particles smaller than 10 nm were also 
formed intracellularly [47]. The prolonged incubation of gold ions resulted in the formation of thin triangular and hexagonal 
sheets with edge lengths ranging up to several microns in length. It was postulated that gold nanoparticles were synthesized and 
deposited within the membrane vesicles, which resulted from the interaction of gold ions with phosphorous-, sulfur-, and 
nitrogen ligand-rich vesicle components. Similarly, the same algal biomass reduced Ag (I) ions at 25°c to form 1–15 nm Ag 
nanoparticles intracellularly as well as extracellularly in the solution. In addition to performing experiments at 25°c, when 
these experiments were performed at elevated temperatures, the particles were observed to increase in size with 1–40 nm diameter 

taBle 20.1 list of biological entities employed for metal nanoparticle synthesis

Microorganism Metals References

Bacteria

Bacillus subtilis Au [28]
Pseudomonas aeruginosa Au [41]
Ralstonia metallidurans Au [51]
Shewanella algae Au [42]
Shewanella oneidensis Au [44]
Morganella morganii Subgroups  

(A, B, c, D, e, F, G1, G2)
Ag [83]

Morganella psychrotolerans Ag [80]
Pseudomonas stutzeri AG259 Ag, Ag

2
S [79]

Morganella morganii RP42 Ag, cu [84, 85]
Shewanella algae Pt [43]
Desulfovibrio desulfuricans Pd [88, 89]
Desulfovibrio Oz7 Pd [88]
Shewanella oneidensis Pd [90]
Bacillus selenitireducens Te, Se [93, 94]
Selenihalanaerobacter shriftii Se [93]
Sulfurospirillum barnesii Te, Se [93, 94]
Lactobacilli strains Au, Ag, Au-Ag [62]

Cyanobacteria

Plectonema boryanum UTeX 485 Au, Ag, Pt, Pd [47–50]

Actinomycetes

Actinobacter sp. Au [55]
Rhodococcus sp. Au [54]
Thermomonospora sp. Au [53]

Fungi

Colletotrichum sp. Au [58]
Fusarium oxysporum Au, Ag, Au-Ag [59–61]
Verticillium sp. Au, Ag [56, 57]

Plant Extracts

Azadirachta indica Au, Ag, Au-Ag [66]
Cymbopogon flexuosus Au [65]
Cuminum cyminum Au [70]
Cinnamomum verum Au [73]
Darjeeling Tea Au [71]
Glycine max Au [69]
Pelargonium graveolens Au [58, 64]
Iris pseudocorus cu [66]
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spherical nanoparticles observed at 60°c, while a mixture of spherical and octahedral crystal platelets of 5–200 nm dimensions 
were observed when the reaction was carried out at 100°c [50]. P. boryanum also showed the ability to reduce the platinum 
group of salts when reacted with aqueous Pt (IV) and Pd (II) ions for 28 days, respectively. The precipitation of an amorphous 
Pt (II)-organic spherical complex was promoted initially, which was characteristically connected into long bead-like chains by 
the continuous coating of organic material. On increasing the reaction temperature and reaction time, these bead-like structures 
were converted to crystalline Pt nanoparticles of 30–300 nm diameter [48]. In contrast, crystalline spherical and elongated Pd 
nanoparticles of 30 nm diameter were directly precipitated at lower temperatures. Interestingly, the reactions at higher temper-
atures only yielded palladium hydride with a small amount of Pd metal nanoparticles [49]. Although this organism was found 
to have the ability to reduce a range of noble metal ions, the exact biochemical mechanism involved in the formation of metal 
nanoparticles is yet to be elucidated and still remains a mystery.

A recent study also highlighted the ability of bacterium Ralstonia metallidurans to precipitate colloidal gold nanoparticles 
and the ability of this bacterium to contribute toward the mineralization of metallic gold was highlighted [51]. However, the 
exact mechanism involved in the biomineralization of metallic gold by R. metallidurans is also not yet clear. On the other hand, 
the presence of several mechanisms for heavy metal resistance in this bacterium including cation efflux, cation reduction, cyto-
plasmic accumulation, and organic compound formation leads us to believe the importance and possible involvement of these 
biochemical detoxifying mechanisms toward nanoparticle synthesis [52].

In a series of reports, Sastry’s group explored different biological entities with more emphasis on fungus, actinomycetes, 
and plant extracts for the biosynthesis of metal nanoparticles with significant control over morphologies and size distribu-
tion. less control over the size and shape of nanoparticles and the relatively large synthesis time (from several hours to days) 
were some of the well-known challenges in employing a biological approach for nanoparticle synthesis. To address some of 
these challenges, an alkali thermophilic actinomycete Thermomonospora sp. was shown for the first time for its ability to 
not only synthesize gold nanoparticles but also obtain a narrow size distribution (Fig. 20.1) [53]. The extracellular manifes-
tation of these particles further overcomes the limitations associated with harvesting of intracellular nanoparticles from 
microbial cells, as observed in previous reports, thereby reducing yet another step involved in the post-synthesis processing 
and harvesting of nanoparticles. Further enhancement in the monodispersity was obtained by employing Rhodococcus sp., 
wherein 10 nm Au nanoparticles were observed, however only intracellularly [54]. Further control over size and shape was 
observed by tuning reaction parameters, wherein Sastry et al. showed the ability of an Actinobacter sp. to synthesize 
triangular and hexagonal Au particles with an edge length of 30–50 nm when the reaction was carried out in the absence of 
molecular oxygen [55]. Interestingly, at lower temperatures, the reaction was comparatively slow and resulted in smaller 
triangular Au nanoparticles with an edge length of approximately 10 nm, while the reaction in the presence of atmospheric 
oxygen was found slower and yielded distinct triangular and hexagonal gold particles with edge lengths of 50–500 nm. The 
biochemical analysis recognized the important role of the protease enzyme secreted by Actinobacter sp. toward the efficient 
reduction of Au (III) ions. Further research suggested that molecular oxygen slows down the reduction of gold possibly by 
inhibiting the protease activity [55]. These studies point toward the important role of controlling simple reaction parameters 
for controlling the size and shape of nanoparticles during biosynthesis. Additional experiments further revealed the probable 
involvement of cytochrome oxidase as the primarily responsible component for the reduction of aqueous Au (III) ions. 

fiGUre 20.1 (a) TeM image and (b) electron diffraction of Au nanoparticles synthesized using Thermomonospora sp. Images reprinted 
with permission from Ref. [53]. © 2003, American chemical Society. 
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Furthermore, Bharde et al. identified a group of three proteins that were found to guide the assembly of smaller spherical Au 
nanoparticles toward triangular nanoparticles. Such investigations started revealing some of the potential biochemical path-
ways involved in nanoparticle biosynthesis, further leading to the isolation of the metal ion reducing proteins [9]. This 
knowledge about the involved biomolecular mechanisms may help promote eco-friendly fabrication strategies for large-scale 
synthesis of technologically important nanomaterials.

In addition to employing actinomycete, Sastry’s group systematically investigated a range of fungi for the synthesis of metal 
nanoparticles including gold, silver, and gold-silver bimetallic nanoparticles. Their initial research demonstrated the ability of 
fungus Verticillium sp. to accumulate Au nanoparticles within the fungal biomass (Fig. 20.2a–d). The accumulation of Au 
nanoparticles in the fungal biomass was evident due to the conversion of white fungal biomass to a dark purple color and the 
presence of a characteristic Au surface plasmon resonance (SPR) feature at 550 nm in the biomass [56]. The same fungus, on 
treatment with Ag (I) ions, also resulted in the intracellular manifestation of Ag nanoparticles (Fig. 20.2e–g) [56, 57]. Although 
the mechanism of reduction is not clear, it was postulated that the first step might involve the trapping of metal ions on the sur-
face of cells via electrostatic interaction due to the presence of charged amine and carboxylic groups. These ions are further 
reduced to form nuclei that grow to form nanoparticles as more ions are reduced. Further, preliminary experiments showed the 
ability of endophytic fungus Colletotrichum sp. to successfully yield anisotropic gold nanoparticles of rod-like and prismatic 
morphology [58]. Similar to Verticillium sp., plant pathogenic fungus Fusarium oxysporum was also capable of reducing gold 
ions to gold nanoparticles [59] and silver ions to form silver nanoparticles [60]. These biogenic silver and gold nanoparticles 
were mostly similar in size typically ranging from 20 to 50 nm in diameter. In addition for its ability to reduce individual metal 
ions, when F. oxysporum was exposed to equimolar solutions of HAucl

4
 and AgNO

3
 simultaneously, it resulted in highly stable 

Au–Ag alloy nanoparticles of varying mole fractions [61]. The presence of a single SPR feature gradually shifting from nano-
gold to nanosilver plasmon peaks clearly suggested the formation of gold-silver alloy nanoparticles instead of a segregated 
metal or core/shell-type structure. Similarly, Nair and Pradeep also showed the ability of different Lactobacilli strains to reduce 

fiGUre 20.2 (a) UV-vis spectra obtained from dried biomass of Verticillium sp. before (dashed line) and after (solid line) exposure to gold 
ions demonstrating the synthesis of Au nanoparticles. (b) XRD pattern of Au nanoparticles from dried biomass of Verticillium sp. Inset shows 
fungal biomass before (upper panel) and after (lower panel) exposure to gold ions indicating Au nanoparticles within fungal biomass. (c-d) 
TeM images of a thin section of fungal biomass showing the presence of intracellular Au nanoparticles. (e) SeM image and (f) TeM images 
of Verticillium sp. mycelium showing Ag nanoparticles. (g) UV-vis spectrum obtained from Verticillium biomass indicating the presence of 
Ag nanoparticles. Images reprinted with permission from Refs. [56, 57]. © 2001, Wiley-VcH Verlag GmbH & co. KGaA and © 2001, 
American chemical Society. 
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noble metal ions [62]. Typically, these Lactobacilli strains were able to form gold, silver, and gold-silver alloy nanoparticles 
intracellularly. comparable to the earlier case, the UV-visible spectra obtained from the nanoparticles synthesized by simulta-
neous exposure of Au and Ag ions showed a plasmon band at 537 nm, which is centered between the plasmon bands observed 
for pure Ag and Au nanoparticles, respectively, indicating the formation of an Au-Ag alloy and not a core shell structure. 
Interestingly, the intracellular manifestation of these nanoparticles created a metal environment within the bacterial cell, which 
was exploited by Nair and Pradeep toward mapping the bacterial cell using surface-enhanced Raman scattering (SeRS). 
considering the sensitivity of SeRS-based sensors, it may be of utmost importance to explore this avenue of research to further 
enhance the Raman signals from within the bacterial cell. This could lead to the identification of infectious agents in humans 
and animals by looking for fingerprint molecules in these microbes [62].

In addition to employing biological entities like bacteria, fungi, and cyanobacterial species that offer a unique ability to 
transform metal ions to nanoparticles, plant and plant extracts offer an exciting and unique fabrication strategy, as this technique 
is fast, generally extracellular and with faster rate of reduction. Moreover, several plant species have been reported to have resis-
tance machineries to manage the metal ion stress similar to that found in the bacterial system. For instance, it was recently 
reported that Iris pseudocorus (yellow iris) could tackle copper stress environment by transforming ionic copper to metallic 
copper nanoparticles in and near its roots with some degree of assistance from the endomycorrhizal fungi present in association 
with these plants [63]. Although this ability of plants to synthesize nanoparticles in a high stress environment is fascinating, the 
ability to use leaf extracts of different plants for rapid synthesis of nanoparticles appears more exciting from a practical perspec-
tive. Sastry et al. used a range of plant extracts including germanium (Pelargonium graveolens) [58, 64], lemongrass 
(Cymbopogon flexuosus) [65], and neem (Azadirachta indica) [66] for the synthesis of gold nanoparticles. Interestingly, these 
particles showed high degree of morphological control by displaying spherical, triangular, decahedral, and icosahedral shapes. 
The presence of alcohol, terpenoids, flavonoids, and aldehyde/ketone groups present in these extracts were believed to facilitate 
the reduction of chloroaurate ions.

Furthermore, as an application of biosynthesized metal nanoparticles, the ability of gold nanotriangles biosynthesized by 
lemongrass extract was elucidated toward the detection of aqueous mercuric ions at ultra-low femtomolar concentrations [67]. 
This is an important application of biosynthesized nanomaterials, as mercury is one of the most serious environmental pollut-
ants that are known to have serious detrimental effects on living organisms. Particularly, in humans, mercury causes severe 
aliments to the kidney, heart, nervous system, respiratory system, and muscles. In addition, mercury is known to amalgamate 
with gold thereby enabling the potential use of gold nanoparticles for environmental sensing applications [38, 68]. The ability 
of these nanotriangles (thin triangular nanoplates) to detect ultra-low concentrations of mercury was attributed to their thin 
nature and the presence of thermodynamically unstable high energy sites at the nanotriangle edges, which facilitates a high 
level of amalgamation of these nanotriangles with mercury. It was observed that during the process, mercury did not get incor-
porated into the lattice structure of Au nanotriangles; however, mercury caused deconstruction of the high energy tips and 
edges, resulting in damaging nanostructure morphology. Further experiments revealed that these nanotriangles showed high 
specificity toward the detection of mercuric ions [67]. In addition, Katti and co-workers reasoned that phytochemicals present 
within plants possess a plethora of antioxidant properties that could serve as chemical reducing agents for the reduction of 
metal salts into their corresponding nanoparticulate forms. They hypothesized that the polyphenols, phytoestrogens, and 
related chemicals in plants could provide a robust coating of tumor-specific phytochemicals on the surface of gold nanopar-
ticles that provides a basis for green nanotechnological processes for the production of cancer-specific gold nanoparticles. The 
results reported by them provided experimental evidence toward the validation of these hypotheses [69–74]. This group 
further exploited the reduction capabilities of antioxidant phytochemicals present in green tea, soybean, cumin, and cinnamon 
for reducing gold salts into nanoparticles with consequent coatings of these polyphenols, phytoestrogens, and a host of other 
phytochemicals present in these phytoextracts [69, 71, 73]. Interestingly, due to robust phytochemicals surface modification, 
these nanoparticles showed remarkable stability under a range of pH conditions and did not aggregate in high salt concentra-
tions and other biologically relevant media [69, 71, 73]. Some of these biosynthesized gold nanoparticles were also employed 
for electrochemistry applications including the study of electron transfer rates in molecules [75, 76], biomedical applications 
including drug delivery [71, 77], imaging [72, 73], targeted therapy [74], and for catalytic reactions to reduce common envi-
ronmental pollutants [78].

Unlike gold, ionic forms of silver, copper, selenium, and tellurium are known to be highly toxic to biological cells [79, 80]. 
Nonetheless, several strains of biological organisms have mechanisms in place for efficient remediation of these toxic metal 
ions. Incidentally, several silver resistant bacterial species are reported to accumulate metallic silver as much as 25% of the 
dry weight biomass [79, 81]. The first report on the biosynthesis of silver nanoparticles was on using a silver resistant 
bacterium Pseudomonas stutzeri AG259 isolated from silver mines. In a pioneering study, Klaus et al. exposed P. stutzeri 
AG259 to high concentrations of silver ions that resulted in the intracellular (periplasmic space) accumulation of silver and 
silver sulfide nanoparticles. These particles typically ranged in diameter from a few nanometers to 200 nm with different 
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 morphologies such as triangles, hexagons, and spheres [79]. Furthermore, as an extension of this work, Joerger and co-work-
ers showed the ability to directly synthesize cermet materials by heat treating the Ag nanoparticles containing bacterial bio-
mass [81]. The hard coatings of cermet materials were found to be resistant to mechanical scratching and their optical 
properties could be tailored by varying the silver loading factor. This ability to synthesize biofilms of metal nanoparticles 
embedded in a biological matrix has important applications in the synthesis of cermet materials for optically functional thin 
film coatings. Although the ability of P. stutzeri to survive in high silver ion concentration regions was poorly understood at 
that time, with the advent of sophisticated techniques several groups have now postulated the presence of a silver ion binding 
protein and other associated proteins on the cell surface as potentially responsible factors for the reduction of silver ions to 
form silver nanoparticles [80, 82–84].

A more recent study established a direct correlation between the silver resistance machinery (Sil gene cluster) of 
bacteria Morganella spp. and their Ag nanoparticles biosynthesis ability [80, 83, 84]. Additional studies further defined 
the possible presence of a silver ion reductase enzyme in biological systems, especially in silver resistant species. 
Furthermore, a M. psychrotolerans, psychrotolerant (cold-tolerant) species from the same genus, was demonstrated for 
shape controlled biosynthesis of Ag nanoplates by controlling the bacterial growth kinetics by growing them at different 
temperatures (Fig.  20.3) [80]. Morganella spp. is the only example so far, wherein all the biogroups belonging to a 
particular genus have been shown for their ability toward Ag ion reduction, thus establishing this nanoparticle synthesis 
ability as a genus-wide phenotypic attribute of genus Morganella [83]. It was also established that this phenotypic feature 
of Morganella is independent of environmental variable and is strongly associated with the silver resistance machinery 
of these silver resistant bacterial. Due to the well-known similarities between the silver and copper resistance machineries 
in different bacterial systems, M. morganii was further reported for its ability to synthesize pure metallic copper 
 nanoparticles (without any passivating oxide layer) in an aqueous phase (Fig. 20.4) [85]. This was the first time that the 
important role of the similarities in the bacterial heavy metal resistance machinery was outlined toward the synthesis of 

fiGUre 20.3 TeM images of Ag nanoparticles biosynthesized using Morganella psychrotolerans at (a) 25°c, (b) 20°c, (c) 15°c, and  
(d) 4°c. Images reprinted with permission from Ref. [80]. © 2011, American chemical Society.
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technologically important nanomaterials. The biosynthesis of pure copper nanoparticles is particularly important as 
chemical  synthesis approaches or previously employed biosynthesis approaches led to the stabilization of copper parti-
cles in its oxide form due to the propensity of surface oxidation of metallic copper. chemical synthesis approaches, 
through which pure metallic copper nanoparticles can be produced, require strong capping agents and laborious synthesis 
processes to prevent surface oxidation [86, 87].

Similar to gold and silver nanoparticles, palladium nanoparticles biosynthesis is also of great interest with reports appearing 
in the early 2000s using sulfate reducing bacterium Desulfovibrio desulfuricans in the presence of molecular hydrogen or 
 formate as electron donor [88]. Similar to the case in S. algae for platinum biosynthesis, the activity of enzymes hydrogenase 
and/or cytochrome c3 were postulated to be responsible for the reduction of palladium precursors [43]. Interestingly, the 
absence of anaerobic conditions did not alter the production of palladium nanoparticles, as aerobic conditions are known to be 
toxic to the bacterium and hydrogenase enzyme. Similarly, other bacterial species belonging to genus Desulfovibrio and 
Shewanella also showed ability to reduce palladium precursors [89–91]. These palladium nanoparticles were shown to be effi-
cient catalysts toward dehalogenation reactions with some biologically synthesized Pd catalysts showing better response than 
chemically synthesized Pd nanoparticles [88–91].

The use of bacteria toward the synthesis of selenium and tellurium nanoparticles is fascinating due to its significant impor-
tance in the semiconductor industry [92]. Unlike gold, silver, and copper, selenium and tellurium ions are toxic to bacterial 
cells at ultra-low concentrations. However, the Mother Nature has devised resistance systems that are unique and intelligent 
to counter these toxic metalloid ions. Oremland and co-workers have isolated several bacterial species from metalloid-rich 
environments that have the ability to convert these toxic ions to nanoparticles. These organisms include Sulfurospirillum 
barnesii, Bacillus selenitireducens, and Selenihalanaerobacter shriftii, wherein the first two species were able to reduce sel-
enate and tellurate oxyanions to selenium and tellurium nanoparticles, respectively, while the latter could only reduce selenate 
to selenium nanoparticles [93, 94]. Although some bacterial species showed the ability to reduce both these metalloid ions, 
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fiGUre 20.4 Schematic representation of the potential similarities between the copper and silver resistance systems that enables 
Morganella morganii, a silver resistant organism, to synthesize cuNPs. The top and the bottom sides of the schematic show the outer surface 
and the inner cytoplasmic end of the bacterium, respectively. Typically, the process involves the uptake of cu2+ ions by the bacterium (step 1) 
followed by the presentation of cu2+ ions to the silver resistance machinery (step 2). This initiates a number of processes whereby either a 
metal ion reductase or similar proteins bind to cu2+ ions (step 3), thereby reducing them to cu0 nanoparticles (step 4). The biosynthesized 
nanoparticles are thereafter released from the cell using a cellular efflux system (step 5). Images reprinted from Ref. [85]. Reproduced by 
permission of The Royal Society of chemistry (RSc). 
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the morphology of these nanoparticles were unique in each case that span from spherical 300 nm particles to nanorods of 
approximately 10 nm in diameter by 200 nm length, which clustered together in time to form large rosettes (~1000 nm) con-
taining individual shards of 100 nm width by 1000 nm length. Persistent research by these research groups have unraveled 
some of the mysteries (metal reductases) and elucidated the biochemical pathways involved in the reduction, but a large void 
in the available literature continues to persist, particularly in the context of exact biochemical mechanism involved in metal 
nanoparticle biosynthesis.

In addition to the synthesis of metal nanoparticles by bacteria and fungi, plants and plant extracts have also shown the 
ability to reduce and synthesize metal nanoparticles. A few examples of plant extract-based metal nanoparticle synthesis like 
gold and copper have been discussed earlier. Additionally, plant-based routes have led to the formation of silver and gold-
silver alloy nanoparticles. For example, Azadirachta indica plant extract was earlier reported for its ability to reduce gold ions 
[66], and it also showed the ability to reduce silver ions [66]. This plant species was further employed to reduce gold and silver 
together to form a bi-metallic nanoparticulate system thus enabling this route to compete with chemical synthesis fabrication 
protocols.

20.4 metal oxide nanoparticleS

Similar to metal nanoparticles, metal oxides are an important class of inorganic materials that are extensively used in a wide 
range of applications including catalyst support, semiconductors, separation media, and biology [4, 95–97]. In biological sys-
tems, several organisms have already been reported for their ability to process metal ions to their oxide form (Table 20.2). One 
such important process that has been widely studied is “biosilicification” wherein marine organisms like diatoms, sponges, and 
radiolarians take up and process soluble silicon to form ornate hierarchical patterns of biosilica [18, 98–101]. Although several 
biological and bio-inspired methods for the synthesis of silica provide an environmentally benign and energy-conserving 
 process [18, 98–106], there have hitherto only been limited efforts toward the exploration of microorganisms like bacteria and 
fungi for the biosynthesis of oxide nanoparticles.

Bansal and co-workers explored the possibility of employing eukaryotic organisms such as fungi for the synthesis of 
metal oxide nanoparticles. To achieve metal oxide nanoparticle biosynthesis, these researchers chose plant pathogenic 
fungi such as Fusarium oxysporum and Verticillium sp. as potential candidates based on the rationale that plant pathogenic 
fungi produce a large amount of extracellular hydrolases. These hydrolytic enzymes might also be able to hydrolyze metal 
oxide precursors into their respective metal oxide nanoparticle form, when these precursors are exposed to plant patho-
genic fungi. Based on this rationale, the biological synthesis of a range of simple binary and complex ternary oxide 
nanoparticles including silica (Fig. 20.5a) [107], titania (Fig. 20.5b) [107], zirconia (Fig. 20.5c) [108], magnetite [109], 
and barium titanate [110] could be achieved. Detailed investigations revealed that the fungus F. oxysporum releases at least 
two low molecular weight cationic proteins that were capable of hydrolyzing the aqueous anionic complex precursors 

taBle 20.2 list of biological entities employed for metal oxide nanoparticle synthesis

Microorganism Oxides References

Fungi

Fusarium oxysporum SiO2
, TiO

2
, ZrO

2
, BaTiO

3
, Bi

2
O

3
, Fe

3
O

4
[107–110, 115]

Verticillium sp. Fe
3
O

4
[109]

Humicola sp. cuAlO
2

[119]

Bacteria

Geobacter metallireducens Fe
3
O

4
[114]

Magnetotactic bacteria Fe
3
O

4
[111]

Actinomycete

Actinobacter sp. Fe
3
O

4
, γ-Fe

2
O

3
[112, 113]

Plant and plant extract

Glycine Max (Soy bean) Fe
3
O

4
[116, 117]

Salix viminalis ZnO and laMnO
3

[118]
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(SiF
6

2–, TiF
6

2–, and ZrF
6

2– ions) employed in these studies [107, 108]. However, the evolutionary role of these hydrolytic 
enzymes during the life cycle of the fungus is still unclear. Although the morphology of these oxides are similar, magnetite 
nanoparticles synthesized by F. oxysporum and Verticillium sp. were significantly different as the former fungus synthe-
sized particles of 20–40 nm in diameter, while the latter yielded a super-assembly of smaller magnetite nanoparticles into 
cubical structures, with an edge length of 100–400 nm [109]. In addition to fungi, several bacterial species, plants, and 
actinomycete have also been reported for their ability to synthesize magnetite nanoparticles [111–114] that are outlined in 
Table 20.2. Recent studies have shown the ability of F. oxysporum for the synthesis of extremely small (5–8 nm) bismuth 
oxide nanoparticles at room temperature [115]. This material typically showed a mixture of monoclinic and tetragonal 
phase, which is quite remarkable given that these materials exhibit a tetragonal phase when heated above 700°c. Incidentally, 
several plant species have also been known to accumulate and synthesize simple (Fe

3
O

4
 and ZnO) [116, 117] and complex 

(laMnO
3
) [118] metal oxide nanomaterials, which are either in response to high metal stress environment or synthesized 

by deliberately exposing them to metal ions.
In addition to the ability of fungal species to synthesize simple metal oxides, some species of fungi were also able to synthe-

size complex metal oxides such as barium titanate and chemically “difficult-to-synthesize” multifunctional cuAlO
2
 nanopar-

ticles [119]. The ability of fungus F. oxysporum to synthesize ultra-small sub-10 nm tetragonal barium titanate nanoparticles in 
the presence of barium acetate and potassium hexafluorotitanate precursors is quite fascinating as this fungus is not known to 
encounter these metal ions in their natural habitat [110]. It is important to highlight that BaTiO

3
 is a technologically important 

material, however this material loses its ferroelectric properties in its nano-form, as the BaTiO
3
 crystals transform from 

tetragonal (bulk) to cubic (nano) phase [120]. However, the ultra-small BaTiO
3
 nanocrystals formed by fungus F. oxysporum 

could retain their ferroelectric properties even below sub-10 nm size regime, as was demonstrated through room-temperature 
ferroelectricity and ferroelectric-relaxor behavior studies. Additionally, Kelvin probe microscopy further enabled the electrical 
writing and thereafter reading the information on individual BaTiO

3
 nanoparticles synthesized by this fungus. This opens up 

exciting opportunities in terms of synthesizing organic-inorganic hybrid biogenic materials on a large scale for applications in 
the field of electronics.

fiGUre 20.5 TeM images of silica (a), titania (c), and zirconia (e) nanoparticles biosynthesized using the fungus F. oxysporum. Insets in 
(a), (c), and (e) correspond to the selected area electron diffraction patterns recorded from the particles shown in the respective main figure. 
The particle size histograms of the silica, titania, and zirconia particles presented in images (a), (c), and (e) are shown in (b), (d), and (f), 
respectively. Images reprinted from Refs. [107, 108]. Reproduced by permission of The Royal Society of chemistry (RSc). 
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20.5 metal SUlfide nanoparticleS

There is significant interest in developing protocols for efficient and environmental friendly synthesis of semiconductor mate-
rials such as cdS for cell labeling applications due to their unique size-dependent chemical and physical properties. The differ-
ent biological entities employed for the synthesis of metal sulfide nanoparticles are summarized in Table 20.3. Of the different 
biological entities, bacteria have shown considerable success in the synthesis of cdS nanoparticles with several species including 
Escherichia coli [121], Klebsiella sp. [122, 123], and Clostridium thermoaceticum [124]. Some of these bacterial strains 
belonging to Klebsiella pneumoniae were specific toward the synthesis of cdS nanoparticles as other metal sulfides were not 
detected on exposure to Pb and Zn ions [122]. The sulfide source in the case of Klebsiella sp. and C. thermoaceticum was pri-
marily from the amino acid cysteine, which is either added to the bacterial growth medium or via the activity of cysteine desulf-
hydrase enzyme. Of the aforementioned bacteria, when E. coli was incubated with cadmium chloride and sodium sulfide, it 
intracellularly synthesized 2–5 nm cdS nanocrystals of wurtzite crystal phase [121]. In contrast to bacterial systems wherein 
the quantum dot nanocrystals are found intracellularly, the fungus F. oxysporum was shown for its ability to synthesize cdS 
quantum dots extracellularly [125]. Further analysis using polyacrylamide gel electrophoresis (SDS-PAGe) indicated the 
presence of at least four protein bands in the aqueous extract of the fungal biomass that were proposed to be potentially respon-
sible for the formation of cdS nanocrystals.

The employment of bacteria for the synthesis of cdS nanoparticles was fascinating in itself, but remarkably Dameron et al. 
showed the unique ability of yeast toward intracellular synthesis of quantum semiconductor crystallites. In these studies, two 
different yeast species, namely, Candida glabrata and Schizosaccharomyces pombe, were exposed to aqueous cadmium ions 
following which 1–3 nm nanocrystallites of cdS nanoparticles were found deposited intracellularly [30, 126]. Phytochelatins 
with the general structure (γ-Glu-cys)

n
-Gly, where “n” ranged from 2 to 6, were found to control the nucleation and growth of 

cdS nanoparticles. Furthermore, the synthesis efficiency for cdS nanocrystals was improved by exposing S. pombe cells to 
aqueous cadmium ions in their mid-log phase of growth, suggesting the importance of the growth phase on the synthesis of 
nanomaterials. In addition to improving the efficiency of nanoparticle synthesis, the authors also demonstrated the ability of 
Torulopsis sp. (yeast) for the synthesis of spherical PbS nanocrystals within the quantum confinement regime [127]. The property 
of yeast for the synthesis of metal sulfides was postulated to be the result of metal-chelating peptides that nullify the stress gen-
erated by these metal ions. A classic bioremediation pathway is followed by yeast cells wherein the exposure of metal ions ini-
tially results in a metal ion-γ glutamyl complex with an increase in the intracellular sulfide ion level. This is followed by the 
complexation of sulfide ions with cd or Pb ions to form cdS or PbS nanocrystals that further accumulate in the vacuoles within 
yeast cells. In an interesting study, Banfield and co-workers employed natural biofilms of sulfate-reducing bacteria from the 

taBle 20.3 list of biological entities employed for metal sulfide nanoparticle synthesis

Microorganism Sulfides References

Bacteria

Escherichia coli cdS [121]
Clostridium thermoaceticum cdS [124]
Klebsiella pneumoniae cdS [122]
Klebsiella planticola cdS [123]
Sulfate reducing bacteria ZnS [128]
Magnetotactic bacteria Fe

3
S

4
[129, 130]

Fungus

Fusarium oxysporum cdS [125]

Actinomycete

Actinobacter sp. Fe
3
S

4
, FeS

2
[113]

Yeasts

Candida glabrata cdS [30]
Schizosaccharomyces pombe cdS [30, 126]
Torulopsis sp. PbS [127]
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family Desulfobacteriaceae for the synthesis of sphalerite (ZnS) particles [128]. This complex ZnS biomineralization was found 
to significantly reduce the concentration of Zn below acceptable levels for drinking water suggesting a cheaper and eco-friendly 
alternative for water purification. In addition to cd, Zn, and Pb sulfides, iron sulfide nanoparticles belong to an important class 
of materials known for their magnetic properties. Incidentally, in the biological world, iron sulfide is naturally found in strains of 
magnetotactic bacteria [129, 130]. There have been reports using other bacterial systems for the synthesis of iron sulfide nanopar-
ticles that are within the permanent single magnetic domain size. Very recently, Bharde et al. have shown the ability of actinomy-
cete Actinobacter sp. for its ability to synthesize magnetic iron sulfide nanoparticles extracellularly under aerobic conditions 
[113]. These nanoparticles were synthesized with ferric ions in the presence of exogenous sulfate source and typically encom-
passed Fe

3
S

4
 and FeS

2
 of 20 nm diameter. The important role of bacterial sulfate reductases for the conversion of sulfate into 

sulfide was postulated with several low molecular weight proteins found to be involved in the stabilization of these particles.

20.6 metal carBonate nanoparticleS

earlier strategies of metal carbonates synthesis focused on using a biomimetic approach, wherein an external source of cO
2
 

along with metal ions was employed in the presence of different biomacromolecules, which react to form carbonate 
nanoparticles [9]. Although biomimetic processes have resulted in different mineral polymorph and morphological control, a 
biosynthesis approach was proposed to overcome the necessity for an external cO

2
 source. Sastry’s group, in addition to 

engaging fungus and actinomycete for the synthesis of metal, metal oxide, and metal sulfide nanoparticles, also tailored these 
organisms for the extracellular synthesis of a range of carbonate materials including cacO

3
, BacO

3
, SrcO

3
, cdcO

3
, and 

PbcO
3
. This was achieved as these organisms are known to produce cO

2
 as a by-product during the organisms’ active aerobic 

metabolism process. The versatility of these organisms in synthesizing different kinds of nanoparticles is quite fascinating and 
intriguing. Fungi including F. oxysporum [131–134], Verticillium sp. [135], Trichothecium sp. [131], and actinomycete including 
Rhodococcus sp [132] and Thermomonospora sp [135] were employed for the synthesis of the aforementioned carbonate 
species. Interestingly, these carbonates displayed different crystal phases with different morphologies ranging from flat circular 
to cubic to star-shaped depending on the fungus/actinomycete employed for the synthesis. The variability in morphology and 
crystal phases could be attributed to the production of species-specific proteins that might be responsible for the synthesis of 
these materials. The important fact that the synthesis of these carbonates minerals proceeds via endogenous production of cO

2
 

makes this biosynthesis approach a truly biogenic method for synthesizing biominerals. The different biological entities 
employed for the biosynthesis of different biominerals are summarized in Table 20.4.

20.7 BioleachinG: a trUly “Green” BioloGical approach

The aforementioned synthesis routes for the biosynthesis of technologically important nanomaterials are fascinating, but in 
most cases an external metal ion chemical source is essential. In contrast, bioleaching is a tool promoted by algae, mosses, 
lichens, plants, animals, actinomycetes, a variety of bacteria, and a few fungi in their natural habitats for the low-cost extraction 
of various metals [136–138]. Bioleaching employing microorganisms have been used at a commercial level for the recovery of 
metals like gold, copper, and iron. Although bioleaching approaches are employed for metal recovery, this approach was not 
originally investigated in the context of nanoparticle formation.

taBle 20.4 list of biological entities employed for biominerals synthesis

Microorganism Biominerals References

Fungi

Verticillium sp. BacO3
, cacO

3
[135]

Trichothecium sp. cacO
3

[131]
Fusarium oxysporum cacO

3
, cdcO

3
, PbcO

3
, SrcO

3
[131–134]

Actinomycetes

Rhodococcus sp. cacO
3

[132]
Thermomonospora sp. BacO

3
 and cacO

3
[135]
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For instance, silica-based materials are commonly found in nature, which are formed via biological processes undertaken 
by  biological entities including plants, diatoms, sponges, fungi, and bacteria [18, 85–88]. Several groups have developed 
 biomimetic routes for the synthesis of silica with excellent control over morphology [18, 85–93]. However, a unique bioleach-
ing approach for the efficient extraction of siliceous materials from natural sources was developed by Bansal and co-workers. 
This involved a biology-based model system wherein silica was extracted from naturally available raw materials like white sand 
and zircon sand as well as from agro-industrial by-products like rice husk, thereby negating the use of chemical precursors 
[139]. The versatile fungus F. oxysporum was employed for bioleaching of silica from complex silicates present in the white 
sand that was proposed to proceed via a two-step process. This involved the initial hydrolysis and leaching of silicate complexes 
in the form of silicic acid from the sand, followed by its condensation to form silica nanoparticles capped by stabilizing proteins 
from the fungus. The possibility for the extraction of silica from white sand was further extended with investigating raw mate-
rials that are available naturally for the synthesis of nanomaterials using a fungus-mediated bioleaching approach. Interestingly, 
bioleaching of silica from rice husk using F. oxysporum could not only leach the amorphous silica present in rice husk, but could 
also transform this amorphous silica to crystalline silica at room temperature [140]. The critical role of the fungal metabolism 
in the phase transformation of amorphous to crystalline silica was confirmed by employing extracellular cationic proteins from 
this fungus for silica bioleaching, which could only leach the amorphous siliceous material from rice husk in the form of silica 
nanoparticles, without transforming them to a crystalline phase. This ability to use naturally available raw materials for nanopar-
ticle biosynthesis was an interesting concept and therefore the same group further investigated whether the fungus F. oxysporum 
offers selectivity in terms of nanomaterial synthesis. This is because biological catalysts (e.g., enzymes) are well known for 
their high selectivity toward certain reactions. To check this possibility, Bansal and co-workers exposed F. oxysporum to zircon 
sand (Zr

x
Si

1−x
O

4x
), which is a mixture of zirconia (ZrO

2
) and silica (SiO

2
). Interestingly, this fungus was able to selectively leach 

out silica from zircon sand in the form of nanoparticles. Notably, zircon sand is a technologically important refractory material 
and its commercial value is dependent on the amount of zirconia component present in this material. This selective leaching of 
silica from zircon sand offered dual advantages, namely, while the leaching of silica from zircon sand yielded highly crystalline 
silica nanoparticles c as a product, the process added value to the original raw material (zircon sand) by enrichment of zirconia 
in zircon sand. This unique and efficient bioleaching approach may be extended toward extracting important nanomaterials 
from other minerals present in large quantity in natural environments.

20.8 novel approach toward BioSyntheSiS

The preceding sections have shown the potential of naturally existing biological entities toward the synthesis of nanoparticles. 
The quest to synthesize new materials with interesting properties has pushed the boundaries to fresher limits and we are devel-
oping new fabrication strategies to cope with this demand. One such interesting strategy is to tailor organisms by the incorpo-
ration of genes responsible for the production of different biochemical molecules that bind and reduce heavy metal ions. For 
instance, the biochemical mechanism in certain plant-based synthesis have been elucidated wherein phytochelatins (Pch) and 
metallothionein (MT) have been identified as potential targets due to the strong binding nature of these proteins to complex 
heavy metal ions including copper, silver, cadmium, lead, mercury, and zinc [141–143]. In a recent study, a range of fairly 
monodisperse metal (Au, Ag), semiconductor (cdZn, cdSe, cdTn, SeZn, cdSeZn, Te, cdSeZnTe), magnetic (Fe, FeAg, Feco, 
FeMn, FecoNi, FecoMn), mono- (cdcs) and di-electric earth, and rare fluoride (PrGd, SrGd, SePr) nanoparticles were syn-
thesized by expressing Pch from Arabidopsis thaliana and/or MT from Pseudomonas putida in recombinant E. coli DH5α cells 
(Fig. 20.6) [144]. Interestingly, some of the bi- and tri-metallic nanoparticles synthesized using this technique are yet to be 
achieved via a chemical synthesis route. Moreover, varying the metal ion concentration allowed the particle size to be retained 
below 10 nm diameter, thereby displaying interesting properties of quantum dots and florescent semiconducting materials. 
These properties were further validated using experimental data wherein these nanoparticles were employed for in vitro conju-
gation of biomaterials and cellular-imaging analysis.

20.9 oUtlook

Several investigations on the biosynthesis of inorganic nanomaterials by bacteria, fungi, algae, yeasts, and plant and plant 
extracts have been made. Although this field of nanoparticle biosynthesis has been extensively studied, there are a number of 
questions that require serious attention before this approach can compete with the existing physical and chemical approaches. 
One major question that requires considerable focus is to elucidate the mechanistic aspect of nanoparticle biosynthesis by these 
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fiGUre 20.6 TeM images of semiconducting nanoparticles synthesized using recombinant E. coli cells—expressing phytochelatin syn-
thase from Arabidopsis thaliana (a) cdZn, (b) cdSe, (c) cdTe, and (d) SeZn; expressing both A. thaliana phytochelatin synthase and 
Pseudomonas putida metallothionein (e) cdZn, (f) cdSe, (g) cdTe, and (h) SeZn. The HRTeM images show the interplanar spacing in the 
lattice. Images reprinted with permission from Ref. [144]. © 2010, Wiley-VcH Verlag GmbH & co. KGaA. 
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organisms. likewise, the surface chemistry of biosynthesized nanoparticles still requires substantial understanding. As shown 
in a few investigations [80, 85], the important role of metal resistance in an organism’s ability to synthesize nanomaterials 
would have significant potential to employ a rational approach for nanoparticle biosynthesis. Additionally, only recently 
engineered organisms modified to over-express phytochelatins and metallothionein (that are known to bind to metal ions) have 
been employed for the synthesis of a range of important nanomaterials [144], a strategy that requires serious investigation. 
lastly, the commercial applicability for the large-scale synthesis of inorganic nanomaterials using a biosynthesis approach is 
yet to be seen. An understanding of the important questions of the mechanism and surface chemistry will enable this approach 
to be used on an industrial scale for the synthesis of inorganic nanomaterials.
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21

21.1 iNtroDuCtioN

21.1.1 Global Warming

Over millennia, the temperature of the earth has evolved and has experienced warming and cooling cycles. With the passage 
of time, the earth has reached a dynamic equilibrium between the amount of heat received from the sun and the amount lost 
by the planet. It is estimated that the amount of energy that reaches the top of the atmosphere during the day is 1.360 W m–2 
[1], and 30% is reflected back into space. Two-thirds of these reflections are due to clouds and aerosols. The other third is 
due to the light areas on the earth’s surface such as ice, deserts, and snow. The remainder of the energy not reflected is 
absorbed by the atmosphere and the surface of the earth. Theoretically, the average temperature of the earth should be –18°C 
in order to be able to support life in hostile conditions. To maintain the thermal balance, the earth in its natural rotation 
cycle exposes a portion of this energy to sunlight (the adsorbed energy), while the dark side begins a cooling process. 
During this cooling process, a  portion of the energy is radiated from the earth’s surface into space (in the form of heat 
waves) and absorbed by some  constituents in the atmosphere, mainly water vapor, carbon dioxide, ozone, oxide monoxide, 
and methane (known as greenhouse gases), by increasing the average temperature of the earth to 15°C, to keep the water in 
liquid form and sustain life on the planet. These greenhouse gases naturally regulate the average temperature of the earth 
to sustain life.

In the last 100 years, the average global temperature has increased by 0.8°C, of which the 0.6°C increase has occurred in the 
last three decades [2]. This change is largely due to the increase in the concentration of water vapor, methane, nitrogen oxides, 
ozone, and carbon dioxide, most of which are a result of human activities such as burning fossil fuels, industry, manufacturing 
of fertilizers, and deforestation, among others.

The most common among these is carbon dioxide (CO
2
), which is added every day in large quantities due to the burning of 

fossil fuels. Global awareness has turned its attention to this gas as the main cause of global warming. This fact can be seen 
when analyzing the data collected and published by the Division of National Oceanic and Atmospheric Administration (NOAA) 
of the Department of Commerce of the United States, which noted carbon dioxide concentration in the atmosphere of 396.08 ppm 
in its report of February 2013 (Fig. 21.1).

The data on CO
2
 concentration in the atmosphere obtained by Charles David Keeling at the south pole and in Hawaii since 

1958 generated a graph known as the Keeling curve (Fig. 21.2). Obviously, CO
2
 concentration has increased by just over 25% 

over the past 54 years, reaching a level of 398 ppm in 2013, and growing at a rate of about 1.5 ppm each year.



352 NANOmATERIALS FOR CARbON DIOxIDE ADSORpTION

There is a clear relationship between the increase in global average temperature and the concentration of CO
2
 in the 

atmosphere. Countries like the United States, China, and India with populations of 2.953 million to 2011 million (41.6% of 
world population) generate just over 52% of CO

2
 emissions [4]. Figure 21.3 shows the relationship between the population and 

CO
2
 emissions in 2011.

Figure 21.4a shows greenhouse gas emissions by sector in the United States. Using this categorization, emissions from 
electricity generation accounted for the largest portion (33%), transportation activities accounted for the second largest portion 
(27%), while emissions from industry accounted for the third largest portion (20%) of U.S. greenhouse gas emissions in 2010. 
The global picture is not far behind (Fig. 21.4b). The generation of electricity and heat was by far the largest producer of CO

2
 

emissions and was responsible for 41% of world CO
2
 emissions in 2010.
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fiGure 21.1 CO
2
 concentration in the atmosphere (ppm) measured at mauna Loa Observatory Hawaii [3]. The dashed line with  diamond 

symbols represents the monthly mean values, centered on the middle of each month. The line with the square symbols  represents the same, 
after correction, for the average seasonal cycle.
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fiGure 21.3 Relationship between CO
2
 emissions in 2011 and the population by country. Source: http://www.gapminder.org/ 

world-offline/ [4].

fiGure 21.4 (a) U.S. greenhouse gas emissions by economic sector in 2010. Adapted from Ref. [5]. (b) World greenhouse gas emissions 
by economic sector in 2010. Adapted from Ref. [6].
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Although global energy is currently used more efficiently, the demand for oil will continue to increase with the increase of 
the population and the economy. by 2030, it is estimated that oil will contribute to 29% of global energy consumption and solar 
power to 1%. It is estimated that for the same period, the transport sector will have the largest increase in oil demand [7].

In the industry, CO
2
 is used in processes such as the synthesis of urea, methanol, carbonated beverages, in greenhouses [8], 

supercritical extraction [9], and in extinguishers, among others. The volumes generated worldwide far exceed the requirements 
of this gas in these processes.

The urgent need for accessible and affordable energy, based on the burning of fossil fuels and consumption projections 
in the coming decades, requires the development of various technologies to mitigate or minimize CO

2
 emissions to the 

atmosphere.
However, these technologies cannot be used in all sectors. For example, emissions from houses and transportation vehicles, 

which are important due to the volume they generate, can present significant economic challenges for successful implementa-
tion, because these effluents enter the air directly and it is not practical to separate greenhouse gas streams containing a few 
parts per million. This does not happen in the industrial sector, where it is more feasible to capture CO

2
 because of the huge 

volumes and high concentrations that are generated.
The questions that arise are (i) How can we remove or capture CO

2
? and (ii) What do we do with the large amounts of CO

2
, 

once captured? To answer the first question, there are several proven technologies for removing CO
2
; examples of such processes 

in industrial application are precombustion, postcombustion, and oxycombustion. Once removed, greenhouse gases can be 
 disposed of through various proposals, the most studied being the geological sequestration and storage options at the bottom of 
the sea and mineral carbonation or sequestration.

21.2 Co
2
 storaGe aND sequestratioN

21.2.1 Geological sequestration

The most readily available method of sequestration is underground containment. Capturing CO
2
 from major stationary sources, 

transporting it usually by pipeline, and injecting it into suitable deep rock formations for geological storage provide a way of 
avoiding the emission of CO

2
 into the atmosphere. There are a number of oil and gas wells, coal mines, and abandoned salt 

domes or low production yields. These sites have huge open spaces where it is feasible to store CO
2
 at high pressure (Fig. 21.5). 

The engineered injection of CO
2
 into subsurface geological formations was first undertaken in Texas in the United States in the 

early 1970s, as part of enhanced oil recovery (EOR) projects [10]. In 1996, the world’s first large-scale storage project was ini-
tiated by Statoil and its partners at the Sleipner Gas Field in the North Sea. The world’s first large-scale CO

2
 storage project in 

a gas reservoir was conducted in Salah, Algeria [11].
To geologically store CO

2
, it must first be compressed, usually to a dense fluid state known as “supercritical.” Depending on 

the rate at which temperature increases with depth (the geothermal gradient), the density of CO
2
 will increase with depth, until 

at about 800 m or greater, the injected CO
2
 will be in a dense supercritical state (see Fig. 21.6).

The most effective storage sites are those where CO
2
 is immobile because it is trapped permanently under a thick, low- 

permeability seal or is converted into solid minerals (e.g., carbonates) or adsorbed onto surfaces of coal micropores or through 
a combination of physical and chemical trapping mechanisms.

CO
2
 has different water solubilities depending on the temperature, pressure, and dissolved salts. Once dissolved in water, it can 

form carbonic acid or other insoluble carbonates depending on the rock mineralogy. Underground coal is also an adsorbent of 
many substances, including CO

2
, H

2
S, and SO

2
, among others. The carbon affinity for CO

2
 is 2–8 times greater than for methane. 

by contrast, the H
2
S found in gas and sulfur oxides (SO

x
), which are found in the flue gases, have higher affinity for carbon as CO

2
.

The geological disposal of CO
2
 therefore needs to meet three requirements:

1. Capacity: the disposal unit has to have sufficient capacity to receive and retain the intended volume of CO
2
.

2. Injectivity: the ability to inject CO
2
 deep into the ground at the rate that it is supplied from the CO

2
 source.

3. Confinement: if CO
2
 is not confined, then, due to its buoyancy (being lighter than water), it will flow upward, ultimately 

entering the shallow hydrosphere (including potable groundwater), the biosphere, and the atmosphere.

CO
2
 disposal in geological media has not yet been implemented as a mitigation measure for climate change, although CO

2
 

injection and disposal have occurred for different reasons in the last three decades. There are other challenges facing the 
large-scale development of the geological disposal of CO

2
, but they are of an economic, financial, legal, and regulatory nature 

and are also likely to be linked to public attitude toward such developments [14].
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fiGure 21.5 methods for storing CO2 in deep underground geological formations. Courtesy from Ref. [13].
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21.2.2 ocean storage

Captured CO
2
 could be deliberately injected into the ocean at great depth, where most of it would remain isolated from the 

atmosphere for centuries. CO
2
 can be transported via pipeline or ship for release into the ocean or onto the sea floor.

The concept involves the slow exchange of CO
2
 between the bottom water and the sea surface, allowing gas retention for 

millennia.
Analyses of ocean observations and models agree that injected CO

2
 will remain isolated from the atmosphere for several 

hundred years and that the fraction retained will tend to be larger with deeper injection. Additional concepts to prolong CO
2
 

retention include forming solid CO
2
 hydrates and liquid CO

2
 lakes on the sea floor, as well as increasing CO

2
 solubility by, for 

example, dissolving mineral carbonates (Fig. 21.7).

21.2.2.1 Impacts on the Marine Environment Overall, there is limited knowledge of the population in deep water, the 
community structure, and the ecological interactions in deep water. The sensitivity of deep ocean ecosystems to store CO

2
 

remains largely unknown. most ocean storage proposals try to minimize the volume of water with high concentrations of CO
2
, 

either by diluting the CO
2
 in large volumes of water or by isolating the CO

2
 in a small volume (e.g., lakes).

Ocean storage of CO
2
 could occur deep in the ocean where there is virtually no light and a lack of photosynthetic organisms; 

hence, those that could be affected are heterotrophic the organisms, that is, most animals. Therefore, the effects of CO
2
 must be 

identified at individual levels (physiological) of the ecosystem.

21.2.2.2 Mineral Carbonation mineral carbonation results from the reaction of CO
2
 with metal oxide–bearing materials, 

the most attractive metals being calcium and magnesium. In nature, such a reaction is called silicate weathering and it takes 
place on a geological timescale. However, in an industrial scenario, high concentrations of captured CO

2
 are put into contact 

with metal oxide–bearing  materials, thus forming insoluble carbonates [15, 16].
The kinetics of natural mineral carbonation is slow; hence, all currently implemented processes require energy-intensive 

preparation of solid reactants to achieve affordable conversion rates and/or additives that must be regenerated and recycled 
using external energy sources. The resulting carbonated solids must be stored at an environmentally suitable location. The 
 technology is still in the development stage and is not yet ready for implementation. The best case studied so far is the wet 
 carbonation of the natural silicate olivine, which costs between 50 and 100 US$/tCO

2
 stored and translates into a 30–50% 

energy penalty on the original power plant.

Dispersal of CO2 by ship
Dispersal of 
CO2/CaCO3
mixture

CO2/CaCO3
reactor Flue gas

Refilling ship

Rising CO2 plume

Sinking CO2 plume

CO2 lake
CO2 lake

3 km

Captured and
compressed CO2

fiGure 21.7 Some of the ocean storage strategies for CO
2
. Courtesy from Ref. [13].
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21.2.3 processes for Carbon Dioxide Capture

21.2.3.1 Precombustion Capture Figure 21.8 shows the diagram of CO
2
 removal using the precombustion process. The 

system involves capturing CO
2
 before burning the fuel. The fuel gas, liquid, or solid is first transformed into synthesis gas, 

mainly CO and H
2
O, by reforming processes (for liquid and gaseous fuels) or gasification reactors (solid fuel). The latter 

 reaction is commonly called “partial oxidation” and proceeds according to reaction 21.1. The synthesis gas is cleaned to remove 
particles that could damage the turbine or cause problems in subsequent steps of the process.

 
C H H O CO Hx y x x

x y
+ +

+





2 2 22

�  (21.1)

Then CO is converted to CO
2
 and H

2
 by reacting CO with water vapor through a shift reaction (water–gas shift reaction):

 CO H CO H+ +2 2 2Ο �  (21.2)

At this stage, the gas is composed mainly of CO
2
 and H

2
. The concentration of CO

2
 is about 15–60% (dry basis) and the total 

pressure is typically between 2 and 7 mpa. CO
2
 is removed by an absorption process. The typical solvents used for  precombustion 

capture are either physical (i.e., Selexol [18] and Rectisol) or chemical (i.e., methyldiethanolamine [19]). Unlike the solvents 
for postcombustion capture, these technologies are mature and proven on a large commercial scale [20].

Although the initial fuel conversion steps of precombustion are costlier and more elaborate, the higher concentrations and 
higher pressure of CO

2
 in the gas stream make the separation and the subsequent compression of CO

2
 easier than in postcom-

bustion. The removal rate of CO
2
 is over 90%. In precombustion technology, the energy required for water–gas shift reaction, 

solvent regeneration, and compression of CO
2
 could represent anywhere from 14 to 25% of the output in a natural gas combined 

cycle (NGCC) [21].

21.2.3.2 Postcombustion Capture In this method, CO
2
 is captured in a scrubber from flue gases that are close to  atmospheric 

pressure using an absorption process based on chemical solvents, such as amines (e.g., monoethanolamine). This is because 
chemical solvents are less dependent on partial pressure than physical solvents, and the partial pressure of CO

2
 in the flue gas 

is low, typically 4–14% by volume. The gases pass through the absorption column where the solvent reacts with the CO
2
, chemically 
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binding it and removing it from the gas stream. After absorption, the cleaned flue gases primarily contain water vapor and 
climatic inactive nitrogen (see Fig. 21.9). On leaving the scrubber, the solvent is heated to release the nearly pure CO

2
 and the 

solvent can then be reused (Fig. 21.10). Heat from the power plant’s steam turbines is used to raise the temperature to the 
desired level. The captured CO

2
 can be transported to a storage site.

In the case of a power plant using postcombustion capture, the energy required for solvent regeneration and CO
2
 compres-

sion could represent anywhere from 25 to 35% of its output.

21.2.3.3 Oxyfuel Combustion Capture Oxyfuel combustion is still in the demonstration phase and uses high-purity 
oxygen. This results in relatively higher CO

2
 concentrations in the gas stream and, hence, in easier separation of CO

2
 but 

at the cost of increased energy requirements for the separation of oxygen from air. A large amount of oxygen is required 
for combustion, which is obtained from an air separation unit. The flue gas from oxycombustion is compressed and 
chilled to separate out nitrogen, oxygen, and other impurities. The resulting CO

2
 concentration is typically 95 mol% or 

more (Fig. 21.11).

21.3 Novel teChNoloGies

A major challenge in the implementation of carbon capture and storage (CCS) is that current industrial carbon capture 
 technologies are energy-intensive and not cost-effective [24]. To be viable, a capture technology must achieve 90% CO

2
 

capture with a maximum energy penalty of 10% [25]. The conventional technologies have many disadvantages: the 
liquid–gas  interaction, that is, the aqueous amine solutions, requires huge capital and operational costs because of the 
energy needed for regeneration. Recently, gas–solid adsorption processes have been proposed as promising technologies 
for carbon capture [26]. Solid sorbents have the potential to reduce the energy demand of capture processes because of 
their potentially higher loading capacities, the absence of solvent heating and vaporization during regeneration, lower 
material heat capacities, and lower heat of sorption [27–29]. These materials require a large surface area-to-mass ratio 
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and a preferential interaction with CO
2
 to be efficient and effective. Activated carbon, zeolites, metal–organic  frameworks 

(mOF) [30, 31], and amine-modified carbon nanotubes (amine-CNTs) have recently been identified as promising 
 sorbents for CO

2
 capture [32].

21.3.1 Nanocapture of Carbon Dioxide

Environmental nanotechnology is considered to play a key role in shaping current environmental engineering and science. 
The nanoscale has stimulated the development and use of novel and cost-effective technologies for pollution detection, 
 monitoring, and remediation [33]. The use of nanoparticles may have an advantage over conventional methods due to the 
much larger  surface area of nanoparticles on a mass basis. The unique structure and electronic properties of some  nanoparticles 
makes them adsorbent to pollutants. many nanomaterials have adsorbent properties, depending on their size. Chemically 
modified nanomaterials have also attracted a lot of attention, especially nanoporous materials due to their exceptionally high 
surface area [34].

CCS produced in fossil-fuelled power plants has received significant attention since the Kyoto protocol came into force on 
February 16, 2005. Various CO

2
 capture technologies including absorption, adsorption, cryogenic, membrane, and others have 

been investigated [35, 36]. The Intergovernmental panel on Climate Change (IpCC) concluded that the design of a large-scale 
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adsorption process might be feasible and the development of a new generation of material that is capable of adsorbing CO
2
 

efficiently will undoubtedly enhance the competitiveness of adsorptive separation in a flue gas application.

21.3.1.1 Carbon Nanotubes CNTs are most the most well known among nanohollow structured materials with their dimen-
sions ranging from 1 to 10 nm in diameter and 200 to 500 nm in length. These new materials have unique properties such as 
uniform porosity, high pore volume, high specific surface area, and low mass density [37]. CNTs have been proven to possess 
good potential for CO

2
 capture from flue gas due to their unique physicochemical properties as well as their high thermal and 

chemical stability [38]. CNTs are attractive for adsorbing gases because they have high surface area, pore structure, wide 
 spectrum of surface functional groups, and relatively controllable porosity. The adsorption of CO

2
 in carbonaceous materials 

such as single-walled carbon nanotubes (SWCNTs) [39] and multiwalled carbon nanotubes (mWCNTs) corresponds to the 
amount of CO

2
 adsorption which takes place near the carbon surface solid only due to the physical forces (van der Waals 

 interactions, physisorption) that carbon atoms exert on CO
2
 molecules. physisorption occurs due to van der Waals forces 

 between adsorbate molecules and adsorbents while chemisorption takes place due to chemical interactions between the 
 adsorbate molecules and the surface functional groups of adsorbents. These nanomaterials have been proven to possess good 
potential as superior adsorbents for removing many kinds of organic and inorganic pollutants in air streams [40] or from 
aqueous environments [41]. both SWCNTs and mWCNTs have been tested as adsorbents of CO

2
 [42]. For example, Lee et al. 

[42] compare mWCNTs and granular activated carbon (GAC) for CO
2
 adsorption. Under the same conditions, the capacity of 

mWCNTs and GAC was 1.57 and 1.65 mmol CO
2
 g–1 sorbent, respectively.

21.3.1.2 Amine Types At the industrial level, the most common amine compounds used are monoethanolamine (mEA) and 
diethanolamine (DEA) [43]. Recently, Chowdhury et al. [44] investigated CO

2
 sorption rate, loading capacity, and heat of reac-

tion measurements of 25 amine-based absorbents. Correlating their findings with the differences in chemical structure of the 
amines, they suggested that the specific amine moieties and structures used may be selected or modified to tune the CO

2
 capture 

process. Tertiary amine–CO
2
 reaction chemistry suggests that the tertiary amine–CNTs may have high CO

2
 capacity with a 

relatively low heat of sorption.
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The amines ethylene diamine (EDA), tetraethylenepentamine (TEpA), N-dimethylaminopropyltrimethoxysilane (DmApS), 
3-aminopropyltriethoxysilane (ApTS), and polyethyleneimine (pEI) are the most common compounds used in CNT  modification 
reported in the literature.
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21.3.1.2.1 Amine-Modified Carbon Nanotubes The chemical modification of the CNTs with functional groups containing 
amine groups improved the capacity to capture CO

2
. CNT interactions with gases may be tuned for chemisorption interactions 

through the functionalization of the nanotube surface with various functional groups. Covalent functionalization of SWCNTs 
has also been well studied [45] and can be performed by facile acid treatment, which creates hydroxyl (–OH) and carboxylic 
acid (–COOH) groups on the ends and walls of the SWCNTs [46]. The enhancement occurs because of the acidity of CO

2
, a 

Lewis acid molecule, which prefers to adsorb on a nitrogen-rich basic surface.
Some conditions affect the efficiency of adsorption of CNTs. In general, in comparison to typical commercial adsorbents, 

such as zeolites [47], the performance of CO
2
 adsorption on amine-modified CNTs increases with the presence of moisture till 

a certain limit, and then decreases. In most cases, the adsorption decreases with the increase in temperature due to changes in 
the mechanisms of interaction and the initial CO

2
 concentration also displays an interesting behavior.

The general proceedings for testing CNT adsorption capacity in the laboratory recommend a stream of CO
2
 with a 

concentration between 2 and 50%, which was selected as representative of various CO
2
 emission levels from combustion in 

industrial activities, fossil fuel power plants, coal gasification systems, and confined spaces like submarines and space capsules. 
A range of temperatures between 20 and 100°C, preferably 50°C, is used to simulate a typical flue gas from an industrial oper-
ation. The selection of water vapor typically ranges between 8 and 12% in a flue gas [48].

21.3.1.2.2 Effect of Temperature Su et al. observed the adsorption isotherms of CO
2
 via mWCNTs impregnated with 

ApTS at temperatures ranging from 20 to 100°C. Comparing the differences in the capacity of CNTs with and without 
amine modifications (Fig. 21.12a), the results showed an increase of 1.5–2.0 times in the q

e
 for the latter. Another interesting 

work from Ye et al. [49] reports the adsorption of low concentrations of CO
2
 with carbon nanotubes (mWCNTs) impregnated 

with TEpA, a long aliphatic amine with primary and secondary amine groups, at temperatures ranging from 282 to 313°C. 
They evaluated the adsorption capacity of CNT sorbents with four different TEpA loadings: 10 (CT-10), 20, 30, and 40%. 
Figure 21.12 shows the adsorption capacity curves. Contrary to the expected results, the adsorption capacity of the raw 
CNTs experienced a modest increase to 0.49 mmol g−1 from 283 to 298°C and then a gradual decrease to 0.33 mmol g–1 with 
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a further increase of temperature to 313°C (physisorption). However, the CNT(TEpA) were capable of both chemical and 
physical adsorption [50]. Ye et al. [49] suggested that the increased molecular flexibility of TEpA loaded in the CNT 
channels at higher temperatures enables more amino groups to be exposed and be accessible, causing a higher CO

2
 

adsorption capacity.
Dillon et al. [51] conducted experiments for the adsorption of CO

2
 in a covalently attached pEI-functionalized SWCNT 

 having a different molecular weight than the polymer (600–25,000 Da). The q
e
 increased with the molecular weight of the 

polymer (Table 21.1) and decreased with the increase in temperature (Fig. 21.13). Even though the thermal effect in CNT(TEpA) 
was not observed by Ye et al. in the presence of the aliphatic polyamine [49], it is suggested that the polymer chain limits the 
flexibility and hence the exposure of the amino groups.

The decrease in adsorption with higher temperatures may be attributed to the weakening of the van der Waals force between 
CO

2
 and the adsorbent surface with a rise in temperature, also suggesting that the adsorption/desorption of CO

2
 can be  conducted 

via a temperature swing operation. In fact, the CNTs and CNT(ApTS) are shown to be thermally stable in air up to 400°C, 
which is much higher than the reported desorption temperature of CO

2
 from many CNT surfaces (~120°C). For example, 

Wilcox et al. conducted the desorption of CNT(ApTS) by heating up to 120°C and passing a flow of pure N
2
.

fiGure 21.12 (a) Effect of temperature and CO
2
 concentration on adsorption capacity via CNTs and CNT(ApTS). Adapted from Ref. 

[38]. (b) Effect of temperature on CO
2
 adsorption capacity for CNTs and CT-30 (gas flow rate, 50 ml min−1; CO

2
 concentration, 2.0 vol%). 

Reprinted with permission from Ref. [49]. © 2012, American Chemical Society.
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21.3.1.2.3 Effect of Moisture Due to the presence of moisture in the flue gas streams, it is important to evaluate its effect on 
the adsorption capacity. Water vapor plays a significant role in the CO

2
 adsorption reaction. It may inhibit the CO

2
 adsorption 

capacity of hydrophilic materials [52] while increasing that of hydrophobic materials, for example, CNTs. Su et al. reported that 
the adsorption capacity (q

e
) of CNT(ApTS) increased from 85.7 to 108 mg g–1 sorbent as the water vapor increased from 0 to 

2.2%, but decreased from 108 to 87.5 mg g–1 sorbent as the water vapor further increased from 2.2 to 8.9% (Fig. 21.14). Similar 
results were reported by Ye et al. [49] (Fig. 21.15). This could be explained as a further increase in water vapor led to competitive 
adsorption between CO

2
 and H

2
O at the same sorption sites.

This improvement in the adsorption of CO
2
 in the presence of moisture may be due to several reasons. First, the surface of 

CNT(ApTS) contains a primary amine (RNH
2
), which can react with CO

2
 and, in the absence of water, lead to the formation 

of a carbamate ion by reactions 21.3 and 21.4. The presence of water then regenerates amine molecules by reactions 21.5 
and 21.6 [53].

 CO RNH R RNHCOO2 2 32+ ++ −� ΝΗ  (21.3)

 CO R NH R R NCOO2 2 2 2 22+ ++ −� ΝΗ  (21.4)

 RNHCOO R HCO− −+ +Η Ο ΝΗ2 2 3�  (21.5)

 R NCOO R HCO2 2 2 2 3
− −+ +Η Ο ΝΗ�  (21.6)

Second, the amine groups can also directly react with CO
2
 and water to form a bicarbonate ion ( HCO3

− ), as shown in reactions 
21.7 and 21.8.

table 21.1 selected physical and spectroscopic data for branched pei-sWNts

pEI (M
W

) (Da) pEI:C
SWNT

Raman D:G
CO

2
 absorption at 
75°C (%)

CO
2
 efficiency, mol 

of CO
2
 mol–1 of pEI

600 1:155 0.448 4.1 0.0217
1,800 1:405 0.291 4.8 0.0827

10,000 1:1910 0.273 5.2 0.143
25,000 1:2065 0.273 7.2 0.159

Reprinted with permission from Ref. [51]. © 2008, American Chemical Society.
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fiGure 21.13 A plot of CO
2
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 CO RNH R HCO2 2 2 3 3+ + ++ −Η Ο ΝΗ�  (21.7)

 CO R NH R HCO2 2 2 2 2 3+ + ++ −Η Ο ΝΗ�  (21.8)

The decrease in q
e
 with the increase in water vapor percentage could be explained by the competitive adsorption between CO

2
 

molecules and water molecules at the same adsorption sites.

21.3.1.2.4 Effect of CO
2
 Concentration As mentioned earlier, the typical concentration of CO

2
 in a flue gas discharge is on 

the order of 5–50%. It is reported that with higher CO
2
 concentrations, the adsorption capacity also increases (Fig. 21.16).

The CNT impregnated with TEpA, as reported by Ye et al., shows a CO
2
 adsorption capacity of about 130.6 mg g–1 sorbent at a 

temperature and CO
2
 concentration of 25°C and 2.0%, respectively (Fig. 21.17 and Table 21.2). Their work focuses on the  requirement 
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for long durations of human operation in a confined space, which has made low CO
2
 concentration capture a  critical technology. They 

evaluated the adsorption capacity of CNT sorbents with four different TEpA loadings: 10 (CT-10), 20, 30, and 40%.
Considering the low concentration of CO

2
 in the feed (2%), the adsorption capacity of CNT-30 of 2.97 mmol g–1 sorbent 

(equivalent to 130.68 mg CO
2
 g–1 sorbent) is much higher than that of other amine-functionalized adsorbents reported in the 

 literature under the same operational conditions [55–58].
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21.3.1.3 Adsorbent Regenerability The regenerability of reactivation of adsorbents is another important parameter for 
lengthy operations. If the regeneration of CNTs is not carried out, the practical use of CNTs in the field is not possible. If the 
regeneration of CNTs is performed, they should be successfully regenerated and reused through a number of cycles and then 
they can be possibly accepted as  cost- effective adsorbents for capturing CO

2
 from flue gas. A comparison of the energy con-

sumption between CNT(ApTS) and the traditional 30% mEA adsorption mixture reveals a remarkably lower energy input for 
the regeneration process, with 111.1 kJ mol–1 and 2.010 kJ mol–1 for CNT(ApTS) and 30% mEA, respectively.

Some authors have reported results from the cyclic adsorption/desorption process and found an excellent behavior. The 
regeneration of CNT(ApTS) via vacuum temperature swing adsorption (VTSA) achieves only 7.7% attrition after 40 cycles 
(Fig. 21.18).

Although CNT(ApTS) shows good performance in CO
2
 adsorption, the unit cost of the employed CNTs is approximately 

US$5 g–1, which is much higher than the typical cost of GAC at US$1 kg–1. Although the use of CNTs for large-scale CO
2
 

sequestration is impractical at this moment, a lightweight reusable absorption system offers a potential solution in closed 
 systems such as spacecraft and orbiting space stations as well as in submarines.

table 21.2 Comparisons of qe via various raw and modified CNts

Adsorbent modification q
e
 (mg g–1) Conditions References

CNT ApTS 43.3 C
in
:15% [38]

T: 20°C
114.0 C

in
: 50% [38]

T: 20°C
SWCNT — 87.0 C

in
: 99% [39]

T: 35°C
SWCNT pEI 72.0 C

in
: 100% [51]

T: 75°C
CNT TEpA 130.6 C

in
: 02% [49]

T: 25°C
mWCNT 514.8 C

in
: 100% [54]

T: 25°C
P: 11 bar
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21.3.1.4 Adsorption of CO
2
 in Graphene Graphene, one of the allotropes (such as CNTs, fullerene, and diamond) of ele-

mental carbon, is a planar monolayer of carbon atoms arranged in a two-dimensional (2D) honeycomb lattice. It could be tai-
lored chemically and structurally in numerous ways: by depositing metal atoms [59] or molecules [60] on top; by incorporating 
nitrogen or boron in its structure [61], or by using different substrates to modify the electronic structure [62]. Furthermore, the 
main resource for various electrical and optical applications is stemmed due to the interactions between graphene and various 
chemical molecules [63]. Graphene, which possesses exceptional mechanical, electrical, thermal, and optical properties, has 
numerous potential applications in areas like sensors, solar cells, transistors, and hydrogen storage [64, 65]. As mentioned in 
the previous section, CNTs have also been investigated as alternatives for CO

2
 adsorption owing to their large surface area and 

high porosity [54]. but the cost of CNTs is still prohibitive. Graphene, as a new class of carbon nanomaterials, is found to be 
economical and has novel properties similar to CNTs.

The storage capacity of graphene for different gases has been suggested in theoretical studies and CO
2
 adsorption 

capacity has been demonstrated at very low temperature (195°C), which does not have much practical implication 
[66, 67]. mishra and Ramaprabhu [68] suggested the use of graphene oxide for CO

2
 adsorption, which can be achieved 

by hydrogen-induced thermal exfoliation of graphene oxide at 200°C for possible large-scale production of graphene. 
They confirmed the physical adsorption of CO

2
 in graphene oxide using Fourier transform infrared spectroscopy. These 

authors also reported that maximum adsorption capacities of 21.6, 18, and 12 mmol g–1 sorbent of hydrogen-exfoliated 
graphene (HEG) were observed at 11 bar pressure and temperatures of 25, 50, and 100°C, respectively (see Fig. 21.19). 
These values are higher than that of other adsorbents. The adsorption capacity of HEG for CO

2
 was found to be higher 

than other carbon nanostructures (e.g., activated carbons (ACs), CNTs) and zeolites at the same pressure and tempera-
ture. Siriwardane et al. [69] have reported approximately 7 mmol g–1 sorbent of CO

2
 adsorption in AC. Gensterblum et al. 

[70] have reported nearly 6 mmol g–1 sorbent of CO
2
 adsorption in AC at 45°C and 11 bar pressure. Zhang et al. [71] have 

reported around 20% enhancement in CO
2
 uptake by modifying the AC with nitrogen at room temperature and have 

shown around 16 mmol g–1 sorbent adsorption capacity at 11 bar. Cavenati et al. [72] have reported approximately 
3.2 mmol g–1 of CO

2
 adsorption in 13x zeolite at 12 bar pressure and room temperature. A high-pressure CO

2
 adsorption 

study on different mOFs by millward and Yaghi exhibits CO
2
 adsorption capacity ranging from 2 to 8 mmol g–1 under 

similar conditions [30].
Inorganic nanoparticles, that is, metal [73] and metal oxides [74], have been successfully incorporated between graphene 

sheets, and their performance has been investigated in a wide variety of applications in the fields of catalysis [75], gas sorption 
[76], and electrode materials [77]. The incorporation of metal atoms and oxides over the surface area of graphene shows high 
CO

2
 uptake volume. meanwhile, nanoparticles incorporated between graphene sheets effectively prevent the aggregation of 

graphene–nanoparticle composites in the hybrid system [78, 79], and their high porosity could increase their performance as an 
adsorbent and in other applications.

fiGure 21.19 (a) CO
2
 adsorption isotherms and (b) temperature variation of adsorption capacity for HEG. Reprinted with permission 

from Ref. [68]. © 2011, American Institute of physics.
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Cazorla et al. [80] found that Ca-decorated graphene (Fig. 21.20) possesses unusually large CO
2
 uptake capacities in the 

range of 2.27–9.09 mmol CO
2
 g–1 sorbent under a low-gas-pressure regime as a result of its unique topology and a strong 

 interaction between the metal nanoparticles and CO
2
 molecules. It is also reported that the interactive strength of the Ca metal 

and CO
2
 molecule can be efficiently tuned as a function of the Ca loading content (Table 21.3).

Guo et al. [80] confidently proposed that these Ca metal/carbon-based nanomaterial composites exhibit characteristics of 
suitable adsorbents for CO

2
 capture and sequestration applications.

moreover, Carrillo et al. [81] studied the adsorption of CO
2
 on a Ti–graphene system with high metal coverage using the 

density functional theory and molecular dynamics simulation. positively charged Ti atoms on graphene surfaces attract nega-
tively charged oxygen atoms toward the graphene surfaces. This force is stronger than the initial repulsion on the C atom by the 
Ti atoms. When a CO

2
 molecule approaches the graphene surface, it cannot be linear any longer. The O atoms in a bent CO

2
 

molecule are under different force fields. Thus, one O atom traps an electronic charge from the Ti atoms of the upper plane and 
ends up bonded to four Ti atoms, resulting in the CO

2
 molecule interacting very strongly with the Ti atoms of the upper plane.

Zhou et al. [82] prepared graphene–mn
3
O

4
 (GmNO) materials with high porosity through hydrothermal reaction. They 

tested them to the adsorption of CO
2
. Owing to the different contents of mn

3
O

4
, the surface area values of the GmNO samples 

vary from about 140 to 685 m2 g–1. It is suggested that the adsorption capacity for the GmNO samples (Fig. 21.21) comes from 
the surface area and the basic sites of the mn

3
O

4
 nanoparticles.

21.3.1.4.1 Graphene Membranes Inorganic membranes are much more stable at high temperatures and in the presence of 
chemicals than polymeric membranes [83]. Zeolite and silica porous materials can act as molecular sieves, separating gas 
(e.g., CO

2
, N

2
, H

2
) molecules by their respective sizes [84]. However, because the sizes of CO

2
, N

2
, H

2
, and other combustion-

specific gases are very similar, membrane porocity must be controlled on a scale comparable to the size differences among 
these gas molecules. The separation of gas mixtures using nanoporous materials is an emerging field of research with many 
potential applications including fuel cells, batteries, gas sensors, and gas purification. The materials that are currently being 
investigated for these applications include organic polymer-based membranes, porous carbon, and inorganic membranes 
made of ceramics, metals, or glass, and graphene. Graphene is impermeable to all gases, even to helium, because of the 
electron density of its aromatic rings. In order to create a membrane, pores must be created synthetically. Nano-sized pores 
have been artificially produced to obtain functional gas membranes using graphene. post-treatment techniques like electron–
hole drilling are suitable for pores in the nanometer range, and smaller pores can be created by catalyzed polymerization at 
high temperatures.

Unfortunately, the gas-separation nanomembrane technology is still not at this stage, but active research continues in this 
direction.

fiGure 21.20 Carbon capture geometry optimized structure: (a) pristine graphene, (b) Ca/graphene at 12.5%, and (c) Ca/graphene at 
16.67%. Reprinted with permission from Ref. [80]. © 2011, American Chemical Society.

(a) (b) (c)

table 21.3 Gas-adsorption capacities 
of Ca/graphene as a function of Ca content

Ca content (%)
CO

2
 uptake 

(mmol CO
2
 g–1 sorbent)

0 3.48
0–5 3.05
5–15 7.34
15–20 8.91

Adapted from Ref. [80].
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It is more difficult to separate CO
2
 from a mixture of CO

2
 and N

2
 (two principal components in a flue gas) because they have 

similar kinetic diameters and neither has an electric dipole moment (see Fig. 21.22). It was demonstrated that the chemical 
functionalization of graphene can also affect the separation performance of porous graphene membranes. Shan et al. [85] 
 modeled the effect of the chemical functionalization of the nanopores in a graphene sheet on the separation of N

2
 and CO

2
. The 

pore rim was simulated with modified structures of all carbons (unmodified pore), all-H passivated, N–H modified, and all-N 
modified. The chemical functionalization of the pore rim plays an important role in the selectivity of CO

2
 owing to an enhanced 

electrostatic interaction. The all-N functionalized pore shows the best CO
2
 selectivity (sCO

2
/N

2
 = 11).
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2
 adsorption capacity comparison of hydrothermal-reduced graphene (HTG), mn

3
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fiGure 21.22 Illustration of a single molecular-sized pore in a graphene membrane separating CO
2
 from nitrogen. Image credit: Zhangmin 

Huang, University of Colorado, boulder.
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In the twenty-first century, our global society will face an important challenge: it will have to generate enough resources for the 
increasing world population to subsist, while maintaining homeostasis in our earth’s numerous ecosystems. In order to face 
such a complex challenge, there will have to be significant breakthroughs and advances in the fields of environmental pollution, 
as well as sustainable production of energy, water, and food. Nanotechnology, specifically in the areas of material synthesis and 
development, will play an essential role in allowing us to accomplish such difficult tasks. This chapter will address the syn-
thesis, characterization, and environmental applications of “intelligent” materials, which have earned their name due to their 
capability of dynamically responding to either external or internal stimuli. This characteristic allows them to be used in synthetic 
systems that pretend to improve or at least mimic the properties within a biological system. The materials we will discuss here 
are metallic and nonmetallic nanostructures and hybrid polymer–metal nanomaterials. Research in the engineering and design 
of all the classified materials mentioned is imperative to stimulate the creation of new technologies and devices that will raise 
the standard of living of the world population while being environment-friendly at the same time.

22.1 envIronmentally responsIve materIals as mechanIcal actuators

The fabrication of environmentally responsive mechanical actuators—valves being among the ones most studied—has been 
possible with the use of environmentally responsive polymers [1–10]. These materials are capable of undergoing conforma-
tional changes and phase transitions upon local or external stimuli, and are therefore termed “smart” or “intelligent” materials 
[11, 12]. As a result of their exhibited mechanical responses, they are excellent candidates for incorporation into microfluidic 
systems. These materials have therefore successfully controlled flows [2–5, 13, 14] and delivered chemical entities [2, 15, 16] 
in response to different environmental stimuli that turn actuators from “on” to “off.” They have potential applications in gener-
ating chemical gradients, which will translate into achieving a better spatiotemporal control of delivered reagents. In the fol-
lowing sections, we proceed to describe some of the different responsive materials that have been used in the literature to create 
such mechanical actuators.

Figure 22.1 shows how responsive polymers are generally categorized as locally triggered or bulk-triggered. However, among 
the most commonly studied responsive materials, there are four major types [11]: (1) bulk-triggered temperature- sensitive poly-
mers, such as the widely used poly (N-isopropyl acrylamide) (PNIPAAm) [17] and elastin-like polypeptides [18, 19]; (2) bulk-
triggered pH-sensitive polymers [2, 20, 21], such as the commonly used acrylic acid [22], which contains carboxylate groups; 
(3) other, not so frequently used polymers with bulk-triggered sensitivities to a wide range of physical stimuli such as pressure 
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and applied voltage [23, 24]; and (4) locally triggered materials responsive to light [25–31] or the presence of a specific mole-
cule [32, 33]. In addition, several of these response polymers can be coupled or modified with specific functional chemical 
groups to exhibit combinatory responses, such as designing a copolymeric material with both pH and temperature sensitivity.

22.1.1 bulk-triggered responsive materials (ph and temperature)

bulk-triggered responsive materials have found a series of applications in the delivery and precise release of chemical reagents, 
such as drugs and growth factors, both in vivo and in vitro. some examples include hydrogels capable of responding to different 
chemical and physical external stimuli (such as pH and temperature) that release a drug (protein or peptide) at specific sites in 
the body [34]. In addition, the synthesis of systems with higher complexity has been designed to respond to specific enzymes 
[35, 36] and chemical entities. This allows sophisticated cellular targeting and delivery mechanisms, such as the hydrogels 
employed as insulin delivery systems, which are capable of responding to the presence of glucose [37]. These and other cleverly 
designed delivery devices have improved therapies for a wide variety of diseases [37–39].

Additional applications, which this work is most interested in, are those in which these materials are used to deliver reagents 
into in vitro microfluidic systems. The most successful attempts to fabricate valves have been accomplished using these bulk-
triggered responsive materials. These systems present several advantages, such as their capacity to externally control flows 
(redirecting) and to introduce chemical reagents with fast response times by simply changing the bulk conditions of the system, 
such as pH [40], pneumatic pressure [41], temperature [42], or chemical entities like glucose [16]. However, their design poses 
a main problem for their use in cell culture systems, that is, their driven mechanical action is triggered by changing the bulk 
conditions of the environment. Changing the bulk conditions of the system causes cells to be exposed to hostile environments 
not apt for their survival. such challenges have been recently addressed by developing materials that present localized responses 
to specific light wavelengths, [13, 43] or by implementing nanofabricated chemical reagent sources containing chemical 
reagents that are dispensed to the system through pressure [44] or simple diffusion [45].

22.1.2 locally responsive materials (light)

optically responsive materials offer great advantages and present appropriate characteristics that enable them to be used in 
mechanical actuators for controlling the flow and delivery of chemical reagents in cell culture systems. Although other cell 
culture designs have been proposed for the delivery of chemical reagents without changing the bulk conditions of the system, 
such as pressurized reagent sources [44], they require complicated circuitry and do not offer the capability of stimulating highly 
specific sites within the system as easily as it is done using an external light source (laser) [14].

Bulk control Local control

Passive response

Responsive
material

Material after
response

Triggering molecule

Triggering stimuli

Δ pH, T, P

–Δ pH, T, P

Active response

Intelligent/Dynamic materials
(Triggered by changes in environment)

fIgure 22.1 environmentally responsive materials can be categorized into three different types: passive responsive materials, which 
respond to the presence or absence of a specific molecule; active responsive materials, which can be reversibly triggered externally in 
response to a stimulus, and among these active materials there are two categories. These are materials that respond to bulk changes in their 
surroundings, such as pH and temperature, and materials that respond to local changes, such as light.
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light-responsive materials are typically triggered by conformational changes of certain dye molecules in the polymer backbones 
or as pendent groups [29, 46–50], or by the local generation of heat due to dyes linked either to a thermally responsive polymer 
or to a hydrogel [27, 30]. However, dyes are usually chemically reactive, are susceptible to bleaching, and their responses are 
generally very slow [14, 25, 35, 51]. Therefore, research has been focused on developing alternative materials, such as nano-
composites that couple two or more different materials and synergize their individual physical properties.

22.1.3 nanocomposite materials (thermally responsive polymers and metallic nanoparticles)

Developing hybrid or nanocomposite materials that couple metallic nanoparticles to responsive polymers is a field of research 
that has received a lot of attention due to the extensive research done in the synthesis and design of each of the individual com-
ponents (responsive polymers and metallic nanoparticles). specifically, coupling thermally responsive polymers to metallic 
nanoparticles has allowed the development of materials that can be triggered both optically and thermally since the incorporated 
metallic nanoparticles act as amplifiers and converters of light of a specific wavelength into heat [52]. There are two major 
advantages of these materials over the traditional optical responsive polymers (using dyes). The first is the higher chemical sta-
bility of both the nanoparticles and the polymer, and the second is the fast optical response of the nanocomposite, since it is 
triggered by a coupled mechanism between the fast thermal response of the polymer and the capability of the metallic nanopar-
ticles to convert absorbed light into heat, taking advantage of the rapid heat conduction at small scales. These optothermally 
responsive nanocomposites have been synthesized as temperature-responsive PNIPAM hydrogels that have entrapped metallic 
particles within their structure [13, 53–55] and have found applications to control flow in microfluidic devices. synthesis of 
these systems presents an advantage since it is simple to physically entrap nanoparticles within the hydrogel; however, the 
downside is the long time taken to trigger the response of these systems and their requirement for high-power lasers. It is there-
fore the aim of this work to develop a synthetic route that couples polymer chains to metallic nanoparticles, and thus obtain 
stable nanocomposites. These can be further used as “on–off” valves to control flow in microfluidic systems using low-power 
lasers and faster switching times.

As a result, in the remainder of this chapter, we will focus on the characteristic of each of the components that play a role in 
the synthesis and response of these optothermally responsive materials.

22.2 thermally responsIve polymers (pnIpam)

PNIPAM is one of the most well-studied thermally responsive materials in the literature. PNIPAM is a polymer that contains 
both hydrophobic and hydrophilic chemical groups as illustrated in Figure 22.2. Due to these chemical characteristics, it has 
been determined to be a temperature-responsive polymer with a lower critical solubility temperature (lCsT) of around 32°C in 
water. such behavior of solubility in water can be explained thermodynamically with the gibbs free energy equation of the 
PNIPAM/water system: ΔG

mix
 = ΔH

mix
 − TΔS

mix
. since a negative gibbs free energy determines spontaneous processes, and 

PNIPAM has been determined to have an lCsT, we must assume that both ΔH
mix

 and ΔS
mix

 must be negative. In this case, as 
the T increases, the entropy term becomes more positive and eventually reaches the enthalpy term to switch the gibbs energy 
from a negative value that determines a miscible system to a positive value that determines an immiscible system.

Hydrophilic
Hydrophobic

Carbon

Nitrogen

Oxygen

fIgure 22.2 Chemical structure of poly-N-isopropylacrylamide. The hydrophilic amide groups are capable of forming hydrogen bonds 
at temperatures below 32°C. The hydrophobic isopropyl group becomes dominant at 32°C and causes the polymer to phase separately from 
man’s aqueous environment. This gives the polymer its responsive characteristics.
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This phenomenon can also be explained from the hydrophilic/hydrophobic chemical nature of PNIPAM. At lower temperatures, 
it is water-soluble and hydrophilic. When temperature increases, PNIPAM is more hydrophobic due to the breaking of the 
hydrogen bonds between water and the NH and Co groups, and so there is a tendency for the polymer to associate with itself 
rather than with the solvent. This leads to a phase separation, forming two pure phases. This translates as a decrease in entropy 
and a positive increase in the gibbs energy.

The conformation of the polymer chains above the lCsT is a hydrated and expanded state, and below the lCsT, the chains 
are dehydrated and aggregated. This behavior exhibited by PNIPAM has been used for several applications such as sensors, 
externally triggered drug delivery systems, and biological separations [56, 57].

22.3 noble metal nanopartIcles

Metallic nanostructures have received a lot of attention since they exhibit very different optical, electrical, thermodynamic, and 
chemical properties from the bulk material. These novel properties found in these materials have earned them a place in applica-
tions of sensors [58], molecular labels [59], and even as biocides and antimicrobials [60, 61]. such properties exhibited at the 
nanoscale are exemplified in the way gold interacts with light at different scales. gold in bulk looks shiny yellow in reflected light, 
but when very thin gold films are prepared, they look blue in transmitted light. Additionally, the colors change to orange and sev-
eral tones of purple and red as the film thickness decreases up to a few nanometers. This phenomenon is due to the collective 
oscillation of conducting electrons at the interface between the metal film and the surrounding dielectric [62, 63]. The conducting 
electrons at the interface of metallic nanostructures respond to electromagnetic fields with electronic resonant absorption in the 
visible wavelength range, called localized surface plasmon resonance (lsPR), and give rise to very intense colors.

The lsPR is highly sensitive to size and shape of the nanostructures as well as to other parameters such as the refractive 
index of the surrounding medium and the distance between neighboring particles. Methods of calculating theoretical extinction 
spectra of metallic nanoparticles will be described in the next section. When the nanostructures are nonspherical and exhibit 
higher growth in one dimension, to form wires or rods, the plasmon band splits into two bands corresponding to oscillation of 
the conducting electrons along (longitudinal) and perpendicular to (transverse) the long axis [64]. The transverse mode reso-
nance resembles the observed peak for spheres, but the longitudinal mode is considerably shifted toward red and depends 
strongly on the difference in length compared to width. The absorption spectrum is able to shift from the blue to the red by 
forming elongated wires, tubes, belts, and other more sophisticated structures (stars, rings, cubes, nanoshells, and onion-like 
structures) that incorporate different metals [65–69]. All these shapes are synthesized to move the absorption peaks along the 
absorption spectrum and design sensors and molecular labels. The high sensitivity to size and shape that the absorption peaks 
present need to be synthesized in order to produce highly monodisperse metallic structures.

22.4 calculus of extInctIon spectra In metallIc nanopartIcles usIng mIe theory

optical properties of metal nanostructures have very strong dependence on their specific size and shape as well as on several other 
parameters, such as the refractive index of the surrounding medium and the distance between neighboring particles. specifically, 
the optical properties of nanoparticles can be characterized and calculated theoretically with accuracy using Mie theory.

Mie theoretical calculations are based on the rigorous solutions of Maxwell’s equations with spherical boundary conditions 
at the sphere. When the particles have a surface stabilizing agent such as a polymer shell or thick film surrounding them, Mie 
theory requires to take into account the dielectric function of both the metallic particle and the surrounding medium. Therefore, 
in the case of metallic particles, the optical properties can be described by simply determining the nanoparticle radii and the 
bulk frequency–dependent dielectric constant (in the case of aqueous solution, the water dielectric constant is used). When a 
different medium is taken into account, such as a thin film on the surface of the nanoparticle or a dielectric shell, the dielectric 
constant used has a dependence of position and varies along the radius [70, 71]. examples of these structures are illustrated 
in Figure 22.3.

22.5 energy conversIon of metallIc nanopartIcles

Metallic nanoparticles interact with light at different wavelengths through scattering and absorption. The scattering compo-
nent of light is enhanced by the increase in particle size after approximately 100 nm; however, the absorption stays mostly 
constant and slowly increases with size. The nanoparticles show an extinction spectrum, with a higher intensity at the surface 
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plasmon–resonance wavelength, and follow a photothermal phenomenon where, due to energy relaxation of the surface elec-
trons to the phonon bath, the resonant energy is dissipated as heat to the local surroundings (Fig. 22.4). This raises the temper-
ature of the particles’ surroundings when illuminated by a light source, such as a laser. smaller particles and structures such 
as nanorods, nanorings, and nanoshells convert most of the absorbed energy into heat since they present larger surface-to-
volume ratios and less scattering, which therefore enhance the optothermal conversion efficiency, thus producing larger incre-
ments of temperature in the surrounding environment [43, 68].

Temperature increments of gold and silver nanoparticles have been measured using polarization interference, which allows 
detection of slight phase changes induced by heating. efficient energy conversion increases the local temperature in the 
immediate vicinity of the particle up to 15 K [72], and work on different structures such as nanocrescent has achieved incre-
ments of up to 60 K in the nanostructure vicinity [43].

22.6 synthesIs routes of envIronmentally sensItIve polymer–metal 
nanopartIcle hybrIDs

one popular synthesis method to produce metallic nanostructures is wet chemistry reactions since they are relatively cheap and 
capable of producing colloidal suspensions of homogeneous particles in large quantities. The ingredients in the liquid phase are 
the metal salt precursor, which is reduced to its metallic form by a reducing agent such as ethylene glycol [63, 73, 74], sodium 

Metallic nanoparticle
Metallic nanoparticle with a

stabilizing polymer surface or
core

fIgure 22.3 schematic of a metallic nanoparticle in the left column of the table. In the right column of the table, a schematic of a metallic 
nanoparticle with a shell or film covering its surface is shown.
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fIgure 22.4 Illustration of the mechanism of heat dissipation by the surface electrons present in metallic nanoparticles when they are 
exposed to a specific wavelength and excited by an electric field.
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citrate [75, 76], or sodium borohydrate [77, 78]. Previous review papers have discussed several mechanisms in the formation of 
metallic particles by wet chemistry methods. The steps described include the creation of metal seeds, followed by the growth 
of metallic clusters, and finally agglomeration and further growth of the metallic clusters to form nanoparticles that reach sizes 
of a few nanometers in diameter (illustrated in Fig. 22.5). The control of the nucleation, aggregation, and growth steps of the 
reaction is key in the production of metallic structures with homogeneous sizes and shapes [73, 74, 79]. However, this is not a 
thermodynamically stable process since particles in the colloid will tend to minimize their surface energy by agglomerating 
with other particles. This leads to the formation of large agglomerates with polydisperse sizes and shapes. size and shape can 
be controlled by the addition of a surface stabilizer present in the surrounding solvent during the formation of the metallic struc-
tures. These surface stabilizers are molecules, usually organic polymers that prevent high affinity to the metal surface and the 
metallic ions [80, 81]. The final material is then a hybrid polymer–metal nanocomposite where the polymers act as capping 
agents; they control the growth of the particles in the synthesis process and prevent surface contact of the particles, which pre-
vents agglomeration during synthesis and storage [63, 81–83].

so far, the most effective and well-studied stabilizing molecules for silver and gold are poly-(vinylpyrrolidone) (PvP) and 
sodium citrate [63, 80, 81, 84], respectively. Their interaction with the metals allows fabrication of highly stabilized nanostruc-
tures with controlled shapes and sizes. However, in the production of hybrid materials where coupling of the metallic nanostruc-
ture with a responsive polymer is required, PvP or sodium citrate adhered to the surface must be removed before further surface 
conjugation can be achieved. This is done by a ligand exchange process, previously done with thiols [85], using molecules with 
stronger bonds to the gold surface than PvP.

various studies have focused on the coupling of polymers and metal nanoparticles to form hybrids. some of the methods 
developed (Fig. 22.6) include surface grafting by functionalizing the responsive polymers with thiol groups to promote adsorp-
tion on the surface, and surface-initiated polymerization by prior treatment of the metallic nanoparticle surface with radical 
polymerization initiators [75, 76]. Previous reports have observed a strong interaction of molecules that contain chemical 
groups with N and o, such as PvP and the amide group in PNIPAM and PAM, with the noble metals, platinum [86–88], gold 
[89], and silver [73, 74, 90]. The interaction with the surface of the metallic particles has been attributed to hydrophobic forces 
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fIgure 22.5 graphs show the different stages observed for metallic nanoparticle synthesis. The seeding stage consists of the formation 
of particles with diameters less than 10 nm. In this stage, the reducing agent plays a major role in the size of the particles depending on how 
fast it reduces the metallic salts. The stabilizing agent therefore plays a role in stabilizing different particle shapes of different surface 
energies, and the appropriate stabilization leads to the formation of various shapes (spheres, wires, tripods, cubes, stars, etc.). The growth 
stage involves agglomeration and growth of small particles. The capping and reducing agent must inhibit seed formation and promote growth, 
which leads to homogeneous size and shape distributions. The stabilizing stage only involves the capping agent that is able to stabilize the 
resulting metallic nanostructures.
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as well as possible chemical coordination bonds between the polymer and the metal surface. PNIPAM has been previously used 
as a capping and stabilizing agent in the synthesis of platinum particles reduced with ethanol [86–88].

Additionally, synthesis of silver [91, 92] and bimetallic platinum–gold [93] colloids has been approached by using simulta-
neous dispersion polymerization of polystyrene and NIPAM in the presence of metallic precursors. The products yield metallic 
particles within the PNIPAM grafts on the surface of polystyrene spheres, allowing enhanced catalytic properties and effective 
ways of recuperating precious metals. These reports have used X-ray photoelectron spectroscopy (XPs) and Fourier transform 
infrared (FTIR) to study the interactions with PNIPAM and silver in these syntheses. They found that the peaks for the carboxyl 
and nitrogen hydrogen bonds have shifted, indicating that there is an interaction of silver with these specific groups. This inter-
action provides a potential to develop novel synthesis routes to synthesize colloidal hybrid nanomaterials.

22.7 conclusIons

Current cell culture systems present a challenge of externally controlling the conditions of local microenvironments in order to 
emulate in vivo–like conditions to study cellular responses to chemical and physical changes in the environment. The current 
most successful alternatives to control chemical conditions in microenvironments is the incorporation of responsive mechanical 
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fIgure 22.6 Different mechanisms to couple metallic nanoparticles and polymeric materials are illustrated and labeled respectively. The 
first process involves making the metal particles separately and then treating their surface to start polymerization on them or treating a 
polymer with functional groups that attach to the metal. The second process involves in situ reduction of metal salts in the presence of the 
polymer. The last process involves using the initiator as an electron donor and initiator of polymerization; therefore, both polymerization of 
the monomer and formation of the particles are performed at the same time. All these lead to the synthesis of coupled polymer–metal nano-
composites with different characteristics.
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actuators, such as “on–off” valves, to control the flow and delivery of chemical reagents. The main component of mechanical 
actuators that gives it the switching capability is the responsive material that is capable of undergoing conformational changes 
in response to different stimuli. Responsive materials can respond to bulk and/or localized stimuli, where, for applications 
controlling cellular microenvironment conditions, it is necessary to use responsive materials to localized triggers. being 
optically responsive materials, which is the most used and appropriate option for this application, thermally responsive polymer–
metal nanocomposites offer the best option for use as the optical switching component of “on–off” valves. The challenges that 
arise are the synthesis pathways to couple both metal particles and the responsive polymer. A solution proposed is to take 
advantage of the previously reported interaction of N- and o-containing compounds, such as PNIPAM, with different metals, 
such as silver and gold, to perform a wet chemistry in situ reduction of metallic salts and achieve stable, well-controlled parti-
cles coupled with the responsive polymer. lastly, different methodologies to incorporate the developed nanocomposites into 
nanoporous membranes can be addressed which in future work will be used as optothermally responsive nanovalves in in vitro 
cell culture systems to control the delivery of reagents and in vivo–like conditions of the microenvironments.

successful development of these cell culture systems will have a profound impact on the development of pathways to drug 
discovery and novel therapeutics of diseases that develop due to cellular malfunction such as cancer and diabetes.
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23

23.1 introduction

Water is a limited natural resource that is vital for life on earth, and the depletion and pollution of its sources further complicate 
the seriousness of this problem. Despite the fact that more than 70% of the earth is covered by water, most of it is useless 
because of its unpalatability. However, contamination of groundwater, which is a major source of safe drinking water, is 
widespsread in many parts of the world. Clean water is a basic requirement for any society, and in recent years many parts of 
the world have faced substantial increases in the demand-to-supply ratio of drinking water. The rate of global water consump-
tion is almost more than twice the rate of growth of the human population. According to the United Nations, approximately  
1 billion people on the earth are facing severe scarcity of fresh drinking water, and if this situation continues, the demand for 
freshwater will reach an approximately 56-fold increase by 2025 as compared to the present. Many strategic consultancies are 
speculating concern over “water” becoming the cause of conflict and possible war in the future. To prevent these unpleasant 
consequences, it is worthwhile using water wisely and promoting awareness for saving water in our society, apart from expe-
diting technological advancement for rendering surface water appropriate for drinking. Recent statistics show that in devel-
oping countries a number of people die annually due to consumption of unhygienic water and this number is even greater than 
the lives lost in wars and violence combined. In the African continent, more than 5.7 million people lack access to safe and 
hygienic water (Fig. 23.1), and about 20 million lack sanitation services [1]. As per the United Nations Millennium Development 
Goals (UN-MDGs), access to safe drinking water, free from disease-causing bacteria and viruses, is a basic human right, and 
essential to maintain a healthy society. The international community has committed to provide safe drinking water and accesses 
to sanitation services by 2015. To achieve these MDGs, scientists are looking toward nanotechnology-enabled solutions. By 
harnessing the unique and novel properties of nanoscale materials, they are trying to adapt them for water treatment purposes. 
Nanotechnology offers great opportunity to refine and optimize current and future techniques of purifying water. Nanotechnology-
based solutions in the water sector will find wide applications if they are cost-effective, efficient, and able to provide clean 
drinking water even in very remote parts of the world.

In this chapter, we try to explore the possibilities of sustainable access to safe drinking water by adopting cutting-edge tools 
of nanotechnology. We discuss how nano-enabled technologies can efficiently process surface and groundwater for drinking. In 
recent years, there has been significant advancement in nanotechnology in virtually every domain of science [2, 3]. So optimists 
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are viewing nanotechnology as a revolutionary technology that might be able to solve many problems that have become a 
 concern for human society.

23.2 dEsalination

Nanotechnology could be used in water treatment for monitoring, desalinization, purification, and waste water treatment  [4]. 
These might be some vital sectors having a significant role in coping with future water shortage  [5, 6]. However, one must 
understand that nanotechnology itself has its limitations of accessibility and affordability, and is not a “magic stick” to solve all 
problems. Many nanotechnology-based applications are still undergoing research and development and none of them has yet 
been scaled up to industry level  [7]. over the last few decades, desalination technologies have been used increasingly throughout 

figurE 23.1 (a) Reduction by half of the proportion of people without sustainable access to safe drinking water and basic sanitation 
 between 1990 and 2015. (b) Reduction in the proportion of households without access to hygienic sanitation facilities and affordable and safe 
drinking water by at least one-third.
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the world to produce drinking water from brackish groundwater and seawater, and also to improve the quality of existing 
supplies of freshwater for drinking and industrial purposes, apart from the treatment of industrial and municipal wastewater 
prior to discharge or reuse. In the early 1950s, about 225 land-based desalination plants were installed worldwide with a 
combined capacity of about 27 million gallons per day (mgd) of waste water treatment. Today there are about 3500 plants 
worldwide with a production capacity of about 3000 mgd. As the demand for freshwater increases and the quality of existing 
supplies deteriorates, the use of desalination technologies will increase [8] significantly.

Membrane-based Ro or thermal-based multistage flash (MSF) and multieffect distillation (MED) contribute to over 90% of 
the global desalination capacity. Ro plants, with typical capacities of approximately 20,000 m3/day, account for approximately 
41% of the total desalination capacity, while MSF plants, with typical capacities of approximately 76,000 m3/day, account for 
approximately 44%. other technologies, such as electrodialysis, account for only a small fraction (~5.6%) of the desalination 
capacity and are more suited for applications in brackish and groundwater treatment. The system-level schematics of the differ-
ent types of desalination plants and their relative installed capacities are shown in Figure 23.2.

23.3 aquaPorins

Aquaporin is a well-known membrane-bound water channel found in all known living systems [10]. It allows water to pass 
from it as a single molecule; actually, aquaporins are so selective that they will exclude the passage of any sort of contam-
ination including bacteria, virus, protein, DNA, salts, reagents, and even dissolved gases [11]. The technology is based on 
a discovery that was awarded the Nobel Prize in chemistry in 2003. Profesor Peter Agre is a molecular biologist from the 
Johns Hopkins University in Baltimore, the United States, who discovered during his studies that there is a special protein 
that is responsible for the rapid permeation of water in cells. Agre and his team named these proteins “aquaporins,” as they 
function as water pores on the nanoscale [12]. In plants, they work like the plumbing system of cells and ensure a highly 
efficient but selective transport of water; only H

2
o molecules can pass through these channels [13]. For plants, these filters 

are a lifesaver, as they ensure that the cell does not lose any minerals [14]. This specificity of aquaporin can be harnessed 
to prepare selective filter membranes for water purification. Some bacterial aquaporins, like aquaporin Z (ApqZ), could 
be candidates to design and develop nanomembranes because of their ruggedness and stability at high voltage, heat, deter-
gent, and pH. Under natural systems, aquaporins move water from areas of low dissolved solids to areas of high dissolved 
solids; however, when a pressure is applied, the process can be reversed, similar to Ro. Some commercial settings of 
ApqZ are now available [15]: they are inserted into 5 nm thick and 200 nm diameter polymer vesicles (Fig. 23.3). The 
highly concentrated proteins are deposited on inexpensive nitrocellulose filters and cross-linked to one another with 
 ultraviolet (UV) light.

A European research project named MEMBAq, led by Professor Claus Helix Nielsen and his team at the Technical University 
of Denmark, has undertaken further challenges to develop an aquaporin-based commercial technology for water purification 
[17]. According to them, the stability of the protein and the construction of a durable filter membrane are still very difficult to 
achieve. A thin film of perforated Teflon is used to further support the protein-bound membrane. later, another layer made of 
porus hydrogel is constructed, which further stabilizes the membrane.

44%

41%

16%

6%

9%

Reverse osmosis

Multistage �ash

Electrodialysis

Multieffect distillation

figurE 23.2 Major desalination technologies and their relative contributions to worldwide installed capacity for seawater and brackish 
water desalination. MSF accounts for 44%, Ro 41%, and 15% is shared by other thermal methods like MED (9%) and ED (6%) [7, 9].
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23.4 fErritins

The biological systems in recent years have attracted much attention for inspiring research and development in water purifica-
tion. Ferritin is a cage-like iron-storing protein found in animals, plants, and microbial systems and is involved in the sequestra-
tion and storage of protein [18]. Ferritin is composed of self-assembled 24 polypeptide subunits; apo-ferritin, an iron-free 
assemblage, has an inner cavity of approximately 8 nm diameter. When iron molecules are diffused into this cavity, they miner-
alize the apo-ferritin into nanoparticles of ferrihydrite, which is actually a ferric oxyhydroxide. Ferritin then becomes a potential 
candidate for the remediation, and particularly the photoreduction, of contaminants such as toxic metals like chlorocarbons [19]. 
As we know, when iron oxide undergoes photoreduction from Fe (III) to Fe (II), it makes the catalyst inactive, and since ferritin 
makes this conversion naturally, the encaged iron oxide is prevented from undergoing photoreduction, thus maintaining its sta-
bility. In addition to the conventional use of ferritin for the remediation and removal of contamination, a recent development is 
to use it to synthesize nanoparticles. It is evident that both metallic and nonmetallic hydroxide particles can be synthesized using 
ferritin. Recently, both iron and cobalt nanoparticles were synthesized using ferritin, which facilitates the assemblage of parti-
cles in a solution. After assembling, ferritin was dried on a solid support and cleaned with ozone to remove the protein cage. This 
leaves well-dispersed nano oxide particles with a relatively high degree of control for particle sizes between 2 and 8 nm. Further 
exposure of the particles to hydrogen and high temperature can be used to convert the metal oxides to metallic particles [20]. 
Water contamination with oxyanions (arsenate and phosphate) and metal ions over wide ranges of concentrations is a problem 
for water and related systems that clean water. Eutrophication of surface water, caused by a high level of phosphate, is an envi-
ronmental issue. Further, arsenate (HAso

4
/H

2
Aso

4
) is a health- and life-threatening contaminant of drinking water in many 

areas of the world, notably in Asia and also in parts of the United States and Europe. There are numerous techniques available 
for the removal of phosphate and arsenate from water. In general, all the available techniques suffer from a low-affinity problem 
and, therefore, are inefficient in the low-concentration range (below 5 ppb). In addition, current water purification installations 
suffer from biofouling due to the accumulation of phosphate in the Ro systems at concentrations favorable for microbial growth. 
Recently, this problem was addressed by using ferritin (hyperthermophilic protein nanocage), which can form and hold an iron-
based nanoparticle inside the protein. The nanoparticle thus formed is capable of adsorbing oxyanions with higher affinity even 
below 1 ppb. The experimental program used a wide range of aqueous phosphate concentrations to monitor the phosphate 
removal by ferritin. Concentrations ranged from 5 to 200 ppb. The specific ferritin concentrations were also varied. The approach 
for the adsorption experiment was a standard batch liquid-phase equilibration. Radioactively labeled phosphate solution was 
equilibrated with ferric iron–loaded ferritin solution. The system was left overnight for equilibration. The aqueous phosphate 
solution and ferritin were separated using a column filter with a cutoff filter of 3 kDa. The 32P concentration in the permeate was 
measured using a liquid scintillation counter, thus producing the final aqueous phase equilibrium concentration [21, 22].

23.5 singlE EnzymE nanoParticlEs

Enzymes are the most versatile candidates for biosensing and bioremediation in areas of chemical conversions. only certain 
limitations like short life span and lack of stability underscore their ability to provide cost-effective options. However, nowa-
days, advancements in technology like enzyme immobilization and genetic modification make them more suitable candidates 

figurE 23.3 Pure water is forced through the aquaporin Z (AqpZ) network under pressure [16]. (a) A depiction of interaction of water 
molecules with AqpZ network and (b) the 3D view of the aqpZ.

Aquaporins: cellular “water”
channels transport as many as

4 × 109 H2O·S–1

(a) (b)
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for bioremediation purposes. A recent interesting development is single enzyme nanoparticles (SENs). A SEN is nothing but a 
single molecule of an enzyme, surrounded by a protective silicate cage of a few nanometers, but the active sites are chemically 
accessible to the ligands [23]. The use of individual enzymes for remediation processes has recently become more common 
since it offers a variety of advantages as compared to traditional microbial methods. Major advantages are their stability under 
extreme conditions such as high and low pH, high salinity, and temperature.

23.6 carbon nanotubEs

Significant advancements in nanotube research have been witnessed in recent years, especially in CNT. A wide range of 
commercial applications have been identified for CNTs [24]. In recent years, several new reports pertaining to the role of CNTs 
in pollution control, waste water purification [25], and desalination [26] have created a new surge of interest in nanotube 
research (Table 23.1).

CNTs are the most versatile adsorbents for an array of pollutants like heavy metals, environmental residues, and organic 
pollutants such as chloroform, benzene, dichlorobenzene, trihalomethanes, and polyaromatic hydrocarbon  [27]. CNTs 
also have a phenomenal sorbent potential for inorganic pollutants such as fluoride, along with several divalent metal ions 
(Table 23.2). Interestingly, it was observed that crude and poor-quality CNTs having a high surface area have shown better 
adsorption capacity as compare to aligned CNTs. This suggests that modification and surface activation of functional 
groups of CNTs causes the removal of amorphous carbon [28]. Activation of CNTs under oxidizing conditions with 
chemicals such as HNo

3
, KMno

4
, H

2
o

2
, NaoCl, H

2
So

4
, KoH, and NaoH has been widely reported. During activation, 

the impurities and catalyst-supporting materials that alter the surface characteristics by introducing new functional groups 
are dissolved.

Recently it was reported that ceramic pore channels inducted with CNTs can efficiently remove oils from water [29]. This is 
a significant development for the control of oil spillage in water bodies. CNT-embedded magnesium oxide composite is reported 
to efficiently remove lead (II) from water [30].

tablE 23.1 basic advantages and functions of cnt-based water filtration systems

functions applications

Removal of organic molecules and metal ions Water filtration and remediation
Removal of bacteria and viruses Point-of-use treatment systems

advance performances applications

1. High and fast retention of pollutants Improved adsorption efficiency and capacity
2. Fast mass transport Gravity driven or low-pressure operation
3. High mechanical properties and light weight High compacted and portable filters
4. Possible regeneration by heat or chemical treatment Reusable and economical systems

tablE 23.2 Various types of cnt-based nanomaterials used in water purification specifically for pollutants

Nanomaterials Pollutants Sorption References

SWCNTs Chloroform (CHCl
3
) 3.158 mg/g lu et al. (2005)

CNT polymer composite Trichloroethylene Nondetectable <0.01 PPB Salipira et al. (2007)
CNT polymer composite P-Nitrophenol 99% removal from a 10 mg/l  

spiked water
Salipira et al. (2007)

Ceo
2
-CNT As (V) 82 mg/g Peng (2005)

Ceo
2
-aligned CNT Cr (V) 30.2 mg/g Di (2006)

Acid-treated MWCNTs Pb (II) 97.08 mg/g li et al. (2003)
Cu (II) 24.49 mg/g
Cd (II) 10.86 mg/g

CNTs (diameter 2 nm) Microcystin toxin (MC) 14.8 mg/g Yan et al. (2006)
Herbicides
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23.7 Porous mEdia and cEramics

Porous ceramics are another good candidate for the development of water filters because of their increased surface area during 
nanoparticle growth [31]. Some ceramics like maganese oxide can effectively change the valence state of metal ion in water, 
which can easily removed by reaction with iron oxide to form a stable material [32]. Very often these reactions can be enhanced 
by adding other nanomaterials such as copper and copper oxide and this combination can effectively remove phosphate, heavy 
metals, lead, arsenic, and other pollutants. According to established norms, the permissible arsenic level in safe drinking water 
is about 50–10 µg/l; however, many regions of the world have very high arsenic levels in available groundwater. It has been 
shown that a combination of nano manganese oxide fibers combined with nano iron oxide is effective in removing arsenic from 
groundwater [33]. The nano Mno

2
 and Fe

2
o

3
 base medium has higher breakthrough bed volume than other media; additionally, 

it is equally effective for As (III) and As (V). As we know, As (III) is more toxic than As (V). This medium is also effective for 
high Pb (II) adsorption. Porous ceramics activated with iron oxide nanoparticles can also provide effective remediation of 
 pollutants like trichloroethylene (TCE) and tetrachloroethylene.

23.8 nanofiltration

Nanofiltration can remove dissolved solids, but is often used to soften water by removing dissolved organic carbon. The nano-
filtration membrane works in a similar manner to Ro, except that a relatively low pressure is required because of the large pore 
size (0.05–0.005 µm). Membrane technologies including ultrafiltration, nanofiltration, and Ro are now emerging as key com-
ponents in the domain of advanced water purification and desalination systems (Fig. 23.4). Some recent reviews in the litera-
ture have focused on the importance of nanofiltration for removing cations, natural organic matter, biological contaminants, 
organic pollutants, nitrate, and arsenic from ground- and surface water [34]. It was also reported that nanofiltration can effi-
ciently remove traces of uranium from seawater. Nanofiltration has also been evaluated for desalination of seawater, and it was 
observed that in combination with Ro it could effectively convert saline water to potable water [35]. Nanofiltration can be a 
good solution for improving water quality even in large water distribution systems by substantially reducing organic and 
biological contaminants [36, 37].

Engineered nanoparticles nowadays provide unprecedented opportunities for efficient water purification catalysts and redox 
active media by their optical electronic and catalytic virtues. It is important to understand that chemical groups are key biological 
constituents that make these nanomaterials functionalize. Recently it has been reported that CNTs can be successfully used to 
fabricate carbon nanofilters. These CNT nanofilters are hollow cylinders with radially aligned CNT walls. It was observed that 
these nanofilters can efficiently reduce bacterial contaminations (Fig. 23.5) such as Salmonella typhi, Escherichia coli, and 
Staphylococcus aureus, as well as polio virus sabin 1 from contaminated water [38].
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figurE 23.4 Ranges for nanofiltration, ultrafiltration, Ro, and microfiltration, and indicative molecules passing through these membranes.
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Alumina nanoparticles (7–25 nm) were successfully used for ultrafiltration membrane; the pore size and molecular cutoff 
weight of this membrane depends on the uniformity of the nanoparticles [39]. It was also observed that doping of alumina 
nanoparticles with Fe, Mn, and la can increase the selectivity and permeate flux. A novel nanofilter membrane has been fabri-
cated by depositing 4.5–5 layer pairs of styrene sulfonate/poly (allylaminehydrochloride) onto porous alumina [40]. This new 
nanofilter membrane shows high water flux and retention of divalent cations like chlorides and sulfate. Another new approach 
was the deposition of multilayers of charged polypeptide (poly-9-glutamic acid or ploy-l-lysine) inside the pores of a highly 
functionalized polycarbonate membrane.

23.9 dEndrimErs

Dendrite polymers are another good nanomaterial for the use of water purification; these are basically highly branched macro-
molecules with a core, interior branched cells, and terminal branched cells. They are usually symmetrical and spherical macro-
molecules with a potential to bind with an array of receptors on cell membranes or other biological surfaces. Many nanocomposites 
based on dendrimers have the capacity to enhance ultrafiltration. The first complete dendrimer family is PolyAMidoAMine 
(PAMAM), which was commercialized in 1990. Dendritic polymers exhibit very unique features like small size (1–20 nm) and 
high stability, which make them an attractive functional material for water purification. These nanocomposites can also be used 
in recyclable unimolecular micelles for recovering organic solutes from water, and to prepare scaffold and template for redox 
and catalytically active nanoparticles.

23.10 mEtal nanoParticlEs

Metallic nanoparticles exhibit a very strong UV-VIS absorption band that is not present in the spectrum of the bulk metal. These 
absorption bands are due to the collective excitation of the conduction electrons when the size of the particles is less than the 
mean free path of the electron in the metal. This is known as the localized surface plasmon resonance (lSPR). lSPR can be 
supported by a wide variety of structures like spheres, rods, and triangles. Particle size and shape are even more important in 
determining the position of the resonance. As the size of the particle increases, there is an increase in the amount of absorption 
and scattering, both of which contribute to the optical extinction of a metallic nanoparticle. Moreover, as the size increases, 
scattering takes over from absorption as the dominant contributor to the extinction, and there is a change in the position and 
width of the lSPR. Metal nanoparticles have been used as attractive adsorbents because they have a much larger surface area 
than bulk particles, in addition to their easy functionalization. It was observed that Mgo nanoparticles are a very effective bio-
cide both against gram-positive and gram-negative bacteria. These magnesium nanoparticles absorb large amounts of halogen 
molecules, sometimes up to 20% by weight. Gold nanoparticles duly coated with palladium can effectively remove TCE from 
groundwater. Zinc oxide nanoparticles have been used to remove arsenic from water, while the bulk zinc oxide cannot even 
adsorb arsenic. Ferrites and other iron-containing minerals such as akaganeite, feroxyhyte, ferrihydrite, goethte, hematite, lepi-
docrocite, maghemite, and magnetite have been used for waste water treatment. Magnetite was used for the removal of actinide 

figurE 23.5 (a) Unfiltered water containing E. coli. (b) E. coli culture from polluted water. (c) Filtration by using a CNT filter. (d) Water 
filtered through a nanotube filter. (e) Culture of filtered water showing the absence of bacteria.

(a) (b) (c) (d) (e)
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and heavy metals. Besides iron, other metal nanoparticles like Co, Ni, and Pd are also widely used as magnetic nanoparticles 
for the removal of contaminants from water. Titanium dioxide (Tio

2
) is a naturally occurring oxide of titanium and is found in 

nature as the well-known minerals rutile, anatase, and brookite. Titanium dioxide nanoparticles are commonly used as a photo-
catalyst. Magnetite (Fe

3
o

4
) is a mineral with the chemical formula Fe

3
o

4
, one of several iron oxides [41].

23.11 graPhEnE

A graphene sheet is an infinite two-dimensional (2D) layer consisting of sp-hybridized carbon atoms that belongs to one of the 
five 2D Bravais lattices called the hexagonal (triangular) lattice. It is noteworthy that by piling up graphene layers, in an orderly 
way, one can form 3D graphite. Graphene was initially considered as a theoretical building block used to describe the graphite 
crystal, and to study the formation of CNTs (rolled graphene sheets).

Gold nanoparticle–graphene nanocomposites have been used for desalination purposes and it was observed that this nano-
composite system can enhance the palatability of water fulfilling several criteria. This nanocomposite was prepared by the 
reduction of gold ions using sodium citrate as the reducing and capping material. Both graphene–gold and graphene–silver 
nanocomposites are efficient photothermal materials used for water desalination. In one method, a mixture of 0.1 g graphene 
and 50 µg gold particles was added to 1 l of seawater, and exposed to sunlight. The rate of temperature rise upon exposure to 
light from a halogen lamp after adding different nanomaterials was measured. The mixture of gold and graphene was much 
more efficient than plasmonic nanomaterials alone. The obtained water via desalination using the graphene nanocomposite was 
tested chemically and biologically. All chemical testing was carried out according to the standard international protocols in 
order to determine water quality, namely, salinity, pH, dissolved oxygen test, hardness, heavy metal content, and the total 
amount of phosphate, sulfate, and carbonate ions (Table 23.3). The result indicated that water obtained from this nanocomposite 
was totally pure and free from all salts, metal ions, and heavy metals.

Many protozoa, bacteria, viruses, algae, and fungi are found in natural water systems. Some are pathogenic (typhoid, cholera, 
and amebic dysentry can result from waterborne pathogens). The obtained distilled water using this nanocomposite was exam-
ined and indicated that the water was totally clean and did not contain any microorganism. This might be because of the photo-
thermal effect of the nanocomposite, which raises the temperature and causes bacterial death.

23.12 WatEr sitE rEmEdiation/nanorEmEdiation

In recent years, nanoremediation has become the main focus of research and development. There is great potential for the use 
of this technology to clean up contaminated sites and protect the environment from pollution. This eco-friendly technology is 
considered to be an effective alternative to the current practices of site remediation.

Nanoremediation methods involve the application of reactive materials for the detoxification and transformation of pollut-
ants. These materials initiate both chemical reduction and catalysis of the pollutants of concern. The unique properties of nano-
materials make them best suited for in situ applications. Their small size and novel surface coatings enable them to achieve 
farther and wider distribution when compared to large-sized particles.

over the years, the field of remediation has grown and evolved significantly into new technologies in attempts to improve 
the remediation process. one of the most established systems is “pump-and-treat” [42]. Pump-and-treat systems operate on 
the basis of removing contaminated groundwater from the ground, downstream of the contamination site, and then treating it 

tablE 23.3 comparative analysis of gold–graphene nanocomposite for its efficacy in the removal 
of major ionic contaminants and also on various other parameters of water palatability

SN Water quality Graphene-gold nanocomposite Common drinking water

1 pH 7 6.8
2 Calcium content 0 50 ppm
3 Chlorine content 0 100 ppm
4 oxygen 1.5% 2.2%
5 Sulfate ions 0 20 ppm
6 Mg ions 0 30 ppm
7 Salinity 0 0.03%
8 Hardness 0 2%



NANoSCAlE ZERo-VAlENT IRoN 397

before returning it to the ground. The only limitation of this technology is that it takes a long time to achieve cleanup goals [42, 43]. 
Pump-and-treat systems at some sites with dense nonaqueous phase liquids (DNAPls) may need to operate for considerably 
longer periods [43]. Despite the number of limitations exhibited by these systems, pump-and-treat remedies still account for 
67% of groundwater remedies proposed or in progress [42, 43].

In the early 1990s, the reducing capabilities of metallic substances, such as zero-valent iron (ZVI), began to be examined for 
their ability to treat a wide range of contaminants in wastewater. The most common deployment of ZVI has been in the form of 
permeable reactive barriers (PRBs) designed to remediate them [42]. PRBs, first installed at the field-scale in 1994, offer a sub-
stitute for the more established pump-and-treat systems. The first full-scale commercial PRB was approved for use in the state 
of California by the San Francisco Regional Water quality Control Board (RWqCB) in 1994 [42]. This passive treatment 
system has been used to treat pollutants, including chlorinated hydrocarbons, nitro aromatics, polychlorinated biphenyls 
(PCBS), pesticides, and even chromate. The reducing capabilities of ZVI, can dechlorinate chemicals such as TCE and PCBs 
[44]. ZVI can reduce hexavalent chromium Cr (VI) to trivalent chromium Cr (III), and precipitate it out of the solution, immo-
bilizing it as Cr (III) hydroxides or chromium–iron hydroxide solid solutions [42, 45].

23.13 nanoscalE zEro-ValEnt iron

Iron nanoparticles are an attractive component for nanoremediation. Iron at the nanoscale was synthesized from Fe (II) and  
Fe (III), using borohydride as the reductant. Nanoscale zero-valent iron (nZVI) particles range from 10 to 100 nm in diameter. 
They exhibit a typical core shell structure. The core consists primarily of zero-valent or metallic iron whereas the mixed valent, 
that is, Fe (II) and Fe (III) oxide, shell is formed as a result of oxidation of the metallic iron. Iron typically exists in the environ-
ment as iron (II) and iron (III) oxides. nZVI is generally preferred for nanoremediation because of the large surface area of the 
nanoparticles and the larger number of reactive sites [46], and also because it possesses dual properties of adsorption and 
reduction, as shown in Figure 23.6.

This enables it to be used for the remediation of a wide range of contaminants present in situ. Moreover, when ZVI was 
allowed greater access to the contamination site, it was found to give out less hazardous waste during the treatment process. ZVI 
can also be modified based on the contaminants present. It could be modified to include catalysts like palladium, coatings such 
as polyelectrolyte or triblock polymers [47], or be enclosed in emulsified oil micelles [48]. In 2003, nanoscale iron particles 
were investigated for their effect on a number of common pollutants in groundwater and contaminated soil. The results showed 
that the nanoscale iron particles were highly effective for the transformation and detoxification of a number of pollutants 
(Table 23.4). To remove the contaminants, the super paramagnetic property of iron nanoparticles was manipulated and retrieved 
using a magnetic field without ignoring its release into the environment. laboratory tests have indicated that more than 99% of 
arsenic in water samples can be removed using 12 nm diameter iron oxide nanoparticles [46].

TCE, a hazardous organic contaminant present in water, can be removed by ZVI nanoparticles modified to contain an oil–
liquid membrane. This oil–liquid membrane is generally composed of food-grade surfactants; the biodegradable oil and water 
are hydrophobic and form an emulsion with ZVI. This is termed as emulsified zero-valent iron (EZVI) [50]. Since all DNAPls, 
such as TCE, are hydrophobic, the emulsion is miscible with the contaminant, allowing an increased contact between TCE 
DNAPl and the ZVI present within the oil emulsion droplet [51]. While the ZVI in the emulsion remains reactive, the chlorinated 
compounds are continuously dechlorinated within the aqueous emulsion droplet, producing a concentration gradient within the 
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figurE 23.6 Schematic diagram of nanoscale zero-valant iron (nZVI).
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oil membrane, which in turn acts as a driving force to allow additional TCE migration into the membrane and additional 
 degradation is carried out. A potential benefit of EZVI over nZVI for environmental applications is that the hydrophobic mem-
brane surrounding the nZVI protects it from other groundwater constituents, such as some inorganic compounds, which might 
otherwise react with the nZVI, reducing its capacity or passivating the iron [52].

Another type of nanoparticle used for environmental applications is the bi-metallic nanoparticle (BNP). Bi-metallic nanopar-
ticles consist of elemental iron or other metals in conjunction with a metal catalyst, such as platinum (Pt), gold (Au), nickel 
(Ni), or palladium [51]. The combination of metals to form a nanoparticle increases the kinetics of redox reaction, therefore 
catalyzing the reaction. The most commonly used and commercially available BNPs are the palladium and iron BNPs (Pd/Fe). 
The surface area normalized rate constant of iron BNPs combined with palladium (nZVI/Pd) was two orders of magnitude 
higher than that of nZVI [53]. Palladium and iron BNPs are generally used for the removal of TCE. In one of the studies, pal-
ladium was used to convert TCE into ethane with minimal formation of vinyl chloride and other chlorinated intermediates that 
often occur with anaerobic bioremediation and with iron metal [54].

nZVI and reactive nanoscale iron product (RNIP) comprise the most basic form of the nano iron technology [49, 55]. 
Particles of nZVI, typically about 100–200 nm in diameter, consist solely of ZVI (Fe0). The most common approach to nZVI 
synthesis employs sodium borohydride as the key reductant [49]. In 1997, Wang et al. first produced the nanoscale iron particles 
in the laboratory using the method of sodium borohydride (NaBH

4
) reduction [56]. By mixing NaBH

4
 with FeCl

3
·6H

2
o, Fe3+ is 

reduced according to the following reaction:

Fe H O BH H O Fe B OH H0
2 6

3

4 2 3 23 3 3 10 5( ) + + → + ( ) +
+

.

In a laboratory-scale production of nZVI, Wang et al. achieved a particle size distribution of less than 100 nm for 90% of the 
particles produced. The BET surface area (Brunauer–Emmett–Teller (BET) theory that explains adsorption of gas molecules 
on a solid surface and is a important analysis technique for the measurement of the specific surface area of a material) for the 
particles was determined to be 33.5 m2/g  [56]. Following the reaction, the reduced particles of iron (Fe0) created could be 
directly used for contaminant destruction. The stoichiometry of the reduction of TCE to ethane, a typical decontamination reac-
tion, would proceed as follows:

C HCl Fe H C H Fe Cl2 3
0

2 6
24 5 4 3+ + → + ++ + −

RNIP particles vary slightly from nZVI particles, in that RNIP particles consist of approximately a 50:50 wt.% mixture of 
iron and magnetite (Fe

3
o

4
). The core of the particles consists of the elemental iron (α-Fe), while the Fe

3
o

4
 surrounds the Fe, 

forming an outer shell [55].

23.14 conclusions

The aim of this chapter is to give an overall perspective of the use of nanoparticles to solve potential issues such as the more 
effective treatment of contaminated water for the purposes of drinking and reuse than through conventional means. Nanoremediation 
has the potential to clean up large contaminated sites in situ, reduce cleanup time, and eliminate the need for the removal of con-
taminants, hence reducing the contaminant concentration to near zero. A great deal of care needs to be taken if it has to be imple-
mented in real life to avoid deleterious effects of unhygienic water. The success of these techniques in field conditions is a factor 
for interdisciplinary collaboration of chemistry, material science, and geology to cope with the challenges of this research.

tablE 23.4 contaminants remediated by nanoscale zero-valent iron (nzVi) [49]

Carbon tetrachloride Chrysoidine cis-Dichloroethene Dichlorobenzenes
Chloroform Tropaeolin trans-Dichloroethene Bromoform
Dichloromethane Acid orange 1,1-Dichloroethene TNT
Chloromethane Acid Red Vinyl chloride Chlorobenzene
Hexachlorobenzene Mercury PCBs Dibromochloromethane
Pentachlorobenzene Nickel Dioxins Dichromate
Tetrachlorobenzenes Silver Pentachlorophenol DDT
Trichlorobenzenes Cadmium NDMA Dichlorobromomethane
Arsenic lindane Tetrachloroethene Perchlorate
orange II Trichloroethene Nitrate
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24.1 iNtroductioN

Water is a limited resource; the world is facing formidable challenges in meeting the rising demand for clean water as the available 
supplies of freshwater are decreasing due to contamination of this natural resource.

Heterogeneous catalysis has received a tremendous amount of interest, both from a scientific and an industrial perspec-
tive. Catalysts are also essential in converting hazardous waste into less harmful products. One area of catalysis that is 
developing at a rapid pace is nanocatalysis. Nanoparticles have great potential as water-purifying catalysts and redox-active 
media due to their large surface areas and their size- and shape-dependent optical, electronic, and catalytic properties [1]. To 
avoid the dangerous accumulation of organic pollutants in the aquatic environment, powerful oxidation methods are devel-
oped for their complete destruction from natural waters and wastewaters. Although different isolation, physical separation, 
biological, and chemical methods can be utilized, the most promising techniques are the so-called advanced oxidation 
processes based on the in situ generation of the hydroxyl radical (·OH) as an oxidant of organic matter. These processes 
involve catalyzed chemical, photochemical, and electrochemical techniques to bring about chemical degradation of organic 
pollutants [2].

This chapter is divided into six sections. Following the introductory section, Sections 24.2–24.6 highlight the results of 
selected studies on the use of nanomaterials as catalysts for different advanced oxidation processes.

24.2 photocatalytic oxidatioN

24.2.1 introduction

Photocatalysis may be described as a photoinduced reaction that is accelerated by the presence of a catalyst [3]. When a semi-
conductor photocatalyst is irradiated with photons of energy equal to or greater than its band gap, electrons are excited from the 
valence band to the conduction band, leaving positively charged holes in the valence band, thus leading to a charge separation [4]. 
The photogenerated electrons can react with electron acceptors such as O

2
 adsorbed on the catalyst surface or dissolve in water 

to give O
2

−· radicals [5]. The photogenerated holes react with OH− or H
2
O, oxidizing them into ·OH radicals [6]. These active 

radicals are responsible for the decomposition of organic compounds (Fig. 24.1a). Photocatalysts also promote a photocatalytic 
reaction by acting as mediators for the charge transfer between two adsorbed molecules (Fig. 24.1b). Photocatalysts quench the 
excited state either by accepting an electron or transferring the charge to another substrate [7]. The efficiency of photocatalysis 
depends on how well one can prevent this charge recombination [8]. There has been considerable interest in the use photocatalysis 
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for environmental remediation. Currently, much literature exists on the development of new photocatalytic nanomaterials with 
regard to this aspect. in this section, we review the basic concepts of nanocrystalline photocatalysts and ways to enhance their 
photocatalytic activities. Some examples of nanocrystalline semiconductors, used in the photocatalysis of organic compounds, 
are mentioned here (Table 24.1; [9]) but the reader may refer to reference articles for a detailed discussion on basic synthesis 
strategies and photocatalytic reaction conditions.

24.2.2 Nanocrystalline photocatalysts

As the size of the semiconductor particle is reduced below a critical diameter, splitting of the energy bands into discrete, quan-
tized levels occurs. Particles that exhibit these quantization effects are often called “Q-particles.” The optical, electronic, and 
catalytic properties of Q-particles drastically differ from those of the corresponding macrocrystalline substance [10]. The band 

figure 24.1 Photoinduced charge-transfer processes in semiconductor nanoparticles (a) upon bandgap excitation. (b) Nanoparticles act 
as mediators for the charge transfer between two adsorbed molecules.
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gap energy of Q-particles is increased by reducing the particle size, which is a great practical advantage. One disadvantage of 
nanosized particles is the need for light with a shorter wavelength for photocatalyst activation than for bulk materials [11].

Crystal size and surface area can play an important role in affecting the photocatalytic activity of photocatalysts. Wang 
et al. conducted experiments on the decomposition of chloroform and observed an optimal TiO

2
 nanoparticle size for maximum 

photocatalytic efficiency. The particle’s photocatalytic activity increased as the particle size was decreased from 21 to 11 nm, 
but when the size was reduced further to 6 nm, the activity decreased [12]. As an explanation to these observations, Zhang 
et al. suggested that the high surface area of the nanoparticles increases the photonic efficiency due to the increased interfacial 
charge–carrier transfer rates. However, below a certain particle size, charge recombination is faster than interfacial charge–
carrier transfer processes [13]. Thus, there exists an optimum particle size for maximum photocatalytic efficiency. in another 
investigation, liao et al. manipulated TiO

2
 nanoparticles into spheres, cubes, ellipsoids, and nanorods using various surfac-

tants. Cube-shaped and smaller-sized TiO
2
 nanoparticles showed increased red shift in the uv–vis light region. This reduces 

the energy needed for photocatalysis [7].

24.2.3 Nanocatalyst enhancements

Among all semiconductors, TiO
2
 is the most widely used photocatalyst. it has two stable crystalline phases—anatase 

and  rutile—which are achieved at synthesis temperatures of typically around 350 and 800°C, respectively. Nanocatalyst 
 systems that include iron oxides, sulphides, and selenides are considered unstable for catalysis because they readily undergo 

table 24.1 some examples of nanocrystalline semiconductors used in photocatalysis of organic compounds

Nanocatalyst Organic pollutants references Nanocatalyst Organic pollutants references

ZnFe
2
O

4
Phenol [9a] Polyoxometalates supported  

on yttrium-doped TiO
2
 

(H
3
PW

12
O

40
–y–TiO

2
)

methyl orange [9u]

TiO
2
 films methyl orange [9b] ZnAl

2
O

4
 nanoparticles gaseous toluene [9v]

ZnO and Pt–ZnO films Phenol [9c] TiO
2
 nanoparticles supported  

on porous glass beads
methyl orange [9w]

Core/shell-structured ZnO/ 
SiO

2
 nanoparticles

rhodamine B [9d] ZnO–bentonite  
nanocomposite

Phenol [9x]

Hydrophilic ZnS nanocrystals Basic violet 5BN [9e] yttrium Orthovanadate  
(yvO

4
) nanoparticles

direct blue 
53

[9y]

Ag-loaded TiO
2
 nanotube  

arrays
methylene blue [9f] Nb-loaded ZnO  

Nanoparticles
Phenol [9z]

mWCNTs loaded with  
Ag nanoparticles

rhodamine B [9g] Pr-doped TiO
2

Phenol [9aa]

Hydroxyapatite-supported 
Ag

3
PO

4
 nanoparticles

methylene blue [9h] layered la
2
Ti

2
O

7
 nanosheets methyl orange [9ab]

Bi
3
NbO

7
 nanoparticles rhodamine B [9i] SnS

2
methyl orange [9ac]

Co-doped TiO
2
 nanoparticles 2-Chlorophenol [9j] moS

2
/TiO

2
Phenol [9ad]

Nano-aluminum oxide Pyridine [9k] BivO
4
/Bi

2
O

2
CO

3
  

nanocomposites
rhodamine B [9p]

lanthanide(la3+, Nd3+,  
or Sm3+)-doped ZnO 
nanoparticles

4-Nitrophenol [9l] CNTs/P–TiO
2

methyl orange [9ae]

CdS/la
2
Ti

2
O

7
methyl orange [9m] m@TiO

2
 (m = Au, Pt, Ag) Benzene [9af]

TiO
2
/SiO

2
/NiFe

2
O

4
violet 5B [9n] CoFe

2
O

4
–Cr

2
O

3
–SiO

2
methylene blue [9ag]

C-doped Zn
3
(OH)

2
v

2
O

7
  

nanorods
methylene blue [9o] mgFe

2
O

4
/TiO

2
 composite rhodamine B [9ah]

BivO
4
/Bi

2
O

2
CO

3
rhodamine B [9p] Fe

3
O

4
/ZnO methyl orange [9ai]

Ag–Agi/Fe
3
O

4
@SiO

2
rhodamine B and 

4-chlorophenol
[9q] NiO/AgNbO

3
methylene blue [9aj]

CuxS/TiO
2
 copper sulphide/

titanium oxide
methylene blue, methyl  

orange
[9r] Fe–Co–TiO

2
rhodamine B [9ak]

ln
2
Ti

2
O

7
methylene blue [9s] Chitosan/CdS Cango red [9al]

v-doped TiO
2
 nanoparticles methylene blue and 

2,4-dichlorophenol
[9t] Fe3+–TiO

2
–zeolite methyl orange [9am]
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photoanodic corrosion [10a, 14]. ZnO is also unstable, as it readily hydrolyzes to form Zn(OH)
2
 on the particle surface, which 

deactivates the catalyst [14b]. Therefore, it is natural that most of the studies reviewed here are centered around TiO
2
 nano-

cluster properties. There are several ways to improve the photocatalytic activity of TiO
2
-based catalysts. The sensitization of 

TiO
2
 with a second component to enhance activity and shift the wavelength of irradiation into the visible region is a goal that 

has been eagerly pursued [11]. There are several ways to achieve this goal such as doping TiO
2
 nanomaterials with other 

 elements, coupling two semiconductor systems, organic–inorganic nanostructured composites, and dye sensitization of 
 nanocrystalline films.

24.2.3.1 Doping doping is defined as the inclusion or substitution of a foreign atom into the TiO
2
 lattice to induce new 

optical transitions that are not available in pure TiO
2
.

24.2.3.1.1 Self-Doped TiO
2
 (Reduced) Self-doping is caused by a stoichiometric imbalance in which oxygen is lost and 

reduced cationic sites are incorporated into the lattice. This imbalance can be found in many forms, for example, formation of 
isolated point defects such as oxygen vacancies or titanium interstitials, or formation of networks of such point defects. New 
optical excitation events and subsequently new photoactivity (such as visible light photoactivity) for self-doped TiO

2
 is due to 

the presence of reduced cationic sites on the surface of TiO
2
 [15].

24.2.3.1.2 Cation-Doped TiO
2
 ion doping into titanium dioxide can influence the performance of these photocatalysts. 

Several research groups have observed visible light photoactivity for cation-doped TiO
2
. in a study conducted by lee et al. on 

the photocatalytic decomposition of methanol, anatase doped with Cr3+, Ni2+, and Fe3+ showed greater activity in the visible 
light region than pure TiO

2
 [16]. Studies by different research groups can lead to different, sometimes contradictory results. For 

example, Cr- and Fe-doped anatase showed longer-lived trapped holes than undoped anatase for the photodecomposition of 
acetaldehyde and toluene, but it did not result in increased uv photoactivity [17]. Some cationic dopants (such as Fe3+ and 
Tv4+) exhibited much longer-lived carrier lifetimes than undoped TiO

2
, whereas other cations (e.g., Al3+) resulted in shorter 

lifetimes [15]. The dopant ions may occupy either lattice or interstitial sites and, depending on their location, they can function 
either as hole and electron traps, or mediate interfacial charge transfer [14b]. According to Choi and coworkers [18], the 
optimum dopant concentration balances the ability of these centers to prevent charge recombination. Zhang et al. found that this 
optimum concentration is particle size–dependent and decreases with an increase in size [13].

24.2.3.1.3 Anion-Doped TiO
2
 The most extensively studied anion dopant is nitrogen (N), but other anionic dopants (e.g.,  

C, halides, P, and B) have also been examined. modification of TiO
2
 with N results in increased uv photoactivity [15]. The key 

question that is open to dispute is the chemical nature and the location of the species that shift the TiO
2
 absorption properties 

into the visible region. Species such as NO
x
, NH

x
, and N2− have been proposed, not to mention the NO−, NO

2
−, and NO

3
− species 

that have been confirmed [19]. As N-doped TiO
2
 samples are prepared using different methods that result in different N-doping 

concentrations, crystalline types, and surface areas, the behavior of the various samples cannot be compared accurately [20]. 
The visible light photoactivity of N-doped TiO

2
 is often much less than under uv. These photocatalysts are also often less active 

when compared with TiO
2
 under uv irradiation [19b].

24.2.3.2 Coupling Two Semiconductor Systems recently, many researchers have regarded coupled and capped semicon-
ductor systems as promising photocatalysts (such as CdS–TiO

2
, CdS–ZnO, CdS–Ag

2
S, ZnS–CdS, CdS–ZnS, ZnS–CdSe, ZnO–

ZnS, ZnO–ZnSe, and CdS–HgS [7]). in dual semiconductor systems, the photogenerated electrons in one semiconductor are 
injected into the lower-lying conduction band of the second semiconductor (Fig. 24.2). As illustrated in parts (a) and (b) of 
Figure  24.2, the charge separation mechanism governing the two capped and coupled semiconductor systems is similar. 
However, the interfacial charge transfer in this multicomponent semiconductor system is significantly different [21]. While in 
coupled systems the two semiconductors are in contact with each other and both holes and electrons are accessible for selective 
redox processes on different particle surfaces, the capped nanoclusters essentially have a core–shell geometry. Only one of 
the charge carriers is accessible at the surface. Hence, the electron gets trapped within the core particle, and is not readily 
 accessible for the reduction reaction [11]. The control of the shell thickness or the particle radius of the core is a delicate point 
in the  fabrication of core–shell nanostructures and deserves special attention. These factors control the charge separation and 
photocatalytic properties of core–shell nanocatalysts. in capped systems, if the shell is too thick, only the holes are accessible 
at the surface of the photocatalyst, resulting in selective interfacial charge transfer and the photooxidation reaction efficiencies 
of the resulting photocatalyst generally improve. However, the reducing charge carriers are not utilized during the photocatalyic 
reaction, since these nanoparticles do not often exhibit photoreduction activity [21].
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Three-layered colloidal particles (such as CdS–HgS–CdS [22], Ag–TiO
2
–SiO

2
, Pt–TiO

2
–SiO

2
, or CdS–ZnO–CdO [7]) are 

another development in the field of surface-modified semiconductor nanoparticles.

24.2.3.3 Organic–Inorganic Nanostructured Composites in recent years, organic–inorganic materials have attracted 
increasing research attention because of their potential usage as catalytic nanomaterials. Considerable effort has been under-
taken to incorporate organic components within an inorganic lattice to achieve symbiosis of the properties of both components. 
For example, Braun et al. reported the synthesis of organic superlattices based on cadmium sulphide and cadmium sele-
nide [23]. Tenne et al. also synthesized inorganic WSe

2
 and PtS

2
 compounds, with a graphite-like crystal structure. These com-

pounds can be used to construct fullerene-like structures and nanotubes, which are promising candidates for applications in 
catalysis [24].

figure 24.2 Charge transfer in (a) a coupled and (b) a capped semiconductor system.
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24.2.3.4 Nanocrystalline Films and Dye Sensitization Thin metal oxide films exhibit interesting photochromic, 
 electrochromic, photocatalytic, and photoelectrochemical (PeCh) properties. Their nanoparticles are in electronic contact, 
allowing for electric charge percolation. This charge transport is highly efficient, and the quantum yield is practically unity 
[21]. TiO

2
 nanotube array films and TiO

2
 nanoparticulate films were investigated for the photodegradation of organic 

 compounds [25]. The degradation efficiency of TiO
2
 nanotube array films was much higher as compared with the TiO

2
 

nanoparticulate films with similar thickness and geometric area due to the higher internal surface area of the nanotube 
 structure. The photoactivity of the TiO

2
 nanotube films was strongly influenced by the thickness and very slightly by the 

tube diameter [25b, f, 26]. The effects of the nanotube structure including tube length, tube wall thickness, and crystallinity 
on the photocatalytic activity for the degradation of organic compounds were investigated in detail by several researchers 
[27]. generally, the reaction rate increased gradually by increasing TiO

2
 film thickness till a maximum due to the increment 

of the TiO
2
 photocatalyst that may participate in the photodegradation. However, a further increase in TiO

2
 film thickness 

resulted in somewhat decreasing the photoreaction rate. When the film is thicker than the light penetration depth, the active 
thickness is practically constant and the bottom film serves only as a support. The photoreactants have a longer diffusion 
path in the longer nanotubes; therefore, the photoreaction rate decreases [19b]. Nanostructured films made up of wide band-
gap semiconductors, such as TiO

2
, respond only in the uv region. in this film, the effective surface area can be enhanced 

1000-fold; thus, light absorption can be modified with only a dye or a short bandgap semiconductor monolayer adsorbed on 
each particle [28]. For example, by successively dipping the ZnO film in Cd2+ and S2− solutions, one can cast a thin film of 
CdS nanocrystallites. These heterostructured semiconductor films are photoelectrochemically active and generate photocur-
rent under visible light excitation.

24.2.3.5 Plasmon-Sensitized TiO
2
 Nanoparticles Plasmonic nanoparticles such as silver and gold nanoparticles have been 

employed as an attractive approach to promote the performance of photocatalysts due to their surface plasmon resonance, 
which can enhance the visible light absorption and consequently increase the overall efficiency of the photocatalysts [9af, 29]. 
Core–shell nanoparticles have been applied to enhance photocatalytic activity by preventing the electron–hole recombination. 
it is expected that, due to the coupling of plasmon resonances in the core with the electron–hole pair generation in the shell, 
these hybrid Ag/Au TiO

2
 nanoparticles will exhibit photocatalytic activity in the visible spectral range, thereby making more 

efficient use of solar energy. Zheng et al. [9af] recently synthesized plasmonic photocatalysts m–TiO
2
 (m = Au, Pt, Ag) and 

investigated their visible light photoactivities for the oxidation of benzene. Ag/AgCl [30], Ag/AgBr/WO
3
·H

2
O [9ak], and Ag 

and Au nanoparticles supported on ZrO
2
 and SiO

2
 are also efficient visible light active photocatalysts for both oxidative and 

reductive reactions [31].

24.2.3.6 Immobilization of TiO
2
 in many of the reported photocatalytic applications, nanocatalysts were used as nanopar-

ticle slurry. But using nanoparticles in slurry form has several practical constraints. Particle–particle aggregation, increased 
process cost due to additional solid/liquid separation, reduced penetration depth of incident light because of the solution tur-
bidity, and health hazard due to fugitive emissions of nanoparticles during slurry preparation are some of the practical con-
straints [32]. immobilization of the photocatalysts onto a support medium can eliminate most of the limitations linked to the 
use of nanoparticles in slurry form. However, this can lead to a decrease in the surface area available for reactions compared to 
suspended systems. These problems can be resolved by supporting nanoparticles on large–surface area materials like quartz, 
silica gel, alumina, zeolites, clays, activated carbon (AC), or glass spheres [33], which could avoid the formation of macro-
scopic aggregates of photoactive particles [34].

Khatamian et al. have reported the preparation of TiO
2
 nanoparticles and metal ion–doped TiO

2
 nanoparticles supported on 

ZSm-5 zeolite [35]. The degradation efficiency of dye was much higher as compared with bare TiO
2
 due to the high adsorption 

capacity of the supported TiO
2
 that results in the higher concentration of dye molecules around the TiO

2
 particles. Furthermore, 

the strong electrostatic field present in the zeolite framework can effectively reduce the recombination rate of electron–hole 
pairs, thus increasing the photocatalytic activity [35].

Another possible solution to facilitate the separation of catalysts is the use of solid catalysts with magnetic properties, which 
can be efficiently separated from the reaction medium applying an external magnetic field. most of the magnetic photocatalysts 
developed so far contain a magnetic core (magnetite (Fe

3
O

4
), maghemite (γ-Fe

2
O

3
), or ferrite (e.g., NiFe

2
O

4
)), and a catalyst 

shell (TiO
2
) [36]. An intermediate and inert layer is necessary between the TiO

2
 shell and magnetic core in order to avoid pho-

todissolution of iron and to prevent the magnetic core from acting as an electron–hole recombination center. Silica is chemically 
inert and does not affect any redox reactions at the core surface. Silica is also optically transparent, permitting light energy to 
penetrate.

recently, there have been great advances in the development of TiO
2
 photocatalytic membranes, since their simultaneous 

physical separation and chemical decomposition of water contaminants are promising for practical and full-scale applications [37].
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Carbon-based TiO
2
 composites have attracted much attention and become a very active field of research due to their unique 

properties. A combination of TiO
2
 and AC could create many active sites for photocatalytic degradation. AC not only increases 

the surface area but also modifies the acid–base properties and the uv spectrum of TiO
2
 [19b]. Promising results were also 

obtained with carbon nanotubes (CNTs)–TiO
2
 hybrids, tested for the photodegradation of some organic compounds [38]. The 

photoactivity of the CNTs–TiO
2
 is generally higher than that of TiO

2
 and TiO

2
–AC samples. it is considered that photo-induced 

charge transfer occurs in the electronic interaction between the carbon layers or walls of the multiwalled carbon nanotube 
(mWCNT) and TiO

2
. The electrons excited in the conduction band of TiO

2
 may migrate into the nanocylinder of the CNTs and 

lead to a reduced electron–hole pair recombination and thus to an increase in photon efficiency. O
2
 adsorbed on the surface of 

the CNTs may accept the electron and form the ·OH radical, which oxidizes the adsorbed dye directly on the surface [19b].

24.3 catalytic ozoNatioN

24.3.1 introduction

Ozonation is an attractive and increasingly important method for the degradation of water and wastewater organic pollutants. 
unfortunately, total mineralization of organic pollutants cannot be achieved by this process. Ozonation of organic compounds 
usually leads to the formation of aldehydes and carboxylic acids, which cannot be degraded with ozone and may produce more 
toxic and resistant by-products [39]. Additionally, ozonation rate is relatively slow and this reaction is strongly pH-dependent 
and occurs faster with an increase of pH [40]. it has been demonstrated that ozonation of organic compounds can effectively be 
improved in the presence of a catalyst. in particular, solid metal oxides are more useful in catalytic ozonation than ionized 
metals, as ionized metals are considered toxic substances in water [41]. These processes are also very often characterized by a 
lower usage of ozone when compared with ozonation alone. in contrast to ozonation, catalytic ozonation allows for the effective 
formation of hydroxyl radicals even at a low pH. The ozone efficiency in heterogeneous catalytic ozonation is higher than that 
found in homogeneous catalytic ozonation. The catalytic ozonation can proceed by direct molecular ozone reactions and by an 
indirect pathway forming OH radicals after ozone decomposition.

24.3.2 heterogeneous catalytic ozonation

A short overview of the literature concerning catalytic ozonation indicates that different or contradictory results are published 
in the literature. The controversies in this field are due to the unknown mechanisms of catalytic processes. Some authors suggest 
that hydroxyl radicals are the active species responsible for oxidation reactions, while others indicate that catalytic oxidation 
proceeds without hydroxyl radical formation. in the first case, it is proposed that catalysts cause ozone decomposition leading 
to hydroxyl radical formation. Another important issue is the adsorption of ozone and/or organics on the surface of the catalyst, 
as the usage of catalysts in aqueous solutions will lead to competition between water, ozone, and organic compounds for 
catalytic active sites [40].

The catalytic ozonation process is significantly influenced by key factors such as temperature and pH. The pH is the main 
factor for both ozone stability and catalyst surface properties such as the surface charge of the particles, which influences the 
adsorption capacity of the catalyst. TiO

2
 P25 is the most commonly tested catalyst for the ozonation of organic pollutants in 

water. The main characteristics influencing the TiO
2
 activity are surface area, crystalline phase, particle size, and the aggregate 

size in suspension [3]. Owing to the very strong van der Waals interactions, TiO
2
 nanoparticles are almost inclined to form 

aggregates. The pH and surface charges of the solution mainly determine the stability of TiO
2
 nanoparticles in aqueous solution 

[42]. While agglomeration has been shown to be an important factor for the catalyst’s activity, its measurement is difficult. An 
activity decrease could be expected by bringing the surface close to neutrality.

in an investigation on catalytic ozonation of nitrobenzene in the presence of nano-TiO
2
, it was found that only the nanometer 

rutile TiO
2
 is catalytically active

.
 Adsorption of nitrobenzene was found to play an important role and catalytic oxidation pro-

ceeds via hydroxyl radical formation. High mineralization of ozonation by-products takes place in the presence of the nano-
meter rutile TiO

2
 [43].

Nanosized TiO
2
 supported on Zeolite was prepared by Wang et al. and good catalytic performance of TiO

2
/Zeolite was 

achieved in catalytic ozonation [9m].
rodríguez et al. synthesized TiO

2
-supported nickel nanoparticles. The presence of two phases (NiO/Ni) in the Ni/TiO

2
 

slightly improved the conversion of 2,4-dichlorophenoxyacetic acid compared with TiO
2
 [44].

recently, photocatalytic ozonation with TiO
2
 (O

3
/uv/TiO

2
) has received enormous attention for the oxidation of organic 

pollutants. Jing et al. prepared an anatase TiO
2
 photocatalyst by hydrothermal method. TiO

2
 displayed more photocatalytic 
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activity for dimethyl phthalate degradation than that of TiO
2
 produced by a sol–gel process. The effectiveness of TiO

2
/uv/O

3
 

system was more than that of the TiO
2
/uv/O

2
 (uv/O

3
) system, implying a synergistic effect between photocatalysis and 

ozonation [45].
The efficiency of nano-ZnO particles has been studied for two different sizes: nano- and microsized particles, to study the 

effect of catalyst size on catalytic ozonation of 4-nitrochlorobenzene (4NCB). The effect of pH was also examined. According 
to the results, with increasing particle size from nanosize to microsize range and pH from 3.0 to 9.0, a higher degradation of 
4NCB was obtained. Based on these results, it is suggested that the hydroxyl radical does not affect the degradation of 4NCB, 
but the surface of the catalyst plays an important role [46]. in contrast, a high degree of degradation during catalytic ozonation 
of dye and formaldehyde was achieved using mgO nanoparticles. in both cases, the catalyst has the ability to enhance the 
decomposition of ozone and promotes the formation of OH· radicals [47].

Catalytic ozonation was carried out in the presence of nanosized magnetite and biogenic magnetite. Both of them were found 
to enhance the degradation of para-chlorobenzoic acid. The surface functional groups are responsible for the catalytic activity. 
despite having more surface functional groups, the catalytic efficiency of biogenic magnetite is less than that of nanosized 
magnetite, as a result of the formation of bigger aggregates of biogenic magnetite than of nanosized magnetite [41].

To determine the effect of morphology on catalytic performance, CeO
2
 nanoparticles with varying morphology (aggregates 

of irregularly shaped particles, crystalline, irregular aggregate morphology) were prepared to study the catalytic ozonation of 
phenol. The differences in the catalytic activity demonstrated by these three oxides were attributed to amounts of Ce3+ on the 
CeO

2
 surface and, consequently, to the demand for oxygen to burn each precursor [48].

The combined use of ozone and AC has been identified as an interesting alternative to destroy toxic organic compounds. 
However, AC is easily oxidized in the process of ozonation. Ozone attacks AC, leading to soluble organic matter production, 
which increases the dissolved total organic carbon concentration in the absence of organic compounds [49]. CNTs may be more 
suitable for catalyst support than AC in liquid phase reactions. liu et al. [50] showed that a higher catalytic activity was 
obtained for Pt deposited on CNTs than for Pt deposited on AC. The mechanism assumes radical chain reactions. mWCNTs 
with different surface chemical properties were prepared by gonçalves et al. The correlation between surface properties of the 
mWCNTs and their performances as catalysts for the degradation of oxalic and oxamic acids through ozonation were evalu-
ated. generally, a low acid character of the catalysts enhances the efficiency of this process. mWCNTs present a higher 
catalytic activity compared to AC, which was justified by the differences in their surface chemistry [51].

depositing noble metals (e.g., Au, Ag, and Pt) on the semiconductors is one of the best-known methods used to enhance 
catalytic activity. it is reported that noble metals can act as electron sinks to enhance the interfacial charge transfer processes 
[52]. However, it requires a solid support or stabilizing agent to interact with the various substrates. Some attempts have been 
made recently to study the ozonation reactions in the presence of gold nanoparticles [9t, 53]. For example, the catalytic ozona-
tion of acid orange 10 in the presence of Au-Bi

2
O

3
/Bi

2
O

3
 nanocatalysts was investigated by Pugazhenthiran et al. [2]. β-mnO

2
 

nanowires have potential utility as catalysts for catalytic ozonation of organic compounds. For example, dong et al. [54] 
revealed high efficiency of β-mnO

2
 nanowires as a catalyst of phenol ozonation. A free radical mechanism was proposed which 

involves ozone decomposition and hydrogen peroxide formation. Furthermore, it was observed that mn ions dissolving into the 
solution negatively impact the efficiency of the catalytic process [40].

membrane application in surface water treatment provides many advantages over conventional treatments. However, this 
effort is hampered by the fouling issue. Ozone has been used to resolve the fouling issue; however, only ceramic membranes 
can be used in combination with ozone, as they are resistant to ozone. Coating the ceramic membranes with catalytic materials 
such as iron oxide [55] or manganese oxide has been shown to reduce their fouling [56] as they catalyze the oxidation of the 
organic foulants that deposit on the membrane surface. Corneal et al. discussed the effect of the number of coating layers on 
the  structure of the resulting catalytic coating, and the filtration performance of the manganese oxide–coated membranes. 
The results showed that intermittent catalytic ozonation effectively maintained high permeate fluxes and prevented membrane 
fouling, as compared to that observed with the uncoated membrane [57].

24.4 catalytic electrochemical processes

electrochemical methods for environmental applications are not a new technology. Anodic oxidation of wastewater was first 
mentioned as early as 1890. However, regarding cost-effectiveness, electrochemical techniques are still unfeasible in 
comparison with traditional biological techniques. in recent years, many investigations have been especially focused on the 
improvement of the electrocatalytic activity of electrode materials to facilitate the degradation efficiency of pollutants [58]. 
Attempts for an electrochemical oxidation treatment for organic pollutants can be divided into two categories: direct 
oxidation at the anode and indirect oxidation using appropriate, anodically formed oxidants. The direct electro-oxidation 
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rate of organic pollutants is dependent on the diffusion rates of organic compounds in the active points of the anode, which 
results in low degradation efficiency. in addition, direct electro-oxidation occurs via the production of hydroxyl radicals, 
which are produced by the oxidation of water at the anode; water electrolysis often consumes much energy. The decompo-
sition of the water increases with increasing voltage; however, the degradation efficiency of pollutants may not increase 
proportionally. Additionally, the pH of wastewater, which is an important parameter in the electrochemical treatment, could 
be changed by water electrolysis. For these reasons, the development of efficient catalytic electrochemical methods for 
water treatment based on the indirect electro- oxidation of pollutants involving electrogeneration of strong oxidants (such as 
hydroxyl radicals) is now in progress. These catalytic electrodes can produce oxidants and the addition of other chemicals 
is not required. in this process, the waste is  oxidized in the bulk solution by these oxidants. in recent years, the electrode 
surface modification process via advances in  nanofabrication to improve electrocatalytic properties has been one of the most 
active research areas. The improvement in performance appears therefore to be primarily caused by the increase in surface 
area, which results in high contacting rates and pollutant adsorption. The addition of catalytically active nanoparticles is 
shown to be an effective method to increase the transfer speed of electrons, reactivity, and diffusion in reaction [59]. in 
recent years, several electrodes have been evaluated to rank anode materials in terms of high stability, high activity toward 
organic oxidation, and cost. The types of electrodes tested included TiO

2
, ZnO, Nb

2
O

5
, WO

3
, SnO

2
, ZrO

2
, CdS, and ZnS, 

among others.
The PeCh degradation of organic pollutants is an extension of the heterogeneous photocatalytic process, in which the cata-

lyst is placed on an electrode that is controlled potentiostatically. in a PeCh system, the photogenerated electron–hole pairs are 
separated by means of an externally applied electric field [60]. A particulate TiO

2
 film electrode is usually used as a photoanode 

by coating TiO
2
 nanoparticles on the supporting media such as a conducting glass or a metallic material. in these systems, uv 

light must be used in order to excite TiO
2
 [61]. To efficiently utilize the solar light and improve the photooxidation technique 

for wastewater purification, TiO
2
 film electrodes were modified by coupling with other semiconductors (such as CdS, ZnO, and 

SnO
2
), and doping with metal or nonmetal ions. dopants can shift the light absorption toward visible light (such as Fe-doped 

TiO
2
 or N-doped TiO

2
 electrodes) or exhibit a significant blue shift in their uv absorption spectrums (such as Si-doped TiO

2
 

nanofilm electrodes) [62]. TiO
2
 film thickness can affect the efficiency of both light energy conversion and electron transfer. 

yan et al. demonstrated that there exists an optimal thickness of the TiO
2
 film for the maximum degradation rate of phenol. in 

their experiments, they observed an improvement in activity when the thickness was increased, but the activity decreased when 
the thickness was increased further to an 11-layer film. They attributed this to its relatively high resistance to electron transfer. 
in addition, the thick film can shield the catalysts from light [62, 63].

Highly oriented titania nanotube arrays with {101} crystal face were prepared by Hou et al. The PeCh catalytic activity 
toward the oxidation of acid orange 7 of nanotube arrays was particularly higher for P-25 TiO

2
 than for TiO

2
 films [64]. The 

degradation rate of organic pollutants was enhanced using Zn-doped TiO
2
 nanotube [65] and TiO

2
 nanotube/Sb-doped SnO

2
 

electrodes [66]. The PeCh degradation of dyes has also been performed using other nanostructured films like indium tin oxide 
film [67] and Bi

2
WO

6
 nanoflake film electrodes [61]. A higher PeCh degradation of naphthol blue-black has been observed for 

WO
3
 film electrodes than for TiO

2
 nanoparticulate film electrodes [68].

it has been demonstrated that CNTs functionalized with ultrathin foreign species coatings are an ideal electrode material in 
the field of electrocatalytic degradation. recently, SnO

2
/CNT composite electrodes, and eu

2
O

3
/CNT and CeO

2
/CNT core–shell 

structures have been synthesized. The preparation method has a significant effect on the photoelectrocatalytic degradation of 
the dye. For example, Zhang et al. synthesized SnO

2
/CNT composite electrodes by a liquid deposition method and a solvother-

mal method, which show a higher electrocatalytic performance than that of the liquid deposition method [69].

24.5 catalytic feNtoN process

24.5.1 introduction

Fenton chemistry involves the generation of a hydroxyl radical from hydrogen peroxide (H
2
O

2
) in the presence of Fe2+ or Fe3+ 

ion (eq. 24.1). The generated hydroxyl radicals can decompose a wide range of organic compounds [70].

 Fe H O Fe HO OH2
2 2

3+ + −+ → + +•  (24.1)

it is well known that the homogeneous Fenton process has many disadvantages; it requires to be operated at pH < 3.0 for 
preventing the precipitation of Fe2+ and Fe3+ ions [71], and therefore this system suffers from the draining of the ferrous catalyst 
and the hydrolysis of iron ions (limited pH range) [72]. The resulting sludge of ferric hydroxide requires a further separation 
and disposal, which makes it a costly process [73].
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24.5.2 heterogeneous fenton-like systems

Heterogeneous Fenton-like systems using iron-supported catalysts, for example, zero-valent iron ((Zvi) Fe0) [74], goethite 
(α-FeOOH) [75], Fe

3
O

4
 [76], and Fe0/Fe

3
O

4
 [77], have recently been developed [78]. However, the reaction rate of heteroge-

neous Fenton catalysts is generally slower than that of homogeneous catalysts due to the agglomeration of solid particles, 
decreasing reactive sites and catalytic activity [71, 79]. in order to improve the rate of the catalytic degradation reaction, most 
heterogeneous Fenton systems require an external energy input, such as irradiation with uv light or sunlight [80]. Chu et al. 
developed a hybrid system of Fenton and photo–Fenton processes to increase the degradation rate as well as power consump-
tion [81]. The deposition of iron species supported over different materials (zeolites, clays, silicas, CNTs, etc.) has been widely 
reported as photo–Fenton-like heterogeneous catalysts to overcome the recovery of the homogeneous iron ions [82]. However, 
these matrices introduce mass transfer resistance between catalytic sites and organic pollutants and reduce efficiency; they also 
reduce light penetration and inhibit photodegradation [72, 79]. This disadvantage can be overcome with the use of nanomag-
netic Fenton’s catalysts. These catalysts increase the rate of mass transfer near the catalyst surface and enhance light absorption. 
They also combine the advantage of the high surface area of nanoparticles with the settling properties of much larger particles 
by the application of an external magnetic field [82a]. Several studies on the degradation of organic pollutants investigate the 
potential use of magnetic heterogeneous Fenton catalysts. For example, Zhu and Tang [83] synthesized a magnetic nano-
BiFeO

3
 catalyst for the photo–Fenton decomposition of organic pollutants in the presence of H

2
O

2
. in another study, Zhang 

et al. investigated a heterogeneous Fenton system based on Fe–Fe
2
O

3
 core–shell nanowires [84].

The application of nanoparticles as catalysts of the Fenton-like and photo–Fenton reactions has been described by several 
investigators (Table 24.2 [72, 79, 83, 85]). in comparison with their microsized counterparts, nanoparticles show a higher 
catalytic activity. The advantage of using nanoparticles as catalysts for Fenton-like reactions would more than offset the disad-
vantage of requiring uv radiation to accelerate the reaction [86]. For example, valdés-Solís et al. [87] have developed manganese 
ferrite nanoparticles with a high surface area that can accelerate the Fenton-like reaction without requiring uv radiation. 
Zelmanov and Semiat [88] investigated the catalytic degradation of ethylene glycol and phenol by iron(iii) oxide nanoparticles 
in the absence of uv radiation.

recently, Fenton processes without needing the addition of toxic chemical reagents based on H
2
O

2
 electrogeneration have 

gained a lot of interest. H
2
O

2
 is formed through an electrochemical reaction of oxygen (cathodic half-reaction (eq. 24.2) [89]:

 O H e H O2 2 22 2+ + →+ −  (24.2)

in the electro–Fenton process, hydroxyl radicals are produced from a reaction between electrogenerated H
2
O

2
 and added Fe2+ 

through Fenton’s reaction (eq. 24.1) in the acidic solution [90]. Fe2+ can also be regenerated by the reduction of Fe3+ at the 
cathode via reaction 24.3 [91]:

 Fe e Fe3 2+ − ++ →  (24.3)

Since the optimal pH for the photo–Fenton process (pH < 3) is not agreeable with the optimal pH values for the electrochem-
ical generation of H

2
O

2
 (pH > 7), the degradation rate in the electro–Fenton oxidation is not fast. Fe@Fe

2
O

3
 core–shell nanow-

ires as an iron reagent offer one quantitative solution to this problem. A neutral electro–Fenton system is easily obtainable with 
their combination with CNTs and AC fibers as cathodes [84, 92].

An alternative technology to overcome this problem was developed by ding et al., who designed a PeCh/electro–Fenton 
system by coupling visible light–driven PeCh oxidation and electro–Fenton oxidation in an undivided cell. Bi

2
WO

6
 nanoplates 

deposited on fluorine-doped tin oxide (FTO) glass and Fe@Fe
2
O

3
 core–shell nanowires supported on AC fiber were used as the 

anode and the cathode in this system, respectively [93].
Photoelectro–Fenton (PeF) is another technology that has been proposed in recent years in which the solution treated under 

electro–Fenton conditions is simultaneously irradiated with uv light. The irradiation causes the photolysis of Fe(OH)2+, the 
predominant species of Fe3+ in the pH range 2.5–4.0, yielding more Fe2+ and ·OH and accelerating the photolysis of complexes 
of Fe3+ with oxidation by-products such as carboxylic acids [70a, 90b]. One of the new approaches in developing an efficient 
advanced oxidation processes is to use PeF combined with heterogeneous photocatalysis [85h, 94]. recent work has reported 
an enhancement of PeF treatment when it is combined with TiO

2
 [85a] or ZnO photocatalysis (Table 24.2). As mentioned ear-

lier, the modification of TiO
2
 with a short bandgap semiconductor such as Fe

2
O

3
 can enhance activity and shift the wavelength 

of irradiation into the visible region [95]. The negative effect of Fe
2
O

3
 modification on TiO

2
 was also reported. Jeon et al. mod-

ified TiO
2
 with Fe

2
O

3
. in comparison to the pure TiO

2
, the modified TiO

2
 (Fe

2
O

3
/TiO

2
) nanoparticles displayed a lower PeCh 

activity that was attributed to the hematite-induced charge recombination due to an energy level mismatch between TiO
2
 and 
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hematite [96]. The preparation process probably plays an important role in increasing or decreasing the PeCh activity of Fe
2
O

3
/

TiO
2
 composite electrodes [85g]. researchers have shown that nanoscale zero-valent iron (nZvi) can be implicated as a hetero-

geneous PeF-like catalyst for the removal of environmental contaminants [85e].
in Table 24.2, we outline additional examples of reported environmental pollutants and their respective nanocatalysts in 

 heterogeneous Fenton-like systems.

24.6 soNocatalytic processes

24.6.1 introduction

Since the past few decades, there has been considerable interest in the use of ultrasound for the treatment of water and waste-
water [97]. Nevertheless, sonolysis alone is not generally considered to be attractive for application in large-scale treatment 
processes because for many organic pollutants the sonochemical degradation rate is very low, and for some stable and compli-
cated organic pollutants, incomplete degradation may occur. moreover, it requires costly equipment and consumes a high 
amount of energy. in order to solve these problems, a method using ultrasonic irradiation coupled with Fe2+, H

2
O

2
, and Fenton 

reagent has been attempted. much effort has also been devoted to heterogeneous sonochemical degradation, namely, sonocata-
lytic degradation, in the presence of various types of catalysts such as metal oxides.

it is presumed that the efficiency achieved using ultrasound irradiation is due to the cavitation phenomenon. An ultrasonic 
wave is a pressure wave with alternate compression and rarefaction, which is able to break the intermolecular forces maintain-
ing the cohesion of the liquid and produce a cavity in the rarefaction section of the wave. The chemical and physical effects of 
ultrasound derive primarily from acoustic cavitation, which includes formation, growth, and collapse of the cavity. Bubble 
 collapse in liquids results in an enormous concentration of energy from the conversion of kinetic energy of liquid motion into 
heating of the contents of the bubble [98]. Water sonolysis will induce the splitting of water molecules into free radical species 
(H·, HO·) in a cavitation bubble. in the absence of any solutes, these primary radicals could recombine to form H

2
O or H

2
O

2
 and 

then be released into the bulk solution (eqs. 24.4–24.7).

 H O OH Hultrasonic waves
2  → +• •  (24.4)

 
• •OH H H O+ → 2  (24.5)

 
• •OH OH H O+ → 2 2  (24.6)

 2 2
• •OH H O O→ +  (24.7)

The presence of dissolved oxygen is reported to improve sonochemical reactions. if the solution is saturated with oxygen, 
additional radicals are produced in the gas phase (eqs. 24.8–24.11) [99]:

 O Oultrasonic waves
2 2 → •  (24.8)

 
• •O H O OH+ →2 2  (24.9)

 O H OOH2 + →• •  (24.10)

 2 2 2 2
•OOH H O O→ +  (24.11)

The two proposed sonodegradation mechanisms are pyrolysis and hydroxyl radical generation in the cavitations bubble, 
which subsequently oxidize the organic compounds [100].

24.6.2 heterogeneous sonocatalytic degradation

24.6.2.1 Sonochemical Degradation of Organic Compounds by TiO
2
-Based Catalysts Sonodegradation efficiency can 

be  improved by adding a catalyst. The amount of heterogeneous catalyst plays a crucial role in the rates of sonochemical 
 degradation reactions. The presence of an excessive amount of catalyst could result in the scattering of ultrasound waves that 
may decrease the rates of reactions. However, an appropriate amount of catalyst promotes the formation of free radicals, thereby 
increasing the rate of degradation of the organic compound. The most common catalyst under ultrasonic irradiation of an 
organic compound is TiO

2
. it is now well known that the particle size and crystalline phase of TiO

2
 powders determine the 
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 ultimate catalytic activity. For example, it has been demonstrated that the activity of nanometer anatase TiO
2
 powder is better 

than that of ordinary anatase TiO
2
 powder in the sonocatalytic degradation of methyl parathion [101]. in addition, the degrada-

tion of the methyl orange in the presence of nanometer anatase and rutile TiO
2
 powders was compared. According to Wang 

et al., the sonocatalytic activity of the nanometer anatase TiO
2
 powder is obviously better than that of the nanometer rutile TiO

2
 

powder [102], while previous research works showed that the sonocatalytic activity of ordinary rutile TiO
2
 powder was remark-

ably higher than that of the ordinary anatase TiO
2
 powder [103]. The sonocatalytic degradation mechanisms were found to be 

different in nanometer anatase TiO
2
 and nanometer rutile TiO

2
. Organic compounds undergo direct oxidation by holes on the 

surface of nanometer anatase TiO
2
 particles. Thus, the surface adsorption of the organic compounds increase as the size of ana-

tase TiO
2
 particles decreases [104]. However, the holes on the surface of nanometer rutile TiO

2
 particles first react with water 

molecules and then produce the ·OH radicals. That is, the holes indirectly degrade the organic pollutants through ·OH radicals 
[105]. The effect of ultrasonic power on the degradation of organic compounds using anatase and rutile nanometer TiO

2
 cata-

lysts is also different because of these different degradation mechanisms. in general, in the case where onefold ultrasonic irra-
diation is used in the presence of a rutile TiO

2
 catalyst, the degradation of organic compounds gradually increases as the output 

power increases due to the increased ·OH generation. Contrarily, the degradation ratio is in inverse proportion to the output 
power of ultrasound in the presence of an anatase TiO

2
 catalyst, which is a consequence of destruction of anatase TiO

2
 structure 

and desorption of organic compounds on the surface of nanoparticles [102].
The differences in the crystal structures between nanometer anatase and rutile TiO

2
 particles caused the different reusability 

behaviors of the catalysts. it was found that the degradation of organic compounds in the presence of reused anatase TiO
2
 

nanoparticles declines gradually, but the sonocatalytic activity of reused rutile TiO
2
 nanoparticles is hardly reduced compared 

with the fresh one. As mentioned earlier, the metastable structure of anatase TiO
2
 particles changes under ultrasonic irradiation, 

while the nanometer rutile TiO
2
 particles possess a stable crystal structure [102].

recent research attention is focused on the improvement of the catalytic activity of TiO
2
 catalysts. in the past few decades, 

doping with various transitions, anchoring TiO
2
 particles onto materials with a large surface area, such as carbon-based mate-

rials [106], and using TiO
2
 nanotubes [107] or metal-doped TiO

2
 nanotubes [108] have all been used to improve the sonocata-

lytic activity of TiO
2
 (Table 24.3).

24.6.2.2 Sonochemical Degradation of Organic Compounds by Other Nanocatalysts Among nanoparticles, nanosized 
ZnO as a sonocatalyst has been widely used for its high efficiency, nontoxic nature, and low cost. Previously, the sonocatalytic 
degradation of some organic pollutants in aqueous solution using nanosized ZnO powder has been reported [109] (Table 24.3). 
it has been found that some inorganic oxidants such as KClO

4
, KClO

3
, and Ca(ClO)

2
 can effectively assist sonocatalytic degra-

dation in the presence of nanosized ZnO powder [109b].
Sonocatalysis using magnetic nanoparticles, such as Zvi, also enhances the overall degradation of the organic compounds 

[110]. The increase in efficiency is related to factors such as enhanced mass transfer rates, enlarged surface area of Fe0 due to 
the shockwave created by cavitational collapse, which may cause direct erosion on the particle’s surface and deaggregation of 
particles to hinder agglomeration, and ultrasonic cleaning and decontamination of surfaces by the shockwave that remove the 
precipitation of iron oxides/hydroxides on the iron surface. Additionally, the degradation also rises via Fenton’s reaction 
 between Fe(ii) that forms on the iron and ultrasonically produced H

2
O

2
 [111].

Table 24.3 [100, 102, 105–110, 112] summarizes reported findings on ultrasonic conditions, important conclusions, and the 
performance of catalysts in the enhancement of the degradation of organic compounds.

24.6.3 combination of sonocatalytic degradation with other technologies

it is very difficult to treat non- or low-transparent wastewaters using the photocatalytic degradation method due to the low pen-
etrating ability of any kind of light source, whereas the penetrating ability of ultrasound is very strong through any water 
medium [113]. The simultaneous use of sonocatalytic and photocatalytic degradation is called sonophotocatalytic degradation. 
in comparison to photolysis, sonolysis, and sono-photolysis, sonophotocatalytic degradation generally occurs faster than during 
the respective individual processes. Sonolysis might increase the photocatalytic reaction rate by increasing the amounts of 
hydroxyl radicals, enhancing the mass transfer of organics between the liquid phase and the catalyst surface, and increasing the 
surface area of photocatalyst particles and thus the catalytic activity of the semiconductor catalyst [114].

ultrasound is also used to enhance the efficiency of photocatalytic-assisted electrochemical oxidation and the sono- 
photoelectrocatalysis process [115].

The combination of ultrasound with the adsorption process was found to be more promising in the elimination of organic 
pollutants. ultrasound not only promoted desorption but also enhanced the rate of mass transfer in the sorption process and 
increased/facilitated pore diffusion [116].
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Fenton reactions have been widely utilized to degrade organic compounds. However, due to some drawbacks (Section 24.5) 
of this process, a new technology in treating organic compounds is needed. in order to overcome this drawback, more recently, 
a novel sono-Fenton system was developed that could offer advantages including working at neutral pH, no sludge generation, 
and the possibility of recycling the iron reagent [84b].

Some new studies on the use of ultrasonic irradiation in photocatalysis, electro-oxidation, and Fenton processes are summa-
rized in Table 24.4 [84b, 114, 116, 117].

24.7 coNclusioN

Since the definition of the concept of a catalyst given by Berzelius in 1836, the field of catalysis has experienced an aston-
ishing transformation. The success of basic research in the field of catalysis has had a direct effect on solving many 
fundamental technological and environmental problems. regardless of the intended application, the common challenge of 
achieving long-lasting, highly active, selective, and environmental-friendly catalytic materials and processes still remains. 
Nanocatalysis is one of the most exciting subfields to have emerged from nanoscience. Nanomaterials also provide unprec-
edented opportunities to develop more efficient water-purification catalysts and redox-active media. This chapter has given 
further evidence to this issue and has tried to address what all the potential environmental impacts of the nanocatalyst might 
be. despite recent positive progress, additional investigations of the risks of nanomaterials to the environment as well as 
their toxicity and persistence are still needed, as this type of understanding is a requirement for the rational design of 
 efficient catalysts.
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Catalysts are very important compounds in our life [1–3]. Catalysts with new pathways enable the highly selective formation 
of desired products at rates that are commercially viable [1–3]. Some important reactions in human life are water oxidation, 
water reduction, nitrogen reduction, and carbon dioxide reduction, which function very efficiently at moderate temperature in 
organisms. We need efficient, stable, environmentally friendly, low-cost, and multielectron transfer catalysts to perform tasks 
at an industrial scale. Multielectron transfer catalysts have the ability to accommodate, accumulate, and transfer multiple elec-
trons to reaction substrates at the same time. The compounds that catalyze multielectron reactions are prone to structural rear-
rangement and instability during turnover.

While heavy metals are widely used as catalysts, organisms manage to use abundant, low-cost, and environmentally friendly 
transition metals for the same purpose. Biomimetics is biologically inspired design that could be defined as the study of the 
structure and function of biological systems as models for the design and engineering of materials and machines [4]. For bio-
logically inspired catalyst designs, we could look at enzymes as they are the most efficien catalysts.

Probably, the first enzymes had broad substrate specificity and were not efficient [5]. It is believed that a relatively small 
number of enzymes might have sufficed to support the metabolic network of the first proto-organisms. These first enzymes were 
known as generalists, which changed to modern enzymes [5]. Metal clusters are used as the active sites of some modern 
enzymes. Over past years, the clusters were studied by many methods, most importantly X-ray diffraction methods. The struc-
tures may serve as a helpful and fundamental basis for a better understanding of the mechanism and provide a framework for 
generating hypotheses for catalysis design.

From a certain viewpoint, we may consider enzymes to be nano-sized inorganic cores in a protein matrix. To understand the 
subject we should find the chemistry of interactions between proteins and solid surfaces.

Interactions between proteins and solid surfaces were studied using many methods by several groups [6–11]. Interactions of 
proteins with clays or minerals have been reviewed by a few authors [12, 13]. Many reports indicated that enzyme molecules 
were not intercalated in the mineral structure but were immobilized at the external surfaces and at the edges of the mineral oxide [14]. 
This result also showed the protein’s molecular conformation after binding to the mineral colloid surfaces.

The solid surfaces might have an important role in the origin of life and the formation of biomolecules [15]. Wächtershäuser’s 
group proposed that the earliest form of life originated in a volcanic hydrothermal flow at high pressure and high temperature 
(~100°C). In this condition, a composite of mineral compounds with catalytic transition metal centers could play important 
roles in forming the first biological molecules [16, 17]. Cairns-Smith’s group also proposed that imperfect clay crystals were 
the first genes [18]. It was also known that minerals and clays could induce selection, concentration, and organization of 
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 prebiotic and simple molecules into biomolecules. For example, Kauffman proposed that the mineral protometabolic surface 
could recruit random polypeptides from their environment and improve the efficiency of catalytic activities [19, 20].

russell’s group proposed that minerals could attach to proteins to form enzymes [21]. In other words, minerals might be 
used initially by polypeptides or carboxylate groups to become active centers of the enzyme precursors. Then, they might 
 initially catalyze the primary and important reactions of energy conversion and nutrient cycling; for example, pyrophosphate in 
successive main chain NH peptide, protoferredoxins as thiolated iron sulfide in peptide, precursors to carbon monoxide 
dehydrogenase/acetyl Coa synthetase as nickel sulfide in a peptide, and manganese oxide minerals to the active center of the 
water-oxidizing complex (WOC) in Photosystem II [21, 22]. It was observed that there are specific size-dependent interactions 
that drive the binding of proteins to nanoparticles [23].

Instead of the “ready-made mineral incorporated into an existing protein theory” proposed by russell’s group, the author pro-
poses that the cofactor formation in particular enzymes is biomineralization in the presence of the protein. according to this 
hypothesis, mineral-like clusters may form in the presence of a protein and be used as the first inorganic core of enzymes [24]. 
First, I consider the hypothesis and then I try to explain how the hypothesis could be used to design new environmentally friendly 
catalysts.

The first and simplest reaction of a protein with nanominerals is the extraction of ions from the minerals by the protein 
(Fig. 25.1a). In these reactions, minerals decompose and produce ions that coordinate with amino acid side chains.

The collecting of proteins around (nano)minerals is the second reaction (Fig. 25.1b and c) [26]. an important factor in 
these reactions is the surface charge of both protein and particles [26]. For example, Vallee reported that on the surfaces 
of titania and silica, carboxylate groups are the preferential peptide-binding groups because of their strong electrostatic 
interactions with ions on surfaces [26]. The surface charges of both proteins and oxide particles are largely dependent on 
the pH of the solution, and these interactions are governed by physical or chemical forces [27, 28]. It is important to note 
that adsorption of a protein on a surface may induce conformation changes in both the biomolecule and on the surface of 
the particles [26].

russell and other groups suggested minerals as a “ready-made catalyst” [22, 29]. For example, iron–sulfur centers are poten-
tially important for catalysis via oxidation–reduction reactions since they can exist as Fe2+ or Fe3+, and the ability to stabilize 

figure 25.1 (a) an important reaction between mineral and a protein could be the extraction of ions of minerals. (b, c) arrangements of 
nanoparticles and proteins depend on their size. (d) When nanoparticles are formed in the presence of a protein, the protein not only induces 
nucleation, but could also inhibit the further growth of nanoparticles. reprinted with permission from ref. [25]. © 2013, Springer.
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and sequester these centers as peptide nests must have an advantage for organisms [21]. another example is that the CaMn
4
O

5
 

cluster in Photosystem II was derived from a component of a natural early marine manganese precipitate that contained a 
CaMn

4
O

5
 cluster [21]. It is to be noted that the bond types and lengths of the manganese ions in the tunnel mineral hollandite 

(Ba
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Ca
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K
0.3

Mn
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al
0.2

Si
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O
16

) are directly comparable to those in the CaMn
4
O

5
 cluster in Photosystem II and can be consid-

ered as both structural [30] and functional [31] models for the CaMn
4
O

5
 cluster in Photosystem II; it is also proposed that these 

minerals may be assimilated by early cyanobacteria during the archaean period, approximately 3200–2800 million years ago, 
to form the cluster in the biological WOC [22, 30].

The third reaction of (nano)minerals with proteins is observed when nanoparticles are formed in the presence of proteins 
(Fig. 25.1c) [32–35]. Precipitating agents could be reductants, oxidants, anions, cations, wetting/drying cycles [11], or light that 
precipitate metal ions to form particles in the presence of proteins. In this condition, the results show that the protein not only 
induces the nucleation, but could also inhibit the further growth of nanominerals, as, without the protein, larger particles are 
formed [32–35]. Numerous and very small nanoparticles could form in this condition [32–35].

The dispersivity and stability of nanoparticles in this condition are usually unique. The cofactor formation in particular 
enzymes could be considered to be mineralization in the presence of the protein. In other words, one of the numerous and very 
small nanoparticles (Fig. 25.1c) produced in the presence of protein could be formed in an appropriate location and be used as 
a primitive inorganic core (cofactor). The structure of the primitive cofactor could be changed and modified by amino acid 
side groups.

WOC in Photosystem II, nitrogenase, nitrous oxide reductase or oxidase, hydrogenase, and dehydrogenase are enzymes with 
an inorganic core, and mineralization could be important in their formation (Scheme 25.1).

It should be considered that there is a tendency to form special structures similar to inorganic cofactors in enzymes 
from simple ions (manganese, iron, calcium, and so on) in water even in the absence of any amino acids (Scheme 25.2) 
[37–39].

To show the interactions between proteins and minerals, the interactions of birnessite, a common manganese oxide in the 
environment, and bovine serum albumin (BSa), a protein that has a strong affinity for a variety of inorganic molecules, are 
shown as examples in Figure 25.2.

When birnessite is formed in the presence of BSa, the results show that the BSa not only induces the nucleation, but could 
also inhibit the further growth of manganese oxide, as, without BSa, larger particles are formed (Fig. 25.3). BSa also helps to 
disperse these nanoparticles in solution and the dispersivity of particles (or minerals) in water can increase the rate of reaction 
of particles with other substrates.

The dispersivity of manganese oxide particles in this condition is unique and may be considered a soluble form of nano-sized 
colloidal manganese (III, IV) oxide [40].

all these observations show similarities between inorganic cofactors in enzymes and nanoparticles formed in the 
presence of proteins. For example, in Photosystem II, Mn

4
CaO

5
 is a nano-sized inorganic cofactor [41, 42], and the 

authors have  proposed that the archaean ocean may have sufficient manganese and calcium ions that, in alkaline condi-
tions, may have enabled protocyanobacteria to assemble oxide mineral as functional compliments of cofactors in 
Photosystem II [43].

The hypothesis may be extended to other enzymes with inorganic cofactors (Scheme 25.1) and we may assume the cofactor 
formation reaction, in many enzymes, might have been mineralization in the presence of proteins instead of direct adsorption 
of minerals onto protein. Many of the inorganic (nano)particles, which could be considered as inorganic cores or cofactors in 
enzymes, could have catalyzed related reactions (Table 25.1).

sCheme 25.1 examples of complex inorganic cofactors in biology. Crystal structures of (a) the [FeFe]-hydrogenase H-cluster, (b) the 
Mo-nitrogenase FeMo cofactor, and (c) the [Fe]-hydrogenase Fe-guanylyl cofactor (FegP). reprinted with permission from ref. [36]. 
© 2012, elsevier.

(a) (b) (c)
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For example, manganese oxides have been reported as heterogeneous catalysts for water oxidation [41]. Interestingly, 
Najafpour et al. have shown that the incorporation of calcium ions into manganese oxides can improve the catalytic 
activity of synthetic manganese oxides [37, 38]. In addition to these calculations, Siegbahn showed that there is great 
similarity between manganese–calcium oxides and manganese–calcium clusters in water oxidation in Photosystem II 
[57]. Siegbahn used a hypothetical Mn-O crystal constructed with all Mn–Mn distances set to 2.70 Å and all Mn–O 
distances set to 1.90 Å. In the next step, one calcium atom was inserted into the surface of this crystal, with all Ca–Mn 
distances equal to 3.4 Å and all Ca–O distances set to 2.4 Å. These distances are very similar to the ones in the manganese 
calcium cluster in Photosystem II (Fig. 25.4). This comparison also shows similarity between the inorganic cofactor of 
enzymes and metal oxides [57].

In another report, Dörr et al. described a method for the synthesis of ammonia from dinitrogen using H
2
S as a reductant and 

iron sulfide, which could be considered an inorganic core for the nitrogenase [44]. The reductant, as well as the reaction condi-
tions (atmospheric nitrogen pressure and temperatures on the order of 70–80°C), is rather mild and comparable to biological 
processes [44]. Other models are shown in Table 25.1.

Mn(II) + Ca(II) + oxidant

Mo Mo

RS

(2)

(4)

(3)

RS

RS

Fe

Fe

Fe

S

S

S

S

Mo
Me

Me

O

O

O
Me

RS

RS

RS

RS

Fe

Fe

Fe Fe
Fe

Fe

Fe Fe

Fe

Fe

Fe

S

S

S

S

Mo Mo

RS

RS

RS

Fe

Fe

Fe

S

S

S

S

Mo

Fe

Fe

Fe

S

S

S

S SS

Mo

O OO

O OO

S

S

Fe

Fe

Fe

S

S

S

S

SR

+

SR

SR

SR

SR

SR

SR

SR

SR
SR

SR 3–

3–

3–/4–

3–
3

6

z

Mo Fe

Fe

Fe

S

S

S

S

SR

SR

SR

S

S

S
R

R

R
S

S
R

S
R

Mo

RS

2 Na(C12H8)

6 o-C6H4(OH)2,
12 Et3N

RS

RS

Fe

Fe

Fe

S

S

S

S

R
S

S
R

S
R

R
S S

S

S

S

S
R

S
R

1 2, z = 3–

5, z = 5–

6

4

3

m = 3,
n ~ 2.5,
xs MeO–

m = 3.5,
n ~ 12

m = 3, n ~ 10

[MoS4]2–/
m FeCl3/
n NaSR

sCheme 25.2 Self-assembly of inorganic core models of WOC [37, 38] and nitrogenase [39] from simple ions in water even in the 
absence of any amino acids. Image from ref. [39].



recently, a biomimetic chalcogel was reported that is capable of photocatalytic hydrogen evolution under simulated 
solar illumination [47]. The new chalcogels are prepared from double-cubane Mo

2
Fe

6
S

8
 cluster units linked by Sn

2
S

6
 

ligands,  forming a random, amorphous network with strong optical absorption. The switch from Fe
4
S

4
 cubane units to 

Mo
2
Fe

6
S

8
 double-cubane units illustrates the flexibility and ease with which we can synthesize chalcogels with a variety of 

figure 25.2 SeM images show nano-sized birnessite (a) before and (b) after treating with BSa solution. TeM images show nano-sized 
birnessite (c) before and (d) after treating with BSa solution. For experimental details, see experimental methods. reprinted with permission 
from ref. [24]. © 2012, Springer.
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redox-active biomimetic cofactors. The chalcogels can be easily functionalized with cationic chromophores, such as 
[ru(bpy)

3
]2+, enabling photoexcited electron transfer from dye to cluster. The biomimetic chalcogels are fully stable in 

aqueous solutions under illumination for at least 3 weeks, which contrasts greatly with the water-unstable molecular 
[Mo

2
Fe

6
S

8
]-based clusters [47].

More interestingly, in many cases, mechanisms of these related reactions (Table 25.1) with only inorganic (nano)particles, 
such as metal oxides or sulfides, and enzymes could be very similar (Scheme 25.3) [58]. In conclusion, it is worth pointing out 
that in some cases the metal oxides or sulfides, which are considered as cofactors in enzymes, are efficient and unique catalysts 
for related reactions in vitro. These synthetic or natural simple compounds, as minerals, are formed in no special or preorga-
nized precursors [37–39], and in purely aqueous solution usually show structures similar to inorganic cores of enzymes. Such 
structures could be formed, changed, and modified by environmental groups (amino acids) in the first enzymes.

It is worth noting that the assembly of inorganic cofactors in these enzymes could also be considered stepwise mineraliza-
tion [59]. as an example, a proposed assembly of the WOC in Photosystem II is shown in Figure 25.5 [59]. The biosynthesis of 
the FeMo cofactor could also be considered complex biomineralization (Fig. 25.5) [60].

Both enzymes and related metal oxides and sulfides that we discussed catalyze multielectron transfer reactions and, 
therefore, it is necessary to find theoretical concepts for multielectron transfer reactions. For these reactions, the overall 
electron transfer is essentially self-organized or concerted, and individual electron transfer steps are related to each other; 
therefore, the set of corresponding equations can be reduced to a single one, which then reflects improved, multistep, 
electron transfer. The theoretical formalism for such an approach has been discussed by Tributsch and Pohlmann [61]. In 
multielectron reactions, high-energy intermediate states disappear and the entire multistep electron transfer reaction can 
be described with one single kinetic equation [61]; in addition, an important property of catalysts is that the first electron 
transfer for the catalysts facilitates the transfer of the second electron. Then, this transfer facilitates the transfer of the 
third, and the transfer of the fourth electron, or even further electrons usually by triggering a molecular change. 

figure 25.3 (a and b) The manganese oxide prepared in the presence of BSa. Scale bars for TeM images are 20 nm. Images (a) and 
(b) are reproduced with permission from ref. [24]. © Springer.
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Multicenters of transition metals such as metal oxides or sulfides can do that, but mono-, and even dinuclear, centers 
cannot get involved in such a reaction, because they cannot accommodate and accumulate multielectrons without huge 
changes in their structures. Thus, both inorganic cores of enzymes and related inorganic compounds could catalyze 
 multielectron transfer reactions.

figure 25.4 (a) Siegbahn [57] inserted a calcium ion into the manganese oxide crystal. after optimization, the atoms circled were 
selected for the Mn

4
CaO

5
 cluster to compare with the WOC in Photosystem II. (b) The cluster to the left is taken out of a mineral after 

some relaxation and the right is taken out of the optimized WOC in Photosystem II. reprinted with permission from ref. [57]. © 2011, 
John Wiley & Sons.
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Using density functional calculations, Nørskov’s group for the biological catalysts and active catalysts for hydrogen reduction 
showed that in terms of “being able to stabilize intermediates involving atomic hydrogen they have very similar properties” [62]. 
In other words, they considered the following  mechanism for hydrogen evolution:

 H e H+ −+ + →* *  (25.1)

 2 22H H* *→ +  (25.2a)

 H e H H+ −+ + → +* *2  (25.2b)

By calculating the free energy of atomic hydrogen bonding to the catalyst, the group compared different metal surfaces as 
catalysts. They found that for a fast hydrogen evolution, reaction steps cannot be associated with large changes in the free 
energy. Thus, the compound that forms strong bonds to atomic hydrogen is not a good catalyst because the hydrogen release 
step will be slow (eqs. 25.2a and 25.2b) [62]. The compound that does not bind to atomic hydrogen is also not a good catalyst 
because the proton/electron transfer step will be slow. This approach is a quantifier to the Sabatier principle [63]: the interaction 
between the catalysts and the adsorbate should be neither too strong nor too weak (Fig. 25.4). regarding biological hydroge-
nase with FeMo cofactor, Nørskov’s group found that hydrogen atoms can only bind exothermically to the three equatorial 
sulfur ligands (μ

2
S ligands) on the FeMo cofactor (Fig. 25.6). In this condition, it results in a binding energy close to that of Pt. 

Interestingly, MoS
2
 showed a similar diagram (Fig. 25.6).

The calculations show that the metal ions and the first atoms coordinated to them (usually S and O) are important as 
reactions. Thus, in addition to enzymes, related metal sulfides or oxides with similar arrangements could be efficient catalysts 
for the related reactions (Table 25.1).

However, the 3 billion years of evolutionary experiments by Nature have provided better catalysts with regard to appropriate 
residues around inorganic cores. In other words, it is important to note that, in addition to cofactors, enzymes have hundreds of 
amino acids; however, only a small fraction of the residues come into contact with the inorganic cores, and an even smaller fraction, 
three to four residues on an average, are directly involved in metal ions. The roles of the residues that come into direct contact with 
the inorganic cores could be the regulation of charges and electrochemistry of the inorganic cores, helping in coordinating water 
molecules at appropriate metal sites, and proton transfer in the stability of these inorganic cores. Other residues are not in direct 
contact with the inorganic cores but play very important roles in enzymes, and their deletion from enzymes causes a dramatic 
decline in the rate of reactions. Many of these amino acid residues are important in the substrates for proton transfer. To design a 
biomimetic catalyst, a deep understanding of the roles of these amino acid residues in related enzymes is necessary, but these are 
not discussed here. The amino acid side groups could improve catalytic reactions efficiently. Thus, the addition of these groups to 
metal oxide or sulfide models could increase the efficiency of catalytic activity (Table 25.1). recently, we considered the ability of 
manganese oxide monosheets to self-assemble and synthetize layered structures of manganese oxide including guanidinium and 
imidazolium groups. The compounds can be considered new structural models for the WOC of Photosystem II [64].

On the other hand, Nakmora et al. used in situ spectroelectrochemical techniques to show that the stabilization of surface-
associated intermediate Mn(III) species, on the surface of manganese oxide, relative to charge disproportionation is an effective 
strategy to lower the overpotential for water oxidation by MnO

2
 [65]. The formation of N–Mn bonds via the coordination of 

sCheme 25.3 Proposed mechanisms of oxygen evolution by the WOC in (a) Photosystem II and (b) calcium manganese oxides.
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amine groups of poly(allylamine hydrochloride) to the surface of Mn sites of MnO
2
 electrodes effectively stabilized the Mn(III) 

species, resulting in approximately 500 mV negative shift of the onset potential for water oxidation at neutral pH [65]. It showed 
that  additional organic groups of manganese, which exist in Photosystem II, may increase the catalytic activity of these 
clusters.

In conclusion, from a certain viewpoint, an enzyme is considered a nano-sized inorganic core in a protein matrix. a model 
system by BSa and manganese oxide was selected and it was observed that when nanoparticles form in the presence of pro-
teins, the protein not only induces nucleation, but can also inhibit the further growth of nanominerals, and numerous and very 

figure 25.5 Sequence of events during FeMo cofactor assembly. (a) The biosynthetic flow of FeMo cofactor is NifU → NifS →  
NifB → NifeN → MoFe-protein. HC, homocitrate. Structures of intermediates during FeMo cofactor assembly. Shown are the cluster types 
that have been identified (on NifU, NifeN, and MoFe-protein) or proposed (for NifB). Hypothetically, NifB could bridge two [4Fe-4S] clus-
ters by inserting a sulfur atom along with the central atom, X, thereby generating a FeeS scaffold that could be rearranged into a precursor 
closely resembling the core structure of the mature FeMo cofactor. In the case of the NifeN-associated precursor, only the 8Fe model is 
shown. The potential presence of X in the intermediates of FeMo cofactor biosynthesis is indicated by a question mark. reprinted with per-
mission from ref. [60]. © 2009, Nature Publishing group. (b) assembly of the WOC in Photosystem II. The proposed stepwise binding of 
Mn(II) (1), Ca(II) to the apo-WOC (2), as well as the photo-oxidation of Mn(II) to Mn(III) are shown in this figure. Initially, a single Mn(II) 
is bound to the apo-WOC and oxidized by a first quantum of light. after binding of Ca(II) and a subsequent light-independent structural rear-
rangement (3) a second Mn(II) is bound (4) and photooxidized (5). The binding of the two missing manganese ions and chloride is not 
depicted in this scheme as it could not be kinetically resolved. reprinted with permission from ref. [59]. © 2011, elsevier.
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small nanoparticles could form in this condition. Without the protein, larger particles are formed. BSa can also help to disperse 
these nanoparticles in a solution and the dispersity of particles (or minerals) in water could increase the rate of reaction of 
 particles with other substrates. Other groups reported similar results. One of the numerous and very small nanoparticles 
 produced in the presence of protein could be formed in an appropriate location in proteins and be used as a primitive inorganic 
core (cofactor) of an enzyme. In other words, the author proposes that the cofactor formation in particular enzymes could be 
biomineralization in the presence of a protein.

25.1 methoDs

25.1.1 material

all reagents and solvents were purchased from commercial sources and were used without further purification. Mid-infrared 
(MIr) spectra of KBr pellets of compounds were recorded on a Bruker vector 22 in the range between 400 and 4000 cm−1. 
Transmission electron microscopy (TeM) and scanning electron microscopy (SeM) were carried out with Philips CM120 and 
leO 1430VP, respectively. The X-ray powder patterns were recorded with a Bruker, D8 aDVaNCe (germany) diffractometer 
(Cu-Kα radiation). Manganese atomic absorption spectroscopy (aaS) was performed on an atomic absorbtion Spectrometer 
Varian Spectr aa 110.
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figure 25.6 Calculated free energy for hydrogen evolution at a potential U = 0 relative to the standard hydrogen electrode at pH = 0. In this 
diagram, au is shown as a compound that does not bind to atomic hydrogen and Mo is shown as a compound that forms strong bonds with 
atomic hydrogen. For both cases, hydrogen evolution is slow. reprinted with permission from ref. [62]. © 2005, american Chemical Society.
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25.1.2 experimental methods

Nano-sized birnessite was prepared by a simple method:

Solution 1: CaCl
2
.4H

2
O (4.0 mmol, 732.2 mg) and Mn(CH

3
COO)

2
.4H

2
O (5.6 mmol, 1372 mg) were dissolved in water 

(5 ml). The mixture was stirred for about 10 min at room temperature.

Solution 2: KOH was added to a solution of KMnO
4
 (2.4 mmol, 379 mg) in 60 ml water to obtain a hot saturated KOH 

solution.

addition of solution 1 to solution 2 under vigorous stirring resulted in a dark precipitate. Then the mixture was allowed to cool 
with continued stirring for 2 h.

The obtained suspension was filtered and washed using distilled water (3 l) before being allowed to dry for 12 h at 60°C in 
an oven. Then the solid was heated to 400°C for 10 h in air to obtain a black powder. The yield was >%95.

extraction of ions by water: Nano-sized birnessite (10 mg) was added to water (20 ml). after 24 h, the filtration solution was 
diluted to 25 ml and analyzed by aaS to calculate the amount of calcium and manganese extracted by water.

extraction of ions by BSa: Nano-sized birnessite (10 mg) was added to a BSa solution (0.5 g BSa in 20 ml water). after 1 
month, the filtration solution was diluted to 25 ml and analyzed by aaS to calculate the amount of calcium and manganese 
extracted by BSa (the first reaction of proteins and nanominerals). The solid was studied by SeM and TeM to observe the 
morphology of birnessite after reaction by BSa (the second reaction of proteins and nanominerals).

To study the third reaction of nano-sized birnessite and BSa, manganese (II) chloride (161 mg, 1.24 mmol) was added to a 
solution of BSa (1 g) in water (80 ml) and the solution was stirred for 4 h. Then KMnO

4
 (88 mg in 16 ml water) was added to 

the solution under constant stirring. The solution was studied by SeM and TeM to observe the morphology of manganese 
oxide.
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Neutron-fluence nanosensors are nanotech-integrated monitoring tools that are helpful in reducing environmental risks. Concern 
over the consequences of harsh radionuclide pollution has resulted in an increasing demand for suitable means of monitoring 
neutron radiation sources: radioactive pollutants generated directly or indirectly, as a result of nuclear waste, influence different 
substances used in nuclear power stations (water, gases, metals, etc.) or places existing near radioactive materials. The 
development of a range of neutron-sensor materials has provided devices with enhanced selectivity and sensitivity for neutron 
radiation by a number of substances from harsh sites.

On the one hand, boron-containing materials possess extraordinary potential for solid-state neutron detector applications 
because boron 10B isotope has a capture cross section of ~3835 barns for thermal neutrons, which is several orders of magnitude 
larger than isotopes of other chemical elements. On the other hand, state-of-the-art nanotechnology offers multiple benefits for 
neutron radiation–sensing applications: the ability to incorporate nano-sized radiation indicators into widely used materials 
such as paints, coatings, and ceramics to create nanocomposite materials; the development of ultralow-power, flexible detection 
systems that can be portable or embedded in clothing or other systems; and so on.

Boron belongs to the group of least abundant chemical elements: B content in the earth’s crust makes up no more than about 
0.005 wt.%. However, its role in forming the various molecular and solid-state structures is incommensurably great. 
Understanding the structural diversity of boron-containing solid phases comes down to the B atom’s electronic structure: it is a 
strongly distinct acceptor and elemental boron structures should be electron-deficient. This is why all-boron crystalline forms, 
as well as amorphous ones, exhibit very complex, clustered structures, in which icosahedron B

12
 serves as a main building 

block. Besides, elemental boron forms diatomic molecule B
2
, small molecular clusters B

n
, and some nanophases that are also 

constructed from the interconnected icosahedra. Acceptor behavior of B atoms and their clusters favors the formation of a huge 
number of borides, that is, compounds of boron with metals, which are usually characterized by the donor behavior. Only binary 
B/Me crystalline compounds with chemical formulas from Me

5
B to MeB

66
 can be counted as approximately 250. Higher 

borides are characterized by the clustered structures based on icosahedron and/or other 3D boron cages, while among the lower 
borides one can find a wide variety of 1D and 2D structural motifs—various chains and plane networks of boron atoms. Boron 
compounds with nonmetals that are characterized by a higher electron affinity, that is, boron carbides, nitrides, oxides, etc., 
show less complicated structures. They also form nanosystems like nanotubes and fullerenes. Strong B–B bonds makes all the 
boron-rich solids refractory and resistant against aggressive environments, while the diversity of geometric and electronic struc-
tures and, consequently, the diversity of sets of their physical properties, enable their usage in large spheres of technical and 
technological applications.
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The chemical element boron has two stable isotopes: 10B and 11B. The natural abundance of boron stable isotopes natB is 
approximately 19.6% 10B and approximately 80.4% 11B. These isotopes differ by a single neutron in the 1p3/2 shell in the 
nucleus. However, this difference makes the neutron capture cross section of 10B significantly exceed that of 11B. The total 
absorption cross section of 10B, 11B, and natB for “room-temperature” neutrons (with velocity ~2200 m s−1) equals 3835, 0.0055, 
and 767 barns, respectively. Thus, boron has two principal isotopes, which are chemically almost identical, but have quite dif-
ferent neutron-absorbing characteristics. The effectiveness of boron as a neutron absorber is due to the cross section of the 10B 
isotope, while 11B is essentially nonreactive with neutrons. This provides a great deal of flexibility in the use of boron-contain-
ing materials in nuclear systems, since the mixture of boron isotopes can be adjusted. The value of an absorbing component can 
be increased by a factor of approximately 4.5 by substituting with enriching natural materials without changing the sample’s 
dimensions, which is not possible with other candidate materials. especially, boron enriched in the 10B isotope to greater than 
its natural isotopic abundance is useful for neutron irradiation detection equipment, as well as neutron fluence–measuring 
instruments.

it is worth mentioning that neutrons were discovered by producing them from boron nuclei by bombardment with α-particles: 
B + He → N + n [1]. Since neutrons are not ionizing particles, their detection depends on the ionizing properties of the products 
of neutron capture reactions, the most important of which is thermal neutron capture by 10B nucleus [2]:
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As for the general method of measuring intermediate and fast neutrons, one must first moderate their energies to thermal 
values so that they can be detected with a thermal neutron detector. One of the principal measurement systems that moderate 
intermediate and fast neutrons is so-called long counter, containing a boron fluoride (BF

3
) tube, surrounded by an inner paraffin 

moderator. it responds uniformly to neutron energies from approximately 10 keV to approximately 5 MeV. incident neutrons 
cause a direct response after being thermalized in the inner paraffin layer. Those from other directions are either reflected or 
thermalized by the outer paraffin jacket and then absorbed in a layer of boron oxide (B

2
O

3
). The disadvantage of this arrange-

ment is that the probability that a moderated neutron will enter the BF
3
 tube and be counted is not dependent on the initial 

energy and, therefore, no information on the spectral distribution of neutron energies is obtained.
in the early review [3], a brief description of the applications of the nuclear properties of boron isotopes was provided. 

These included counters of neutrons and energy sensors for neutron detectors. Some neutron-capture applications of boron 
cluster compounds were also mentioned [4, 5]. Neutron-sensor device structures based on boron-containing materials were also 
described in the newer review [6] devoted to the isotopic effects of boron in solid materials. recently, in the special issue of 
the SPie Proceedings [7], devoted to the achievements in radiation detectors physics, boron-containing epitaxial layers pro-
posed for neutron-sensor application have been described. it should be emphasized that, in all the solid-state neutron sensors, 
the working body is a nanolayer because 10B is an excellent neutron absorber and neutrons are rapidly stopped in a 10B-enriched 
material.

Crystalline semiconducting boron was used in neutron thermometers [8]. Such neutron sensors offered advantages over the 
conventional (e.g., gas-filled) ones. Neutron detectors constructed from the boron-rich semiconductors could be particularly 
effective due to the easily detectable products of the neutron reaction with the 10B nucleus. A boron-based neutron detector 
was first described by gaulé et al. [9]. A pair of thermoresistors were matched with respect to their semiconductor properties, 
but with different nuclear properties: one thermistor was made of 10B, and the other of 11B. Both isotopes were stable, but, 
when exposed to neutrons with thermal energies, only 10B nuclei underwent transformation according to reaction 

5
10

0
1

3
7

2
4 2 79B n Li He MeV+ → + + . . The significant amount of the averaged energy (2.79 MeV) released caused the 

10B-thermistor to become warmer than the 11B-thermistor. This temperature difference can be converted into an electrical signal. 
The formation of the rectifying contact on the 10B sample allowed its application in a different type of solid-state neutron 
detector [10]. its principle of operation is based on the generation charge carriers due to absorbing 2

4 He, that is, α-particles, 
ejected in the process of neutron interaction with boron. in the neutron detector [11] based on semi-insulating boron-containing 
semiconductor crystal with an external bias voltage, a neutron interaction with 10B nucleus produces 2

4 He and 3
7 Li  nuclei. Both 

are rapidly stopped (within ~10 µm) in the semiconductor, exciting thousands of electron–hole pairs. These free charges then 
drift in the electric field on the crystal, generating a measurable current pulse.

in a study by emin and Aselage [12], a boron carbide–based thermoelectric device for the detection of a thermal-neutron flux 
was proposed. it exploited, on the one hand, very high melting temperature and the radiation tolerance of boron carbides, mak-
ing them suitable for use within hostile environments, for example, within nuclear reactors, and, on the other hand, boron car-
bides’ anomalously large Seebeck coefficient, by proposing a relatively sensitive detector of the local heating that follows the 
absorption of a neutron by a 10B nucleus. The possibility of elaboration of the boron carbide–based neutron detectors was also 
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considered by emin [13]. As 10B is an excellent absorber of thermal neutrons, they cannot penetrate (for much more than 
~1 mm) into a 10B-enriched material before being absorbed. Upon absorbing a neutron, 5

10 B  decays into 3
7 Li  and 2

4 He, thereby 
heating the material in the immediate vicinity of the neutron absorption. A temperature difference is thereby established bet-
ween the faces of a boron carbide sample. it can be monitored using boron carbide’s large Seebeck effect. All told, boron car-
bides may serve as simple, small, and robust (as the neutron-radiation damage arising from the decay of 10B isotope in the 
icosahedral boron-rich solids is minimized by the self-healing that characterizes such structures) neutron detectors.

real-time solid-state neutron detectors were also fabricated [14] from different semiconducting boron–carbon alloys pre-
pared by the plasma-enhanced chemical vapor deposition (PeCVD) method. Single neutrons were detected and signals induced 
by gamma-rays were determined to be insignificant. The source gas closo-1,2-dicarbadodecaborane (ortho-carborane) was used 
to fabricate the boron–carbon alloys with only the natural isotopic abundance of 10B. Devices made of thicker boron–carbon 
alloy layers enriched in 10B led to increased detection efficiency. Active diodes could use the inherent micron-scale spatial 
 resolution, increasing the range of applications.

radioisotopes and particle accelerators are widely utilized as neutron sources: neutron therapy, radiography, and damage 
evaluation of fusion reactor materials are typical examples of these up-to-date applications. With such an increase in neutron 
facilities, personal dosimetry, environmental monitoring, and evaluation of leakage neutrons become more important. in a study 
by Oda et al. [15], a plastic track detector was applied to thermal neutron dosimetry by combining it with a ceramic boron 
nitride converter using (n, α) reactions. BN seems to be a promising converter because of its high boron concentration and 
smooth surface. The efficiency was 1.0 × 10−3 pits n−1, corresponding to the sensitivity of 9.6 × 102 pits mm−2 mSv; the linear 
response was between 0.035 and 0.7 mSv; and the minimum detectable dose equivalent was estimated to be approximately 
0.005 mSv. Boron neutron capture therapy uses high intensity neutron radiation (up to 109 cm−2 s−1). To evaluate the prescribed 
dosage, it is important to separately detect the thermal neutron flux and the gamma dose. Tanaka et al. [16] proposed a method 
using a glass-rod dosimeter (grD) with thermal neutron shielding. in order to evaluate the thermal neutron fluence, the 
combination with grD and BN as a thermal neutron converter was also developed.

recently, epitaxial layers of hexagonal boron nitride (h-BN) synthesized by metal organic chemical vapor deposition 
(MOCVD) have been proposed [17] for neutron-sensor applications. Measurements indicated that the thermal neutron absorption 
coefficient and absorption length of h-BN epilayers with natural boron-isotopic composition are approximately 0.0036 µm−1 and 
277 µm, respectively. To partially address the key requirement of long carrier lifetime and diffusion length for a solid-state 
neutron detector, microstrip metal–semiconductor–metal (MSM) detectors were fabricated on the same basis and were tested. 
A good current response was generated in these detectors using continuous irradiation with a thermal neutron beam corresponding 
to an effective conversion efficiency of approximately 80% for absorbed neutrons. graphene-oxide—a derivative of the single-
layer graphite—exhibits an ability to provide sufficient change in luminescent properties when exposed to neutron radiation. 
Utilizing this property, robinson et al. [18] investigated the integration of hexagonal boron nitride (h-BN) with some graphene-
based structures to evaluate the radiation-induced conductivity in nanoscale devices and discussed the successful integration of 
h-BN with large-area graphene electrodes as a means to provide the foundation for large-area nanoscale radiation sensors.

Boron phosphide (BP) single crystals were also studied [19] to develop refractory electric devices, such as solid-state neutron 
detectors utilizing a large cross section of the 10B isotope. The isotopic composition of the wafer used was (10BP)

0.95
(11BP)

0.05
.

Thermo-luminescent dosimeters (TLD), which are one of the few known types of thermal-neutron dosimeters commonly 
used for radiation-protection purposes of personnel, utilize (n, α) reaction of 10B nucleus [20]. it should be emphasized that 
these dosimeters are sensitive to γ-rays as well. This decreases the accuracy of neutron dosimetry to some extent, because at 
many working places thermal neutrons coexist with γ-rays. This type of neutron dosimetry can be performed, for example, by 
the spark counting of tracks in the boron-doped film [21]. For this purpose, thin cellulose nitrate films are doped with a boron 
compound (0.1%). After thermal neutron irradiation, the tens of millimemeter-thick films are etched in an aqueous solution of 
NaOH and then the etch-pits caused by 10B (n, α) 7Li reactions are punched and counted at high voltages. The ratio of the spark 
density to the thermal neutron fluence was found to be 1.0 × 10−4 for a boron concentration of 1%. A thermal neutron dose up 
to 3 × 10−6 Sv can be measured with this system. As a highly sensitive, simple, and nonradioactive neutron dosimeter, the plastic 
plates (Cr–39) doped with another boron compound—ortho-carborane—were prepared [22]. After thermal neutron irradia-
tion, the plates were etched in an aqueous solution of KOH. The etch-pits generated by 10B (n, α) 7Li reactions were then 
counted using an optical microscope or an automatic track-counting system. When the etching time is kept constant, the etch-
pit density is proportional to the irradiated thermal neutron fluence. The proportional constant is termed “sensitivity,” which 
was found to be 4.2 × 10−4 for a plate containing ortho-carborane at a concentration of 0.5 wt.% for an etching time of 16 h. By 
considering background counts, it was established that a thermal neutron dose of 0.025 mSv can be measured with this plate. 
These plates are insensitive to visible, UV, X-, β-, and γ-rays and are easy to handle because here the detector and converter are 
incorporated together. Alternative boron compound, lithium tetraborate Li

2
B

4
O

7
, was also considered [23] as promising con-

verter for neutron dosimeters. The poor reliability of sintered crystals as dosemeter was overcome by making it forms of glass 
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ceramics Li
2
B

4
O

7
 + 5% SiO

2
 + 0.01% Pt or thin evaporated layers on a LiF single crystal. From the information on the 

 thermally-stimulated-electron-emission glow pattern of the duplicated structure sample it may be possible to measure the dose 
of each kind of radiation separately in a mixed radiation field.

Nanostructured films of germanium (ge) and silicon (Si) doped with boron isotope 10B are known to be the best materials 
for the preparation of novel, highly effective, and sustainable neutron-radiation sensors [24]. Boron atoms, originally shallow 
acceptors for ge and Si, change their charge because of (n, α) nuclear reaction on 10B stimulated by neutron irradiation bearing 
Li, which is a shallow donor for these semiconductors. Charge carrier concentration changes (a single captured neutron reverses 
a single charge) are easy to fix with precision with the help of an electrical measuring instrument. This provides an opportunity 
to measure neutron fluence up to neutrons of very high density. Novel sensors should rely on one or more sensing mechanisms 
and produce a signal that indicates the nuclear/ionizing radiation value. For them it is also convenient to operate by so-called 
smart or intelligent sensory systems. ion-implanted semiconductor neutron-sensor was designed by guldamashvili et al. [25, 
26]. it contains a p–n junction with an inversion layer of p-type made by doping n-Si with 10B-ions. The sensor can work both 
in counter and dosimeter modes.

Finally, we have evaluated [27] the key physical-technical characteristics of neutron detectors made from 10B-enriched 
 semiconducting materials: thickness of the effective working layer ~10 mm, releasing rate of the 10B–n interaction products 
~1015 cm–3 s, electron–hole pairs generating rate in process of neutron absorption ~1022 cm–3 s, rate of rise in the temperature 
~10K s–1, and device mean operating time ~10−4s.

in conclusion, nanolayers made up of 10B isotope-enriched elemental boron crystalline modifications, semiconducting boron 
compounds (boron carbides, nitrides, phosphides, etc.), and boron-doped common semiconductor materials can serve as 
working bodies for effective neutron-fluence electronic sensors of various types.
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Hydrogen nanoreservoirs are nanotech tools that are useful for green energy production. Hydrogen exhibits the highest 
heating value per mass of all chemical fuels. Furthermore, it is regenerative and environmental-friendly. As is known, 
reducing the world’s dependence on fossil fuels is one of the global research priorities. One strategy calls for powering vehi-
cles with fuel cells that use hydrogen extracted from a carrier-material to generate electricity. But usually the extraction 
requires high temperatures, and that limits efficiency. Fortunately, these limits may be loosened by using catalysts to drasti-
cally lower the temperature to that required to liberate hydrogen. Attractive energy carriers are rich in hydrogen and do not 
produce greenhouse gases upon oxidation. In addition, they remain liquid or solid over a wide temperature range, allowing 
it to be handled. According to a recent reference book [1] on energy change, two principal questions related to utilizing 
hydrogen fuel need to be answered: “Is the hydrogen economy around the corner?” and “Is hydrogen an alternative to fossil 
energy carriers?”

Current interest in the use of hydrogen as a transportation fuel has driven extensive research into novel gas storage 
materials. The current materials lack the ability to store the necessary amounts of hydrogen under technologically useful 
conditions. Hence, there is a need for new materials to solve the hydrogen storage problem. Many recent efforts have been 
focused on boron-containing hydrogenous materials primarily with regard to the light constitutional elements and the 
resulting high hydrogen storage capacities. In particular, Handbook of Nanophysics [2] discusses important possibilities in 
the use of boron clusters (with proper addition of metal atoms) for efficient hydrogen storage. According to a review [3] 
on the utilization of boron and its compounds, boron is a promising element for hydrogen storage with its hydrides and 
nanostructural forms.

The hydrogen storage capacity of boron-rich nanostructured materials was estimated in a lecture [4]. Physisorption of 
hydrogen needs lower energy, but produces lower capacities. As for chemisorption (usually in the form of metal hydrides, 
CH

4
, etc.), this corresponds to higher hydrogen capacities, but requires higher energy as well. Between these limits, there 

exists a window of 0.2–0.6 eV/H
2
 necessary for efficient reversible storage at room temperature and moderate pressure for 

onboard automotive applications. Materials needed for effective hydrogen storage should be able to bind hydrogen mole-
cules chemically, without nondissociation. The collective monograph [5] also illustrates the practical versatility of boron, 
including the application of boron chemistry (e.g., designing large molecules containing icosahedral boron clusters) for 
hydrogen storage.

Analytical geometric models suggested for boron nitride [6] and all-boron [7] nanosystems seem to be helpful in calculating 
the available volumes of corresponding nanoreservoirs for hydrogen storage.
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27.1 Bn surfaces

Fourier-transform infrared (FT–Ir) spectrometry analysis of the turbostratic boron nitride (t-Bn) powder surface activity 
revealed [8] BHn

2
, B

2
nH, and some other hydrogen-containing species. shrestha et  al. [9] also reported the results of 

Bn-substrate adsorption studies performed on powder samples subjected various cleaning treatments. The adsorption of H 
species on B- versus n-atoms on the hexagonal boron nitride (h-Bn) (001) surface was investigated [10] theoretically within 
the density functional theory (dFT) using a cluster approach. Only the B atoms were subjected to a local transformation from 
the hexagonal (h-Bn) to cubic (c-Bn) phase. Upon adsorption of the H species, a neighboring surface B atom was substituted 
by a C atom (hence, the number of electrons in the system increased): in the presence of surface C impurities on the electron-
deficient B surface, the adsorption of H on these C impurities will yield an embryonic cubic nucleus. The adsorption of H 
species resulted in a local transformation from sp2- to sp3-hybridization with a hereby connected negative adsorption energy 
(−55 kJ/mol). This adsorption process is therefore highly unlikely to occur in a chemical vapor deposition (CVd) synthesis, that 
is, at temperatures in the 600–1000°C range. reactivities of hydrogen atom/ions with different boron nitride, as well as carbon, 
phases were studied in detail [11] by means of frontier orbital theory based on Hartree–Fock (HF) calculations. The results 
showed that there is a significant difference in the reactivity of atomic hydrogen with the sp2- and the sp3-carbon phases such 
that phase selectivity is facilitated during the CVd of diamond. In contrast, these reactivities of atomic hydrogen with Bn 
phases are similar, indicating the difficulty in obtaining a pure c-Bn phase via CVd. In addition, hydrogen ions show higher 
reactivity than their neutrals, whereas hydrogen anions show similar reactivity with the two carbon or the two Bn phases. CH

3
 

species were found to be promoters for the preferential etching selectivity of hydrogen in Bn growth. The joining of methyl 
species in the etching process of hydrogen over Bn phases would alter the etching preference of the hydrogen.

The electronic properties of 2d hydrogenated and semihydrogenated h-Bn sheets were investigated [12] using first-principles 
calculations. It was found that the hydrogenation effects in the Bn sheets are quite different from those in the graphene sheets. 
Hydrogenation changes the band character of Bn sheets, which causes the hydrogenated Bn sheet to have a smaller band gap 
than the pristine one. While for the semihydrogenated sheet, the stable B-semihydrogenated Bn sheet is a ferromagnetic metal 
due to the unpaired 2p

z
 electrons of n atoms. These studies demonstrated that the electronic properties of Bn sheets can be well 

tuned by hydrogenation. A control on the H functionalizations of H–Bn structures by carrier doping was revealed [13] using 
dFT calculations. When the system is electron-doped, H-adatoms will exclusively bond with B-atoms, resulting in possible mag-
netization of the system, whereas hole-doping favors the adatoms to form insulating orthodimer structures on the Bn structures. 
This behavior is caused by a peculiar chemical bond between the n- and H-adatoms, whose strength significantly depends on the 
carrier type and level. Moreover, the adatoms’ diffusion on these Bn structures can be steered along a designable path by the carrier 
doping still attributed to the carrier-dependent bond stability. This carrier control of functionalizations is robust via H-adatom 
concentration and the physical conditions of Bn structures, thus offering an easy route to controllably anchor the properties of 
functionalized Bn systems for desired applications.

The structural and electronic characteristics of fully hydrogenated Bn layers and zigzag-edged nanoribbons were investi-
gated [14] using dispersion-corrected dFT calculations. In the fully hydrogenated Bn structure, the hydrogen atoms adsorb on 
top of the B and n sites, alternating on both sides of the h-Bn plane in a specific periodic manner. Among various low-energy 
hydrogenated membranes referred to as chair, boat, twist-boat, and stirrup, the stirrup conformation is the most energetically 
favorable one. The zigzag-edged Bn nanoribbon, prominently fabricated in experiments, possesses intrinsic semimetallicity 
with full hydrogenation. The semimetallicity can be tuned by applying a transverse electric bias, thereby providing a promising 
route for spintronics device applications. Using dFT, a series of calculations of structural and electronic properties of hydrogen 
vacancies in a fully hydrogenated Bn layer were conducted [15]. By dehydrogenating the H–Bn structure, B-terminated 
vacancies can be created which induce complete spin polarization around the Fermi level, irrespective of the vacancy size. 
On the contrary, the H–Bn structure with n-terminated vacancies can be a small-gap semiconductor, a typical spin gapless 
semiconductor, or a metal depending on the vacancy size. Utilizing such vacancy-induced band gap and magnetism changes, 
possible applications in spintronics can be proposed, and a special H–Bn-based quantum dot device designed.

Using first-principles calculations, ding et al. [16] investigated the structural and electronic properties of monolayer 
porous Bn, and also of graphene (C) and BC

2
n sheets, with different hydrogen passivations. All these porous sheets with 

one-hydrogen passivation exhibit direct band gap semiconducting behaviors. The porous Bn sheet has a larger band gap 
than the porous C sheet, whereas the porous BC

2
n sheets have variable band gaps depending on the atomic arrangements 

of B, C, and n atoms. The stablest conformation of porous BC
2
n sheets is composed of C and Bn hexagons, whereas with 

two-hydrogen passivation, it becomes a structure containing continuous Bn and interrupted C zigzag lines. Furthermore, 
due to the sp3-hybridization of the edge atoms, the two-hydrogen passivation induces the changes of band gaps as well as 
direct-to-indirect band gap transitions in all the porous sheets. These studies demonstrated that the porous C, Bn, and BC

2
n 

sheets have semiconducting behaviors with practical band engineering by different values of hydrogen passivation. The 
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attention paid to potential applications of boron nitrides in hydrogen gas sorption was insufficient. In a study by Weng et al. 
[17], a novel Bn material, that is, porous microbelts, with the highest specific surface area up to 1488 m2/g, was obtained 
through one-step template-free reaction of a boron acid-melamine precursor with ammonia. The obtained Bn phase was 
partially disordered and belonged to an intermediate state between h-Bn and amorphous a-Bn phases. By changing the 
synthesis temperatures, the textures of obtained porous microbelts are adjustable. H

2
 sorption evaluations demonstrated that 

the materials exhibit high and reversible H
2
 uptake from 1.6 to 2.3 wt.% at 77 K and at a relatively low pressure of 1 MPa.

Zhao et al. performed [18] a first-principles theoretical investigation of the adsorption of hydrogen molecules between 
bilayers of solid matrix layers—Bn sheets (BBn) and graphene/Bn heterobilayers (gBn)—with variable interlayer distance. 
It was found that the H

2
 adsorption energy has a minimum by expanding the interlayer spacing, along with further interlayer 

expansion, arising from many H
2
 binding states and electrostatic interaction induced by the polar nature of B–n bonds. To 

determine whether successive addition of H
2
 molecules is indeed possible using the minimal H

2
 adsorption energy as the 

reference state, the hydrogen storage capacity of BBn and gBn was simulated with different stacking types, and it was found 
that the gBn with Bernal stacking is superior for reversible hydrogen storage. Up to eight molecules of H

2
 can be adsorbed with 

an average adsorption energy of approximately 0.20 eV/H
2
, corresponding to approximately 7.69 wt.% hydrogen uptake.

gradient-corrected dFT computations were performed [19] to probe the local chemical reactivity of stone–Wales defects 
and edge sites in zigzag- and armchair-edge Bn nanoribbons with the CH

2
 cycloaddition. Independent of the nanoribbon types 

and the defect orientations, the reactions at stone–Wales defect sites were found to be more exothermic than those at the center 
of perfect Bn nanoribbons. The intriguing electronic and magnetic properties of fully and partially hydrogenated Bn nanorib-
bons were investigated [20] by means of first-principles computations. They showed that independent of ribbon width, fully 
hydrogenated armchair nanoribbons are nonmagnetic semiconductors, while the zigzag counterparts are magnetic and metallic. 
The partially hydrogenated zigzag nanoribbons (using hydrogenated and pristine ones as building units) exhibit diverse 
electronic and magnetic properties: they are nonmagnetic semiconductors when the percentage of hydrogenated nanoribbons 
blocks is minor, while a semiconductor → semimetal → metal transition occurs, accompanied by a nonmagnetic → magnetic 
transfer, when the hydrogenated part is dominant. Although the semimetallic property is not robust when the hydrogenation 
ratio is large, this behavior is sustained for partially hydrogenated zigzag Bn nanoribbons with a smaller degree of hydrogena-
tion. Thus, controlling the hydrogenation ratio can precisely modulate the electronic and magnetic properties, which endows 
Bn nanomaterials many potential applications in novel integrated functional nanodevices. A quantum mechanical description 
was reported [21] based on the dFT of the structures and electronic properties of armchair Bn nanoribbons edge-terminated 
with O atoms and OH groups. The O-edge termination was found to give a peroxide-like structure that is nonmagnetic and 
semiconducting. The O-terminated Bn nanoribbon was stabilized by the reduction of the peroxide groups with H atoms leading 
to a polyol-like structure. The two chains of hydrogen bonds created along the edges led to alternating five- and seven-mem-
bered rings and caused the ribbon to become nonplanar with rippled edges. Three configurations of different ripple periods and 
amplitudes were found with energy differences up to 2 eV per unit cell but with virtually the same band gap of 4.2 eV.

Bhattacharya et al. performed [22] dFT calculations to explore the possibility of using a metal-functionalized hydrogenated 
Bn sheet for the storage of molecular hydrogen. The chair BHnH conformer is ideally suited for the adsorption of metal 
adatoms on the surface of the sheet. The Li metal, in particular, binds to the sheet with a binding energy of ~0.88 eV/Li atom 
and becomes cationic, which thereby attracts hydrogen molecules. However, the interaction of the BHnH sheet and the absorbed 
H

2
 molecules with Li+ is different from the conventionally known dewar coordination or Kubas-type interaction for hydrogen 

storage. each Li+ can adsorb up to four H
2
 molecules, and the hydrogen binding energy is in the desired energy window for 

effective storage of molecular hydrogen. The fully Li-functionalized BHnH sheet yields a reasonably high gravimetric density, 
which is >7 wt.%. By dFT calculations, Chen et al. investigated [23] the adsorption of transition-metal (TM) atoms (TM = sc, 
Ti, V, Cr, Mn, Fe, Co, and ni) on a carbon-doped h-Bn sheet and the corresponding cage B

12
n

12
. The carbon-doped Bn 

nanostructures with dispersed sc could store up to five and six molecules of H
2
, respectively, with the average binding energy 

of 0.3–0.4 eV, indicating the possibility of fabricating hydrogen storage media with high capacity. It was also demonstrated that 
the geometrical effect is important for hydrogen storage, leading to a modulation of the charge distributions of d-levels, which 
dominate the binding between H

2
 and TM atoms. In a study by shahgaldi et al. [24], titanium-coated boron nitride nanofibers 

were produced by the electrospinning method, and the effect of heat treatment on the nanofibers was studied. TiO
2
-coated Bn 

nanofibers, with a diameter of 100 nm, were obtained after heat treatment and nitridation. The X-ray diffraction (Xrd) and 
FT–Ir spectroscopy depicted hexagonal structures of Bn with sharp peaks related to titanium. The hydrogen uptake capacities 
of the nanofibers were investigated by pressure composition isotherms in the range of 1–70 bars at room temperature. different 
heat treatment temperatures resulted in different morphologies and specific surface areas for the nanofibers, which had direct 
effects on the hydrogen absorption of the samples. Hydrogen absorption measurements revealed that coatings on Bn nanofilms 
that were synthesized at a lower temperature during the nitridation process had the highest hydrogen absorption at room 
temperature. This result can be explained by the presence of titanium and the specific morphology and higher surface area 
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of the nanofibers. A series of MgO/h-Bn composites with different mass ratios were synthesized by the impregnation method 
and used as supports for ru catalysts in ammonia synthesis reaction [25]. The catalysts were characterized, in particular, by n

2
 

physical adsorption and temperature-programmed reduction of H
2
. The activity measurements of ammonia synthesis were 

carried out in a reactor with a mixture of n
2
 and H

2
 atmosphere under a steady-state condition. The results showed that the rate 

of ammonia formation was strongly influenced by the h-Bn content used in the catalysts’ preparation process. At n
2
:H

2
 = 1:3 

atmosphere, the optimum activity was achieved when MgO:h-Bn = 8:2 was used as the catalytic support.
As is known, the c-Bn phase is an extremely promising multifunctional material. However, to exploit all possible applications, 

large-area CVd of c-Bn films is required. For a successful CVd growth of high-quality c-Bn films, one must obtain a deeper 
understanding of the structural and electronic properties of the dominant c-Bn growth surfaces under CVd conditions, that is, 
the (100), (110), and (111) surfaces, and their modification in the presence of surface-stabilizing atomic hydrogen (H). In a study 
by Karlsson and Larsson [26], the surface-stabilizing effect of H on the B- and n-terminated surfaces of c-Bn (100) was investi-
gated using dFT calculations. It was found that a 100% surface coverage of on-top H on some B-terminated c-Bn (100) surfaces 
is not able to uphold an ideal bulk-like structure. For the n-terminated c-Bn (100) surfaces, opposite observations were made. 
The process of H abstraction, with gaseous atomic H, was found to be significantly more favorable for a B-terminated c-Bn (100) 
surface than for an n-terminated c-Bn (100) surface. It was also found that n radical sites are more stable toward radical surface 
site collapse than B radical sites. In the work of Karlsson and Larsson [27], the ability of BH

x
 and nH

x
 species (x = 0, 1, 2, 3) to 

act as growth species for the CVd of c-Bn, in an H-saturated gas phase, was investigated using dFT calculations. It was found 
that the optimal growth species for CVd growth of c-Bn are B, BH, BH

2
, n, nH, and nH

2
, that is, decomposition of the incoming 

BH
3
 and nH

3
 growth species is very crucial for CVd growth of c-Bn. It was also found that it would be most preferable to use a 

CVd method where the incoming BH
3
 and nH

3
 growth species are separately introduced into the reactor, for example, by using 

an atomic layer deposition type of method.
A systematic and comparative investigation of the number of different IVB–VIB transition metal carbides, nitrides, sulfides, 

silicides, and borides as well as main group element ceramics including h-Bn for their electrocatalytic performance toward the 
hydrogen evolution reaction was presented by Wirth et al. [28]. The performances of the electrocatalysts were compared with 
Pt and ni benchmarks.

27.2 Bn nanotuBes

Like the hydrogenated Bn surfaces, Bn nanotubes have potential applications in hydrogen storage and were suggested as better 
hydrogen storage media than C nanotubes. Physisorption of a hydrogen molecule together with chemisorption of atomic 
hydrogen on Bn nanotubes was studied in detail. According to the theoretical results, chemisorption of hydrogen to boron is 
exothermic. Chemisorption of hydrogen alters the electronic properties, indicating that the hydrogenated Bn nanotubes have 
additional potential applications, such as nanoscale electronic devices.

Hydrogen uptake capacities of 1.8 and 2.6 wt.% were obtained [29] on Bn multiwalled and bamboo-like nanotubes, respec-
tively, under 10 MPa at room temperature. For Bn nanotubes synthesized by CVd over a wafer made by an Lani

5
/B mixture and 

ni powder at 1473 K, which were straight with a diameter of 30–50 nm and a length of up to several microns, it was first verified 
[30] that the Bn nanotubes can store hydrogen by means of an electrochemical method. The mechanism of the electrochemical 
hydrogen storage process can be summarized as follows:

 BN H O e BN H OHads+ + ↔ − +2
– – ,

 BN H BN Hads abs− ↔ − ,

 2 2 2BN H BN Hads− ↔ + .

Bn − H
ads

 and Bn − H
abs

 are denoted as adsorbed and absorbed hydrogen on Bn nanotubes, respectively. The hydrogen 
 desorption of nonelectrochemical recombination in cyclic voltammograms, which can be considered as the slow reaction in Bn 
nanotubes, suggested the possible existence of strong chemisorption of hydrogen. The cathodic adsorption peak of hydrogen 
was found in the cyclic voltammogram. The hydrogen desorption peak of nonelectrochemical recombination appeared at the 
range between −0.78 and −0.85 V. It was concluded that the improvement of the electrocatalytic activity by surface modification 
with metal or alloy would enhance the electrochemical hydrogen storage capacity of Bn nanotubes. The binding energy of 
hydrogen atoms to a (10, 0) single-walled Bn nanotube was calculated [31] at 25, 50, 75, and 100% coverage using the dFT. 
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The average binding energy is the highest at 50% coverage when the H atoms are adsorbed on the adjacent B and n atoms along 
the tube axis, and the value is −53.93 kcal/mol, which is similar to half of the H–H binding energy. In addition, the band gap 
(−4.29 eV) of the pristine (10, 0) nanotube was decreased up to −2.01 eV for the 50% hydrogen coverage. Zhang et al. [32] 
performed dFT calculations to investigate the adsorption of atomic hydrogen H on the wrapping axis of nonpolar armchair 
(5, 5) and chiral (8, 4) Bn nanotubes with a view toward understanding the chemisorption-induced polarization field in Bn 
nanotubes. The adsorption of H along the zigzag B–n bonds that lie on the wrapping axis of the Bn nanotubes enhances the 
macroscopic polarization field. depending on whether the B or n site near the edge of the nanotube is adsorbed with H, the 
direction of the polarization field, as well as the work function of the tube ends, can be changed significantly. The relationships 
between the chemical effect as well as the geometric distortion of the tube caused by H-chemisorptions and the induced polar-
ization were investigated, respectively. These results have implications for the application of Bn nanotubes as electron emitters. 
Zhao and ding systematically studied [33] the effects of several gaseous adsorbates, including H

2
, on the electronic properties 

of open edges of Bn nanotubes by using dFT calculations. The results indicated that H
2
 molecules dissociate and chemisorb 

on open Bn nanotube edges with large adsorption energy because the tube edge has either an open or capped structure and thus 
has dangling bonds or pentagonal defects. The high reactivity of an open-ended Bn nanotube can be comparable with that of 
its carbon counterpart, although the wall of the Bn nanotube is chemically more stable than a single-walled carbon nanotube’s 
wall. Moreover, it was noted that adsorption of the gas at the tips of open Bn nanotubes can modify their electronic properties. 
A considerable amount of charge transferred for the adsorption of gaseous hydrogen on the open Bn nanotubes may account 
for the changes of the electronic properties. Interestingly, the open (5, 5) Bn nanotube exhibits the properties of wide–band gap 
materials when gas is adsorbed at top sites, while a smaller band gap is observed when this gas is adsorbed on seat sites. These 
results might be helpful in the design of Bn nanotube–based nanomaterials such as field emitters or nanojunctions. Ab initio 
local spin density approximation calculations were performed [34] to study the magnetic properties of hydrogenated Bn nano-
tubes (H–Bn). It was found that the adsorption of a single H atom on the external surface of a Bn nanotube can induce 
spontaneous magnetization in the H–Bn nanotubes, whereas no magnetism was observed when two H atoms were adsorbed on 
two neighboring n atoms or on two neighboring B and n atoms. However, spontaneous magnetization was also found in the 
H–Bn nanotubes with two H atoms on two B atoms not next to each other. This may be experimentally accessible when the 
coverage of H atoms adsorbed on the external surface of Bn nanotubes is low. defects produce spontaneous magnetization on 
Bn nanotubes. When one or three H atoms are adsorbed on vacancy defects, the H–Bn nanotubes are nonmagnetic, while 
magnetic H–Bn nanotubes can be obtained by two H atoms adsorbed on vacancy defects, which may be difficult to control 
experimentally. The key issue for magnetism is the existence of unpaired electrons, which can be realized either by low coverage 
of hydrogen atoms or by making defects on perfect Bn nanotubes. This indicates that it is possible to tune the magnetic prop-
erties of Bn nanotubes by hydrogenation or defects, thus providing a new synthetic route toward metal-free magnetic materials. 
Further theoretical investigations of chemical hydrogen storage showed [35] that the dehydrogenation of chemisorbed hydrogen 
atoms on Bn nanotubes could be triggered by appropriate reagents through simultaneous proton and hydride transfer. The 
computed free energy of the activation barrier for the reduction of formaldehyde to methanol by chemisorbed hydrogen atoms 
on a zigzag Bn nanotube was predicted to be 12.7 kcal/mol. The thermodynamic and kinetic feasibilities of H

2
 dissociation on 

some zigzag nanotubes including the Bn ones have been investigated [36] theoretically by calculating the dissociation and 
activation energies. The tubes were determined to be inert toward H

2
 dissociation, both thermodynamically and kinetically. The 

reaction is endothermic by 5.8 kcal/mol, exhibiting high activation energy of 38.8 kcal/mol.
The structural and electronic characteristics of fully hydrogenated Bn nanotubes were determined [37] by quantum chemical 

methods. single-walled nanotubes up to and over 10 nm in diameter were fully optimized by periodic calculations, made possible 
by the utilization of line group symmetries. The preferred fully exo-hydrogenated Bn nanotubes have diameters below 1 nm. 
Partial endo-hydrogenation was shown to stabilize large Bn nanotubes, producing energetically favored tubes with diameters of 
3.5 nm. The calculated band gaps suggest that perhydrogenated boron nitride nanotubes could be insulators, the band gaps being 
practically equal for zigzag and armchair tubes.

Adsorption of some chemical species, including H, H
2
, and nH

3
, on the sidewall of zigzag (8, 0) and armchair (5, 5) Bn 

nanotubes was studied [38] using dFT. Particular attention was paid to searching for the most stable configuration of the 
adsorbates and the surface reactivity at a perfect site and near a stone–Wales defect. reactivity near the stone–Wales defect 
is generally higher than that at the perfect site because of the formation of frustrated B–B and n–n bonds and the local strain 
caused by pentagonal and heptagonal pairs. The adsorption of nH

3
 on the sidewall of Bn nanotubes can be described as 

molecular chemisorption due to modest interaction between highest-occupied molecular orbital (HOMO) of nH
3
 with lowest-

unoccupied molecular orbital (LUMO) of Bn. Adsorption of nH
3
 can affect electronic properties of Bn nanotubes by raising 

the Fermi level. As such, nH
3
 can be viewed as an n-type impurity. As for H

2
, it can only be physisorbed on the sidewall of 

Bn nanotubes through van der Waals interaction. The geometries, formation energies, electronic properties, and reactivities 
of stone–Wales defects in single-walled (8, 0) Bn nanotubes were investigated [39] by means of gradient-corrected dFT 
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computations. stone–Wales defects deform Bn nanotubes severely and result in local curvature changes at defect sites. The 
energies of defect formation increase with increasing tube diameters and depend on orientation. The reaction energies of 
model H

2
 addition are mostly endothermic for defective as well as pristine Bn nanotubes, but reactions at the most favorable 

sites near the stone–Wales defect (homoelement n–n bonds followed by the B–B bond sites) are exothermic. This and the fact 
that the band structures of Bn nanotubes are only slightly changed by stone–Wales and vacancy-type defects as well as by 
chemical additions at low modification ratios endow Bn nanotubes with great application potential.

The physisorption and chemisorption of hydrogen in Bn nanotubes, investigated by dFT, were compared [40] with carbon 
nanotubes. The physisorption of H

2
 on Bn nanotubes was found to be less favorable energetically than on carbon nanotubes. 

The chemisorption of H
2
 molecules on pristine Bn nanotubes is endothermic. The reaction energy data for Bn nanotubes were 

summarized as follows:

 BN H BN H kcal mol+ → − −• • . / ,6 54

 BN H H BN H kcal mol− + → − −• • . / ,2 78 72

 BN H BN H kcal mol+ → − −2 2 85 26• . / ,

 BN H BN H kcal mol+ → − +2 2 19 64. / .

Consequently, perfect Bn nanotubes are not good candidates for hydrogen storage by either mechanism. Other strategies 
must be utilized if Bn nanotubes are to be employed as hydrogen storage media such as utilizing them as supporting media for 
hydrogen-absorbing metal nanoclusters. The adsorption of atomic and molecular hydrogen on carbon-doped Bn nanotubes was 
investigated [41] with dFT calculations. The binding energy was found to be substantially increased when compared with 
hydrogen on nondoped Bn nanotubes. These results are in agreement with experimental results for Bn nanotubes where dan-
gling bonds are present. The atomic hydrogen makes a chemical covalent bond with carbon substitution, while physisorption 
occurs for molecular hydrogen. For the H

2
 molecule adsorbed on top of a carbon atom in a boron site (Bn + C

B
 − H

2
), a donor 

defect level is present, while for the H
2
 molecule adsorbed on top of a carbon atom in a nitrogen site (Bn + C

n
 − H

2
), an acceptor 

defect level is present. The binding energies of H
2
 molecules absorbed on C-doped Bn nanotubes are in the optimal range in 

order to work as a hydrogen storage medium. Although the properties of the C-doped Bn  nanotubes depend on their composi-
tion, these nanotubes are promising candidates for storing hydrogen. durgun et al. investigated [42] the hydrogen absorption 
capacity of Ti-covered single-walled Bn nanotubes using the first-principles plane-wave method. The interaction of H

2
 mole-

cules with the outer surface of the bare nanotube, which is normally very weak, can be significantly enhanced upon functional-
ization by Ti atoms. each Ti atom adsorbed on the Bn nanotube can bind up to four H

2
 molecules with an average binding 

energy suitable for room temperature storage. Bn nanotubes were synthesized [43] over both Fe3+-impregnated mobile-compo-
sition-of-matter (MCM) and Fe

2
O

3
/MCM complex catalyst systems at relatively low temperatures for 1 h by the CVd technique 

in large quantities. The formation of Bn nanotubes was tailored at different reaction temperatures by changing the catalyst type. 
The diameters were in the range of 2.5–4.0 nm for thin tubes and 20–60 nm for thick ones. The thin tube formation originated 
due to an average pore size of 4 nm. Higher reaction temperatures caused side product formations. The gas uptake capacity mea-
surements at room temperature showed that Bn nanotubes could adsorb 0.85 wt.% hydrogen, which is two times larger than that 
for carbon nanotubes. The adsorption of H

2
 on Ce-doped Bn nanotubes was investigated [44] by the means of dFT calculations. 

For the Ce/Bn nanotube system, it is found that Ce preferentially occupies the hollow site over the Bn hexagon. The results 
indicate that seven molecules of H

2
/Ce can be adsorbed and 5.68 wt.% H

2
 can be stored in a Ce

3
/Bn nanotube system. Among 

nanotubes doped with metals, Ce exhibits the most favorable hydrogen adsorption characteristics in terms of adsorption energy and 
uptake capacity. Both hybridization of the Ce 5d orbital with the H 1s orbital and the polarization of the H

2
 molecules contribute to 

the hydrogen adsorption. Ce clustering can be suppressed by preferential binding of Ce atoms on Bn nanotubes, which denotes that 
a Bn nanotube as a hydrogen storage substrate is better than a carbon nanotube due to its heteropolar binding nature.

Wu et al. [45] investigated the properties of chemically modified Bn nanotubes with nH
3
 and four other amino functional 

groups on the basis of dFT calculations. Unlike the case of carbon nanotubes, nH
3
 can be chemically adsorbed on top of the 

B atom, with a charge transfer from nH
3
 to the Bn nanotube. The minimum-energy path calculation shows that a small energy 

barrier is encountered during the adsorption. similarly, a small energy barrier (~0.42 eV) is also involved in the desorption, 
suggesting that both adsorption and desorption can be realized even at room temperature. For chemically modified Bn nano-
tubes with various amino functional groups, the adsorption energies are typically less than that of nH

3
. The trend of adsorption 

energy change can be correlated with the trend of relative electron-withdrawing or electron-donating capability of the amino 
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functional groups. Overall, the chemical modification of Bn nanotubes with the amino groups results in few changes in the 
electronic properties. To help understand the mechanism of chemical peeling of Bn nanotubes, single-walled model systems 
were studied [46] using dFT. dimethyl sulfoxide acts as a water transporter across the interphase by the formation of a 
water-dimethyl sulfoxide complex, which links to an active site on the wall of the tube. Afterward, a unimolecular hydrolysis 
reaction takes place. In contrast, when dimethyl sulfoxide is absent, the hydrolysis reaction is bimolecular, which implies 
that the activation energy is higher owing to the larger entropic factor in comparison with the unimolecular mechanism. The 
effect of the surface curvature was analyzed by studying the hydrolysis reaction on tubes of increasing diameters. It was 
found that for the larger studied system, that is, the B

48
n

48
H

24
 (12, 0) zigzag model, the reaction with the water-dimethyl 

sulfoxide complex is bimolecular and does not yield hydrolysis but rather hydration, which indicates that planarity of the 
surface must be strongly perturbed in order to achieve the peeling.

Quasi-1d cylindrical pores of single-walled Bn and C nanotubes efficiently differentiate [47] adsorbed hydrogen isotopes at 
33 K. extensive path integral Monte Carlo simulations revealed that the mechanisms of quantum sieving for both types of nanotubes 
are quantitatively similar; however, the stronger and heterogeneous external solid–fluid potential generated from single-walled Bn 
nanotubes enhanced the selectivity of deuterium over hydrogen both at zero coverage and at finite pressures. It was shown that this 
enhancement of the d

2
/H

2
 equilibrium selectivity results from larger localization of hydrogen isotopes in the interior space of single-

walled Bn nanotubes in comparison to that of equivalent single-walled C nanotubes. The operating pressures for efficient quantum 
sieving of hydrogen isotopes are strongly dependent on both the type and the size of the nanotube.

The electromagnetic nonbounded interactions of the nH
2
BHnBHnH

2
 molecule inside the B

18
n

18
 ring were investigated [48] 

with hybrid dFT for a physicochemical explanation of electromagnetic nonbounded interactions within these nanosystems.

27.3 Bn fullerenes

A medial-neglecting-by-differential-overlapping (MndO) study of enthalpy of formation of boron–nitrogen analogues of buck-
minsterfullerene, including (carbo)hydrogenated ones B

3
n

3
H

6
, B

5
n

5
H

8
 and B

4
n

4
C

2
H

8
, was presented by Xis et al. [49]. The 

possibility of H
2
 gas storage in fullerene-like materials such as boron nitride, as well as carbon, clusters was investigated [50] by 

molecular dynamics (Mdin) calculations. These authors showed that these clusters have energy barriers for H
2
 molecules to pass 

through atomic rings. H
2
 molecules enter into B

36
n

36
 from hexagonal rings more easily than tetragonal rings. H

2
 molecules would 

pass from hexagonal rings of B
36

n
36

 more easily than hexagonal rings of C
60

 due to the larger curvature because of tetragonal rings 
in the Bn cage structure. Bn and C fullerenes are sublimed at 1800°C and 600°C, respectively. Consequently, Bn fullerenes have 
greater stability at high temperature. Thus, Bn fullerene materials would be better candidates for H

2
 storage. Using a first-principles 

theory based on dFT formulation, sun et al. [51] studied the energetics and thermal stability of storing hydrogen in B–n-based 
nanostructures. The hydrogen molecule was found to enter through the hexagonal face of the B

36
n

36
 cage, preferring to remain 

inside the cage in molecular form. The energy barriers for the hydrogen molecule to enter into or escape from the cage are, respec-
tively, 1.406 and 1.516 eV. As the concentration of hydrogen inside the cage increases, the cage expands and the bond length of the 
hydrogen molecule contracts, resulting in significant energy cost. At zero temperature, up to 18 hydrogen molecules can be stored 
inside a B

36
n

36
 cage corresponding to a gravimetric density of 4 wt.%. However, Mdin simulation at room temperature (300 K) 

indicated that high weight percentage hydrogen storage cannot be achieved in B–n cage structures. The interaction between 
nanoclusters of B

12
n

12
 and some small molecules including H

2
 was investigated [52] by using dFT computations, exploiting the 

structural and electronic properties of the adsorbate/cluster complex. The calculated adsorption energy of the most stable state was 
−1.35 kJ/mol. It was revealed that the adsorption of H

2
 molecules has no significant effect on the electronic properties of the cluster.

The structural principles of perhydrogenated Bn fullerenes were determined [53] by quantum chemical calculations. The 
octahedral Bn fullerenes were classified into structural families, which were systematically studied. each family was developed 
into a series of cages, up to B

444
n

444
H

888
, subjecting them to perhydrogenation. Chiral, T-symmetric nanostructures are favored 

in energy, possessing an optimal diameter of around 2.8 nm, corresponding to a molecular formula of B
228

n
228

H
456

. The facets of 
the octahedral nanostructures are clearly curved, placing B–H bonds on the convex side and n–H bonds on the concave side. 
The curvature is due to the partially ionic character of the B–n bond, which polarizes the hydrogen atoms. The described 
structural principles of perhydrogenated Bn fullerenes are expected to provide new insight into structural characteristics and 
properties of nanomaterials based on Bn.

By the incorporation of C into B
12

n
12

 fullerenes, the theoretical investigation [54] showed that the hydrogenation reaction on 
C-doped B

11
n

12
C clusters is both thermodynamically favored and kinetically feasible under ambient conditions. The C atom 

can work as an activation center to dissociate the H
2
 molecule and provide the free H atom for further hydrogenation on the 

B
11

n
12

C fullerene, which saves the materials cost in practical applications for hydrogen storage. The curvature also plays an 
important role in reducing the activation barrier for the hydrogen dissociation on the Bn fullerenes.
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27.4 Bn nanocoMpounds

A dFT study of small base molecules and tetrahedral and cubane-like group V clusters encapsulated in B
80

 showed [55] that the 
boron buckyball is a hard acid and prefers hard bases like nH

3
 or n

2
H

4
 to form stable off-centered complexes. The boron cap 

atoms are electrophilic centers, and prefer mainly to react with electron-rich nucleophilic sites. The stability of the complexes 
will be governed by the size and electron-donating character of the encapsulated clusters.

The adsorption of atomic and molecular hydrogen on armchair and zigzag boron carbonitride nanotubes was investigated 
[56] with dFT calculations. The adsorption of atomic H on the BC

2
n nanotubes presents properties that are promising for nano-

electronic applications. depending on the adsorption site for H, the Fermi energy moves toward the bottom of the conduction 
band or toward the top of the valence band, leading the system to exhibit donor or acceptor characteristics, respectively. The H

2
 

molecules are physisorbed on the BC
2
n surface for both chiralities. The binding energies for the H

2
 molecules are slightly 

dependent on the adsorption site, and they are close to the range that can work as a hydrogen storage medium. First-principles 
calculations were carried out [57] to investigate Ti (sc)-decorated 2d boron–carbon-nitride BC

2
n sheets for their application as 

hydrogen storage materials. The results showed that with four H
2
 molecules attached to each metal atom, the Ti (sc)-decorated 

BC
2
n can store up to 7.6 (7.8) wt.% of hydrogen in molecular form. The adsorption energy is within the range of 0.40–0.56 

(0.13–0.27) eV/H
2
, which is suitable for ambient temperature hydrogen storage. An extensive first-principles investigation of 

both exohedral and endohedral Ti-decorated BC
4
n nanotubes for hydrogen storage also was reported by Bhattacharya et al. 

[58]. The results revealed that an endohedral capping of Ti is energetically favorable compared to an exohedral capping, albeit 
marginally by approximately 0.1–0.4 eV/Ti atom. However, this endohedral insertion process is difficult since it requires over-
coming of a rather high energy barrier of approximately 4 eV/Ti atom, as obtained from nudge elastic band calculation of the 
minimum-energy path. It was observed that each Ti+ ion sitting on the hexagonal face of the exohedral Ti–BC

4
n can bind up to 

four hydrogen molecules with successive energies of adsorption lying in the range of approximately 0.4–0.7 eV. Further, it was 
predicted that at high Ti coverage, the system can absorb up to 5.6 wt.% of hydrogen. After establishing the adsorption of 
hydrogen molecules on the Ti–BC

4
n nanotube, Mdin simulation was performed to understand the desorption behavior. It was 

observed that at 300 K the system remains stable with all four H
2
 molecules attached to Ti, while at 500 K hydrogen gets released 

in molecular form from the Ti–BC
4
n nanotube without breaking the cage. Thus, the desorption temperature and kinetics are 

quite favorable. This investigation underscores the potential of Ti-decorated BC
4
n nanotubes as a promising nanostructure can-

didate material for H
2
 storage. When a planar sheet of carbon (graphene) or isoelectronic boron nitride is decorated by Ti atoms 

for a high-capacity hydrogen storage material, due to charge transfer, the Ti becomes cationic and helps to adsorb hydrogen in 
the molecular form. The principal bottleneck for using such a system for efficient H storage is the problem of metal clustering 
on the surface. Using the first-principles dFT calculations, it was shown [59] that clustering of Ti atoms can be avoided by using 
a composite BC

4
n planar sheet that is obtained through chemical modification of the graphene surface by systematically replac-

ing C atoms by B and n atoms. This Ti–BC
4
n system shows hydrogen storage capacity with a reasonably high gravimetric 

efficiency (~8.4 wt.%). Further, using ab initio Mdin simulation, it was shown that this system is stable at 300 K, while desorp-
tion starts at approximately 500–600 K, which is lower compared to that of conventional graphene or Bn planar structures.

Motivated by successful fabrication of monolayer materials consisting of hybrid graphene and boron nitride domains, Liu 
et al. [60] performed a first-principles study of hybrid graphene/boron nitride (C–Bn) nanoribbons with dihydrogenated edge(s). 
The study suggested that hybrid C–Bn nanoribbons may possess semimetallicity with a certain range of widths for the graphene 
and Bn sections. In general, the hybrid C–Bn nanoribbons can undergo the semiconductor-to-semimetal-to-metal transitions as 
the width of both graphene and Bn nanoribbons increases. The calculated electronic structures of the hybrid C–Bn nanoribbons 
suggest that dihydrogenation of the boron edge can induce localized edge states around the Fermi level, and the interaction 
among the localized edge states can lead to the semiconductor-to-semimetal-to-metal transitions.

Boron nitride materials in the form of borazine polymers with high specific surface of approximately 50–700 m2/g (highly 
macroporous Bn aerogels) were produced [61] and shown to adsorb H

2
 and other gases. A series of porous Bn materials with 

specific surface of approximately 440–710 m2/g were also produced [62] using polymeric precursors. As they can adsorb H
2
 and 

some other gases, these materials can serve as selective gas adsorbents utilizing the local polar characteristics of the individual 
B–n bonds not present in the carbon structures. Ammonia borane (nH

3
–BH

3
, AB) is known as a lightweight material containing 

a high density of hydrogen H
2
 that can be readily liberated for use in fuel cell–powered applications. However, in the absence of a 

straightforward and efficient method for regenerating AB compound from dehydrogenated polymeric spent fuel, its full potential 
as a viable H

2
 storage material will not be realized. It was demonstrated [63] that the spent fuel type derived from the removal of 

more than two equivalents of H
2
 per molecule of AB, that is, polyborazylene, can be converted back to AB nearly quantitatively 

by 24 h treatment with hydrazine n
2
H

4
 in liquid ammonia nH

3
 at 40°C in a sealed pressure vessel. nanoscale h-Bn additive 

for ammonia borane (AB) was shown [64] to decrease the onset temperature for hydrogen release. Both the nano-Bn and the 
AB:nano-Bn samples were prepared by ball milling. The hydrogen release was measured by a volumetric gas burette system. 
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The dehydrogenation of AB was found to occur in three steps that are generally represented by the transformation of AB to poly-
aminoborane (PAB, (H

2
nBH

2
)

x
) and H

2
, PAB to polyiminoborane (PIB, (HnBH)

x
) and H

2
, and PIB to Bn and H

2
. As previously 

mentioned, ammonia borane is under significant investigation as a possible hydrogen storage material. While chemical additives 
have been shown to lower the temperature for hydrogen release from ammonia borane, this may result in additional complications 
in the regeneration cycle. Mechanically alloyed h-Bn (nano-Bn) was shown [65] to facilitate the release of hydrogen from 
ammonia borane at lower temperature, with minimal induction time and less exothermicity, and inert nano-Bn may be easily 
removed during any regeneration of the spent ammonia borane. The samples were prepared by mechanically alloying ammonia 
borane with nano-Bn (i.e., physical mixtures). The 11B magic angle spinning (MAs) solid state nuclear magnetic resonance 
(nMr) spectrum of the decomposition products showed that diammoniate of diborane is present in the mechanically alloyed 
mixture, which drastically shortens the induction period for hydrogen release from ammonia borane. Analysis also showed that 
all the borazine produced in the reaction comes from ammonia borane and that increasing the nano-Bn surface area results in 
increased amounts of borazine. However, under high temperature, for example, approximately 150°C, isothermal conditions, the 
amount of borazine released significantly decreases. The electron microscopy of the initial and final nano-Bn additive provided 
evidence for loss of crystallinity but not significant chemical changes. The higher concentration of borazine observed for low-
temperature dehydrogenation of AB/nano-Bn mixtures versus neat ammonia borane was attributed to a surface interaction that 
favors the formation of precursors, which ultimately result in borazine. This pathway can be avoided through isothermal heating 
at temperatures lower than 150°C. several effects of the mixtures of AB:nano-Bn were shown to be beneficial in comparison 
with neat ammonia borane: decrease of the dehydrogenation temperature, decrease in nH

3
 formation, as well as decrease of the 

exothermicity of hydrogen release with increasing nano-Bn concentration. Hydrogen is produced via the following reactions:

 
H NBH H NBH H C3 3 2 2 2 90 120→ ( ) + − °

x
,

 
H NBH HNBH H C2 2 2 120 160( ) → ( ) + − °

x x
x ,

 
HNBH BN H well above C( ) → + °

x
x 2 500 .

The state-of-the-art for hydrogen storage is compressed H
2
 at 700 bar and the development of a liquid-phase hydrogen 

storage material has the potential to take advantage of the existing liquid-based distribution infrastructure. Luo et  al. [66] 
described a liquid-phase hydrogen storage material, Bn-methylcyclopentane, that is a liquid under ambient conditions (i.e., at 
20°C and 1 atm), air- and moisture-stable, and recyclable; releases H

2
 controllably and cleanly at temperatures below or at the 

proton exchange membrane fuel cell waste-heat temperature of 80°C; utilizes catalysts that are cheap and abundant for H
2
 

desorption; features reasonable gravimetric and volumetric storage capacity; and does not undergo a phase change upon H
2
 

desorption. Among many promising hydrogen-rich boron-containing materials, ammonia borane (nH
3
BH

3
, AB) received much 

attention because of its satisfactory air stability, relatively low molecular mass, and remarkably high energy storage densities 
(gravimetric and volumetric hydrogen capacities are 19.6 wt.% and 140 g/l, respectively). However, the direct use of pristine 
ammonia borane as a hydrogen energy carrier in onboard/fuel-cell applications is prevented beacuse of its very slow dehydro-
genation kinetics below 100°C and the concurrent release of detrimental volatile by-products such as ammonia, borazine, and 
diborane. yıldırım [67] discussed different approaches to understand and control the properties of ammonia borane and other 
boron-based materials to be practical in terms of reduced dehydrogenation temperatures, accelerated H

2
 release kinetics, and/

or minimized borazine release: (i) developing of a new family of metal borohydride ammonia borane complexes (mixed metal 
amidoboranes na

2
Mg(nH

2
BH

3
)

4
 and Li

2
(BH

4
)

2
nH

3
BH

3
, and Ca(BH

4
)

2
(nH

3
BH

3
)

2
 are some examples), from which >11 wt.% 

hydrogen can be released; (ii) exploring the effect of nano-confinement and catalytic activity of various metal-organic frame-
works on the hydrogen release of ammonia borane; and (iii) designing and synthesizing a new nanoporous material, the so-called 
graphene oxide framework, as a potential storage medium for hydrogen gas.

27.5 otHer Boron-ricH nanoMaterials

Hydrogen adsorption on the pristine boron sheets and nanotubes was investigated [68] by dFT calculations. Both molecular 
physisorption and dissociative atomic chemisorption were considered. Molecular hydrogen physisorption energies were found 
to be approximately 30–60 meV/molecule, actually lower than in graphene and in carbon nanotubes and far from the energies 
of 300–400 meV/molecule necessary for efficient hydrogen storage at room temperature and moderate pressures for onboard 
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automotive applications. Chemisorption binding energies on B nanotubes should be approximately 2.4–2.9 eV/H atom, similar 
to the values obtained in C nanotubes. Finally, the energy barrier from molecular physisorption to dissociative chemisorption 
of hydrogen is about 1.0 eV/molecule. Therefore, the calculations predict physisorption as the leading adsorption mechanism 
of hydrogen at moderate temperatures and pressures. Wu et al. [69] investigated the feasibility of bare and metal-coated boron 
buckyball B

80
 with metals Li, na, K, Be, Mg, Ca, sc, Ti, and V for hydrogen storage using the dFT approach. Ca and sc were 

found to be the best candidates for hydrogen storage with moderate adsorption energy of H
2
 avoiding clustering of sc and Ca 

on the B
80

 surface. Further, it was observed that an isolated cluster Ca
12

B
80

 (sc
12

B
80

) can bind up to 66 (60) H
2
 molecules with 

an average binding energy of 0.096 (0.346) eV/H
2
, leading to a hydrogen storage capacity of 9.0 wt.% (7.9 wt.%). Two adsorp-

tion mechanisms, charge-induced dipole interaction and the dewar–Kubas interaction, were demonstrated and shown to be 
responsible for high hydrogen storage capacity of Ca

12
B

80
 and sc

12
B

80
. Most interestingly, the hydrogen-loaded B

80
sc

12
–48 H

2
 

complex can further adsorb 12 H
2
 through charge-induced dipole interaction. In other words, these two mechanisms dominate 

the adsorption of different parts of H
2
 in the same cluster of B

80
sc

12
–60 H

2
. A comprehensive study was performed [70] on 

hydrogen adsorption and storage in Ca-coated boron fullerenes and nanotubes by means of dFT computations. Ca strongly 
binds to boron fullerene and nanotube surfaces due to the charge transfer between Ca and the B substrate. Accordingly, Ca 
atoms do not cluster on the surface of the boron substrate, while transition metals (such as Ti and sc) persist in clustering on 
the B

80
 surface. B

80
 fullerene coated with 12 Ca atoms can store up to 60 H

2
 molecules with a binding energy of 0.12–0.40 eV/

H
2
, corresponding to a gravimetric density of 8.2 wt.%, while the hydrogen storage capacity in a (9, 0) B nanotube is 7.6 wt.% 

with a binding energy of 0.10–0.30 eV/H
2
. The Ca-coated boron fullerenes and nanotubes proposed are favorable for reversible 

adsorption and desorption of hydrogen at ambient conditions.
First-principles quantum chemical methods were used [71] to study ground-state energies and geometrical configurations of 

boron–hydrogen chains. The ground-state energies were found to be comparable with those of pristine boron clusters. The 
ground-state energies of the dimerized (BH)

n
 chain were fitted into a model, in order to determine the corresponding parame-

ters. This dimerization induces a band gap of approximately 0.6 eV. Tam et al. [72] reported spectroscopic observations on B 
atoms isolated in cryogenic parahydrogen p-H

2
, normal deuterium n-d

2
, and some noble-gas matrices. The 2s23s(2S)–2s22p(2P) 

B atom rydberg absorption suffers large gas-to-matrix blue shifts, increasing in the sequence with n-d
2
 < p-H

2
. Much smaller 

shifts are observed for the 2s2p2(2D)–2s22p(2P) B atom core-to-valence transition. Ultraviolet (UV) absorption spectra of B/p-H
2
 

solids showed two strong peaks at 216.6 and 208.9 nm, which were assigned to the matrix-perturbed 2s23s(2S)–2s22p(2P) and 
2s2p2(2D)–2s22p(2P) B atom absorptions, respectively. This assignment is supported by the previous quantum path integral 
simulations. Laser-induced fluorescence emission spectra of B/p-H

2
 solids showed a single line at 249.6 nm, coincident with 

the gas-phase wavelength of the 2s23s(2S)–2s22p(2P) B atom emission. The UV laser irradiation results in photobleaching of 
the B atom emission and absorptions, accompanied by the formation of B

2
H

6
. The review by grimes [73] cited U.s. Patents on 

a widely used air bag propellant system for automobiles employing the dicesium salt of the B
12

H
12

2− ion as a burning accelerant 
to ensure rapid but controlled inflation of the bag. On the one hand, hydrogen-terminated icosahedral B

12
H

12
2−, which has the 

same structure as the unit in solids, is the most stable molecule among the various polyhedral boranes synthesized. On the other 
hand, small boron clusters favor planar or nearly planar structures. The fact that the stable structure of boron clusters depends 
on the hydrogen contents means that the structure is tunable bycontrolling the number of hydrogen atoms. Ohishi et al. [74–76] 
reported the formation of icosahedral B

12
H

8
+ through ion–molecule reactions of the decaborane ion B

10
H

n
+ (n = 6–14) with 

decaborane B
10

H
14

 and diborane B
2
H

6
 molecules in an external quadrupole-static attraction ion trap. In the process of ionization, 

a certain number of hydrogen and boron atoms are detached from decaborane ions by the energy caused by the charge transfer 
from ambient gas ion to decaborane molecule. The hydrogen content n of B

12
H

n
+ was determined by the analysis of the mass 

spectrum. The result reveals that B
12

H
8
+ is the main product. First-principles calculations indicated that B

12
H

8
+ preferentially 

forms an icosahedral structure rather than a quasiplanar structure. The energies of the formation reactions of B
12

H
14

+ and B
12

H
12

+ 
between B

10
H

x
+ (x = 6 and 8) ions, which were considered to be involved in the formation of B

12
H

n
+, and a B

2
H

6
 molecule were 

calculated. The calculations of the detachment pathway of H
2
 molecules and H atoms from the product ions B

12
H

14
+ and B

12
H

12
+ 

indicate that the intermediate state has a relatively low energy, enabling the detachment reaction to proceed owing to the 
sufficient reaction energy. This autodetachment of H

2
 accounts for the experimental result that B

12
H

8
+ is the most abundant 

product, even though it does not have the lowest energy among B
12

H
n

+ molecules. The hydrogen and boron contents of the 
B

10−y
H

x
+ cluster were controlled by charge transfer from ambient gas (ne or He) ions. This gas leads to the generation of B

10−y
H

x
+ 

clusters with x = 4–10 and y = 0–1 (with x = 2–10 and y = 0–2). The introduction of ambient gas also increases the production of 
clusters. The dFT calculations were conducted to investigate the structure and the mechanism of formation of B

10−y
H

x
+ and 

B
12

H
n

+ clusters.
Among complex hydrides for hydrogen storage reviewed by Orimo et al. [77] are the boron-containing ones Li

4
Bn

3
H

10
 

amide, and LiBH
4
, naBH

4
, and some other tetrahydroborates. Hydrogen storage in metal hydrides is considered to be one of 

the most attractive methods. Ozturk and demirbas [78] compared the hydrogen absorption–desorption behavior of the boron 
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compounds with that of metal hydrides, which are considered as one of the most attractive hydrogen reservoirs. Boron com-
pounds have a very high energy density, much better than that of liquid hydrogen, and also a lot safer. LiBH

4
 is a complex 

hydride that consists of 18 wt.% of hydrogen. It has stability compared with other chemical hydrides and an easy conversion to 
H

2
. Thus, there are good reasons that hydrogen storage materials for LiBH

4
 will be used for power sources. Metallaboranes 

constitute an attractive class of compounds intermediate between borane cages and transition metal clusters. While carbon 
substitution into a borane cage is rather common and gives rise to an entire class of metallaheteroborane compounds, other 
main-group atom substitution is rather rare. It was shown that the reaction excess of LiBH

4
, followed by thermolysis with 

excess of BH
3
 ∙ THF, leads to the formation of oxamolybdaborane clusters. These are notable examples of oxametallaborane 

compounds where oxygen is contiguously bound to both cluster metals and boron atoms. similarly, the reaction with LiBH
4
 is 

followed by thermolysis with chalcogen powders of s or se. The insertion of O, s, and se atoms into the parent clusters shows 
a shortening of metal–metal bond distances. Theoretical calculations of dFT type were carried out [79] to study the geometries, 
energetics, and bonding properties in these metallaheteroborane compounds, aiming at completing their characterization and, 
in particular, establishing the exact number of hydrogens in the structures.

Mechanically milling ammonia borane and lithium borohydride in equivalent molar ratio results [80] in the formation of a 
complex LiBH

4
 · nH

3
BH

3
. This complex was studied in terms of its decomposition behavior and reversible dehydrogenation 

property. This study found that LiBH
4
 · nH

3
BH

3
 first disproportionates into (LiBH

4
)

2
 · nH

3
BH

3
 and nH

3
BH

3
, and the resulting 

mixture exhibits a three-step decomposition behavior upon heating to 450°C, totally yielding approximately 15.7 wt.% 
hydrogen. Metal borohydrides are of interest as hydrogen storage materials as BH

4
− are 27% hydrogen by weight. When the 

borohydride anion is paired with a light-weight cation such as Li+ or na+, the compound has a hydrogen weight percentage that 
is sufficiently high to be of potential practical importance for hydrogen storage. To optimize hydrogen release from materials 
containing the BH

4
− anion requires an understanding of the thermal decomposition mechanism. In particular, it is important to 

identify any stable intermediates with a lower hydrogen-to-boron ratio that may form in the course of the decomposition of 
borohydrides. One such intermediate is the B

12
H

12
2− anion, which was indentified in studies of borohydride decomposition. 

Transmission Ir spectroscopy was used [81] to characterize the temperature dependence of the vibrational spectra of LiBH
4
, 

naBH
4
, KBH

4
, and K

2
B

12
H

12
. The tetrahedral BH

4
− species has two Ir active fundamentals, the asymmetric B–H stretch and 

the asymmetric BH
4
 deformation, which are observed at 2292 and 1179 cm−1, respectively, for KBH

4
. In addition, two other 

peaks are observed in the B–H stretch region at 2225 and 2387 cm−1 in KBH
4
, due to the overtone of the asymmetric bend and 

the combination band of the symmetric and asymmetric bending modes. Peak positions are at similar values for naBH
4
 and 

LiBH
4
. The high symmetry of the icosahedral B

12
H

12
2− anion leads to only three Ir active fundamentals, which were observed 

at 716, 1076, and 2485 cm−1 for K
2
B

12
H

12
. Upon heating to 550 K, the Ir spectrum of KBH

4
 shows transformation into a new 

species with peaks at 716, 1074, and 2450 cm−1. The changes in the spectrum provide good evidence for the formation of 
B

12
H

12
2− as an intermediate in the decomposition of the BH

4
− anion. For the first time, it was demonstrated [82] that hydrogen 

can be released and reabsorbed from a promising storage material, overcoming a major hurdle to its use as an alternative fuel 
source. nanoparticles of sodium borohydride were synthesized and encased inside nickel shells. Their unique “core–shell” 
nanostructure showed remarkable hydrogen storage properties, including the release of energy at much lower temperatures than 
previously observed: one can expect initial energy release at 50°C, and significant release at 350°C.

dFT calculation was performed [83] to investigate the electronic structures of cage B
12

H
n
 for up to n ≤ 12 and AlB

12
H

n
 for 

up to n ≤ 13. Moreover, the computations were extended to the charged clusters of (B
12

H
12

)
q
, (AlB

12
H

12
)

q
, and (AlB

12
H

13
)

q
, where 

q = ±1 and ±2. Their energies were calculated and structural analysis was carried out. The cage form of B
12

 remains stable 
against hydrogen adsorptions. The binding energies of B

12
H

n
 and AlB

12
H

n
 are in a decreasing trend with n. The HOMO–LUMO 

energy gaps show that B
12

H
11

 has relatively higher chemical hardness. B
12

H
2
, B

12
H

4
, B

12
H

7
, and B

12
H

10
 are energetically more 

stable clusters. The AlB
12

H
3
, AlB

12
H

8
, AlB

12
H

10
, and AlB

12
H

12
 clusters are also obtained as relatively more stable. In the charged 

AlB
12

H
n
 clusters, structural orientations are observed for n = 12 and 13. There is considerable interest in bare boron and metal–

boron clusters as they offer potential for materials suited for hydrogen storage. Böyükata and güvenç [84] presented studies on 
Al-doped and hydrogenated B

n
 cage AlB

12
H

n
 clusters (n = 1–14), as well as clusters and hydrogenated cage structures of MB

12
H

n
 

complexes (for M = Ti, Cr, Fe, Co and n ≤ 13). For the computations of these systems dFT was utilized. Interaction energies of H, 
2H, and H

2
 were analyzed. One of the findings showed that the metal-coated cage structure of B

12
 is stable against H adsorption.

TM atoms bound to B-doped fullerenes were proposed [85] as adsorbents for high-density, room-temperature, ambient- 
pressure storage of hydrogen. C

48
B

12
 disperses TMs by charge transfer interactions to produce stable organometallic buckyballs. 

A particular sc can bind as many as 11 hydrogen atoms per TM, 10 of which are in the form of dihydrogen that can be adsorbed 
and desorbed reversibly. In this case, the calculated binding energy is about 0.3 eV/H

2
, which is ideal for use onboard vehicles. 

The  theoretical maximum retrievable H
2
 storage density is approximately 9 wt.%. In the work of Zhao et  al. [86], TM boride 

and   carboride nanostructures were studied as model organometallic materials for hydrogen storage. The dispersed TM atoms’ 
function is H

2
 sorption centered on the surface of the boron or carbon–boron substrate. The flexibility offered in the variety 
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of  possible structures permits the study of the effect of the TM–TM distance on the storage capacity. When the TMs are too close to 
one another, TM–TM bonding reduces the capacity. even when separated by distances larger than the normal TM–TM bond length, 
delocalization of TM valence electrons can still lower the hydrogen capacity. An optimal TM–TM distance for the structural motifs 
studied was approximately 6 Å. The study also permitted the evaluation of new TM boride nanostructures. It was predicted that a 
low-energy single-walled scandium triboride scB

3
 nanostructures can bind approximately 6.1 wt.% hydrogen with the energy of 

22–26 kJ/mol. A new family of porous boron-substituted carbon BC
x
 materials with controlled structure was investigated [87]. The 

chemistry involves a B-precursor polymer containing templates in the form of inorganic additives. Amorphous carbon-like BC
x
 

materials containing up to 12% B were prepared, which show an extended fused hexagonal ring structure with B-puckered curvature. 
This maintains its electron deficiency out of planar B moiety, due to limited p-electron delocalization, and exhibits superactivated 
properties to enhance H

2
 binding energy (20–10 kJ/mol) and adsorption capacity. After removing the inorganic additives by water-

washing, the resulting porous BC
x
 shows a surface area of 500–800 m2/g. A porous BC

6
 material exhibits a reversible hydrogen 

physisorption capacity of 0.5 and 3.5 wt.% H
2
 per 500 m2/g surface area of the material at 293 and 77 K, respectively, under moderate 

hydrogen pressure (<100 bars). Both values are more than three times higher than H
2
 absorption capacities in the corresponding 

carbonaceous materials. The physisorption results were further warranted by absorption isotherms, indicating a binding energy of 
hydrogen molecules between 10 and 20 kJ/mol, significantly higher than the 4 kJ/mol reported on most graphitic C surfaces.

The investigation of the interaction of a hydrogen atom with a B
12

P
12

 nanocluster based on dFT calculations indicated [88] 
that this process is energetically more favorable than that with B

12
n

12
 cluster.

Meng et al. [89] investigated the potential for hydrogen storage of a new class of nanomaterials, metal–diboride nanotubes. 
These materials have the advantages of a high density of binding sites on the tubular surfaces without the adverse effects of metal 
clustering. Using the TiB

2
 (8, 0) and (5, 5) nanotubes as prototype examples, it was shown through first-principles calculations 

that each Ti atom can host two intact H
2
 units, leading to a retrievable hydrogen storage capacity of 5.5 wt.%. Most strikingly, 

the binding energies fall in the desirable range of 0.2–0.6 eV/H
2
 molecule, endowing these structures with the potential for 

room-temperature, near–ambient pressure applications.
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28.1 iNtroduCtioN

Among the key technologies for the transition from environmental-unfriendly fossil fuel use to the hydrogen-based economy, 
fuel cells are promising devices for direct conversion of chemical energy into electricity [1]. Fuel cell vehicles are developed to 
replace conventional internal combustion engines. The aim is to produce lower pollutant emissions, reduce fuel consumption, 
and allow long-range transportation, contrary to electric vehicles with batteries [2]. At present, fuel cell technology is shifting 
very fast from fundamental research to real design [3]. The Californian market is the leader in the development of passenger 
vehicle strategy today. Using the automaker survey results, the California Fuel Cell Partnership described a way to build retail 
hydrogen stations to meet the demand for hydrogen in 2014 and to prepare for the 50,000 vehicles coming by 2017 [4].

Nanotechnology offers different possibilities to increase the energy conversion efficiency of fuel cells within catalysts, mem-
branes, and hydrogen storage. The most frequently used catalyst for the electrochemical oxidation of hydrogen in fuel cells is 
platinum or its alloys [5]. Usually, a platinum layer is deposed on the surface of commercial carbon. With the aim to reduce the 
platinum quantity and to increase its efficiency, the possibility of using Pt nanoclasters and thin layers on fuel cell electrodes 
has been under study since years [6]. On the other hand, the application of carbon nanostructures, particularly the latest, that is, 
carbon nanotubes (CNTs), as a support for highly dispersed Pt nanoparticles leads to higher activity of the oxygen reduction 
reaction and better performance of the fuel cell, as compared to a catalyst supported on commercial carbon [7, 8].

A large portion of the current work in the fuel cell technology is devoted to proton exchange fuel cells (PEFC), as they are 
the most suitable fuel cells for vehicular applications [9]. The most highly developed membranes for PEFCs are polymer mem-
branes [10]. Therefore, these fuel cells are sometimes referred to as polymer electrolyte fuel cells. Some recent investigations 
show the advantage of track-etched membrane applications in fuel cells [11]. Track-etched membranes may be used as a host 
matrix for the preparation of polymer–polymer nanocomposite membranes with polyelectrolyte nanodomains oriented normal 
to the plane of the membrane [12]. The membranes synthesized in this way demonstrate the ability to enhance transport in the 
desired direction. Nanomaterials also possess the potential to be lightweight and highly efficient storage media for hydrogen as 
applied to fuel cell vehicles [13]. Among them, carbon nanomaterials (nanotubes, fullerenes, and graphene-like materials) 
attract considerable attention as reversible hydrogen storage media under ambient conditions [14].

This chapter gives a brief review of the recent progress in the application of nanomaterials for the improvement of fuel cells 
that will facilitate the transition of fuel cell vehicles to the commercial market. The review includes the examination of available 
experimental data as well as main technical aspects of fuel cell technology. Since the number of publications on this subject is 
too large, the review quotes the most typical works on each of the considered items.
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28.2 Fuel Cell VehiCles

PEFC is the device that generates a current in a set of electrochemical reactions. The working principle of this device is shown 
in Figure 28.1. On the anode side of the fuel cell, molecular hydrogen diffuses to the anode catalyst, where it dissociates into 
protons and electrons. The protons are conducted through the electrolyte membrane to the cathode whereas the electrons flow 
through the external electrical circuit because the membrane is electrically insulated. On the cathode side of the fuel cell, 
oxygen molecules react with the electrons and protons on the cathode catalyst, with the formation of water molecules. The 
corresponding electrochemical reactions within the fuel cell can be written as follows:

Anode side: h
2
 → 2h+ + 2e−

Cathode side: 2h+ + 2e− + 1/2O
2
 → h

2
O

Overall reaction: h
2
 + 1/2O

2
 → h

2
O

Proton exchange membranes are the key components in the fuel cell system. researchers strive to reach the proton exchange 
membrane with high proton conductivity, low electronic conductivity and low permeability to fuel, low electroosmotic drag 
coefficient, good chemical and thermal stability, good mechanical properties, and low cost [15]. Attempts to understand the 
complex and interrelated transport and electrochemical phenomena inside the membrane have activated the appearance of 
numerous theoretical and experimental investigations. Numerical simulations have been used to analyze and compare the 
effects of fuel cell orientation, operating conditions, and geometry parameters on the cell performance [16–18].

A subcategory of PEFCs is direct-methanol fuel cells (DmFCs), in which methanol is used as the fuel. These devices can be 
recognized as an appropriate solution for mobile power sources since they operate at low temperatures with a high-energy 
density of methanol that is stable liquid at all environmental conditions [19]. The reactions at the electrodes and overall cell 
reaction in this case are as follows:

Anode side: Ch
3
Oh + h

2
O → CO

2
 + 6h+ + 6e–

Cathode side: 3/2O
2
 + 6h+ + 6e– + 1/2O

2
 → 3h

2
O

Overall reaction: Ch
3
Oh + 3/2O

2
 → CO

2
 + 2h

2
O

methanol on the anode side of the fuel cell is usually found in a weak solution, because in high concentrations it has the tendency 
to diffuse through the polymer membrane and react with molecular oxygen from the cathode side (the so-called crossover effect). 
A comprehensive review of the state-of-the-art studies of mass transport phenomena in DmFCs is presented by Zhao et al. [20].

Any hydrogen-fueled PEFC system has four major subsystems, namely, the fuel cell stack, air supply, hydrogen supply, and 
thermal and water management system. Figure 28.2 shows the schematic diagram of such a system for vehicle applications [21]. 
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H+ e–

e–e–
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H2O

Figure 28.1 Working principle of a fuel cell. reprinted with permission from ref. [10]. © Elsevier.
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The fuel cell stack in Figure 28.2 is an assembly of elementary cells (anode, polymer membrane, cathode) interconnected by 
bipolar plates in a planar technology configuration. The thermal and water management system consists of two coolant circuits 
and a process water circuit. The high-temperature circuit delivers the coolant (mixture of ethylene glycol and water) to the stack 
and rejects the stack waste heat in an air-cooled radiator. The high-temperature coolant also preheats the cathode and anode 
streams and provides the latent heat of humidification. The low-temperature circuit delivers the coolant to the shell-and-tube 
condenser and also cools the electric motor. The condenser of the vehicle’s air-conditioning system can be cooled by means of 
the low-temperature coolant as well. The process water circuit uses deionized water to humidify the anode and cathode streams.

A general overview of the current research on fuel cells for vehicular applications is given by Veziroglu and macario [22]. 
it includes technical aspects of fuel cell vehicle development, environmental impact, economic analysis, and comparison of 
different hydrogen vehicle technologies. The technical aspects are connected with such subjects as degradation and durability 
of the proton exchange membrane [23], potential hydrogen production methods [24, 25], and onboard hydrogen storage [26]. 
The subject of degradation and durability has attracted attention over the last years [27]. Various factors affect the fuel cell 
performance, inducing irreversible changes in the kinetic and transport properties of the cell. The main factors are fuel and 
oxidant impurities [28], temperature and relative humidity conditions [29], cyclic current-loading conditions [30], as well as 
problems of start-up and shutdown [31], and fuel and air starvation [32]. A comprehensive review of the current progress in the 
study of fuel cell degradation was performed by Borup et al. [33].

The problem of hydrogen production, storage, distribution, and dispensing is critical in the development of hydrogen fuel cell 
vehicles. hydrogen can be produced on-site at the filling station or in larger production plants, from where it is distributed to the 
filling stations in pipelines or by trucks. in the latter case, hydrogen can be carried in either compressed or liquid form [34]. 
The main methods of hydrogen industrial production now are steam methane reforming (close to 50% of the global demand for 
hydrogen), oil or naphtha reforming from refinery or chemical industrial off-gases (about 30%), coal and biomass gasification 
(about 18%), water electrolysis (3.9%), and others (0.1%) [35]. hydrogen onboard storage technologies are an important factor in 
the overall performance of hydrogen fuel vehicles [36]. Storage options include metal hydrides [37], carbon nanostructures [38], 
compressed gas [39], and liquid organic carriers [40].

The potential change in emissions and energy use by the replacement of fossil-fuel on-road vehicles with hydrogen fuel 
cell vehicles was examined by Paster et al. [41]. As estimations show, the net quantity of most types of emissions associated 
with air pollution would decrease considerably, including nitrogen oxides, volatile organic compounds, particulate matter, 
ammonia, and carbon monoxide. On the other hand, as noted by huo et al. [42], pollutant emissions from vehicles must be 
separated into total and urban emissions to differentiate the locations of emissions, because the main emissions are related 
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Figure 28.2 Schematic diagram of a hydrogen-fueled, polymer electrolyte fuel cell system for automotive applications. reprinted with 
permission from ref. [21]. © Elsevier.
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to fuel production, which is typically located in rural areas. in this connection, coal-based hydrogen would likely lead to 
increased emissions compared to conventional vehicles using petroleum-based fuels [43].

28.3 NaNomaterials as Catalysts

One of the most important challenges for the ultimate commercialization of fuel cells is the preparation of active, robust, and 
low-cost catalysts [44]. The catalyst most frequently used for the electrochemical oxidation of hydrogen and methanol in the 
PEFC system consists of carbon-supported Pt or multimetallic nanoparticles (Pt, Co, Ni, V, Fe, Cu, Pd, W, Ag, Au, etc.) [5]. 
Figure 28.3 illustrates possible processes of surface adsorption and reactivity for the methanol oxidation reaction in the case of 
a gold–platinum alloy catalyst in DmFCs [45, 46]. The catalytic reaction of Pt in the alloy occurs via a combination of reaction 
steps, such as the adsorption of Ch

3
Oh on Pt followed by dehydrogenation, the formation of intermediate CO

ad
/Pt, the transfer 

of CO
ad

/Pt to neighboring Au-atop sites forming CO
ad

/Au, the formation of Oh
ad

/Au or surface oxides on gold, and the reactions 
of Pt–CO

ad
 + Au–Oh

ad
 and Au–CO

ad
 + Au–Oh

ad
 toward the final product (CO−3) [45].

Several techniques are used to depose uniform catalyst spherical nanoparticles on the high-surface carbon support. These 
techniques can be subdivided into chemical, electrochemical, and physical ones. Chemical methods use colloidal, impregnation-
reduction, chemical vapor deposition, and reverse micelles processes. A simple, environment-friendly colloidal-precipitation 
method was successfully employed by yao et al. [47] to prepare carbon-supported platinum nanoparticles with a narrow size 
distribution. in this method, (Nh

4
)

2
WO

4
 was used to react with h

2
PtCl

6
, which forms (Nh

4
)

2
PtCl

6
 and h

2
WO

4
 simultaneously. 

The precipitation of (Nh
4
)

2
PtCl

6
 and the colloidal of h

2
WO

4
 can protect the formation of the Pt nanoparticles. in the impregna-

tion method, the metal precursors impregnate the carbon support in aqueous and/or organic media followed by reduction using 
a reducing agent such as organic alcohols [48]. Fuel cell electrode catalysts with improved electrochemical properties were 
prepared by Kim and moon [49] by dispersing Pt nanoparticles onto CNTs using a chemical vapor deposition method. Pt 
particles synthesized by this method have a relatively uniform size of approximately 1 nm, which is substantially smaller than 
in the case of a commercial Pt/carbon black catalyst (≤4.5 nm) prepared by wet impregnation. A reverse micelle synthesis was 
used by Cheney et al. [50] to improve the nanoparticle size uniformity of bimetallic Pt/Ni nanoparticles supported on γ-Al

2
O

3
.

The electrochemical method for Pt nanoparticle deposition on porous and high-surface carbon substrates such as carbon 
black and CNTs is an alternative way to prepare gas diffusion electrodes for PEFCs that has the ability to localize the metal 
particles on the surface of the electrode and reduce the thickness of the catalysis layer [51]. The deposition procedure can be 
carried out by using either a potentiostatic or a galvanostatic technique, which involves direct and pulse techniques. 
Electrodeposition via the galvanostatic pulse technique is considered convenient to improve the current distribution. Therefore, 
it is easy to control the particle size and composition of the alloy simply by varying experimental parameters such as on/off time 
and peak current density [52]. Figure 28.4 illustrates the schematic diagram of the pulse electrodeposition method.

The physical sputter deposition technique allows obtaining ultralow levels of catalyst loading (on the order of 5 μgPt cm−2 
contrary to a commercial catalyst having a Pt loading of 0.3 mgPt cm−2), localization of the catalyst on the uppermost surface 
of the carbon support, and increasing the activity for methanol oxidation compared to commercial catalysts [53]. Advantages 
of the sputter deposition compared with chemical deposition are easy preparation of the catalyst (absence of reducing and 
deflocculating agents, no heat treatment in hydrogen) and low Pt loading, allowing a cost reduction in the product together with 
easy industrial transfer of the process. it should be noted that the sputter deposition method is already a commercial technique 
for thin film deposition for other industrial applications [54].

recently, numerous efforts were made to replace Pt-based catalysts in PEFCs due to the high cost of the metal [5]. The 
progress in nanotechnology and material science has raised high expectations in the design and synthesis of alternative new 
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Figure 28.3 Schematic illustration of the electrocatalytic oxidation of methanol on an AuPt/C catalyst in alkaline electrolyte. reprinted 
with permission from ref. [45]. © Elsevier.
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nonprecious-metal catalysts with high activity and practical durability for the methanol oxidation and oxygen reduction 
reactions in PEFCs. Attention was particularly given to the oxygen reduction reaction since this appears to be responsible for 
major voltage losses within the cell. For this reaction, some promising Pt-free catalsysts were studied intensively: nonprecious-
metal chalcogenides [55], transition metal carbides [56], nitrides [57], and organometallic components [58]. The review by 
Othman and Dicks [59] outlines classes of nonprecious-metal systems that have been investigated over the past 10 years.

Although CNTs are used as supports for a nanoparticle metal catalyst, it was recently demonstrated that surface-modified 
CNTs and graphene show electrocatalytic activity for the oxygen reduction reaction in alkaline and acidic media [5]. Particularly, 
nitrogen-doped graphene that was synthesized by Qu et al. [60] by chemical vapor deposition of methane in the presence of 
ammonia acts as a metal-free electrode with a much better electrocatalytic activity, long-term operation stability, and tolerance 
to crossover effect than platinum catalysts. As demonstrated by Wang et al. [61], some polyelectrolytes have a strong electron-
accepting ability to withdraw electrons from carbon atoms in the CNT plane to induce the net positive charge, facilitating the 
catalytic activity of the nitrogen-free CNTs.

28.4 NaNomaterials as Catalyst suPPort

The performance and durability of fuel cells seriously depend on catalyst support materials [5]. The nature of the support is 
most important, since it determines the dispersion and stability of the metal crystallites, the electronic properties of the metal, 
and mass transfer and ohmic resistances of the catalyst layer [62]. Current catalysts for PEFCs are Pt or Pt alloys supported 
on carbon black in the form of highly dispersed nanoparticles. recent studies, however, show that Pt-based nanoparticles sup-
ported on other forms of carbon, such as carbon nanofibers, CNTs, and graphene, display higher electrocatalytic activities [63]. 
Although the underlying mechanisms for activity enhancement are still not well understood, it was suspected that the surface 
structures and electronic properties of CNTs may well be responsible. Figure 28.5 shows the transmission electron microscopy 
(TEm) images of highly dispersed Pt nanoparticles with very small and uniform size distribution (2–3 nm) that were obtained 
on carbon nanofibers and CNT supports [64].

CNTs have high specific surface area, corrosion resistance, good electronic conductivity, and high stability [65]. The main methods 
for the preparation of Pt-based catalysts supported on CNTs involve the reduction of Pt(ii) salts by microemulsion, chemical vapor 
deposition, and electrochemical deposition, among others. A series of green techniques for synthesizing CNT-supported platinum 
nanoparticles for methanol fuel cell applications have been reported by Shimizu et al. [66]. These techniques utilize either the super-
critical fluid carbon dioxide or water as a medium for depositing platinum nanoparticles on surfaces of multiwalled or single-walled 
CNTs. An improved catalyst support for DmFCs on the base of polyphosphazene-coated CNTs was prepared by Qian et al. [67].

Graphene has a unique advantage as a catalyst support material compared to other carbon nanomaterials such as carbon 
black and CNTs owing to much larger surface-to-mass ratio. An overview of graphene nanosheets used as supports for fuel cell 
catalysts is presented by Antolini [68]. A systematic and comparative study of the effects of structure, composition, and carbon 
support properties on the electrocatalytic activity and stability of graphene-supported Pt–Ni alloy nanocatalysts for methanol 
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Figure 28.4 Schematic diagram of pulse electrodeposition method. reprinted with permission from ref. [52]. © Elsevier.
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oxidation was performed by hu et al. [69]. Uniform and porous graphene nanoflake structures were prepared by Shang et al. 
[7] as an excellent support for Pt-based fuel cells. Pt nanoclusters with different thicknesses are deposited on the graphene 
surface by the combination of a simple chemical vapor deposition and magnetron sputtering techniques. The hybrid films are 
found to exhibit distinctly superior electrocatalytic activities toward methanol oxidation with an ultralow metal loading. Pt nanopar-
ticles supported on nitrogen-doped reduced graphene oxide were investigated by he et al. [70]. As the measurements show, the 
catalytic activity of this nanomaterial in the oxygen reduction reaction is practically unchanged, indicating its excellent stability.

Nanostructured thin film (NSTF) catalysts are the leading electrode technology at present for polymer electrolyte fuel cells 
because of their significant advantages in durability and specific activity. This type of catalyst consists of a single layer of 
crystalline organic whiskers of about 1 µm in length, about 50 nm in diameter, and with a number density of 5 × 109 cm−2 [71]. 
These whiskers are obtained by temperature annealing of a vacuum-deposited organic red pigment. The deposition of Pt or Pt 
alloy thin films on these support structures are performed by the physical vapor deposition or sputter deposition techniques. 
These crystalline whiskers have high thermal, chemical, and electrochemical stability under fuel cell operation conditions 
[72]. The roughness of the catalyst coating on the whiskers can vary from very smooth to very rough, and it depends on the 
deposition conditions and the metal elements.

28.5 NaNostruCtured membraNes

Nanostructured materials are also used in the development of cheaper and more efficient membranes for fuel cells. most 
commercial membranes are based on the state-of-the-art hydrated perfluorosulfonic acid material under the commercial name 
of Dupont Nafion [73], which combines high ionic conductivity and low gas permeability with good chemical, mechanical, and 
thermal strength. however, these fluorine-containing membranes are expensive and don’t operate efficiently at temperatures 
below 0°C or above 80°C due to the evaporation of water from the membrane structure. For practical applications, the operation 
of fuel cells at temperatures above 100°C is desired, both for hydrogen and methanol-fuelled cells, which requires the development 
of new classes of membranes. An overview of the research and development of nanostructured membranes for different fuel cell 
applications is given by Thiam et al. [74].

The first approach to improve the membrane properties is the use of nanocomposite hybrids. The addition of nanocrystal-
line ceramic oxides to Nafion [75] enhances the membrane characteristics, allowing its operation up to 130°C, when the cell 
is fuelled with hydrogen, and up to 145°C in the DmFCs. A new ceramic-based reinforcing porous substrate for fuel cell 
applications was developed by Seol et  al. [76]. it consists of hygroscopic silica (SiO

2
) nanoparticles interconnected by 

3-glycidoxypropyltrimethoxysilane (GPTmS)-based silicate binders and a poly(paraphenylene terephthalamide) (PPTA) 
nonwoven support. This unusual ceramic substrate is featured with strong mechanical strength, well-developed nanoporous 
structure, high hydrophilicity, and good water retention capability.

Carbon nanostructures are widely studied at present for the purpose of their use in membrane material preparation. The 
effect of sulfonic acid–functionalized graphene oxide nanosheets was investigated by Zarrin et al. [77] as inorganic fillers in a 

Figure 28.5 TEm images of Pt nanoparticles deposited on (a) carbon nanofibres and (b) carbon nanotubes. reprinted with permission 
from ref. [64]. © Elsevier.
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Nafion composite membrane, fabricated by a simplistic solution casting method. This novel nanocomposite material demon-
strates a significant proton conductivity improvement (four times) over the unmodified one and can be considered as a potential 
proton exchange membrane replacement for applications having low humidity of 30% and high temperature of 120°C. The 
nanocomposite prepared by the covalent functionalization of multiwalled CNTs by grafting sulfanilic acid and their dispersion 
into sulfonated poly(ether ether ketone) was investigated by Tripathi et al. [78] as a novel membrane material for applications 
in alcohol or hydrogen fuel cells.

Some recent investigations show advantages of track-etched membranes in fuel cell applications such as no need to wet the 
membrane, larger proton conductivity, resistance to extreme conditions, etc. [11]. The ion-track technology is based on the irra-
diation of thin films of various materials with accelerated heavy ions [79]. heavy ions produce so-called latent tracks with high 
density of matter radiation damage along their path in the film with a diameter between 1 and 10 nm depending on the ion type 
and its kinetic energy. After the etching procedure, the latent tracks may be used for the production of track-etched membranes 
[80]. The grafting functionalization of the ion tracks in polymer thin films leads to the formation of highly proton-conductive 
electrolyte membranes for fuel cell applications [81]. Such ion track–grafted membranes have lower crossover of methanol, 
same proton conductibility, lower ion-exchange capacity, and superior mechanical properties compared to Nafion membranes, 
which make them promising materials for widespread application in direct methanol fuel cells [82]. Track-etched membranes 
may be also used as a host matrix for the preparation of polymer–polymer nanocomposite membranes with polyelectrolyte 
nanodomains oriented normal to the plane of the membrane [12]. The membranes synthesized in this way demonstrate the 
ability to enhance transport in the desired direction.

28.6 NaNomaterials For hydrogeN storage

Although hydrogen is widely recognized as a promising energy carrier for the transportation sector, widespread adoption of 
hydrogen and fuel cell technologies depends critically on the ability to store hydrogen at adequate densities. At present, no 
known material or storage means exists that satisfies all requirements to enable high-volume automotive application [83]. 
hydrogen can be stored as pressurized gas, cryogenic liquid, or as a suitable solid-state material [84]. high-pressure gaseous 
hydrogen storage offers the simplest solution in terms of infrastructure requirement and has become the most popular and highly 
developed method [85]. recent progress in cryogenic storage of liquid hydrogen has been reviewed by ho and rahman [86]. 
Solid-state storage is potentially the most convenient and safest method from a technological point of view, because this storage 
technology supposes the presence of near-ambient temperatures and pressures [87]. moreover, storage of hydrogen in liquid or 
gaseous form requires a large container and poses important safety problems for onboard transport applications. An attempt to 
receive some insight into almost all classes of known hydrogen storage materials was made by Pukazhselvan et al. [88].

The hydrogen storage materials in solid state can be divided into several categories in terms of the strength of hydrogen 
bonding: chemisorption, physisorption, and quasi-molecular bonding, which is the intermediate one between chemisorption 
and physisorption [14]. in the case of chemisorption, the h

2
 molecule dissociates into individual atoms, migrates into the 

material, and binds chemically with a binding energy lying in the 2–4 eV range. The bonding is strong, and desorption takes 
place at high temperatures. This category of hydrogen storage materials consists of simple metal and intermetallic hydrides 
with maximum emphasis on magnesium-based hydrides, which can be treated as promising candidates for competitive 
hydrogen storage with reversible hydrogen capacity up to 7.6 wt% for automotive applications. A recent review [89] reports 
current developments of metal hydrides in properties including hydrogen storage capacity, kinetics, cyclic behavior, toxicity, 
pressure, and thermal response.

A group of mg-based nanostructured hydrides is under intensive investigation at present. The hydrogen sorption property of 
magnesium mgh

2
 in the form of sandwiched Pd/mg/Pd films of nanoparticles with sizes on the order of 50 nm was studied by 

Barcelo et al. [90]. A nanostructured mgh
2
/Tih

2
 composite was synthesized [91] directly from mg and Ti metals by ball milling 

under an initial hydrogen pressure of 30 mPa. The desorption temperature of this composite is more than 100°C lower compared 
to commercial mgh

2
. The improved properties are due to the catalyst and nanostructure introduced during high-pressure ball 

milling. The synthesis, hydrolysis, structure, dynamics, intermediate compound, and improvement of de/rehydrogenation prop-
erties of liBh

4
 as hydrogen storage material with high gravimetric hydrogen capacity of 18.4 wt% were investigated by li et al. 

[92]. The hydrogen desorption properties of the nanostructured mgh
2
–Ti alloy composite for hydrogen storage produced via 

combined vacuum arc remelting and mechanical alloying were studied and compared with pure magnesium hydride [93].
The physisorption of hydrogen in porous materials is a viable mechanism for hydrogen storage in automotive applications. 

This storage mechanism has the advantage of possessing fast kinetics, low heat of adsorption, and being completely reversible. 
The investigation of hydrogen adsorption capability of different nanostructured carbon materials is one of the ongoing strategic 
research areas in science and technology [94]. The challenges, distinguishing traits, and apparent contradictions of carbon-based 
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hydrogen storage technologies have been reported by yürüm et al. [95]. Among all porous materials, metal-organic frameworks 
are the best candidates for h

2
 adsorption, since they consist of light atoms, they are highly porous, and their pore dimensions 

can be tailored by chemical engineering [96]. The most recent achievements in developing novel microporous silicon-based 
structures, aluminosilicates, and related materials have been described by Azzouz [97].

The transformation from the physisorption state to the chemisorption state of h
2
 molecules in nanostructured carbon 

materials as applied to a fullerene C
20

 and a B-doped fullerene C
19

B system was investigated by Tian et al. [98] using different 
density function methods. The convenient carbon-based adsorbent material could form the basis of technologically viable 
hydrogen storage systems is CNTs. recent applications of CNTs in hydrogen production and storage were examined by 
Oriňáková and Oriňák [38]. The investigation of the structure and hydrogen storage behavior of Ca-decorated graphene 
shows that Ca dimers act as nucleation positions of hydrogen adsorption [99]. The hydrogen storage capacity via the spillover 
mechanism in Ca-adsorbed graphene depends on the Ca content and could approach 7.7 wt%. Theoretical analysis [100] 
shows that the magnesium-decorated boron fullerene B

80
 has a high hydrogen storage capacity storing up to 96 h

2
 molecules 

with an ideal hydrogen uptake of 14.2%. This suggests a possible method of engineering new structures for high-capacity 
hydrogen storage materials with the reversible adsorption and desorption of hydrogen molecules. Various forms of storage 
materials, which are obtained by modifying well-known nanomaterials using Ti-functional group complexes, were investi-
gated by lee et al. [101]. As calculations show, Ti-decorated 2-mercaptoethyl sulfide, hydroxylfunctionalized polyethylene, 
and CNTs can store h

2
 molecules with a gravimetric density of 8.8, 11.5, and 5.5 wt%, respectively. The atomic structure of 

Ti–hydroxyl complexes attached to CNTs is shown in Figure 28.6.

28.7 CoNClusioN

Nanotechnology occupies an important place in the production and investigation of new functional materials for applications in 
fuel cell vehicles. One of the most important challenges for ultimate commercialization of the fuel cell technology is the 
 preparation of active, robust, and low-cost catalysts on the base of nanomaterials, such as Pt or multimetallic nanoparticles, 
nonprecious-metal chalcogenides, organometallic compounds, surface-modified CNTs, and graphene. The performance and 
durability of fuel cells seriously depend on catalyst support materials. recent studies show that catalyst nanoparticles supported 
on nanostructured carbon materials (carbon nanofibers, nanotubes, and graphene) display higher electrocatalytic activity than 
those supported on traditional ones.

Nanostructured materials are also used in the development of cheaper and more efficient membranes for fuel cells (nanocomposite 
membranes with the addition of nanocrystalline ceramic oxides or functionalized graphene oxide nanosheets to the commercial 
Nafion material, nanocomposites prepared on the base of multiwalled CNTs, etc.). Some recent investigations show advantages of 
track-etched membranes in fuel cell applications such as no need to wet the membrane, larger proton conductivity, and resistance to 
extreme conditions.

Although hydrogen is widely recognized as a promising energy carrier for the transportation sector, widespread adoption of 
hydrogen and fuel cell technologies depends critically on the ability to store hydrogen at adequate densities. Solid-state storage 
is potentially the most convenient and safest method from a technological point of view, because this storage technology supposes 
the presence of near-ambient temperatures and pressures. This category of storage media includes a group of mg-based 
 nanostructured hydrides, novel microporous silicon-based structures, and different nanostructured carbon materials.

Figure 28.6 Atomic structures of Ti–hydroxyl complexes attached to CNTs. The left figure is the cross-sectional view and the right figure 
is the oblique view. reprinted with permission from ref. [101]. © Elsevier.
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29.1 introDuction

Actinides in higher-valence states (e.g., V and VI) represent one of the most difficult classes of contaminants due to both their 
high radiotoxicity and mobility. The interaction of actinides with other materials is an important topic affecting migration, 
release, and natural and designed controls within the environment. Actinides interact strongly with humic substances (HS), 
many of which occur naturally in both mobile and immobile forms [1–8]. HS can enhance actinide solubility through 
complexation and by forming stable colloids. If HS exist as coatings on mineral surfaces, they can aid actinide retention on 
these surfaces. Both methods of control of actinide migration in the environment are shown in Figure 29.1.

HS are natural hyperbranched polyelectrolytes with a vast functional periphery dominated by carboxyl and hydroxyl 
groups. HS account for 50–80% of the organic carbon in soils, natural waters, and bottom sediments [9]. They are characterized 
with substantial molecular heterogeneity and disordered structures, which contribute to the longevity of HS spanning from 
hundreds to thousands of years. The recalcitrant nature of HS is of particular relevance for soil/aquifer remediation 
technologies predi cated on a reactive matrix that is not consumed by microorganisms during remediation. On the other hand, 
the structural complexity inherent in HS (illustrated by Fig.  29.2) creates opportunities for a broad range of chemical 
interactions.

These HS can be oxidized by strong oxidants; act as reducing agents; take part in protolytic, ion exchange, and complexation 
reactions; participate in donor–acceptor interactions; engage in hydrogen bonding; and take part in van-der-Waals interactions 
[10]. Hence, the HS can interact practically with all chemicals released to the environment. This unique constellation of reactive 
features strongly suggests that HS have the potential to address a broad spectrum of needs within the focal area of environmental 
remediation [11], which is confirmed by multiple examples of actual remedial applications [12–14]. However, despite multiple 
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Figure 29.1 Humic substances (HS) influence the migration of actinides from two perspectives: (a) as mobile organomineral colloids and 
complexes in aquatic environments (right panel); and (b) as immobile HS (e.g., humic coatings on mineral phases in soils—left panel) that 
can retard actinide migration.
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Figure 29.2 Hypothetical structural fragment of soil humic substances (Kleinhempel, 1970). The fragment illustrates the extreme 
structural heterogeneity of natural HS, which contain various oxygen-containing functional groups. The latter enables HS to engage redox, 
complexation, and sorption interactions.
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reactivities and huge reserves of humic raw materials such as lignite, peat, and lignin, they are not frequently tapped for 
remedial needs. This is due to the immense structural heterogeneity that greatly hinders their use in practical applications.

To overcome the issues of structural heterogeneity that define humic materials and also undermine their practical utility 
for environmental remediation, an original approach was developed [11] to design humic materials with customized 
properties. Based on the previously described roles of HS affecting actinide migration, this new approach must achieve three 
goals. First, it must enhance the redox capacity of HS and consequently enable reduction and immobilization of the most 
mobile actinide species. The second goal requires that the method enhance the surface activity of HS for creating humic 
coatings on solid supports for interception and long-term stewardship of water-borne actinides. This requires a comprehensive 
study of interactions between designed humic materials and actinides in the higher-valence states. The third goal assumes 
that novel environmental protection technologies will be suggested based on the use of these designed humic materials and 
their nanocoatings.

29.2 reDox-enHanceD Humic materials anD tHeir interactions witH actiniDes

Reported values of formal electrode potentials for HS from different sources vary from +0.15 to +0.79 V versus standard 
hydrogen electrodes [15–20]. This is due in part to their complex makeup. From this range and the reversibility of such redox 
transformations, it may be surmised that the redox properties of HS are attributable to the quinonoid moieties present in the 
aromatic backbone [21]. moreover, direct electrochemical evidence exists for the quinonoid nature of the redox-active units. It 
shows that natural organic matter (NOm) (particularly, the polyphenol fraction) gives an electrode response similar to that of 
model quinones such as juglone, lowsone, and anthraquinone disulphonate (AQDS). Hence, similar to quinones, the HS can 
participate in both abiotic and biotic redox transformations of contaminants in polluted environments. Several studies can be 
cited where HS were shown to participate in abiotic redox transformations of selected actinides. For example, the reduction of 
highly oxidized species of Pu and Np (Pu(VI, V) and Np(VI)) has been demonstrated [22–24]. In addition, direct abiotic 
reduction of cr(VI) by HS was also reported [25–27]. However, u(VI) and Np(V) reduction was not observed in the presence 
of natural HS [7].

Given the discussed importance of quinonoid units for the redox behavior of HS with respect to actinides, we hypothesized 
that humic materials with enhanced redox properties can be manufactured by incorporating quinonoid units with known prop-
erties into humic backbones.

29.2.1 Directed synthesis of Quinonoid-enriched Humic materials and assessment of their redox Properties

To realize an approach of enhancing the redox properties of humic materials, the corresponding customized humic materials 
were synthesized by incorporating different quinonoid units as described by Perminova et al. [28] and schematically shown in 
Figure 29.3 for the example of hydroquinone.

All modification reactions were run on humic acids isolated from leonardite (oxidized coal). The latter is widely used for 
the manufacture of commercial humates. The quinonoid monomers used for the modification of humic materials included 
hydroquinone (HQ), catechol (cT), and 1,4-benzoquinone (BQ). The monomers were chosen as ubiquitously being present in 
the biopolymers. They were incorporated into the humic backbones at different monomer-to-HS ratios: that is, 100, 250, and 

Figure 29.3 Synthetic pathway for manufacturing quinonoid-enriched humic derivatives using phenolformaldehyde polycondensation 
(with the example of hydroquinone).
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500 mg of the monomer per 1 g of the parent HS using phenolformaldehyde polycondensation for HQ and cT, and oxidative 
polymerization for BQ. It should be noted that contrary to HQ and cT monomers that were joined to aromatic rings of HS via 
cH2 bridges, BQ produced biphenyl-type structures with c–c bonds between humic and hydroquinone rings. The redox 
capacities of these derivatives measured as described by matthiessen [29] were substantially higher (up to 4 mmol/g) as 
compared to the parent humic material (0.6 mmol/g). The largest increase was observed within the hydroquinone-enriched 
derivatives as opposed to catechol or benzoquinone products. Of particular importance is that the redox capacity was proportional 
to the incorporated amount of quinonoid centers, which enables the manufacturing of quinonoid-enriched derivatives with 
predicted redox capacities.

29.2.2 reduction of actinides in the Higher-valence state by the Quinonoid-enriched Humic materials

The performance of quinonoid-enriched humic derivatives was tested with regard to the reduction of Pu(V) and Np(V). 
corresponding data were reported by Shcherbina et al. [30, 31]. Since qiononoid monomers are sensitive to the presence of 
oxygen, it was important to study the redox properties of the quinonoid-enriched humic derivatives both under oxic and anoxic 
conditions and at different pH values. The actinide concentrations were set at 10−9 m for Pu(V) and 10−5 m for Np(V). Such a 
substantial difference in actinide concentrations was predicated on different sensitivities of analytical techniques used for 
monitoring Pu(V) and Np(V) speciation in the solution: liquid–liquid extraction followed by liquid scintillation counting in the 
case of Pu(V) [23, 32], and spectrophotometry in the ultraviolet–visible–near-infrared (uV/vis/NIR) range for Np(V) [33]. 
consequently, the concentrations of HS used in the experiments with Pu(V) were set to a lower value (10 mg/l) compared to 
Np(V) (250 and 500 mg/l).

It was found that, in general, all humic derivatives studied (including the parental HS) were more effective at reducing Pu(V) 
than Np(V). As shown in Figure 29.4a, under anoxic conditions, the complete reduction of Pu(V) to Pu (IV) was observed 
within 4–5 h. liquid extraction did not reveal Pu(III) in the solution once equilibrium was achieved given its stabilty in such 
solutions. In the presence of oxygen, Pu(V) reduction was still detected, although with much slower kinetics: complete Pu(V) 
reduction occurred within 145 h (not shown).

For the quinonoid-enriched derivatives, a significant relationship was observed between the degree of modification and the 
reduction performance. This can be clearly seen for the case of plutonium from Figure 29.4b. The derivatives could be placed 
in the following ascending order according to their reducing efficiency: cHP < HQ100 ≤ HQ250 < HQ500.

As the reduction of An(V) is pH-dependent, the kinetics of Pu(V) reduction under varying pH conditions was also studied. 
Faster reduction rates occurred in acidic (4.5) versus neutral pH (7.5).

For Np(V), the reduction was much slower, reaching 30% (by HQ500) within 120 h [30]. The reduction of Np(V) was mon-
itored as described by Sachs and Bernhard, and Keller [33, 34], by measuring the absorbance of the aqueous NpO

2
+ ion and the 

Figure 29.4 Reduction of Pu(V) by hydroquinone-enriched humic derivatives. conditions: Ar atmosphere, Ctot(Pu) = 2.3·10−9 m, 
Ctot(HS) = 10 mg·l−1, I = 0 m. (a) pH 7.5; (b) pH 4.5. Reproduced with permission from Ref. [30]. © elsevier B.V. 
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Np(V)–HS complex at 981.5 and 987 nm, respectively (Fig. 29.5). The molar absorbance of the NpO
2

+ ion was determined to 
be 377.7 l mol−1 cm−1, which is close to the 395 l·mol−1 cm−1 value reported by Sachs and Bernhard [33], and Keller [34].

The Np(V) reduction by humic derivatives containing different quinonoid moieties is shown in Figure 29.6. The most effec-
tive reduction of Np(V) was observed for a hydroquinone-enriched humic substance followed by catechol and benzoquinone 
(Fig. 29.6a). As in the case of Pu(V), a direct relationship was observed between the reducing performance of the derivative and 
its degree of modification (Fig. 29.6b).

The reduction rate for a hydroquinone derivative with a moderate degree of modification (HQ250) was on the same level as 
with the samples enriched with catechol and benzoquinone units with higher degrees of modifications (cT-500 and BQ-500). 
In addition, the hydroquinone derivatives brought about the most complete reduction of Np(V).

The results show better Np(V) reduction with hydroquinone humic derivatives, which suggests that they may function better 
as sequestering agents for waterborne actinides in their higher-valence states. With regard to a contaminated site remedia tion, 
a humic-based technology would function best under conditions that were both anoxic and acidic (e.g., at pH < 5). These 
conditions are met, for example, at the Field Research center of the Oak Ridge National laboratory, u.S. DOe [35], where high 
concentrations of uranium (mg/l) and technetium are also found. These conditions would be considered acceptable for the effec-
tive use of modified humic derivatives for the purpose of actinide reduction, thereby reducing their mobility in the subsurface 
environment.

For actinide contaminated sites having oxygenated groundwaters and pH values close to neutral, such as the Siberian 
chemical Industrial complex, Russia (ScIc) [36], and another highly contaminated Russian site—the Production Association 
“mayak” in Western ural [37]—the proposed humic-based technology might not provide for desired lowering of neptunium 
mobility, but will be still efficient for immobilizing Pu(V).

29.2.3 interactions of np with Hydroquinone-enriched Humic materials on the surface  
of colloidal goethite Particles

To assess redox-mediating activities of the hydroquinone-enriched humic materials under environmental conditions, they were 
introduced to neptunium(V)-goethite (α-FeOOH) colloid systems. The latter were to mimic omnipresent mineral colloids [38]. 
For this investigation, goethite suspensions were spiked with 237Np(V) to create a concentration of (6.0 ± 0.6)⋅10−7 m. The 
parental and modified humic materials (cHP and cHP–HQ100, respectively) were added separately to the pre-equilibrated 
Np–goethite suspensions at concentrations of 43 mg/l and continuously stirred for a month. The experiments were run at two 
different pH values: 3.5 and 7.5. It was found that in the presence of hydroquinone derivatives of HS, neptunium–HS complexes 
formed on the surface of the goethite, whereas they were not observed with only the parent humic materials. The Np–HS 
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Figure 29.5 Typical spectra of NpO
2
+ and a Np(V)–humic complex (NpO

2
+HS); c(Np)

tot
 = 3.8 10−5 m, c(HS) = 250 mg/l. The spectrum 

of Np(V)–humic complex is shown for the dynamics during 46,4 h of exposure. It can be seen that within the time the absorption intensity of 
both NpO

2
+ and the HS complex decreased as a result of Np(V) reduction and complexation by the quinonoid-enriched humic derivatives.
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complexes were investigated using x-ray photoelectron spectroscopy (xPS) as described by Kalmykov et al. [39]. xPS is a 
powerful synchrotron technique that measures the elemental compositions, as well as chemical and electronic states of the ele-
ments that exist within a material. The xPS spectra of Np equilibrated with goethite and cHP–HQ100 at pH 3.5 and pH 7.5 are 
presented in Figure 29.7. complete reduction of Np(V) to Np(IV) occurred at pH 3.5, but it remained in pentavalent state at pH 
7.5. The higher reducing power of hydroquinone-enriched humic derivatives is in good agreement with what is predicted by the 
Nernst equation.

The functional distribution of humic materials sorbed onto a goethite surface at different pH values was also studied using 
scanning transmission x-Ray microscopy (STxm), which accommodates both a good 2D spatial resolution (up to 10 nm) and 
the capability of producing high-quality spectra (NexAFS). The purpose of this study was to investigate the structure of the 
humic coating on the goethite surface under different pH conditions. The sample equilibrated at pH 3.5 showed distinct 
 structures in the STxm c1s ratio image analysis of the selected sample regions (Fig. 29.8).

Figure 29.6 Reduction and removal of Np(V) by the humic derivatives under anoxic conditions, pH 4.7, c
0
(Np) = 5.4·10−5 m, 

c
0
(HS) = 500 mg·l−1, Np(V):HS ratio = 1:40. (a) effect of quinonoid monomer nature incorporated into humic structure (HQ, hydroquinone; 

cT, catechol; BQ, benzoquinone); (b) effect of reagent ratio (parent HA-to-quinonoid monomer) for HQ-enriched derivatives. HQ100, 
HQ250, and HQ500 stand, respectively, for derivatives with reagent ratios of 100, 250, and 500 mg of HQ per 1000 mg of cHP. Reproduced 
with permission from Ref. [31]. © American chemical Society.
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Figure 29.7 Np 4f electron spectra taken for ternary Np–cHP–HQ100 goethite system: left – pH = 3.5, right – pH = 7.5, I(NaclO
4
) = 0.1 m, 

c(Np(V))
T
 = 5.8⋅10−7 m, c(α-FeOOH) = 0.22 g/l, c(cHP–HQ100) = 44 mg/l.
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Figure 29.8 The STxm c1s ratio image analysis of the goethite sample equilibrated with cHP–HQ100 at pH 3.5. upper row (from left 
to right): absorption image at 280 eV below the c1s edge; ratio images showing the distribution of aromatics, phenol-type groups and lower 
row aliphatics, carboxyl-type groups and total organics. Bright gray values indicate high concentrations of organic functionality.
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The “hot spot” produced by the Np–organic matter was observed in the central region of the goethite particle and contained 
high amounts of aromatic and aliphatic structures, whereas edge regions of the particle contained lower amounts of these func-
tionalities. The particle’s edge structures and the surroundings of the particle itself seemed to be enriched with oxygen-contain-
ing functional groups as deduced from the ratio images of phenol-type and carboxyl-type structures. Similar observations of the 
spatial heterogeneity of organic matter functionalities sorbed onto inorganic particles have been reported in the literature for 
clay minerals and soil aggregates [40, 41].

Principle component analysis (PcA) and cluster analysis revealed one dominant cluster, whereas the spectral quality of addi-
tional clusters was very poor (not shown here). The cluster spectrum was deconvoluted and quantified, as has been described 
elsewhere [42–44]. The spectrum shown in Figure 29.9 is consistent with that reported for fulvic acids from groundwater of the 
Gorleben site [45]. At the same time, no organic carbon was detected using carbon K-edge measurements for the sample equil-
ibrated at pH 7.5: a flat line was detected in the energy region 280–310 eV, indicating the optical density (OD) of inorganic 
phases (goethite). These findings can be interpreted as representing an absence of adsorption of organic matter.

The conclusion was that the reduction of Np(V) at low pH values in the ternary Np–goethite–HS system was initiated when 
hydroquinone-enriched humic derivatives were used. This was not the case with the parent (leonardite) HS. According to 
STxm analysis, the modified humics formed surface coatings on goethite colloids at low pH as well as the surrounding cloud 
that was rich in organic matter. Such goethite–humic aggregates could serve as effective scavengers for actinides (e.g., Np(V)) 
from aqueous solutions.

In general, the experimental results discussed here provide positive evidence in support of using quinonoid-enriched humic 
materials as agents to facilitate the immobilization of hazardous actinides by inducing their reduction to less mobile forms. 
Other potent applications of humic materials could be derived if they could be immobilized as organic coatings onto other solid 
supports. These coatings could intercept actinides in their higher-valence state and provide a mechanism for their long-term 
stewardship. To solve this problem, another type of modification of humic materials was proposed based on the incorporation 
of surface-active silicon-containing groups into the humic backbone.

29.3 Humic nanocoatings anD tHeir use For seQuestration oF mobile 
actiniDes in tHeir HigHer-valence state

29.3.1 mineral-adhesive silanized Humic Derivatives and their use for in situ  
Preparations of Humic nanocoatings

The original approach to the in situ preparation of humic nanocoatings under aquatic conditions was developed and described 
by Perminova et al. [46] and Karpiouk et al. [47]. This approach was based on the use of “mineral-adhesive,” silanized humic 
derivatives, which are soluble in water, but undergo a phase switch upon contact with the hydroxyl-carrying surface of the solid 
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Figure 29.9 Deconvolution fit of cHP–HQ100 with different carbon functionalities as indicated by the labels. The open dots represent 
the smoothed measured spectra obtained by cluster analysis and the solid line indicates the fitted spectra.
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support. The pertinent derivatives were produced via the incorporation of alkoxysilyl groups into the humic backbone by treat-
ing the parent humic material with 3-aminopropyltrialkoxysilane. The synthetic pathway appears in Figure 29.10.

The alkoxysilyl groups (Si–OAlk, where Alk is a hydrocarbon radical, e.g., -cH
3
) undergo hydrolysis upon contact with 

water-producing silanol groups (Si–OH) capable of covalent bonding to mineral surfaces carrying hydroxyls. The formation of 
Si–O–Si or Si–O–m (where m is a metal, e.g., Fe) bonds provides a phase switch of the humic derivatives and their immobili-
zation on the surface of mineral support. The corresponding reaction scheme is shown in Figure 29.11.

The covalent bonding is viewed as being of particular advantage in the proposed approach, since it precludes the facile 
remobilization of the humic coating and any contaminants bound to that coating. The spatial homogeneity and morphology 
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Figure 29.10 Schematic reaction pathway for synthesis of alkoxysilyl humic derivatives with mineral-adhesive properties not inherent 
within the parent humic material.
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Figure 29.11 Self-assembly of silanized humic derivatives into adlayers at the silica gel surface under ambient conditions in aquatic 
environments.
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of the humic coatings formed as a result of the self-assembly of the silanized humic derivatives into adlayers at the water–
solid interface were studied using confocal laser microscopy (clm) and atomic force microscopy (AFm) [47]. This was 
achieved by preparing humic coatings suitable for AFm studies using DNA array slides as solid supports. The immobili-
zation procedure for the alkoxysilyl humic derivatives and the clm images of the resultant coatings are shown in 
Figure 29.12.

Figure 29.12 General view of the alkoxysilanized humic probes in the solid and dissolved states applied on the surface of DNA array 
glass slides that are segregated into multiple patches by the plastic chamber (left part) and the “artificial” color images of the humic adlayers. 
The latter are self-assembled in situ at the water/solid interface (right part). The materials in four glass beakers show humic probes made from 
coal materials (darkly colored) and peat materials (lighter color). The slides were scanned in a laser microarray scanner at two channels: 
ex 532 nm, em 570–590 nm (green); and ex 635 nm, em 680–700 nm (red). The samples are listed from the bottom and are as follows: the 
bottom (first) row is a solution of a nonmodified sample of coal humics (cHP); the second row is cHP–GPTS-100; the third row is AHS–
APTS-100; the fourth row is cHP–APTS-100; the fifth row is PHA–APTS-100; the sixth row is a buffer solution (right side, the background 
control); and cHP–APTS-20 nonheated (left side); the seventh row is cHP–APTS-20 nonheated; the eighth row is cHP–APTS-20 (heated). 
Reproduced with permission from Ref. [47]. © Royal Society of chemistry.
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At the micron scale (resolution of clm), results show silanized HS producing somewhat homogeneous coatings on DNA 
array glass. At the same time, substantial differences could be seen from the fluorescence of HS coatings depending on the 
origin of parent materials (peat, coal, and water) modified with 3-aminopropyltrimethoxysilane (APTS). The highest fluores-
cence intensities were observed for peat HS (PHS–APTS-100) and aquatic HS (AHS–APTS-100), which may vary with the 
thickness of the self-assembled layer or the amount of attached humic material. The results indicate that peat humic materials 
produced the thickest layer. Of particular note is the lack of fluorescence over surfaces treated with parental humic materials. 
Nonmodified humic materials, as expected, did not attach to the glass surface due to a lack of positively charged vacancies at 
the water–solid interface, which drives their interaction with alumosilicates in nature. The function of positive vacancies was 
successfully replaced in this study by incorporating alkoxysilyl groups as anchoring moieties into the humic structure.

The finer-scale structure of these humic coatings was studied on the nanometer scale using the AFm technique. The results 
are given in Figure 29.13. AFm images show the surface topography of all three samples—coal, peat, and aquatic humic mate-
rials, immobilized on a DNA glass slide under aqueous conditions. All images are accompanied by the corresponding height 
distributions.
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Figure 29.13 Height scanning force microscopy (SFm) images of the glass surfaces modified with the alkoxysilanized humic substances 
from different sources. (a) cHP–APTS-100-treated surface with an RmS roughness of about 1.5 nm; (b) PHS–APTS-100-treated surface with 
an RmS roughness of 5.9 nm; and (c) AHS–APTS-100-treated surface with an RmS roughness of 3.8 nm. The roughness was determined for 
a 3 × 3 µm2 surface area. For claritym we also include the fluorescence image of the same sample. The graphs below each image represent a 
cross section profile along the horizontal line as indicated, and the corresponding height distributions. Reproduced with permission from 
Ref. [47]. © Royal Society of chemistry.
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The AFm results show that all humic adlayers were separated into multiple domains of nano- and submicrosize. Again sub-
stantial differences can be seen in the morphology of coatings produced by the humic materials of different origins. The rough-
est surfaces were observed for PHS–APTS and AHS–APTS at 5.9 and 3.8 nm, respectively, which is in line with indications of 
fluorescent images showing the largest portion of humic matter attached to the surfaces in the cases of PHS and AHS. For 
coal-based HS, a much smoother surface was observed with an rms roughness of 1.5 nm. The coal HS adlayer consisted of flat 
circular particles (2–15 nm in diameter) homogeneously distributed over the glass surface. The particles did not exhibit intimate 
contact with one another. This might be indicative of repulsive interactions between particles produced by the negatively 
charged humic polyanions, which preclude coalescence and induce the appearance of the diffuse structure in the adlayer. The 
domains observed in the adlayer assembled by peat humic acids are very different from those of coal and present much larger 
particles of 10–50 nm in diameter, aggregates of these particles (20–100 nm), and ridge-like assemblies (up to 200 nm in length 
and up to 30 nm in height). Aquatic humic materials produced an intermediate picture consisting of domains ranging from 5 to 
30 nm and chain-like assemblies (up to 100 nm). The particles had “geometric” shapes dissimilar to those of both peat and coal 
materials. The aquatic adlayer was characterized with the highest heterogeneity provided by the irregular location of large 
 particle chains reaching 100 nm in length and up to 40 nm in height.

The nanostructures described earlier for the adlayers of silanized humic materials are in agreement with the AFm images 
observed for the natural humic colloids and for the humic adlayers immobilized onto different mineral surrogates (glass, oxi-
dized silicon wafer, mica, carbonaceous or goethite surfaces) [48–52]. The coatings composed of separated islands of aquatic 
humic materials were observed for immobilized SRFA and SRHA (IHSS standard humic materials from the Suwannee River) 
[49]. close estimates of particle shapes and sizes are reported for these in situ studied humic colloids: (i) flat particles (8–13 nm 
in diameter); (ii) aggregates of particles (20–100 nm); and (iii) chain-like assemblies, networks, and torus-like structures [53]. 
The results provide an insight into the molecular features of the surface morphology of humic coatings, which can be immobi-
lized onto the hydroxyl-carrying solid supports using the guided self-assembly of alkoxysilanized humic materials.

Of particular interest was the comparative assessment of the approach with other immobilization techniques. For this 
purpose, the trimethoxysilyl derivatives of coal and peat humic acids were also immobilized onto silica gels and the corresponding 
quantities of HS were determined [46]. The amounts found were 210 and 232 mg of HS/g SiO

2
, respectively. A comparison of 

these results with those reported elsewhere [54] for immobilized humic materials using alternative techniques showed that the 
new immobilization method generates 2–10 times more humic material on the silica gel. Immobilization of HS onto the APTS-
modified silica gel in the aqueous phase by the adsorption mechanism without further heating yielded 65 mg HS/g SiO

2
. The 

immobilization method based on HS binding to SiO
2
 modified with APTS in the presence of N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochloride (eDS) had a higher yield (107 mg HS/g SiO
2
), and the binding of the HS to APTS-modified 

silica gel at high temperature in anhydrous solvents (e.g., dimethylformamide (DmF)) yielded 124 mg HS/g SiO
2
. When binding 

HS to the APTS-modified silica via glutaric aldehyde, a value of 60 mg HS/g SiO
2
 was obtained. An additional advantage of the 

proposed approach is that the binding of HS was practically irreversible, while alternative techniques released up to 50% of the 
immobilized HS into the solution upon washing with 0.1 m Nacl at pH 10 [54].

The conclusion reached is that the unique properties of these developed silanized humic derivatives include (i) their solu-
bility in water; (ii) the capability to adhere to different minerals; and (iii) their environmental compatibility. A progressive 
combination of these properties allows us to consider these derivatives as important reagents for the treatment of both actinide- 
and metal-contaminated aquatic environments. They can serve either as liquid scavengers—phase-switchers—or as reactive 
agents for in situ installation of permeable reactive barriers (PRBs) aimed at sequestering mobile higher-valence actinides from 
contaminated groundwaters.

29.3.2 sequestration of mobile actinides in their Higher-valence states onto Humic nanocoatings

To further develop the concept of a remedial technology based on the use of “mineral-adhesive” humic agents, consideration 
was given to the in situ installation of PRBs, which are capable of sequestering actinides in the higher-valence states, and the 
execution of experiments for demonstrating the immobilization of waterborne Np(V) and Pu(V) [55]. Humic coatings were 
produced by self-assembly of the alkoxysilanized humic derivatives onto silica gel as described in the previous paragraph. 
leonardite humic acid (HA) and its hydroquinone derivatives were used as parent humic materials for the incorporation of 
alkoxysilyl groups. The amount of organic carbon immobilized onto silica gel in case of the leonardite HA was 9.2% (240 mg 
of HA per 1 g of silica gel), whereas for the hydroquinone derivative it was much less accounting for 3.3% (100 mg HA per 1 g 
of SiO

2
). concentrations of Np(V) and Pu(V) in the working solutions were 4.68 10−6 m and 4.90·10−9 m, respectively. 

experiments with Np(V) were executed at pH 4.5. experiments with Pu(V) were conducted at three pH values: 3.5, 4.6, and 
7.7. All experiments were executed in the absence of oxygen under batch conditions. The sequestration of Np(V) and Pu(V) by 
the humic-coated silica gels is shown in Figure 29.14 and Figure 29.15, respectively.
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Both humic-coated silica gels effectively sorbed Np(V). There was no substantial difference observed in the sequestration 
performance of silica gel coated with the parental humic acid versus its hydroquinone-enriched derivative. The amount of 
sequestered neptunium was 55% for HQ–APTS–SiO

2
 versus 45% for HA–APTS–SiO

2
.

much higher sorption of Pu(V) was observed onto the humic-coated silica gels as compared to Np(V). System equilibrium 
was reached after 4 days of exposure. At this time, almost 90% sorption of initial Pu was observed in systems containing humic-
coated silica gels at pH 4.6 and 7.7. Pu sorption onto bare silica gels under the same conditions never exceeded 10%. At the 
same time, less Pu sorption was observed at pH 3.5. This result was in line with previous findings of lower Pu sorption under 
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acidic conditions [56]. One explanation might be that at low pH values the binding affinity for actinides decreases due to strong 
competitive interactions between protons and actinide ions.

From Figure 29.14, Np partition coefficients (K
d
) for the humic-coated silica gels were estimated after the system reached 

equilibrium. They ranged between 3 × 102 and 5 × 102 ml/g for both sorbents studied, showing no substantial benefit from the 
incorporation of hydroquinone units into the humic material. The measured K

d
 values were an order of magnitude higher than 

those of pure silica gel (30 ml/g). It can be expected that K
d
 values for Np will increase with pH.

The Pu partition coefficients were calculated from the data after 4 days of exposure. They were 8 × 103, 3 × 104, and 
1.9 × 105 ml·g−1 for pH values of 3.5, 7.7, and 4.6, respectively. It should be noted that the calculated values of K

d
 for humic-

coated silica gels were about two orders of magnitude larger than those for bare SiO
2
 (6.30·102 l·kg−1). This is in line with the 

significant enhancement of the sequestration capacity of HS-coated silica gel. In general, determined plutonium K
d
 values for 

HS-modified silica gels corroborated with estimates reported from batch experiments with soil and sediment particles, which 
were on the order of 104 l·kg−1 [57, 58]. corresponding K

Oc
 values ranged from 1.2 105 to 4.4 105 l·kg−1, which were well within 

the range of partition coefficients reported for organic-rich geosorbents [58, 59].
experimental results given for steady-state conditions demonstrate that the affinity of humic derivatives for solid support is 

of key importance for remedial purposes, since it determines the amount of humic material that can be immobilized onto the 
solid support.

The experiment here demonstrates the unique property of alkoxysilyl HS derivatives to bind to OH-carrying surfaces of 
silica under ambient conditions—in an aqueous phase and at the room temperatures. Resultant humic coatings on minerals 
facilitate the retention and sequestration of waterborne contaminants from the aquifer. These results may have important impli-
cations for an inexpensive alternative to installing PRBs by excavation.

29.4 case stuDy on Humic-baseD nanotecHnology solutions to remeDiation

The experimental findings reported in the previous sections have demonstrated that humic derivatives modified to acquire the 
needed remedial functions such as reducing capacity or surface adhesion activity can be successfully used for developing 
“nature-like” nanotechnology solutions for environmental remediation. For example, “mineral-adhesive” humic derivatives 
capable of forming covalent bonds with mineral surfaces in water can be used for the in situ installation of humic PRB. This 
can be accomplished by injecting solutions of alkoxysilyl derivatives directly into contaminated aquifers using a “fence row” 
of wells as proposed in a patent application [60]. The injected humics would form an organic coating on mineral surfaces of 
aquifer materials present and create a “humic curtain” capable of sequestering actinides from the contaminated groundwater. 
The scheme of humic PRB installed in the contaminated aquifer is shown in Figure 29.16. This method of installation may be 
particularly advantageous in the remediation of deep diluted plumes of contamination.

Further work, however, is needed to develop and test humic PRBs under environmental conditions before this technology 
can be brought into practice. Detailed kinetic, batch, and flow-through studies need to be conducted to define physical–chemical 
and technological parameters of the processes involved including humic reagent loadings, hydraulic residence times, and other 
parameters are needed for the design and optimization of the humic PRB performance under natural subsurface conditions.

Plane I

Radioactive
contamination

Fence rows of wells for
in situ installation of humic PRB

Plane II

Figure 29.16 Scheme of humic permeable reactive barriers (HPRBs) installation using “fence row” of wells for injecting a solution of 
“mineral-adhesive” humic derivates.
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29.5 conclusions

The results summarized in this chapter provide positive evidence for the potential use of hybrid humic nanomaterials 
and nanocoatings as safe and environmentally benevolent agents to build a suite of new environmental remediation techno-
logies. This is because the properties of chemically modified humic materials can be manipulated efficiently and in a 
reproducible manner.

Beyond PRB applications, HS can be used as stabilizing agents to prevent the aggregation of magnetic nanoparticles of zero-
valent iron and iron oxides in aqueous environments and engineered systems [61–63]. HS have been shown to stabilize “nano-
iron,” preventing it from aggregation and enhancing its mobility in aquifers [64]. The benefits of using HS, as compared to 
synthetic modifiers (e.g., synthetic polymers), include their biocompatibility and remarkable capacity to detoxify and mitigate 
the risk of potential hazards associated with the release of nanoparticles into the environment. Additionally and contrary to 
biomacromolecules, HS are typically resistant to biodegradation under both anoxic and oxic conditions in soils and the 
subsurface. In addition, engineered nanoparticles stabilized with HS can be synthesized in situ or a priori in HS solutions to 
reduce the costs of remediation [65]. These properties create new opportunities for preparing agents of innovative remedial 
technologies that combine the benevolent green properties of HS and their ability to self-assemble into hyperbranched 
functionalized macromolecules with high performance and reactivity of engineered nanoparticles. This will bring about the 
development of new treatment strategies based on nature-like nanotechnology solutions for remediation in general and for 
actinide-contaminated environments in particular.
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30

30.1 introduction

Ecotoxicology is a young, multidisciplinary field of science concerned with the study of contaminants (chemicals or biological 
organisms) in the biosphere and the understanding of their effects on the population, community, and ecosystem level, including 
humans [1, 2]. It is a multidisciplinary field that uses tools and concepts from biology, chemistry, medicine, toxicology, and 
ecology. In that sense, nano-ecotoxicology is an emergent branch of ecotoxicology specifically dedicated to engineered and 
natural nanomaterials (NMs). For such a specialized field of interest, it is important to make a complete assessment of the life 
cycle of the product, in order to understand the potential environmental and health hazards of such materials.

Ultrafine particles (UFPs) suspended in the air have been traditionally included as a topic of interest in toxicology, and their 
sizes range in the nanometer scale; when present in water or soil, they are referred to as colloids. In the normal toxicological 
terminology, particles with diameters less than 0.1 µm (100 nm, 0.1 µm) are called UFPs, although they can be grouped into 
three general categories: (1) those with diameters less that 100 nm; (2) those with sizes between 100 and 2500 nm (resulting 
from aggregation of UFPs); and (3) coarse-mode particles larger than 2500 nm. On the other hand, the term colloid is applied 
to particles with sizes in the 1–1000 nm range (0.001–1 µm). This kind of extremely fine and small materials may be the product 
of natural processes, they may be produced as by-products of anthropogenic activities, or inclusively they may be specifically 
manufactured for very specific applications.

Natural nanostructured materials have been around us for a long time. Humans and living beings have been exposed to nat-
urally produced NMs since the beginning of life sources (soil erosion, ocean water evaporation, forest fires, photochemical 
reactions, volcanic eruptions, viruses, biogenic magnetite biosynthesized by magnetotactic bacteria, mollusks, arthropods, fish, 
birds, or from disintegration of iron meteorites when entering into the atmosphere) [3, 4]. They are also artificially produced, 
both intentionally for very specific applications (pigments, quantum dots, magnetic nanoparticles, catalysts, coatings, cos-
metics, among several more examples) and as by-products of several manufacturing and industrial processes (fuel and charcoal 
combustion, mineral processing, cooking, welding, smoking, building demolition, consumer products containing NM degrada-
tion, etc.), many of them potentially toxic (Fig. 30.1).

Engineered nanomaterials (ENMs), on the other hand, are sources of concern as they have not been around us for a long time 
and  living beings may have not developed appropriate biological barriers or trapping systems to avoid undesirable interactions 
that may harm individuals. There are several reports of toxicological studies of NMs which suggest that several of them may be 
dangerous, although the results are sometimes not conclusive and even contradictory [1] (Fig. 30.2).



figurE 30.1 Some natural sources of nanomaterials. Clockwise: a forest fire, dust storms, seawater evaporation, volcanic eruptions.

Core

Layers

Capping agent

Biomolecule/Marker/
Recognition agent

figurE 30.2 Schematic representation of an engineered nanomaterial (ENM). The core determines some of the physical properties of the 
material; the layer consists of molecules acting as stabilizers or modifying agents; the capping acts as an agent to increase biocompatibility, 
change charge, and solubility; the biomarker/fluorophore/recognition agent generates specifity for recognizing a substrate or detecting the 
nanomaterial.
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For example, nano TiO
2
 and nano ZnO have been reported as toxic to soil bacterial communities that may alter environmentally 

important soil processes [5]. However, other reports found that toxicity may arise not directly from the nanosized particles act-
ing on bacteria but rather from metal ions known to be toxic for the bacteria and also from the chemical and biological dissolu-
tion of metal oxides and sulphates in the environment [6]. So one needs to establish the mechanisms underlying the real source 
of toxicity before jumping to a conclusion. It is therefore highly recommended that the toxicological effect of NMs be clarified 
before their commercial or practical applications or, on the other hand, to halt or modify their toxicity.

The concern on how some engineered or natural NMs may become hazardous pollutants posing a serious threat to public 
and environmental health is alive and growing, as careful studies to understand and model their complex interrelations with 
life systems are moving slower than the rate at which they are being introduced into new consumer products. Toxicological 
studies related to NMs started two decades ago, but most of the published papers and reports are still limited to in vitro 
studies or in vivo analyses of laboratory animal models mainly concerning human health impact. Although the first reports 
on environmental impacts of NMs are more recent [7–9], the terms “ecotoxicity” and “econanotoxicity” were not yet  
used (Fig. 30.3).

According with Kahru and duborguier, nanostructured TiO
2
, ZnO, CuO, Ag, single-walled carbon nanotubes (SWCNTs), 

mutiwalled carbon nanotubes (MWCNTs), and fullerenes, C
60

, are among the NMs more likely to have environmental and 
health impact, due to their high volumes of production or extended use in consumer products [1]. For example, the large-scale 
manufacturing of SWCNTs was estimated to reach 1500 tons per year in 2011, while the total production of nanostructured 
metal oxide for cosmetic use was 1000 tons per year from 2005 to 2010 [10, 11]. The list may be extended to some other com-
mercially important materials such as nano Au, nano zero-valent iron (Fe), quantum dots (CdS, CdSe, CdTe, ZnSe), nano iron 
oxides (Fe

2
O

3
, Fe

3
O

4
), nano CeO

2
, nano SiO

2
, graphene, as well as a long list of nanocomposites. All the later materials are 
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figurE 30.3 Life cycle of a consumer product containing nanomaterials.
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included in a list of representative manufactured NMs published by the Working Party on Manufactured Nanomaterials 
(WPMN), a committee formed in 2006 by the Organization for Economic Co-operation and development (OECd) to address 
the safety challenges of NMs.

By 2010, between 880 and 1000 different consumer products containing ENMs were identified in the market, a number that 
has been steadily increasing every year [12, 13]. Just in the span of 3 years (2007–2010), the number increased sixfold, 
recording the largest increment for personal care and coating products, including cosmetics, textiles, and antiwetting products. 
If we add to that the number of natural NMs, the exposure to nanostructured materials is an actual, real, and complex problem 
that needs to be carefully analyzed to understand the potential risks and to determine the right protective measures that should 
be implemented for our own safety (Fig. 30.4).

In order to determine whether an NM is toxic (or not) for the environment or human health, it will need a very rigorous 
characterization to know its precise physical and chemical characteristics and to understand the biological consequences of 
its use. Some relevant properties of NMs need to be considered in order to assess their potential toxicity: how they react 
(chemically), the sorption of chemicals on their surface or their own sorption onto a biological surface, the size/shape rela-
tionship, whether they are soluble or not in some specific solvent, their pH range or physical state, whether they are suscep-
tible to form aggregates or to agglomerate, and, finally, whether a coating is present or not among some others. Some relevant 
effects to monitor are the generation of reactive oxygen species (ROS), whether they are able to act as carriers of toxic 

figurE 30.4 Consumer products containing nanomaterials that are already in the market.
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 substances, their changes in oxidation state, their bioaccumulation, the molecular interactions that they are able to generate, 
and other indirect effects. Solubility is important, as it affects the bioavailability of a material. Further transformation of an 
NM prior to and after interacting with a biological system has to be considered, because an innocuous material may become 
toxic and vice versa [14].

30.2 thE BiosystEm—nanomatErial intEraction

The chemical and physical properties of bulk materials can vary greatly with respect to their nanostructured forms. They may 
become toxic and harmful, in contrast to being inert in their macroscopic form. The potential toxicity of NMs has been recog-
nized by several authors [3, 10, 15–22]. A better understanding of the risks associated with specific NMs may reduce environ-
mental damage or adverse health effects to the living beings in an ecosystem [23, 24]. Interpretation of toxicity may be a 
complex issue, as sometimes the synthetic methodology may affect the results because the processing of the material may 
incorporate additives, surfactants, and solvents that are not completely removed from the final products, especially if their 
physical, chemical, and biological interactions are not known in detail. For example, C

60
 was initially considered to be toxic, 

but later studies indicate that such toxicity was related to residual tetrahydrofuran (THF) used in the processing of the material 
[25]. Then, biological activity may depend on other components present in the chemical formulation of the material. Commercial 
sources of NMs do not often provide information regarding the synthesis or the use of stabilizing/capping agents, so a careful 
characterization a priori is highly recommended.

Interactions between nanostructured materials and biological systems may occur in several ways, being simple or very com-
plex. As the scale of biologically relevant objects such as membrane structures, biomolecules (enzymes, proteins, dNA, RNA, 
antibodies), virus, bacteria, or eukaryotic cells is comparable in several kinds of NMs, there exist different unknown potential 
levels of complex interactions. Toxicity is a complex event in vivo and currently it is difficult to monitor systemic and 
physiological effects in vitro, so most assays determine effects at the cellular level. Most assays oversimplify the events they 
measure and are selected because they are cheap, easy to quantify, and reproducible (Fig. 30.5).
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figurE 30.5 Comparative size scales of nanomaterials and biological systems.
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due to their reduced size, NMs may pass through several important biological barriers. An average cell membrane is able to 
avoid internalization of nanoparticles larger than 6 nm, although by endocytosis, materials up to 100 nm may enter the intracel-
lular space. The nuclear membrane can stop particles smaller than 40 nm. The blood–brain barrier (BBB) filters particles up to 
35 nm, while the alveolar–capillary barrier, up to 10–24 nm. In the kidney, the renal system is able to resist particles in the range 
of 8–12 nm, while the skin has a dermal barrier efficient in the range from 20 to 30 nm. The gastric mucosae are not very 
selective, allowing particles less than 500 nm in size to move across [26].

Although apparently we may have a good knowledge of an NM’s chemical and physical characteristics, there is a lack of 
understanding of the intracellular activity and impact of engineered NMs on cell function. They may interact with a single cell 
in different ways than a tissue or whole organism, determining that simple in vivo models may not be suitable for complete 
interpretation. They may also coat their surfaces, such as, proteins, antibodies, and small biomolecules, depending on the type 
of biological fluid they are in contact with (blood, plasma, interstitial fluid), avoiding the immune system. They may even affect 
intracellular responses, inducing damage or beneficial responses. Nanostructured metal oxides, for example, may generate 
reactive oxygen species such as singlet oxygen, superoxide, and peroxide, as well as participating in oxidation–reduction 
processes on the cell surface, which may degrade cell membranes, proteins, and even dNA. Interaction with biomolecules may 
also induce changes in their functional structures or block the active sites of enzymes, which in turn will not always have good 
metabolic consequences [3] (Fig. 30.6).

In econanotoxicology, it is important to understand how NMs will interact with a living organism from the moment they are 
exposed to it till their degradation or elimination, as well as whether these materials (or their by-products) are bioacummulated 
within cells, tissues, and organs, thus inducing intracellular changes, inflammatory responses, or undesirable effects culmi-
nating in metabolic illness. Because nanotoxicology is a new research topic of interest, there are many contributions as attempts 
to standardize the evaluation of NM toxicity, considering that the interaction of these materials with dying agents, dNA, and 
cellular structures could cause some variability in data interpretation and must be validated carefully [27, 28].

Ecotoxicity tests are tools used within environmental hazard assessment frameworks to answer questions about the intrinsic 
dangers of chemical substances that may be released into the environment [29]. These tools can be applied to NMs when they 
are evaluated, and the exposure scenarios should be replicated using in vitro and in vivo toxicity assays to know the potential 
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health risks. One problem with in vitro assays is that the results that are obtained in this study cannot guarantee biocompatibility 
in vivo, and therefore data from in vitro studies may be misleading and will require verification through animal evaluations [30].

In order to understand the impact of NMs on the environment and living systems, several specific methods have been devel-
oped. They can be grouped into four categories: (1) chemical and physical characterization; (2) microbiological assays;  
(3) in vitro assays; and (4) in vivo assays.

30.2.1 chemical and Physical characterization

very sophisticated and specialized analytical instrumentation has been developed to obtain some fundamental physical 
information about NMs that we desire to study and is already available in major facilities around the globe [31]. Several well-
established techniques are also available such as scanning or transmission electron microscopy (SEM, TEM) to obtain precise 
information about the size, morphology, and chemical composition (when energy-dispersive x-ray (Edx) detectors are avail-
able) of NMs. With dynamic light scattering (dLS) instrumentation it is possible to determine the hydrodynamic radii of the 
nanoparticles when dispersed in a liquid, and it is possible to study the influence of pH on the surficial charge (Zeta potential), 
the nature of the solvent, its temperature, the effect of capping agents and detergents in the stabilization of nanoparticles, the 
stability against time, pH, and temperature, and to understand the kinetics of aggregation in a solution. The specific area of 
powdered materials can be obtained by using Brunauer–Emmett–Teller (BET) analyzers; thermal stability and transformation 
may be determined by thermal gravimetric analyzers (TgAn); and chemical composition and presence of contaminants can be 
determined by atomic absorption spectrophotometry (AASp) or inductively coupled plasma mass spectrometry (ICP-MS). 
Other spectroscopies such as visible-ultraviolet, infrared, or Raman may also be useful in defining the existence of organic or 
inorganic coatings, chemical modifications in the surface, and chemical identity, among other characteristics.

Of course, once the chemical and physical analyses show some relevant data, in vitro and in vivo studies may give us complemen-
tary information. Biotests using bacterial, cells or tissue cultures, animal models (mice, rats, rabbits, dogs, fishes, etc.), and ecotoxicity 
models (Micropterus salmoides, Caenorhabditis elegans, Daphnia magna, Ceriodaphnia dubia, common fruit fly, Drosophila mela-
nogaster, and some invertebrates and small vertebrates) are currently among the most used in research laboratories around the world.

30.2.2 microbiological assays

different approaches can be used to assess bacterial toxicity using well-characterized materials and standard bacterial assay 
systems. It is possible to examine the effects of nanoparticle concentration, particle size, exposure time, growth medium, and 
pH on the growth and viability of bacterial cells like Escherichia coli, Bacillus subtilis, and Shewanella oneidensis. Among 
other methods to assess NM bacterial toxicity, we can mention the following:

Disk diffusion tests. Bacterial sensitivity to different-sized NMs is tested by disk diffusion test as described by Ruparelia 
[32]. Small filter paper disks of uniform size (i.e., 6 mm diameter) are placed separately in each of the different nanopar-
ticle suspensions for 5 min; then the disks are carefully removed using sterile forceps. After the bacterial suspension 
(100 µl of 104–105 CFU ml−1) is uniformly plated on Luria–Bertani (LB) agar plates or other rich media, a disk containing 
nanoparticles is placed at the center of each plate and the plate is incubated at 37°C for 18 h. The average diameter of the 
inhibition zone (dIZ) surrounding the disks is measured to determine inhibition. This simple method gives us an idea as 
to whether some NMs have any activity; however, sometimes one might need to use minimum media in place of rich 
media (i.e., M9 media) to see if any effect is present.

Determination of minimum inhibitory concentrations (MIC). The MIC is defined as the lowest concentration of a compound 
that inhibits the growth of an organism [33]. The MIC test can be determined for E. coli in LB medium at pH 7.2 and/or 
in M9 minimal medium at pH 6.4 [34], 7.2, and 7.8. For B. subtilis, MIC can be tested in LB and minimal media at pH 
7.2 [35], and for S. oneidensis in LB and horse blood agar (HBA) minimal media at pH 7.2 [36]. Reactions are carried 
out in test tubes containing 5 ml of the logarithmic-phase (Od

600
 ~0.098) bacterial cultures and different-sized nanopar-

ticles at various concentrations (i.e., 50, 100, and 150 mg/l). Tubes with sterile media containing no nanoparticles and 
nanoparticles only served as controls. Samples are incubated on a shaker (200 rpm) at 37°C (E. coli and B. subtilis) or 
30°C (S. oneidensis), with growth monitored by obtaining measurements of the optical density at 600 nm (Od

600
) every 

30 min for 8 h. In the end, the last tube with no growth corresponds to the MIC of that compound.

Colony-forming unit (CFU) measurements. Studies of E. coli and B. subtilis viability are performed in liquid cultures at a 
nanoparticle concentration of 100 mg/l (or the proper concentration according to the NM). Aliquots are taken at 0, 1, 5, 
and 24 h and serially diluted in the appropriate minimal medium, and the dilutions are seeded on LB agar plates. After 
overnight incubation at 37°C, the numbers of CFU are counted manually.
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Live/dead viability assays. E. coli and B. subtilis cultures grown to logarithmic phase in M9 medium and B. subtilis in 
minimal medium, respectively, are treated with different concentrations (i.e., 50, 100, and 150 mg/l) of nanoparticles. 
Following exposure, the impact on bacterial membrane integrity is assessed using a live/dead BacLight bacterial viability 
kit. To quantify the relative numbers of live and dead cells, the relative fluorescence intensities are measured using a fluo-
rescence plate reader (excitation at 485 nm, emission at 525 and 625 nm).

Monitoring superoxide production. Superoxide production upon exposure of bacterial suspensions to various concentrations 
of nanoparticles is monitored by following the absorbance at 470 nm due to the reduction of 100 μM 2,3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (xTT) to xTT-formazan by superoxide (O

2
−) [37, 38].

Microarray hybridization and analysis. For microarray experiments, an overnight E. coli culture is used to inoculate 250 ml 
flasks containing 100 ml of prewarmed M9 medium to an Od600 of approximately 0.1 and incubated at 37°C with 
shaking at 200 rpm until the mid-log phase (Od600, ~0.5). Cultures are treated with either prewarmed nanoparticles 
(100 mg/l) or Milli-Q water. After 1 h, cells are harvested by rapid centrifugation (5000 × g, 2 min at 4°C) and snap-
freezing in liquid N

2
. Three separate controls and three experimental cultures are examined for each condition. Total 

cellular ribonucleic acid (RNA) is isolated as described by Brown and Pelletier: the cells are first resuspended in TE 
(Tris 10 mM-EdTA 1 mM, pH 7.6) buffer and incubated with 1 mg/ml of lysozyme to lyse the cells [39, 40]. Purified, 
fluorescently labeled cdNA is hybridized to E. coli K-12 gene expression 4-by-72 K arrays (or other microarrays) using 
a Nimblegen hybridization system. Microarrays are washed according to the array manufacturer’s procedure. Briefly, 
microarray mixers are removed in 42°C Nimblegen wash buffer I and then washed manually in room-temperature buffers: 
wash buffer I for 2 min, wash buffer II for 1 min, and wash buffer III for 15 s. Microarrays are dried for 80 s using a Maui 
wash system and then scanned and the images quantified. Microarray data are normalized using the Lowess normaliza-
tion algorithm, and an analysis of variance (ANOvA) is performed to determine significant differences in gene expression 
levels between conditions and time points using the false discovery rate testing method (P < 0.01).

Cyanobacteria and green algae models. These microorganisms have been also used to determine the toxicity of an NM due 
to their ecological position at the base of the aquatic food chain and their essential role in nutrient cycling and oxygen 
production. Cyanobacteria constitute a phylum of bacteria that obtain their energy through plant-like photosynthesis. 
They are the most widespread primary producers in the marine food chain and are crucial in many other habitats including 
freshwater bodies, saline lakes, and biological soil crust.

For example, the toxicity of nano-CeO
2
 suspension was determined by monitoring the growth inhibition of the green alga 

Pseudokirchneriella subcapitata and by determining the constitutive luminescence inhibition of the recombinant biolumines-
cent cyanobacterium Anabaena CPB4337. The bioassays using the bioluminescent cyanobacterium Anabaena CPB4337 are 
based on the inhibition of constitutive luminescence caused by the presence of toxins [41].

30.2.3 In Vitro assays

In order to evaluate the biological activity and/or toxicity of NMs, some alternatives have been explored to determine the effect 
of a particle upon a living organism. Conventional in vitro analyses and cell-based assays were performed to obtain an estimate 
that could mimic the in vivo physiologic environment of a living being, and thus determine their possible biological risk in case 
the material is toxic. To determine the metabolic state of a group of cells we must consider a concept known as cell viability, 
which indicates the potential of this group of cells to proliferate and grow. A normal cell population must be metabolically active 
in culture, which must indicate that all their functions are normal. In toxicology, there are many ways to determine cell viability, 
from simple dye exclusions to the use of sophisticated instruments. In nanotoxicology, the same techniques have been explored 
that have been used in toxicology to evaluate the effect of an NM when a cell population is exposed; nevertheless, these studies 
have not resulted in the creation of standards that could be useful to most of the new NMs released into the environment [28]. 
Besides, in vitro analyses are very popular because of their established methodologies, low costs, broad number of replicates, 
small setups, safety and efficacy, and a few ethical issues. The important advantage of in vitro testing of NMs is that it is a solu-
tion for the replacement or reduction of laboratory animals, reducing at the same time the uncertainty caused due to the vari-
ability between individuals [42]. As with other man-made materials such as cosmetics and drugs, in vitro evaluation of NMs 
needs to be performed because of the increase in nanostructured materials and nanoparticles that are released into the environ-
ment. Table 30.1 summarizes the most popular in vitro analyses employed in nanotoxicology, some of them validated by the 
OECd, the European Union Reference Laboratory for Alternatives to Animal Testing (EURL ECvAM), and the National 
Institutes of Health via the Nanotechnology Characterization Laboratory (NCL-NIH). Many of them include common dye exclu-
sions, indirect determinations of metabolic disruptions, microscopy analyses, and cell viability determinations by impedance.
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taBlE 30.1 summary of common toxicity assays for different nanomaterials

Assay Purposes
Applications in 
nanotoxicology Cell line References

Neutral red uptake Cell viability Carbon nanotubes A549 pulmonary cell line OECd draft 
guidance  
129 [43]

Cell death C
60

THP-I pulmonary cell line ECvAM  
validated [43]

Phototoxicity Fe
3
O

4
Human monocyte macrophages [44]

Trypan blue Proliferative ability Colloidal Ag Bronchial epithelial cell [45]
Cell viability MoO

3
BEAS-2B [46]

Cell growth Fe
3
O

4
Rat liver cells BRL 3A [47]

TiO
2

Human epidermal cells A431 [48]
Carbon-based nanoparticles
gold nanoparticles

Fluorescein diacetate 
derivatives

Reactive oxygen 
species

Copper oxide Human epithelial cells HEp-2 [49]
TiO

2
Sd Primary hepatocytes [50]

Lactate dehydrogenase 
assay

disruptions in cell 
membrane

Fe
3
O

4
Hepatocarcinoma cells Hep-g2 [51]

Metallic Cu Kidney cells LLC-PK1 [52]
CuO Rat liver cells BRL 3A [46]
TiO

2

Metallic Ag
Titania stoichiometric
Metallic cobalt
Copper–zinc mixed oxide 

variants
Nickel
Nickel oxide
Zirconia
Alumina
Tungsten carbide
CdO
MoO

3

MnO
2

Tetrazolium salts  
(MTT, MTS)

Letal dose 50% Fe
3
O

4
Hepatocarcinoma cells Hep-g2 [53]

Mitochondrial 
activity

Metallic Cu A549 pulmonary cell line [51]
CuO THP-I pulmonary cell line [52]
TiO

2
Kidney cells LLC-PK1

Metallic Ag Rat liver cells BRL 3A
Titania stoichiometric
Metallic cobalt
Copper–zinc mixed oxide 

variants
Nickel
Nickel oxide
Zirconia
Alumina
Tungsten carbide
CdO
MoO

3

MnO
2

(Continued)
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In this way, cytotoxicity tests can be used to predict the acute toxicity of NMs, and 2d and 3d assays are used to address their 
specific localization. It is important to mention that in all colorimetric assays—in addition to counting the cell number—it is 
very important to measure any specific damage, and not necessarily only total death, because if there is any inhibition of growth 
during the experiment that is not caused directly by the application of nanoparticles, this decrease in cell growth could be esti-
mated as a false positive. Besides, all colorimetric assays have demonstrated that they are liable to the interaction between dye 
agents and NMs, and it is very difficult to wash out the remaining dye [28, 43]. At this moment, 2d and 3d systems such as light 
and electron microscopy, and real-time analyses by impedance or platting efficiency assays appear to be the most reliable sys-
tems because of the elimination of additional chemical treatments and the constant monitoring of the culture [43, 50, 64, 60, 65].

30.2.4 In Vivo assays

Living systems are potentially exposed to NMs through ingestion, ocular, dermal, or inhalation pathways. This exposure can occur 
when environmental pollutans are present in air, water, or soil. We do not know the effects of many of these materials on our health, 
and if the in vitro assays do not satisfactorily demonstrate the potential effects, then testing in an in vivo model is needed. In order 
to select an appropriate and representative in vivo model it is important to consider the NMs’ route of exposure. For example, for 
the oral route, although several mammalian test species may be used, the rat is the preferred species. In the case of dermal 
exposure, the most common animal models are the rat, the rabbit, and the guinea pig, but the albino rabbit is preferred because of 
its size, ease of handling, skin permeability, and extensive database. Commonly used laboratory strains must be employed. If a 
species other than rats, rabbits, or guinea pigs is used, the tester must provide justification and reasoning for its selection [66].

Using a variety of techniques, typical in vivo assessments include the determination of physiological localization and the 
concentration of material in specific tissues, rate of excretion, macroscopic tissue analysis, and organism toxicity [67].

Short-term (“acute”) tests are generally used first, with observations of organism survival being the most common 
measurement of effect. Longer-term (“chronic”) tests (with observation of sublethal effects on organism growth or reproduction 
being the most common measurement of effect) are then used when results from short-term tests combined with large safety 
factors suggest that there may be risks to the environment [29].

taBlE 30.1 (Continued)

Assay Purposes
Applications in 
nanotoxicology Cell line References

glutathione reduced assay Cell signaling 
activity

CdO Rat liver cells BRL 3A [46]
TiO

2
Human epidermal cells [47]

MoO
3

A431 [54]
Metallic Al
Colloidal Ag

Caspase activation kits Cell apoptosis Fe
3
O

4
Human fibroblasts hTERT-BJ1 [55]

TiO
2

Kidney cells LLC-PK1 [56]
Hepatocarcinoma cells  

Hep-g2
[57]
[58]

Real-time cell electronic 
sensing system

Cytotoxicity TiO
2

NK 92 Cells [59]
gold nanoparticles Breast cancer cells MdA-231-B 

and MCF-7
[60]

Human alveolar epithelial cells 
L-132

Human glioblastoma cells T98g
Human primary fibroblast cells 

AgO-1522B

Electron microscopy Nanoparticle shape 
and intracellular 
localization

CNT Human epidermal keratinocytes 
(HEK)

[26]

TiO
2

Neural stem cells [61]
CeO Bronchial epithelial cells [62]
Fe

3
O

4
[55]
[63]

a OECd and EvCAM guidelines are summarized in Ref. [43].



THE BIOSySTEM—NANOMATERIAL INTERACTION 515

generally, the initial step for the assessment and evaluation of the toxic characteristics of a substance is to determine the 
acute oral toxicity. This provides information on health hazards likely to arise from short-term exposure by the oral route [66]. 
The term acute toxicity is used to describe the adverse effects of a substance that may result from a single dose of a substance 
or multiple doses given within a 24 h period. The studies are carried out via oral, dermal, and inhalation routes of exposure for 
the purpose of estimating doses that cause lethality. Acute effects may be local and/or systemic [66, 68].

Acute toxicity tests are performed to obtain information on the biological activity of a chemical and its mechanism of action 
at different levels including cell components. This permits us to obtain information for the identification and risk management 
in the related context of production, handling, and use of the chemical [69]. The Ld

50
 (median lethal dose) value is currently 

the basis for toxicologic classification of chemicals and is defined as the statistically derived dose that, when administered in 
an acute toxicity test, is expected to cause death in 50% of the treated animals in a given period. The Ld

50
 value is expressed in 

terms of weight of test substance per unit weight of test animal (milligrams per kilogram). In the last years, acute systemic tox-
icity studies have been among the most criticized of all toxicology tests on both scientific and ethical grounds. Newer, preferred 
methods are now trying to employ dose selection lethality limits instead of Ld

50
, applying the 3Rs principle (refinement, 

reduction, and replacement of animal use) [66, 68].
In case there is a need to use animals, the requirement should be reviewed and approved by the institutional animal ethics 

committee. The National Toxicology Program (NTP) regularly evaluates substances for a variety of health-related effects. 
Rodents are the most common animal models used by the NTP [70]. Studies for general toxicology using rodents include sin-
gle-dose acute studies, repeat-dose studies at 2, 4, 13, 26, or 52 week’s duration, carcinogenic studies with or without genetically 
modified animal models, as well as sensitization and irritation studies.

generally, the testing laboratories adhere to the principles enunciated in the Guide for the Care and Use of Laboratory 
Animals [71]. The regular NTP in vivo procedures are as follows:

Perinatal exposure. This range-finding study determines whether there is maternal toxicity and/or toxicity to the pups in 
order to provide a basis for determining the doses for the subsequent toxicity study (13-week or 2-year study). The ani-
mals are exposed to the substance during in utero development, through their mother’s milk, and via dosed feed, dosed 
water, or gavage administration.

14-Day Toxicity Protocol. The goal of this is to provide a basis for identifying potential target organs and toxicities and 
to assist in setting doses for the 13-week exposure study. After a 10–14-day quarantine period, animals are assigned 
randomly to treatment groups. The study includes five treatment groups, each administered a different concentration of 
test article per sex per species plus a control group. Each group per sex per species contains five animals. The animals 
receive the test article through a designated route of exposure and the control animals receive the vehicle alone.

13-Week Toxicity Study. In addition to obtaining toxicological data, the purpose of this study is to determine the treatments 
for each strain and species to be used in the 2-year toxicology/carcinogenesis study. Basically, after a 10–14-day quaran-
tine period, animals are assigned randomly to treatment groups. The study includes five treatment groups, each adminis-
tered a different concentration of the problem material plus a control group. Each group contains 10 animals per sex per 
species. The animals receive the test chemical by a designated route of exposure. Controls receive untreated water or feed 
or vehicle alone in gavage and dermal studies. For dosed-feed and dosed-water studies, animals are exposed for 90 days, 
after which they are sacrificed with no recovery period. For inhalation, gavage, and dermal studies, animals are exposed 
five times per week, on weekdays only, until the day prior to necropsy.

2-Year Study Protocol. The purpose of this study is to determine the toxicological and/or carcinogenic effects of long-term 
exposure on rats and mice. Typically, after a 10–14-day quarantine period, animals are assigned randomly to treatment 
groups. Rats and mice receive the test agent for 104 weeks via a defined route of exposure at three treatment concen-
trations plus controls. For inhalation, gavage, and dermal studies, animals are treated five times per week, on week-
days only [70].

In in vivo assays, the evaluation includes identifying the treatment-related lesions in target organs. In mammals, the organ 
weights of at least liver, thymus, right kidney, right testis, heart, and lung are recorded from all animals surviving until the end 
of the study. A complete necropsy is performed on all treated and control animals that either die or are sacrificed. All tissues 
required for complete histopathology are prepared and stained with hematoxylin and eosin for histopathology evaluation.

In the NTP’s in vivo procedures, all the studied animals are weighed individually on day one of the test, after 7 days, and at 
weekly periods thereafter. Animals are observed twice daily, at least 6 h apart, including on holidays and weekends, for mor-
bidity and death. Animals found moribund or showing clinical signs of pain or distress are humanely euthanized. Formal 
clinical observations are performed and recorded weekly. For dosed-feed or dosed-water studies, food consumption/water 
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 consumption is measured and recorded weekly. In 2-year study procedures, individual animal body weights for test and control 
group animals are recorded on day one of the test and at 4-week intervals thereafter except for dosed-feed and dosed-water 
studies, in which these are recorded weekly for the first 13 weeks and monthly thereafter [70].

Additionally, specific toxicological parameters can be evaluated and processed for hematology and clinical chemistry determi-
nations. Blood is collected from core study mice at the end of the study for hematology determinations (Table 30.2). Other studies 
such as micronuclei determinations in blood cells, genotoxicity, sperm morphology, and vaginal cytology evaluations are also used.

Another type of studies includes immunotoxicology probes. Assessment of the adverse effects on the immune system is an 
important component for evaluating the overall health and safety of NMs. The immune system is constantly functioning to 
maintain homeostasis, eliminating pathogens and removing cancerous cells. Small modifications to the immune system, which 
may occur following NM exposure, could lead to impaired protection or inappropriate immune response resulting in autoim-
munity and damage to the host [72]. The most common effects include an increased susceptibility to infections or cancer, auto-
immune diseases, chronic inflammation, or allergies. There are large spectrums of in vitro and in vivo immunological assays in 
comprehensive immunotoxicity studies. These include assays of immunochemistry (quantification of cytokines), immunoge-
nicity (antibodies), immunopathology (relative weight and histopathology of lymphatic organs), immunophenotyping (analysis 
of cell origin), functional test (analysis of macrophage and granulocyte functions), hypersensivity testing, infection models 
(bacterial, viral, fungal models), and asthma models.

For example, Lee evaluated the immunotoxicity of silica nanoparticles in vivo [30]. These nanoparticles have been used in 
chemical mechanical polishing, varnishes, cosmetics, food, and biomedical devices. Although silica is generally considered to 
be noncytotoxic, designing silica as NMs may change its biocompatibility because of the changes in its physicochemical prop-
erties. In an in vivo assay, animals received silica nanoparticles suspended in distilled water for 4 weeks (5 days/week). The 
results indicated that in vivo exposure to silica nanoparticles caused damage to systemic immunity through the dysregulation of 
the spleen, but the in vivo data were inconsistent with in vitro data, which showed lower cytotoxicity for silica nanoparticles. 
This is an example of the importance of verifying biocompatibility both in vitro and in vivo during the design of new NMs and 
therefore data from in vitro studies require verification through animal evaluations [30].

On the other hand, in humans, the most critical exposure routes for NMs are inhalation and skin contact, although the 
adverse effects are mainly expected to occur in the lungs [73]. In vivo, there are combinations of particle delivery techniques 
such as intratracheal instillation/aspiration/inhalation or nose-only/whole-body inhalation that could be used as a means to 
study the pulmonary and systemic effects of nanoparticles. The evaluation of respiratory tract toxicity from airborne materials 
frequently involves exposure of animals via inhalation. This provides a natural route of entry into the host and, as such, is the 
preferred method for the introduction of toxicants into the lungs. However, for various reasons, this technique cannot always be 
used, and the direct instillation of a test material into the lungs via the trachea has been employed in many studies as an 
alternative exposure procedure.

For example, Horie and coworkers [74] evaluated the pulmonary toxicity of MWCNTs by intratracheal instillation in rat. 
The MWCNT dispersion was administered to rat lung by single intratracheal instillation at doses of 0.2 mg and 0.6 mg/rat. 
Bronchoalveolar lavage fluid (BALF) was collected at 3 days, 1 week, 1 month, 3 months, and 6 months after instillation. They 
found that the intratracheal instillation of MWCNTs induced persistent inflammation in rat lung not only in the high-dose group 
but also in the low-dose group [74].

taBlE 30.2 Blood clinical measurements

Hematology Clinical chemistry

Red blood cell count (RBC) Sorbitol dehydrogenase (SdH)
Mean corpuscular volume (MCv) Alkaline phosphatase (ALP)
Hemoglobin (Hb) Creatine kinase (CK)
Hematocrit Creatinine
Mean corpuscular hemoglobin (MHC) Total protein
Mean corpuscular hemoglobin concentration (MCHC) Albumin
Erythrocyte morphologic assessment Blood urea nitrogen (BUN)
Leukocyte count (WBC) Total bile acids
Leukocyte differential Alanine aminotransferase (ALT)
Reticulocyte count glucose
Platelet count and morphologic assessment Cholesterol

Triglycerides
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More recently, efforts have been focused on the development and validation of new alternative test systems (sensitive, 
specific, rapid) for toxicological research that will reduce, replace, or refine animal use. Model systems under development 
include nonmammalian species, transgenic species, genetically engineered in vitro cell systems, microchip array technology, 
and computer-based predictive toxicology models [70]. Fish and amphibian embryo models are gaining increasing popularity 
in the area of toxicology, both in research and potential regulatory application. The fish and amphibian embryo models provide 
an ethically acceptable small-scale analysis system with the complexity of a complete organism.

The OECd is an intergovernmental organization in which representatives from 34 industrialized countries of North and 
South America, Europe, Asia, and the Pacific region, as well as the European Commission, meet to coordinate and harmonize 
policies, discuss issues of mutual concern, and work together to respond to international problems such as NM ecotoxicity. The 
OECd’s WPMN was established in 2006 to promote international cooperation in human health and environmental safety 
aspects of manufactured NMs. The OECd program has focused on generating appropriate methods and strategies to ensure 
potential safety issues through the following approaches:

 • Establishing an OECd database on manufactured NMs to inform and analyze research activities and strategies on environ-
mental, human health, and safety issues

 • Testing specific NMs for human health and safety evaluation, while ensuring appropriate testing methods (in vivo and  
in vitro).

Some standards of OECd ecotoxicity in vivo tests include water flea acute (Daphnia magna), where the dosing method is 
natural water by 48 h and the test end point is the half maximal effective concentration (EC

50
) [75]. D. magna is an organism 

widely used as an indicator in aquatic environmental risk assessment because Daphnia filter large volumes of water and water-
suspended particles. It also plays an important role in freshwater food chains [76, 77]. These features make D. magna a partic-
ularly useful test animal for assessing the accumulation of NMs, because their uptake in this organism could result in transfer 
throughout the food chain. D. magna may be grown in artificial freshwater (Ca + Mg hardness 2.5 mM, pH 6.5–7.1) with a 
photoperiod of 16:8 light:dark at 20 ± 2°C. The population is fed three times a week with a green algae culture of Scenedusmus 
sp. (dominant species), Monoraphidium contortum, and Selenastrum capricornutum. Organisms used in tests must be 5–7 days 
old at the beginning of the experiments.

For fish acute (Zebrafish), the test medium is natural water by 96 h and the test end point is 50% of the maximum lethal 
concentration (LC

50
). In the case of prolonged fish toxicity (Zebrafish), the study is monitored for 14 days following EC/LC

50
 

until the test end point. There are in vivo assays using birds, such as bird dietary toxicity, where the doses are applied in the basal 
diet for 8 days and the test end point is LC

50
. Other in vivo assays include other fish species, honey bee, earthworms, and plants. 

These are some examples of in vivo assays approved by the OECd [68].
Aditionally, studies to evaluate how NMs may affect the different development stages of plants are also an easy alternative 

to assess their potential environmental effects. For example, the germination and growing of seeds of Lactuca sativa were tested 
by yang and Watts [78]. L. sativa is one species that is used and recommended by the Environmental Protection Agency (EPA) 
regularly for measuring pesticide and toxic substances in the environment. The germination average rate is usually 85%, and 
the seeds have to be stored in dry and dark places at room temperature. Initially, the seeds are wetted in a bleach solution (10% 
from commercial product) for 10 min to eliminate biological contaminants. The seeds are then rinsed three times and set up for 
germination immediately. In a plastic tray (transparent), squares of 2.25 cm2 are drawn to accommodate the seeds in each inter-
section. The number of seeds will depend on how many substances should be tested and must be by triplicate. The system will 
include the NM to be tested in solution at different concentrations (i.e., 0.1, 0.5, 0.75 mg/ml) in sterile deionized water. All 
positive and negative controls must be considered.

The seeds are incubated by 168 h using a photoperiod of 12 h (light and dark) and temperature at 25°C ± 0.5°C. Observation 
and counting registration of germination is recorded each 24 h. The root size (mm) is also registered using a vernier scale and 
the exposed seeds are compared with the nonexposed ones. The elongation root during the exposure is calculated using the 
formula

ER L Ltreated non-treated= −

RRG ER ERsample control= −

where L
treated

 and L
non-treated

 are the length of roots with or without treatment, respectively. The relative root growth (RRg) is 
 calculated according to Schildknecht and de Campos-vidal (2002, cited in Ref. [70]).
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30.3 conclusions

Although no large-scale spills have been reported and documented to evaluate the real ecological impacts of NMs in the environ-
ment, there is a genuine concern by several groups claiming the implementation of international standard methods and proce-
dures for environmental, health, and safety testing, in order to establish solid arguments to confirm or deny the potential and 
highly polemic hazards of NMs in actual or future use. There are several opportunities to develop new methods for experimen-
tally testing the potential impact of NMs on the environment, in particular, simple, cheap, and fast methods that may correlate 
specific physical properties with biological activity. due to the lack of definitive information for most of the actual (and future) 
available NMs, nanoecotoxicology seems to be a field of opportunities of research for scientists in materials and environmental 
sciences. gross tests of cytotoxicity are still required to screen many effects, but there is a growing need to supplement them with 
more subtle tests of metabolic pathway regulation and signaling and biological models, as the responses will vary with different 
compounds. It is important to interpret in vitro results in terms of in vivo responses on the same or similar cells. However, the in 
vitro system regularly lacks many factors that the in vivo system posesses, such as blood stream, blood pressure, O

2
/CO

2
 pressure 

and concentration, hormonal changes, and osmolality, among several others. The nature of the response has to be considered 
carefully. A toxic response in vitro may be the result of changes in cell survival metabolism, whereas the major problem in vivo 
may be a tissue response (e.g., inflammatory reaction, fibrosis, organ failure) or a systemic response (e.g., pyrexia, vascular dila-
tation). For in vitro testing to become effective, models of these responses must be developed and simulated in vitro.

Several environmental groups, nongovernmental organizations, and academic organizations have been involved in public 
discussions about the fears surrounding the production, commercial use, and disposal of NMs, but we have no conclusive 
information to definitively answer the central questions regarding the environmental impacts of ENMs.

In order to avoid a public rejection and misinformation of the topic, it is important to have a continuous and responsible 
exchange of information between the society and scientists, discussing real scientific facts and not only fears instilled by sci-fi 
books, partial interpretation of facts, or pseudo-scientific ideas. In a way, it seems like the most real—and immediate—danger 
for humanity, involving nanotechnology, has resulted from the misinterpretation of its real benefits and hazards. Some civil, 
nongovernmental groups such as the ETC an international organization dedicated to the conservation and sustainable advance-
ment of cultural and ecological diversity and human rights, among several others follow very closely the development of new 
technologies (including genomics, biotechnology, and nanotechnology), but sometimes share very limited and biased docu-
ments with their followers, exposing polemic points of view regarding problems related to such technologies [79]. A coalition 
of this organization and other consumer safety and environmental groups (CTA International Center for Technology Assessment, 
Center for Environmental Health, Food, and Water Watch, Friends of the Earth, and the Institute for Agriculture and Trade 
Policy) even filed a lawsuit against the Food and drug Administration (FdA) over the health and environmental risks of nano-
technology and NMs [80]. It is likely that nanotechnology may become a double-edged sword if it falls in wrong hands. 
Misconceptions have to be cleared to avoid public misinterpretation of their real utility—or danger [81].
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31.1 introduction

Nanotechnology is the science and technology of developing novel materials known as nanoparticles ranging in sizes of 100 nm 
or less. Because of their intrinsic properties, nanoparticles have a wide range of applications. The reduction in size from their 
bulk counterparts increases their surface-to-volume ratio and consequently improves their electromagnetic, catalytic, pharma-
cokinetic, and targeting properties [1]. The unique physicochemical characterisitics of nanoparticles have led to its exploitation 
in the field of medicine and industry. They have found numerous applications in electronics, photovoltaic, catalysis, environ-
mental, and space engineering, cosmetic industry, and as therapeutics and diagnostics in medicine and pharmacy. Nanotechnology 
is at the forefront of technology and has revolutionized our lives with its use in commercial, technological, and therapeutic 
applications. Nonetheless, recent investigation on the extensive application of nanoparticles implies that these have potential 
toxic effects on environmental ecosystems and on living organisms [2]. Due to the ever-increasing applications of nanoparti-
cles, the artificial synthesis of the nanoparticles has escalated. Furthermore, the rapid production and application of engineered 
nanoparticles will lead to their release in the environment, causing their increased exposure and interaction with the biotic and 
abiotic components of the ecosystems. Although the application of nanomaterials is noteworthy, their presence and long-term 
exposure in the ecosystem is not bereft of hazardous and toxic biological effects. Hence, it is necessary to understand the interaction 
of released nanoparticles with the environment, possible ecotoxicological effects, consequences of long-term exposure of 
engineered nanoparticles to human health, as well as hazard identification and risk assessment of nanotechnology for the safe 
application of engineered nanoparticles [3].

31.2 application of nanoparticlEs

31.2.1 Biology and medicine

The size-dependent physical properties of nanoparticles make them useful in a wide range of applications. Apart from these, 
the optical and magnetic effects are the ones most used for biological applications. Some of the potential applications of 
nanomaterials in biology and medicine are in fluorescent biological labels for diagnostics, in therapeutics for drug and gene 
delivery, pathogen detection, detection of proteins, tissue engineering, destruction of tumor cells by heating (hyperthermia), 
separation and purification of biological molecules, cell sorting, magnetic resonance imaging, contrast enhancement, and 
phagokinetic studies [4].
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31.2.2 nanoparticles as antimicrobials

Some nanoparticles such as silver, titanium dioxide, and zinc oxide are finding numerous applications as antimicrobials and 
additives in consumer, health-related, and industrial products. Silver nanoparticles have a broad-spectrum antimicrobial activity 
against several pathogens and are used as additives in health-related products such as bandages, catheters, and other materials 
to prevent infection, especially in healing of wounds and burns. Nanoparticles of titanium dioxide are used in cosmetics, filters 
that exhibit strong germicidal properties, and in conjunction with silver as an antimicrobial agent. moreover, due to its photo-
catalytic activity, it has been used in wastewater treatment. Zinc oxide (Zno) and copper oxide (cuo) nanomaterials are being 
incorporated into a variety of medical and skin coatings due to their antimicrobial property. Zno nanoparticles are used in wall-
papers in hospitals as antimicrobials. Zno powder is an active ingredient for dermatological applications in creams, lotions, and 
ointments on account of its antibacterial properties [5].

31.2.3 nanoparticles in textiles and coatings

Engineered nanoparticles can find good application in textile designing. They can be used to improve the quality of textiles used 
by health and defence personnel as they have diverse properties such as self-cleaning; water- and dirt-repellent; antimicrobial, con-
ductive, and antistatic; solvent, uV, and abrasion resistance; and decreased gas permeability and flammability. For example, 
carbon nanotubes have been used to improve electrical, antistatic, thermal-conductive, and flame-retardant properties of textile 
composite fibers. metal and carbonaceous nanoparticles are usually used in the synthesis of nanotextiles. Nanoparticles of layered 
silicate such as montmorillonite will find applications as carriers of agents and to improve the dyeing properties of fibers [6].

31.2.4 nanotechnologies in the food industry

in the food industry, nanoparticles such as micelles, liposomes, nanoemulsions, biopolymeric nanoparticles and cubosomes, 
and nanosensors are finding increased application as they ensure long shelf life and safety of food. They are also known to 
enhance the nutritive value and quality of food. For example, nanocapsules containing nutraceuticals are incorporated in 
cooking oil, flavor enhancers are nanoencapsulated, and nanoparticles having the ability to selectively bind and remove chemi-
cals are used in foods. Nanoparticles have also been used for food packaging. Bionanocomposites are hybrid nanostructured 
materials with improved mechanical, thermal, and gas barrier properties that are used in food packaging. Apart from protecting 
food and increasing shelf life, these bionanocomposites are considered to be environmental-friendly as they minimize the use 
of plastics as packaging materials [7].

31.3 toxicity of inorganic nanoparticlEs

metal oxide nanoparticles are often used as industrial catalysts and in therapeutics, and elevated levels of these particles have 
been clearly demonstrated in the ecosystem. in recent years, there has been an increase in studies focusing on the toxicity of 
nanoparticles (Table 31.1).

31.3.1 silver nanoparticles

Silver nanoparticles (Ag Nps) have been the most commercialized nanomaterial used in diverse applications. The antimicrobial 
property of Ag Nps has led to their use in surgical and wound dressings and coatings in medical devices, but potential adverse 
effects have also been reported in the literature. Although they are one of the most commercially viable nanotechnological prod-
ucts, safety issues have been raised regarding the use of such nanoparticles due to unintentional health and environmental 
impacts. There are many studies focusing on the mechanisms by which Ag Np are toxic as their increasing application could lead 
to their release into the environment and eventually result in environmental toxicity or ecotoxicity. To understand the effect of 
exposure to Ag Np in human cells, a study was conducted to evaluate Ag Np–induced DNA damage, cell death, and functional 
impairment in human mesenchymal stem cells (hmScs). cytotoxic effects were seen at a concentration of 10 μg/ml on exposing 
Ag-Nps to hmScs for 1, 3 and 24 h. Transmission electron microscopy (TEm) studies revealed that AgNps were distributed to 
the cytoplasm and nucleus. comet assay and chromosomal aberration test revealed that DNA damage occurred at a concentration 
of 0.1 µg/ml. Therefore, AgNps could cause potential cyto- and genotoxic effects in hmScs [8]. in another study, the contribution 
of silver ion to the toxicity of Ag Nps in A549 lung cells was investigated. cell viability measured by the for 3-(4,5-dimethythi-
azol-2-yl)-2,5-diphenyl tetrazolium bromide (mTT) assay revealed that Ag Np suspensions were more toxic when the initial 
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taBlE 31.1 In vitro and in vivo toxicity of metallic nanoparticles

Nanoparticle (size, dosage, and 
exposure time)

Experimental model/ 
biological system Biological effects Reference

Silver nanoparticle
10 µg/ml Human mesenchymal stem cells DNA damage, functional impairment, and cell 

death
  [8]

A549 lung cells Apoptsis and cytotoxic   [9]
RoS-dependent cytotoxic effect and RoS-

independent cell cycle assortment
[10]

40–80 nm impairment of mitochondrial function [11]
Caenorhabditis elegans internalization of nanoparticle and cellular 

toxicity
[12]

20 nm l929 fibroblast RAW 264.7 
macrophage

cytotoxic in l929 fibroblast [13]

murine macrophages internalization and localization in cytoplasm [14]
mitochondrial damage, apoptsis, and cell death

5–100 µg/ml Skin epithelial A431, lung 
epithelial A549, and murine 
macrophage Raw 2647

RoS generation, cellular disruption, expression 
of stress markers pp38, TNF2, and hsp 70

[15]

gold nanoparticle
40, 200, and 400 µg/kg/day mice intraperitoneal dosage Bioaccumulation but no subacute physiological 

damage
[16]

5–15 nm Balb/3T3 mice fibroblast Disruption of actin cytoskeleton [17]
≥50 μm Degradation of clatharin heavy chain
8 nm Human liver cell line Hl7702 interaction with glutathione (gSH) resulting in 

intracellular gSH depletion, mitochondrial 
membrane depolarization, and apoptsis

[18]
50 nm

1.5 nm Zebrafish embryo Abnormal startle and adult behavior [19]
Negatively charged (50 µg/ml) and 

positively charged (10 µg/ml)
low survivorship in adults

Zinc oxide nanoparticle
300 mg/kg mice oxidative stress, DNA damage, and apoptsis [20]

pathological lesions in liver
10–50 µg/ml Human nasal mucosal cells DNA damage and cytotoxic effect [21]
Titanium dioxide nanoparticle

Rat and human glial cells c6 and 
u373

Vesicle formation after internalization, apoptsis [22]
cytotoxic

intratracheal instillation in mice inflammation and bleeding in lung [23]
Accumulation of RoS and increased lipid 

peroxidation
Decreased antioxidant capacity

Zebrafish (Danio rerio) Accumulation in gill, liver, heart, and brain [24]
mice Accumulation in kidney—nephric inflammation, 

necrosis, and dysfunction
[25]

Silicon dioxide nanoparticle  
20–100 nm

Renal proximal tubular cell lines RoS generation, lipid peroxidation—oxidative 
stress

[26]
Human Hk-2 and porcine 

llc-pk1
copper oxide nanoparticle
100 nm Human pulmonary epithelial cell 

A549
Dose-dependent oxidative stress [27]
genotoxic effects

23.5 nm mice model kidney, liver, and spleen are target organs [28]
Nanocopper nanoparticle 

50–200 mg/kg
Transcriptome profiling of rat 

kidney
Renal proximal tubule necrosis in rat kidney [29]

Sio
2
, Fe

2
o

3
, and cuo nanoparticle Airway epithelial cells HEp-2 cells oxidative stress due to redox coupling [30]

cytotoxicity is dose-dependent and more in cuo 
nanoparticles
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silver ion fraction was higher. Flow-cytometric analyses of cell cycle and apoptosis showed that there was no significant difference 
between the treatment with Ag Np suspension and Ag Np supernatant. At high silver ion fractions (≥5.5%), the Ag Np did not 
add measurable toxicity to the Ag Np suspension, whereas at low silver ion fractions (≤2.6%), Ag Np suspensions were more 
toxic than their supernatant [9]. Some of the manufactured nanomaterials are redox-active and are capable of passing through cell 
membranes into mitochondria. Ag Nps (40 and 80 nm) can cause impairment of mitochondrial function by alterations of mito-
chondrial membrane permeability, resulting in an uncoupling effect on the oxidative phosphorylation system. Thus, the exposure 
to Ag Nps causes mitochondrial toxicity, leading to cellular toxicity [11]. The physicochemical behavior, uptake, toxicity (growth 
inhibition), and mechanism of toxicity of three Ag Nps with different sizes and polyvinylpyrrolidone (pVp) or citrate coatings 
were characterized in the animal model Caenorhabditis elegans. Significant aggregation and extraorganismal dissolution of sil-
ver, organismal uptake, and transgenerational transfer of Ag Nps were observed. growth inhibition by all tested Ag Nps at con-
centrations in the low mg/l levels was seen. Although all tested Ag Nps were internalized (passed cell membranes) in C. elegans, 
at least part of the toxicity observed was mediated by ionic silver [12]. The mechanism of action of Ag Np toxicity has also been 
studied in relationship to the generation of reactive oxygen species (RoS) in A549 cells. Ag Nps caused RoS formation in the 
cells, a reduction in their cell viability and mitochondrial membrane potential (mmp), an increase in the proportion of cells in 
the sub-g1 (apoptosis) population, S phase arrest, and downregulation of the cell cycle–associated proliferating cell nuclear 
antigen (pcNA) protein, in a concentration- and time-dependent manner. pretreatment of the A549 cells with the antioxidant 
N-acetyl-cysteine decreased the effects of Ag Nps on the reduced cell viability, caused changes in the mmp and proportion of 
cells in the sub-g1population, but had no effect on the Ag Np–mediated S phase arrest or downregulation of pcNA. Thus, it 
could be concluded that the in vitro toxic effects of Ag Nps on A549 cells were mediated by both RoS-dependent (cytotoxicity) 
and RoS-independent (cell cycle arrest) pathways [10]. The effect of particle size on Ag Nps’ cytotoxicity, inflammation, geno-
toxicity, and developmental toxicity revealed that Ag Nps of 20 nm were more toxic than the larger nanoparticles. However,  
20 nm sized Ag Nps were more cytotoxic in comparison to silver ions in l929 fibroblasts than in but not in RAW 264.7 macro-
phages. This implies that the potency of silver to induce cell damage depends on both the cell type and and its size [13].

Ag Nps can also induce stress responses along with cytotoxicity in mammalian cells. Ag Nps are efficiently internalized via 
scavenger receptor–mediated phagocytosis in murine macrophages, get localized in the cytoplasm, cause mitochondrial 
damage, and induce apoptosis and cell death. in the presence of Ag ion–reactive thiol-containing compounds, these effects are 
more, which implies that Ag ions play a major role in Ag Np toxicity. Ag Nps are internalized by scavenger receptors, trafficked 
to the cytoplasm, and induce toxicity by releasing Ag ions [14]. in another study, Ag Nps synthesized by reduction with tannic 
acid (TSNps) and sodium borohydride were assessed for toxicity in a cellular environment using skin epithelial A431, lung 
epithelial A549, and murine macrophage RAW264.7 cells over a range of doses (5–100 µg/ml). TSNps exhibited a higher neg-
ative zeta-potential and also higher toxicity and dose-dependent increase in RoS generation and cellular disruption. TSNps 
induced a dose-dependent increase in the expression of stress markers pp38, TNF-α, and HSp-70. The toxicity of nanoparticles 
was found to vary according to their surface potential. This proves that the cytotoxicity of Ag Nps changes with the surface 
potential of nanoparticles and cell type. Thus, physicochemical properties of Ag Nps direct their toxicity [15].

31.3.2 gold nanoparticles

gold nanoparticles (Au Nps) offer great promise in biomedical applications. Au Nps have shown promising biological and 
military applications due to their unique electronic and optical properties. Au Nps are usually considered to be bioinert, but 
questions have been raised regarding their safety. However, little is known about their cytotoxicity when they come into contact 
with a biological system. Hence, it is essential to study the cytotoxicity of Au Nps. Au Nps are able to cross the blood–brain 
barrier and accumulate in the neural tissue. However, no evidence of toxicity was observed on evaluating the bioaccumulation 
and toxic effects of different doses (40, 200, and 400 µg/kg/day) of 12.5 nm Au Nps upon intraperitoneal administration in mice 
every day for 8 days. The gold levels in blood did not increase with the dose administered, whereas in all the organs examined 
there was a proportional increase in gold, indicating efficient tissue uptake. Thus, tissue accumulation patterns of Au Nps 
depend on the doses administered and the accumulation of the particles does not produce subacute physiological damage [16]. 
in another study, Balb/3T3 mouse fibroblasts were exposed to Au Nps (5 and 15 nm) citrate stabilized for 72 h. only Au Nps  
5 nm in size at concentrations ≥50 μm exhibited cytotoxic effects. Disruption of the actin cytoskeleton was evident and reduction 
of the expression and degradation of the clathrin heavy chain were observed in cells exposed for 72 h to Au Nps [17]. it has been 
shown that small Au Nps can be endocytosed by cells and form aggregates inside the cell, resulting in cytotoxicity [31]. The 
interaction of Au Nps with glutathione (gSH) and their role in the sequence of apoptotic signaling events that occur after mod-
ulation of the cellular redox state were studied in Hl7702 cells (human liver cell line). After incubation with 8 nm AuNps at 
50 nm, there was an early decline in cytosolic gSH, which initiated mitochondrial transmembrane potential depolarization and 
apoptosis. Au Nps (8 nm) possess strong Au–S bonding interactions with gSH resulting in intracellular gSH depletion. 



ToxiciTy oF iNoRgANic NANopARTiclES 527

A  decrease in gSH alone can act as a potent early activator of apoptotic signaling. increased H
2
o

2
 production following 

 mitochondrial gSH depletion represents a crucial event, which commits Hl7702 cells to apoptosis through the mitochondrial 
pathway [18]. To understand the long-term consequences of developmental nanoparticle exposure, zebrafish embryos were 
acutely exposed to three Au Nps that possess functional groups with differing surface charges. Embryos were exposed to 50 µg/
ml of 1.5 nm Au Nps possessing negatively charged 2-mercaptoethanesulfonic acid (mES), neutral 2-(2-(2-mercaptoethoxy)
ethoxy)ethanol (mEEE) ligands, and positively charged 10 µg/ml of the Au Nps containing trimethylammoniumethanethiol 
(TmAT). Both mES–Au Np- and TmAT–Au Np-exposed embryos exhibited hypolocomotor activity, while those exposed to 
mEEE–Au Nps did not. A subset of embryos that were exposed to 1.5 nm mES–Au Nps and TmAT–Au Nps during development 
from 6 to 120 h post fertilization were raised to adulthood. Behavioral abnormalities and the number of survivors into adulthood 
were evaluated at 122 days post fertilization. it was found that both treatments induced abnormal startle behavior following a 
tap stimulus. However, the mES–Au Nps-exposed group also exhibited abnormal adult behavior in light and had a lower 
 survivorship into adulthood. Thus, acute, developmental exposure to 1.5 nm mES–Au Nps and TmAT–Au Nps, two nanopar-
ticles differing only in the functional group, affects larval behavior, with effects of behavior persisting into adulthood [19].

Thus, it is clear that long-term retention of Au Nps in the body increases the potential for toxicity. However, it was shown in 
a recent study that nanoclustering of gold and iron as a nanoparticle could be easily biodegraded in lysosomes of macrophages. 
on administering nanorose (nanoclustered gold and iron nanoparticle) to c57Bl/6 mice, the gold concentration was signifi-
cantly reduced in 11 murine tissues in as few as 31 days (P < 0.01). moreover, the hematology studies showed no toxicity of 
nanorose injected into mice for up to 14 days after administration. This implies that degradation of nanoparticles into smaller 
subunits can enhance and facilitate their rapid excretion. Therefore, such strategies to decrease the particle size for excretion 
can reduce the potential toxicity of Au Nps [32].

31.3.3 Zinc oxide nanoparticles

Zinc oxide nanoparticles (Zno Nps) are finding applications in a wide range of products including cosmetics, food packaging, 
and antimicrobial coatings. Therefore, there are high chances of human exposure to these nanoparticles through dermal, inhala-
tion, and oral routes. Toxicity studies on the effect of Zno Nps on ecological receptors across different taxa such as bacteria, 
algae and plants, as well as aquatic and terrestrial invertebrates and vertebrates have shown that relatively high to acute toxicity 
of Zno Nps (in the low mg/l levels) to environmental species is highly dependent on test species, physicochemical properties of 
the material, and test methods. particle dissolution to ionic zinc and particle-induced generation of RoS represented the primary 
modes of action for Zno Np toxicity across all species tested, and photoinduced toxicity associated with its photocatalytic prop-
erty was the other important mechanism of toxicity under environmentally relevant uV radiation [33]. Studies on oral toxicity of 
Zno Nps in mice revealed that a significant accumulation of nanoparticles in the liver leads to cellular injury after subacute oral 
exposure of Zno Nps (300 mg/kg) for 14 consecutive days. This was evident by the elevated alanine aminotransferase (AlT) and 
alkaline phosphatase (Alp) serum levels and pathological lesions in the liver. Zno Nps were also found to induce oxidative stress 
indicated by an increase in lipid peroxidation. Fpg-specific DNA lesions were observed in the liver, indicating that oxidative 
stress was the cause of DNA damage. Subacute oral exposure to Zno Nps in mice leads to an accumulation of nanoparticles in 
the liver, causing oxidative stress–mediated DNA damage and apoptosis. These results also suggest the need for a complete risk 
assessment of any new engineered nanoparticle before its arrival into the consumer market [20].

Similarly, in a study focusing on the cyto- and genotoxicity of Zno Nps and Zno powder in primary human nasal mucosa 
cells cultured in the air–liquid interface, cytotoxic effects and DNA damage were shown at a Zno Np concentration of 50 
(P < 0.01) and 10 µg/ml (P < 0.05), respectively. This indicates cyto- and genotoxic properties as well as a proinflammatory 
potential of Zno Nps in nasal mucosa cells. Therefore, precautionary measures should be taken before wide-scale industrial 
and dermatological application of these nanoparticles. However, further investigations on long-term exposure to Zno Nps are 
required to understand their impact on the environment and human health [21].

31.3.4 titanium dioxide nanoparticles

Titanium dioxide nanoparticles (Tio
2
 Nps) are an important material used as an additive in pharmaceutical and cosmetic 

products. Due to their high surface-to-mass index, Tio
2
 Nps show unique physical and chemical characteristics compared 

to the bulk substance [34]. Tio
2
 Nps are widely used in the chemical, electrical, and electronic industries. They can enter 

directly into the brain through the olfactory bulb and get deposited in the hippocampus region. The effect of Tio
2
 Nps on 

rat and human glial cells, c6 and u373, has been studied to understand their mechanism of action in the nervous system. 
Tio

2
 Nps inhibited proliferation and induced morphological changes that were related with a decrease in immunolocation 

of F-actin fibers. Tio
2
 Nps were internalized and the formation of vesicles was observed. Tio

2
 Nps induced apoptosis after 
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96 h of treatment. Hence, Tio
2
 Nps have a cytotoxic effect on glial cells, suggesting that exposure to Tio

2
 Nps could cause 

brain injury and be hazardous to health [22]. Exposure to Tio
2
 Nps has been demonstrated to result in pulmonary inflam-

mation in animals. The oxidative stress and molecular mechanism associated with pulmonary inflammation in chronic lung 
toxicity caused by the intratracheal instillation of Tio

2
 Nps for 90 consecutive days in mice were evaluated. Tio

2
 Nps sig-

nificantly accumulated in the lung, leading to an obvious increase in lung indices, inflammation, and bleeding in the lung. 
Exposure to Tio

2
 Nps significantly increased the accumulation of RoS and the level of lipid peroxidation, and decreased 

antioxidant capacity in the lung. Furthermore, Tio
2
 Nps exposure activated nuclear factor-κB (NF-κB), increased the levels 

of tumor necrosis factor-α, cyclooxygenase-2, heme  oxygenase-1, interleukin-2, interleukin-4, interleukin-6, interleukin-8, 
interleukin-10, interleukin-18, interleukin-1β, and cyp1A1 expression. However, Tio

2
 Np exposure decreased 

NF-κB–inhibiting factor and heat shock protein 70 expression. Thus, the generation of pulmonary inflammation caused by 
Tio

2
 Nps in mice is closely related to oxidative stress and the expression of inflammatory cytokines [23]. The long-term 

risk of Tio
2
 Np exposure was studied by using zebrafish (Danio rerio) as in vivo model to assess the chronic toxicity of 

Tio
2
 Nps. The adverse effect to zebrafish was seen as concentration-dependent and time-dependent inhibition of growth 

and decrease in the liver weight ratio of zebrafish. Tio
2
 Nps could translocate among organs and pass through the blood–

brain and the blood–heart barrier after long-term exposure and accumulate and get distributed in gill, liver, heart, and brain 
[24]. Tio

2
 Nps are also known to damage the kidney of mice on exposure. The molecular mechanism of Tio

2
 Nps–induced 

nephric injury has been investigated. Tio
2
 Nps accumulate in the kidney, resulting in nephric inflammation, cell necrosis, 

and dysfunction. NF-κB gets activated by Tio
2
 Np exposure, promoting the expression levels of tumor necrosis factor-α, 

macrophage migration inhibitory factor, interleukin-2, interleukin-4, interleukin-6, interleukin-8, interleukin-10, inter-
leukin-18, interleukin-1β, cross-reaction protein, transforming growth factor-β, interferon-γ, and cyp1A1. Thus, Tio

2
 

Np–induced nephric injury of mice is associated with alteration of inflammatory cytokine expression and reduction of 
detoxification of Tio

2
 Nps [25].

31.3.5 silicon dioxide nanoparticles

Silica nanoparticles (nano-Sio
2
) are one of the most popular nanomaterials used in industrial manufacturing and medicine. 

While inhalation of nanoparticles causes pulmonary damage, nano-Sio
2
 can be transported into the blood and get deposited in 

target organs where they exert potential toxic effects. The kidney is one such secondary target organ. However, toxicological 
information of their effect on renal cells and the mechanisms involved remain sparse. on investigating the cytotoxicity of 
 nano-Sio

2
 of different sizes on two renal proximal tubular cell lines (human Hk-2 and porcine llc-pk

1
), it was shown that 

internalization process occurs by macropinocytosis and clathrin-mediated endocytosis for 100 nm nano-Sio
2
. These nanopar-

ticles were localized in vesicles. Toxicity was size- and time-dependent (24, 48, 72 h) and increased as nanoparticles became 
smaller. Second, analysis of oxidative stress based on the assessment of RoS production (dihydroethidium) or lipid peroxi-
dation (malondialdehyde) clearly demonstrated the involvement of oxidative stress in the toxicity of 20 nm  nano-Sio

2
.  

The induction of antioxidant enzymes (catalase, gSTpi, thioredoxin reductase) could explain their lesser toxicity with 100 nm 
nano-Sio

2
 [26].

31.3.6 copper oxide nanoparticles

copper oxide nanoparticles (cuo Nps) are increasingly used in various applications. oxidative stress is considered to be the 
main cause of the cytotoxicity of cuo Nps in mammalian cells. However, little is known about the mechanism of genotoxicity 
of cuo Nps following exposure to human cells. cuo Nps were known to induce genotoxic response through p53 pathway in 
human pulmonary epithelial cells (A549). cuo Nps reduced cell viability and the degree of reduction was dose-dependent. 
cuo Nps were also found to induce oxidative stress in a dose-dependent manner indicated by depletion of glutathione and 
induction of lipid peroxidation, catalase, and superoxide dismutase. The expression of Hsp70, the first-tier biomarker of cellular 
damage, was induced by cuo Nps. Further, cuo Nps upregulated the cell cycle checkpoint protein p53 and the expression of 
DNA damage repair proteins Rad51 and mSH2. These results demonstrate that cuo Nps possess a genotoxic potential in A549 
cells that may be mediated through oxidative stress [27]. To assess the toxicity of cuo Nps (23.5 nm) in vivo, lD

50
, morpho-

logical changes, pathological examinations, and blood biochemical indexes of experimental mice were studied comparatively 
with microcopper particles (17 µm) and cupric ions (cucl

2
·2H

2
o). The lD

50
 for the cuo Nps, microcopper particles, and cupric 

ions exposed to mice via oral gavage were 413, >5000, and 110 mg/kg body weight, respectively. The toxicity classes of nano 
and ionic copper particles are both class 3 (moderately toxic), and microcopper is class 5 (practically nontoxic) on the Hodge 
and Sterner Scale. The kidney, liver, and spleen were found to be target organs of cuo Nps. Nanoparticles induced toxicolog-
ical effects and heavy injuries on the kidney, liver, and spleen of experimental mice, but microcopper particles did not, on a mass 
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basis [28]. The mechanisms of nanocopper-induced nephrotoxicity were studied by analyzing renal gene expression profiles 
phenotypically anchored to conventional toxicological outcomes. male Wistar rats were given nanocopper (50, 100, 200 mg/kg) 
and microcopper (200 mg/kg) at different doses for 5 days. Nanocopper induced widespread renal proximal tubule necrosis in 
rat kidneys with increased levels of blood urea nitrogen and creatinine. Whole-genome transcriptome profiling of rat kidneys 
revealed significant alterations in the expression of many genes involved in valine, leucine, and isoleucine degradation, 
complement and coagulation cascades, oxidative phosphorylation, cell cycle, mitogen-activated protein kinase signaling 
pathway, and glutathione metabolism. Systems used in nanotoxicology studies have proved to provide valuable insight and 
toxicogenomic approaches are presenting an unprecedented amount of mechanistic information on molecular responses to 
nanocopper, thus helping hazard identification and risk assessment [29].

To understand the impact of airborne nanoparticles on the respiratory system, airway epithelial (HEp-2) cells were exposed 
to increasing doses of silicon oxide (Sio

2
), ferric oxide (Fe

2
o

3
), and copper oxide (cuo) nanoparticles, the leading metal oxides 

found in ambient air surrounding factories. cuo induced the greatest amount of cytotoxicity in a dose-dependent manner, while 
even high doses (400 µg/cm2) of Sio

2
 and Fe

2
o

3
 were nontoxic to HEp-2 cells. Although all metal oxide nanoparticles were able 

to generate RoS in HEp-2 cells, cuo could overcome the cellular antioxidant defenses (e.g., catalase and glutathione reductase). 
A significant increase in the level of eight-isoprostanes and in the ratio of gSSg to total glutathione in cells exposed to cuo 
suggested that RoS generated by cuo induced oxidative stress in HEp-2 cells. cotreatment of cells with cuo and the antioxi-
dant resveratrol increased cell viability, suggesting that oxidative stress may be the cause of the cytotoxic effect of cuo. These 
studies demonstrated that there is a high degree of variability in the cytotoxic effects of metal oxides and that this variability is 
not due to the solubility of the transition metal but due to the sustained oxidative stress possibly due to redox cycling [30]. cuo 
had already been reported to be highly cytotoxic; however, carbon-coated copper nanoparticles are much less cytotoxic and 
more tolerated. measuring the two materials’ intra- and extracellular solubility in model buffers explained this difference on the 
basis of altered copper release when supplying copper metal or the corresponding oxide particles to the cells. These observa-
tions are in line with a Trojan horse–type mechanism and illustrate the dominating influence of physicochemical parameters on 
the cytotoxicity of a given metal [35].

31.4 mEcHanism of cytotoxicity and gEnotoxictiy of nanoparticlEs

Nanoparticles can gain access to the human body through ingestion, injection, transdermal delivery, and inhalation. Further, 
they can translocate to secondary organs [36]. Airborne nanoparticles enter through the respiratory system. Endocytosis of 
nanoparticles through alveolar epithelial cells plays an important role in its translocation to other organs. Nanoparticles are able 
to translocate from the lung to the liver, spleen, heart, and other organs [37]. if the inhaled nanoparticles are able to gain entry 
into other organs via the olfactory bulb, it could cause potential hazard as they would have direct access to the central nervous 
system [38]. Nanoparticles can enter the body via the skin through injection during drug delivery and imaging studies or by 
application of cosmetics and antimicrobials for wound healing. Nanoparticles injected into the skin can elicit photocatalytic 
activity in the dermal layers, causing the formation of free radicals in skin cells, damaging DNA, and disrupting normal cell 
functions and cell viability [39]. Nanoparticles administered in the dermis can migrate to regional lymph nodes, potentially via 
skin macrophages and langerhans cells, raising potential concern for immunomodulation [40]. Nanoparticles used in food 
packaging and processing and as additives can be ingested. Following ingestion, translocation of particles into and across the 
gastrointestinal mucosa can occur but uptake via gut and translocation is probably size-dependent. Further, nanoparticles can 
also enter the bloodstream via gastrointestinal assimilation [41].

The biological effects of nanoparticles are due to both its physical and chemical mechanisms of action [42]. The production 
of RoS, dissolution and release of toxic ions, disturbance of electron/ion cell membrane transport activity, oxidative damage 
through catalysis, lipid peroxidation, and surfactant properties are considered to be chemical mechanisms. The generation of 
RoS is implied to be the main underlying chemical process in nanotoxicology leading to secondary processes that cause cell 
damage and eventually cell death. RoS are also involved in inflammatory processes. Free radical formation also has direct 
impact on cell integrity. The physical mechanisms known to cause biological effects are due to the nanoparticle size and surface 
properties. They involve membrane damage and disruption of membrane activity, and effect transport processes, protein con-
formation/folding, and protein aggregation/fibrillation [43].

The biological response to nanoparticles is a result of the various processes occurring as a result of the chemical and physical 
interactions in the cell. These cellular responses can occur before or after internalization of particles, or as a response to the 
uptake mechanism itself (Fig. 31.1). membrane stability can be affected by nanoparticles either directly (e.g., physical damage) 
or indirectly (e.g., oxidation) and can lead to cell death. The cell membranes are able to control intracellular homeostasis 
through selective permeability and transport mechanisms, and this makes them a vulnerable target for possible damaging 
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effects of nanoparticles. interactions of nanoparticles with membranes depend largely on the nanoparticles’ surface properties 
and size. The nanoparticles’ size is known to influence surface pressure and adhesion forces during interactions [44].

once internalized, nanoparticles interact with various cellular organelles and macromolecules present in the cell, resulting 
in cytotoxic and genotoxic effects. cytoxicity leads to cell death as a result of membrane lipid peroxidation, membrane rupture, 
energy depletion, or organelle destruction. genotoxicity occurs when adverse effects result at a genetic level and this can cause 
cell death due to apoptosis and changes in interconnected signaling pathways [45].

Nanoparticles having the same size and magnitude as that of the protein molecules can interfere with cell signaling processes. 
Nanoparticles interact with proteins, either by chaperone-like activity or by changing the configuration of proteins, leading to 
protein misfolding [46].

Nanoparticle–DNA interaction has attracted special attention when assessing potential toxicological risks caused by nano-
materials. Nanoparticles can affect the genes either directly or indirectly, which is termed primary or secondary damage, respec-
tively. The mechanism of potential DNA damage by nanoparticles is still being understood. The main mechanism inducing 
genotoxicity is the ability of the nanoparticles to produce oxidative stress. oxidative stress results due to the imbalance between 
RoS and antioxidant conditions in the cell. Nanoparticles can intercalate or directly interact with DNA and cause mutagenicity 
[47]. Apart from direct intercalation or physical and/or electrochemical interaction with nanoparticles, RoS production by 
nanoparticles is again believed to play a major role in DNA damage [48]. RoS is responsible for oxidation of DNA bases, strand 
breakage in DNA, and lipid peroxidation–mediated DNA adducts. in the primary mechanism, metal nanoparticles, depending 
on their physicochemical properties, can directly produce oxidants, such as highly reactive hydroxyl radicals (oH·). insolubility 
and surface properties of nanoparticles also directly affect cell genotoxicity. it has been shown that small nanoparticles can 
directly affect DNA by permeating into the cell nucleus. For example, the nanoparticles of titanium dioxide and silica are known 
to penetrate the nucleus and cause intranuclear protein aggregates that can block vital cellular mechanisms such as replication, tran-
scription, and cell proliferation [49, 50]. The free metal ions generated from nanoparticles can also induce permeability of 
nucleus barriers and indirectly damage DNA molecules. Nanoparticles can also stimulate mitochondria in cells to produce 
RoS, which can destabilize the genetic material of the cells. in the secondary mechanism, nanoparticles can induce inflammatory 

Nanoparticles (powdered/embedded in matrix)

Dispersion of nanoparticles (aerosol/suspension)

Routes of exposure and uptake into body (respiratory, gastrointestinal, dermal
exposure, parenteral exposure, translocation to distal sites-central nervous system)

Modi�cation in the body (surface conditioning changes agglomeration/deagglomeration)

Distribution in the body (penetration of biological barriers, tissue and intracellular distribution)

Primary effect: in�ammation, generation of reactive oxygen species and interaction with
cellular components

Physical damage in lysosome; lipid peroxidation in vesicle; mitochondrial damage;
disruption of cell membrane; protein misfolding and oxidation; DNA damage.

Toxic effect (cytotoxicity and genotoxicity)

figurE 31.1 Biological effects of inorganic or metal-based nanoparticles.
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cells, such as macrophages, to produce and deliver oxidants to cells, thus causing genotoxicity from inflammation [51]. The 
direct interaction of nanoparticles and the DNA molecule or DNA-related proteins can lead to physical damage to the genetic 
material. Nanoparticles can also cause DNA damage by interacting with other cellular proteins such as those involved in the 
cell division process. Thus, nanoparticles can induce various cellular responses that can lead to genotoxicity, such as oxidative 
stress, inflammation, and aberrant signaling responses [52].

31.5 In VItro and In VIVo toxicity assays

The toxicity of nanoparticles can be assessed by a number of in vitro and in vivo studies. The reduction of tetrazolium salts such 
as mTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and xTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide) can be used to estimate cell viability and proliferation. However, tetrazolium salts get reduced 
by superoxides and produce absorbant formazan end products. For example, nano-Tio

2
 induces superoxide formation in differ-

ent mammalian cells and the use of mTT/xTT to measure viability or proliferation in such cytological investigations can lead 
to false positive results. Therefore, mTT and xTT assays may inaccurately predict cell toxicity or overestimate cell viability, 
respectively [53].

In vivo studies are necessary to elucidate mechanisms, pathways, and entry routes of nanoparticles in a complex multi-
cellular organism. This is required not only for nanomaterials used in industrial processes, where human exposure could 
occur via the environment, but also for nanomaterial use where human exposure is part of the design, for example, nano-
medicines. For nanoparticles produced on an industrial scale, the extent to which factory workers, specific population sub-
groups, or the public in general are exposed needs to be established. it has been demonstrated that nanoparticles gain access 
to the body mainly via the airways, the skin, or by ingestion. They are also able to translocate to secondary organs; however, 
this has only been demonstrated in small quantities. For example, observations on the toxic effects of nanoparticles can be 
carried out using zebrafish as a model due to its fast embryonic development and transparent body structure. The other 
advantages of using zebrafish as an organism for studying the potential toxic effects of nanoparticles are that it has a high 
degree of homology and similar physiological reactions as in mammals. This allows for real-time, noninvasive visualization 
of the uptake and translocation of nanoparticles, and their effects on organogenesis and morphological development [54]. 
cell culture–based assays are used as a prescreening tool to understand the biological effects of nanoparticles. However, 
along with the in vitro assays, it is necessary to confirm the in vivo biological activities of nanoparticles in animal models to 
study the suitability of their application [55].

Apart from in vivo and in vitro studies, the use of genomic tools such as gene expression profiling is being considered 
as a potentially rapid and cost-effective approach for identifying and assessing prospective hazard, characterizing chemical 
(or particle) mode of action, and assessing human relevance in support of human health risk assessment. once it is proved 
that mRNA/protein expression profiles can effectively predict the modes of action and biological outcomes of exposure at 
relevant doses, gene expression data will be more reliable for use in risk assessment studies. gene expression profiling can 
be extremely useful in identifying effects at low doses and be used to distinguish between doses that elicit an adaptive 
response and those that result in adverse toxic effects. So far, the application of gene expression profiling in regulatory 
toxicology has focused more on the qualitative identification of the chemical modes of action and transcription biomarkers 
that can predict specific toxicities than on the quantitative determination of threshold values, such as benchmark doses 
[56]. The advantages of using toxicogenomic profiling is that it can be used as a screening tool to prioritize the specific 
assays that should be conducted from the standard battery of tests, and this will minimize the use of animals, and be more 
cost-effective and  time-saving [57]. The other benefits are that the global analyses of transcriptional changes provide a 
wealth of information that will be useful in identifying the probable modes of action and to query their relevance to human 
adverse health outcomes [58].

proteomics involves the study of the complete profile of proteins in a given cell, tissue, or biological system at a given time. 
it uses a set of high-throughput methodologies with a wide dynamic range that enables the discovery of novel biomarkers. The 
application of proteomic tools such as two-dimensional electrophoresis and mass spectrometry methods could also help address 
the growing environmental threat posed by nanoparticles and provide useful information while increasing knowledge about 
nano–bio interactions. However, the limitations and challenges of this approach are the shortage of genome sequence data 
necessary for protein identification and the growing requirement for more stringent study designs [59].

However, before the full-fledged applicability of toxigenomic and proteomic approaches in human health risk assessment, it 
is essential to know whether gene expression profiling and other such genomic and proteomic tools can identify hazards, assess 
risk of exposure via quantitative dose–response analysis, and identify adverse effects associated with specific modes of action 
of nano–bio interactions [60].
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31.6 HaZard idEntification and risk assEssmEnt of nanoparticlEs

prior to studying the impact of nanoparticles on the environment and health, minimal characterization of the engineered 
nanoparticles has to be carried out. The physicochemical properties of the nanoparticles must be understood in detail for ana-
lyzing nanoparticle-induced toxicity. As the field of nanotoxicity is emerging and the specific properties of nanoparticles influ-
encing cellular toxicity are still unclear, it is essential to completely characterize nanoparticles [61]. Nanoparticle characterization 
involves knowing its chemical composition and purity; particle size and particle size distribution; shape, structure, and specific 
surface morphology (crystal phase, form); surface chemistry/coating/charge/area; agglomeration or aggregation state, or par-
ticle size under experimental conditions as appropriate; stability over time; dissolution, water solubility, dosimetry, and uptake. 
For assessing the effects of nanoparticles on the environment, the indication of their hazardous effects, the effect of dissolution 
in water on thier toxicity, their tendency for agglomeration or sedimentation, their fate during wastewater treatment, and their 
stability during incineration need to be understood. Acute toxicity, chronic toxicity, impairment of DNA, crossing and dam-
aging of tissue barriers, brain damage, and translocation and effects of engineered nanoparticles in the skin, gastrointestinal, or 
respiratory tract are some of the effects that have to be studied to assess the safety of nanoparticles for human health [6].

Hazard identification and risk assessment of engineered nanoparticles can be briefly summarized as follows. The initial step 
is the physicochemical characterization of the nanoparticles. it will involve nanoparticle structure alerts and their behavior in 
aerosols and suspensions. This is followed by the identification of structure or composition of the nanoparticle as the main 
hazard. The next step is to test the nanoparticles for the production of RoS in a cellular environment. Further, the nanoparticles 
have to be tested for genotoxicity, immunotoxicity, skin toxicity, ocular, liver, and kidney toxicity under in vitro conditions. 
After in vitro experiments, in vivo tests are carried out for immunotoxicity, organ toxicity, genotoxicity, and reproductive tox-
icity. The nanoparticles showing positive genotoxicity and mutagenicity will be analyzed for carcinogenicity and adverse 
effects on reproductive behavior. The risk assessment of nanoparticles involves the evaluation of the magnitude of risk at dif-
ferent exposure levels, setting of the exposure levels, and other regulatory limits, that is, hazard identification, hazard charac-
terization, exposure assessment, and risk characterization. Based on the hazard assessment of nanoparticles, the knowledge on 
experimental levels of exposure to nanoparticles and toxic effects induced by nanoparticles will be combined and used to enable 
effective management and safer application of nanoparticles [62].

31.7 conclusion

The toxicological effect of nanoparticles on the ecosystem and human health has been of increasing interest. The interaction 
between the highly increased reactive surfaces of nanoparticles due to the increased surface-to-volume ratio and the biotic and 
abiotic components of the ecosystem constitutes the basis of nanotoxicological studies. The interaction mechanism between 
nanoparticles and living organisms is not yet completely understood. Apart from the nanoparticle material, size, shape, surface, 
charge, coating, dispersion, agglomeration, aggregation, concentration, and matrix, dosimetrics should also be considered for 
toxicological studies. Hazard identification at the in vivo level with respect to entry routes and putative targets has been identi-
fied. But there are few epidemiological studies on the long-term exposure to engineered nanoparticles. Therefore, there is a 
need for long-term evaluation of the risks associated with nanoparticles before their large-scale production and application for 
commercial and medical purposes.
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32

32.1 IntroDUctIon

Deliberate application of nanomaterials (NMs) for environmental protection could result in intentionally diffuse inputs of these 
engineered materials into the environment. The anticipated new or enhanced activity of these NMs will inevitably result in both 
new risks and new benefits to human and environmental health. The highly dynamic behavior of NMs in environmental systems 
results in a set of chemical and physical transformations such as dissolution, and/or size and shape changes, including homo- 
(between particles of the same type) and heteroaggregation (between particles of different types), that will greatly affect their fate.

Due to NMs’ inherent reactivity, stabilizers are usually added to improve their mobility by protecting the NMs’ surface from 
unwanted reactions, preventing the interparticle aggregation by charge repulsion and/or steric effects, and also serving as a 
diffusion-controlled release carrier. The stabilizer is thus a barrier between the NM and the matrix where it is immersed. 
Previously, the stabilizers used were low-molecular organic compounds such as carbonic acids, alcohols, and amides, and 
natural polymers like gelatin, gum Arabic, agar-agar, starch, and cellulose [1]. Currently, synthetic polymers are more  frequently 
employed [2]. Charged polymers are more commonly used since the stabilization they provide is quite effective and yields 
relatively stable core–shell entities that work well for their designed purpose. Due to their chemical stability, the commonest 
acid groups used in stabilizers are sulfonic (–SO

3
−) (polystyrene sulfonate (PSS)), carboxylic (–COOH) (like polyacrilic acid 

(PAA)), and numerous combinations and variations such as block copolymers, and cross-linked configurations. Uncharged 
 stabilizers are less used and less relevant for our analysis since they tend to bind metal ions poorly or not at all. These include 
polymers like polyvinil pirrolidone (PVP) and polyethylene glycol (PEG) that stabilize the particles mostly by steric effects. 
The possible effects of stabilizers on the behavior of NMs showed that complex interactions are possible between several 
 different processes, affecting their physicochemical properties and consequently their fate. However, most of these interactions 
have not yet been examined systematically.

It is vital to predict and validate the different forms of occurrence of nanoscale materials in the environmental compartments, 
given that it is most likely that these forms have different mobility, bioavailability, and, consequently, different toxicological 
effects. The rigorous quantification of the dynamic contribution of various possible NM-containing species is extremely 
necessary to accomplish this aim. In this chapter, several key questions that underlie the effort to understand how NMs behave 
in natural systems and how they may impact the environment will be addressed: (i) How do the NMs’ properties and their 
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nanoscale features affect their behavior and interactions with other environmentally relevant parameters? (ii) What transfor-
mations are likely to occur in natural systems? (iii) How do the transformations affect the NMs’ properties, behaviors, and 
bioavailability? These questions will be addressed by discussing two interdependent essential issues: physicochemical trans-
formations of the NMs and their possible interactions when dispersed on a matrix. The discussion of the environmental fate of 
a NM, which will determine the NM species to which ecosystems and the general population will be exposed to, will ulti-
mately facilitate ecotoxicologists in their choice of appropriated toxicological experiments (including the organisms and the 
exposure route).

The discussion presented in this chapter will be focused on metal-containing NMs for two main reasons: (1) for comparison 
with the well-established methodology existing for toxicological experiments with metal ions, and (2) for changes needed in 
the methodology as the metal-containing NMs are toxic per se and simultaneously a source of metal ions. Carbon-based NMs 
will not be addressed since the quantification methodologies for these NMs are still limited and much less sensitive when 
 compared to those available for metal-containing NMs.

32.2 fate of nms In solUtIon

32.2.1 physicochemical transformations

The reliable detection, quantification, and characterization of NMs is of crucial importance for the exposure and risk assessment, 
which in turn provides a justifiable and robust regulatory framework that will allow the continued innovation and development 
of the nanotechnology industry. State-of-the-art analytical techniques and complementary analytical methodologies for the 
characterization of NMs are under development [3]. An additional set of challenges emerges when the objective is to quantify 
and characterize NMs in complex matrices, including natural waters, soils, sediments, and biological tissues because of the 
environmentally and biologically relevant concentrations involved. This is an area of intensive research where the development 
of new and/or more robust and sensitive techniques and methodologies is urgently necessary.

Properties such as composition, shape, and structure vary greatly according to the type of NM and are also expected to vary 
along the NM’s life cycle. These properties are expected to directly determine the NM’s environmental fate and transformations 
that occur during the NM’s life cycle. Other factors affecting the stability of an NM include matrix effects, changes in pH or 
ionic strength, impurities effects, degradation of coatings, and functionalization. Representative chemical and physical trans-
formations of metal-containing NMs include (Fig. 32.1) (i) dissolution, (ii) homoaggregation, and (iii) heteroaggregation.
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fIgUre 32.1 Representative chemical and physical transformations of metal-containing NMs: (a) photodegradation of coatings that can 
lead to aggregation, and oxidation, thiol ligands and other ligands that can promote dissolution, (b) homoaggregation, (c) adsorption of bio-
macromolecules (BM) that can affect the aggregation, (d) adsorption of NOM that can displace smaller ligands and promote stabilization or 
flocculation, or that can lead to poorly characterized heterogeneous mixed polymer–NOM layers.
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32.2.1.1 Dissolution A large number of NMs may be composed of or can contain constituents that can undergo chemical 
phenomena such as reduction and/or oxidation in aquatic environments resulting in their dissolution. The dissolution process 
of an NM is of great importance since it strongly affects the stability of the NM and, therefore, directly influences its long-term 
use in all solution-based applications. An understanding of the NM’s dissolution mechanism will lead to a much more rational 
safer-to-design efficient synthesis route for high-quality and safer NMs. Despite the importance of a NM’s dissolution, very 
little is known about its underlying mechanism and reaction pathways under environmentally relevant conditions.

In Ag NMs, the oxidation of Ag0 to AgI results in the NMs’ dissolution and subsequent release of bactericidal Ag+ [4]. Sulfur 
and selenium, major components of quantum dots (QD), can also undergo oxidation resulting in the release of soluble toxic 
metal ions such as Cd or Pb [5]. Moreover, the use of stabilizers that have a binding capacity through metal ions can also pro-
mote the dissolution of these photoluminescent particles [6]. Photoreactions can be very important transformation processes 
because they can affect the NM’s coatings, oxidation state, generation of reactive oxygen species (ROS), and persistence. NMs 
such as TiO

2
 and ZnO are innately photoactive, potentially producing ROS when exposed to sunlight [7], and promoting disso-

lution mainly in the case where NMs contain ZnO particles. NMs that constitute Ag, Zn, and Cu are mainly affected by disso-
lution and sulfidation because they form partially soluble metal oxides and they have a strong affinity for inorganic and organic 
sulfide ligands. The dissolution of these NMs results in the release of toxic cations [8] such that their persistence is reduced but 
their toxicity is increased. Evidently, complete dissolution of metal-containing NMs allows the prediction of their impact using 
existing models for metal ion speciation and their effects.

The quantification of the dissolved ions from a NM dispersed in an environmental compartment is a complicated issue 
because the dissolution process is most often not in equilibrium. The real-time kinetic measurement of the dissolution process 
limits the storage of whole unfractionated samples for subsequent ion analysis using appropriate analytical techniques, because 
the dissolution rate may be fast or not attain the equilibrium during the experimental time.

32.2.1.2 Aggregation Once in the environment, NMs will interact with naturally occurring bio- or geomacromolecules, 
including proteins, polysaccharides, and natural organic matter (NOM), which will significantly affect their surface chemistry. 
Homo- and heteroaggregation are dynamic processes that can lead to a decrease in the available surface area of the materials, 
thereby decreasing their reactivity. However, this decrease is dependent on the particle number, size distribution, and the fractal 
dimensions of the aggregate [9].

The diffusion of the particles in dispersion is driven by the Brownian motion, where the temperature and particle number 
concentration determine the particle–particle collision frequency. The particles affect each other by attractive and repulsive 
forces such as Borne repulsion, diffuse double-layer potential, and van der Waals attraction that act on different length scales. 
The extended Derjaguin–landau–Verwey–Overbeek (DlVO) theory [10] weights the attractive and repulsive forces acting on 
two closely adjacent particles. However, this theory is only applicable if there is no interference with these diffusive or attractive 
forces, including the effects of particle shape, charge heterogeneity, and surface roughness that may influence the collision 
efficiency [11]. The addition of salt ions to the medium results in an important effect on the homoaggregation of particles: some 
of the salt ions will accumulate in the electrostatic diffuse double layer (which consists of a layer of charge at the surface of a 
particle and the electric field generated by the charged surface), screening some of the surface charge of the particles. The result 
is a decrease in the electrostatic diffuse double layer and, consequently, a decrease in the repulsion forces and an increase in the 
aggregation between the particles. Multiple charged cations and anions such as Ca2+ and PO

4
3− may also promote the aggregation 

of NMs [12]. The presence of highly negatively charged natural colloids in natural environmental systems is also known to have 
a key effect on the aggregation of positively charged NMs. The effect exerted depends on the concentration of the NOM: a low 
concentration of NOM may lead to a reduction in the surface charge of the particles, an intermediate NOM concentration to a 
net neutral surface charge, while elevated concentrations can provide the particles with a net negative surface charge by charge 
reversal, stabilizing the colloidal dispersion. However, the outcome of such colloidal dispersions composed by NOM and NMs 
is not easily predicted, and needs to be analyzed experimentally by performing acid–base titrations and electrophoretic mobility 
measurements. In fact, it is known that NOM may provide both charge and steric stabilization [13] of the NMs, although they 
may also result in bridging flocculation [12]. Steric stabilization can occur even at higher levels of ionic strength [13a], where 
the DlVO theory would predict strong aggregation. For NMs stabilized with higher-molecular-weight (MW) polymeric coat-
ings, mixed polymer–NOM layers may form on NMs, but depending on the nature of the coating polymer, interactions with 
NOM may be minimal [14]. NOM effects are complex and difficult to predict; however, it is extremely important to explore 
these interactions since NOM concentrations are typically orders of magnitude higher in concentration than NMs, and so are 
likely to substantially modify their properties and behaviors.

As for the quantification of the dissolution process of a NM, the determination of the aggregate sizes in an environmental 
compartment may also require real-time kinetic measurements, because the aggregation rate can be fast or the aggregate’s size 
distribution may not reach equilibrium within the experimental time window. The size of a NM will affect its bioavailability 
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to organisms: when aggregates or heteroaggregates become too large for direct transport across the cell wall and/or membrane, 
uptake may be prevented.

32.2.1.3 Experimental Techniques Nanoparticulate systems are not uniquely composed by single discrete molecular 
species, resulting in the appearance of specific artifacts that must mandatorily be taken into account. Consequently, the 
identification and quantification of these systems need rigorous requirements relying on numerous analytical techniques and/or 
methodologies in order to validate the obtained results [15]. Furthermore, appropriate traceable standards, quality control pro-
cedures, and, when available, standard reference materials must be used in order to validate the analytical techniques and/or 
methodologies. Unfortunately, very few standard reference materials are available for NM analysis, and currently no standard 
that consists of complex matrices with certified concentrations of NMs is available. This is in fact an area of great research but 
remains a major challenge due to the inherent reactivity and instability of the NMs.

The quantification of the dissolution of NMs is not trivial. Besides the difficulties in adapting the existing analytical tech-
niques and/or methodologies, another important factor in the assessment of NM dissolution is the separation of particles from 
the dissolved components. The flawed separation of the particles from the dissolved components results in over/underquantifi-
cation of the particles’ dissolution. (Ultra)filtration [16], dialysis [17], or (ultra)centrifugation [18] methods are usually used to 
separate the particles from the dissolved species. Dialysis and (ultra)filtration methods are membrane separation methods based 
on physical separation that are dependent on the size of the membrane pores, and differ only in the driving force, which for 
(ultra)filtration is the applied pressure and for dialysis the concentration gradient. A drawback is the size of the filters currently 
available; the lowest are 20 nm pore size filters. The use of the combination of centrifugation and filtration (centrifugal ultrafil-
tration) has been recently seen as an effective way to overcome this problem due to the low pore sizes of the membranes avail-
able (cutoff value down to 3 kDa). Once the separation of particles from the dissolved components is ensured, a range of 
analytical techniques can be applied to quantify the dissolution (inductively coupled plasma mass spectrometry (ICP-MS); 
inductively coupled plasma atomic emission spectroscopy (ICP-AES), atomic absorption spectrometry (AAS), voltammetric 
techniques). The choice of the analytical technique is based on the sensitivity and detection limit intended. The operation of the 
ICP-MS instrument in the single-particle mode (SP-ICP-MS) [19] allows the quantification of the dissolved fraction, but with 
the advantage of not requiring a separation process between particulates and dissolved species (discussed later). The optimal 
recovery of the dissolved fraction is the main challenge for the effective separation of particles and dissolved species. This is a 
still more critical challenge when stabilizers are used or when the adsorption of ligands/colloids in NMs occurs that have a 
binding capacity through the dissolved species (discussed in the following section).

Many different state-of-the-art analytical techniques are available for size measurements including microscopy techniques, 
dynamic light scattering (DlS), fluorescence correlation spectroscopy (FCS), nanoparticle tracking analysis (NTA), SP-ICP-MS, 
and separation-based techniques such as field flow fractionation (FFF) or hydrodynamic chromatography (HDC). Each tech-
nique has its strengths and weaknesses and results can vary greatly according to the technique selected, the way it is used, and 
the types of particles studied [15].

Microscopy techniques such as transmission electron microscopy (TEM) [20] and atomic force microscopy (AFM) [21] can 
achieve sufficient spatial resolution, allowing the distinction of even the smallest single particles (1 nm resolution, which in AFM 
is limited to the z dimension). For a large number of observations, TEM provides a number average diameter, and when coupled 
with energy-dispersive spectrometry (EDSp) and electron diffraction, it can additionally provide information on the elemental 
composition and crystal phase, respectively. For particles that are of similarly size or smaller than the radius of curvature of the 
AFM tip, the measurement of the lateral distances is usually biased, and, therefore, the height measurements are considered to 
be more accurate. The height quantifications will correspond to number average diameters when spherical particles are mea-
sured. Both microscopy techniques can provide reasonably accurate number average dimensions that have little experimental 
bias when the sample preparation is free from artifacts, which can be a major challenge when nanoparticulate systems are studied 
[15]. However, these techniques often suffer from tedious sample preparation, and low sample numbers coupled with high capital 
and operating costs, especially when attempting to obtain quantitative data for a representative sample.

In DlS [22], one of the most used techniques for NM characterization, the light from a coherent source is scattered when it 
is directed at the particle suspension. The scattering fluctuates with time due to the random Brownian motion of the particles, 
allowing the determination of a z-averaged translational diffusion coefficient (D) from the autocorrelation of the Doppler shifts. 
DlS has the advantage of being a nondestructive technique with a minimum of sample processing. An important drawback is 
its strong dependence on the Rayleigh scattering on the particle radius (sixth power dependency). Consequently, the presence 
of aggregates or even contaminating particles such as dust can mask the NPs’ signal. The increase in particle scattering by 
increasing their concentration, most often beyond those found in the environment [23], does not result in an advantage since the 
consequence is often greater particle aggregation. However, DlS can be very useful in following the kinetics of NM aggregation 
since it measures the gradual evolution of the z-average hydrodynamic diameter with time.
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FCS [24] can be used to measure the D of fluorescent macromolecules or particles under a wide range of solution conditions, 
including low concentrations (≈ 0.5 mg l−1). In this technique, a laser light is focused into the sample of interest using confocal 
optics, creating an illuminated confocal volume with approximately 0.5–1.0 µm3. Temporal fluctuations in the measured 
 fluorescence intensity are used to derive an autocorrelation curve, which, in the absence of other processes that affect sample 
fluorescence (e.g., chemical reactions), is related to the translational diffusion of the fluorescent molecule or particle. The 
advantage of this technique is that it works at or near single-molecule detection, providing a number average D for singly 
labeled particles or a weight average D for conditions in which several fluorescent labels are bound to each particle. Two impor-
tant limitations of FCS are that the particles must be fluorescent, which can be achieved by using labeling techniques [25], and 
the upper size limit of the aggregates is restricted by the size of the confocal volume (~1 µm3).

NTA [15, 26], based on a laser-illuminated microscopical technique, also relies, like DlS, on the scattering generated from 
particles undergoing Brownian motion. However, the Brownian motion of the particles is analyzed in real time by a charged 
coupled device (CCD) camera, and the mean squared distances that are traveled by each particle in two dimensions are simul-
taneously visualized and tracked by a particle-tracking image analysis program, in order to determine the number-based D. 
Since the scattering of small particles varies significantly with particle radius, larger particles can mask the signal of the 
smaller ones.

SP-ICP-MS [19, 27] requires an adequate time resolution and low particle number concentrations in order to ensure that each 
pulse corresponds to one particle only. Thousands of individual intensity readings are acquired, each with a very short dwell 
time (~10 ms), as a function of time, where the pulses above the background represent the measurement of an individual particle. 
The number of counts of the pulse is related to the number of analyte atoms in the particle, and the frequency of the pulses is 
proportional to the number concentration of particles. This technique requires little sample preparation and uncomplicated addi-
tional method development for a given matrix and/or analyte. Moreover, beside the determination of the particle concentration 
and size (as low as 20 nm), it also allows the quantification of dissolved metal concentrations (on the ng l−1 range). However, 
this technique is highly dependent on the signal-to-noise ratio of the ICP-MS in use, which may significantly hinder analysis of 
smaller-sized NPs.

FFF [28] is a chromatography-like elution technique based on the physical interactions of the sample with a field applied at 
right angles to a thin, open channel. This field allows the separation of particles based on their D. The separation occurs because 
the flow through the channel is laminar with a parabolic cross-sectional velocity profile. Mass-based D values are determined 
when the FFF is coupled with an absorbance detector. This is a promising technique when combined with a more sensitive 
element-specific detector such as ICP-MS.

In HDC [29], particle separation is solely based on particle size independently of particle type and density. It can separate 
particles in the size range from 5 to 100 nm, but can go well above this limit, depending on the size column used. The column 
is packed with nonporous beads building up flow channels or capillaries, resulting in the separation of particles by flow velocity 
and the velocity gradient across the particle. In the narrow conduits, the larger particles cannot fully access slow-flow regions, 
resulting in faster elution of these larger particles from the column, and higher retention times for smaller particles. HDC is 
sufficiently robust to require no sample pretreatment, even for samples as complex as lake water and sewage sludge supernatant 
[29]. When coupled with ICP-MS it allows the simultaneous analysis of most of the commonly used NMs in a single run, hav-
ing the great advantage over FFF of a fast sample analysis time, which is less than 10 min per sample. A drawback is the 
quantitative aspect, which is still to be fully addressed, as quantitative ionic standards are not suitable for use in HDC columns. 
On-column and post-column calibration using a range of standards with different sizes and concentrations for the NM of 
interest could be used in order to surpass this limitation, but no such standards are still available for NMs.

In addition to size and size distribution, surface chemistry and functionalization should also be taken into account when 
 considering the transport of NMs. An overview of the numerous spectroscopic techniques available for characterizing the 
 surfaces of particles has been provided by Handy et al. [30].

Once NMs are released, their environmental fate determines how they will be biogeochemically processed, or weathered, 
and which receptors will be exposed (organisms and exposure route). These transformations add up on other modifications of 
the NMs that take place during their life cycle in an NM-enabled product, ultimately generating the NM form to which ecosys-
tems and the general population will be exposed to. Despite the critical impact that such transformations may have on the 
chemical and biological activity of NMs, the knowledge available is scarce.

32.2.2 matrix Interactions

When considering the release of a stabilized NM into the environment, two key aspects must be analyzed: (1) the input of metal 
ions into the matrix by dissolution of the NM, and (2) the interaction of the stabilizer soft shell with the released metal ions, as 
well as with other metal ions and/or other macromolecules present in the matrix. To achieve this aim, it is not only necessary to 
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understand how the different metal ion species in a solution behave but also to quantify them. Thus, the theory of metal binding 
in colloidal systems and the available instrumental techniques capable of quantifying the speciation will be reviewed.

32.2.2.1 Understanding Trace Metal Ion Speciation in Colloidal Dispersions Understanding dynamic speciation requires 
not only the knowledge of metal-binding equilibrium parameters but also the diffusion and/or kinetic fluxes of the various metal 
species in a solution, both depending on the timescale considered. lability is a concept used to define the input of metal species 
into an overall flux toward a consuming interface constructed upon the magnitudes of the diffusive mass transport and metal 
complex dissociation fluxes [31]. Two limiting cases apply: (1) complex species do not have the time to dissociate/associate in 
the diffusion layer and will not contribute to the total flux (static system, inert complexes); and (2) the rates of metal complex 
association/dissociation are high enough so that the kinetic flux arising from the dissociation of the complex in the diffusion 
layer is greater than the diffusion-limited flux (dynamic system). For a static system, only the free metal contributes to the 
overall flux, while for a dynamic system, two situations are possible: (1) the kinetic flux is much larger than the diffusive one 
so that the free metal ion will be in equilibrium with its complex forms all along the diffusion layer, and all the metal present 
will contribute (labile complexes); and (2) the kinetic and diffusive fluxes are of the same order of magnitude, thus the free 
metal and part of the bound metal will contribute to the overall flux (nonlabile complexes).

Besides the kinetic rate parameter, the D of the complex species in the diffusion layer also affects the flux in dynamic 
 systems. The presence of NMs or macromolecular ligands such as humic matter slows down the flux of dynamic metal ions due 
to lower D of those ligands, resulting in a significant impact on the metal availability toward the consuming interface. For labile 
complexes, a mean D, taking into account all the diffusing species, should be considered [32].

These are the essential features of dynamic trace metal speciation, and understanding them is important in order to under-
stand why the biouptake equilibrium models (like the free ion activity model (FIAM) [33] and the biotic ligand model (BlM) 
[34]) might fail to describe the metal toxicity [35]. Nevertheless, we will focus mostly on the equilibrium situation for the sake 
of simplicity. More information on the dynamic aspects of trace metal speciation can be found by Mota et al. [36].

The equilibrium-binding modeling in charged colloidal systems needs to consider two contributions: (1) the electrostatic 
binding due to the charges and (2) the chemical intrinsic binding due to the specific interactions between the metal ions and the 
binding groups in the colloidal particle. The electrostatic contribution is usually described using a Boltzmann equation or more 
commonly in colloidal or biocolloidal systems using Donnan potentials [37]. For example, Donnan potentials have been used to 
model the binding of metal ions to the cell walls of bacteria [38] and metal ion interaction with different types of biomass in bio-
sorption studies [39]. For colloidal and/or particulate systems, it is common that more than one chemical ligand is present in the 
system (chemical heterogeneity). In this case, a discrete-site model with a large number of binding sites (e.g., Windermere Humic 
Aqueous Model computer code (WHAMC) [40] or a continuous model described by a continuous probability distribution of binding 
energies such as the nonideal competitive adsorption ((NICA)–Donnan [41]) model is better at modeling the metal binding.

32.2.2.2 The Interaction of Metal Ions with the Stabilizing Soft Shell Layer The charged polymer layer that stabi-
lizes the NM is effectively a soft shell that possesses a different physicochemical environment compared to the bulk, 
namely, an overall negative potential. Depending on the polymer’s nature and cross-linking, this layer can behave more 
like a gel or even a polymer brush; either way, it will react strongly to ionic strength changes by shrinking or swelling. 
Cations can be bound by this layer by electrostatic interactions or even covalent binding, depending on the nature of the 
charged group and the metal in question. The ratio between bound and total metal in the stabilizing layer and bulk phase 
will depend on the respective layer and matrix composition, especially the amount of metal-binding ligands present. 
Nonetheless, the free metal ion concentration will be larger in the soft shell layer than in the bulk. This effect is well 
known in gels where the enrichment in free metal ion concentration in the gel regarding the bulk solution is given by a 
Boltzmann equation of the following type:
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where Mz+ is a metal ion with charge z, ψ
D
 is the Donnan potential resulting from the fixed charged groups in the gel phase, F is 

the Faraday constant, R is the gas constant, and T is the absolute temperature. Since the potential in the gel is directly related 
with the ionic strength in the solution, this effect is correspondingly larger for lower ionic strengths and negligible at high ionic 
strengths. Due to the ion charge dependence, this effect is significantly larger for divalent and trivalent ions than for monovalent 
ones. As an example, Davis et al. [42] reported an increase of free cadmium of 3.2× and 5.8× in 0.2 and 0.5% acrylamide gels 
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for an ionic strength of 1.0 mM, but only an increase of 1.5× and 2.2× for an ionic strength of 5.0 mM, respectively, and barely 
no increase within the experimental error for an ionic strength of 10 mM. Acrylamide gels are a good example of a modestly 
charged gel with no significant intrinsic chemical binding. The same authors [43] also used alginate gels and found an increase 
of free cadmium in the gel (3×) at an ionic strength of 10 mM, but, in contrast to acrylamide gels, the total level of free cadmium 
was enhanced by a factor of approximately 60, resulting predominantly from the specific binding of the cadmium by the uronic 
acids of the alginate gel. Alginate gels are not only more charged than acrylamide gels but also have a significant ability to 
chemically bind cadmium, thus further enriching the gel phase in cadmium ions. These examples illustrate not only the tremen-
dous potential that the polymer layer may have to bind metal ions but also their variability depending on their respective charge 
densities and the presence or absence of specific binding sites for the metal ions.

32.2.2.3 Self-Interaction An interesting and often neglected aspect of the NM’s fate and toxicity evaluation is that one of 
the prime binding ligands for the dissolved metal ions from the NM is very probably the charged polymer in the stabilizing 
layer. For a medium with low ionic strength and relatively high pH (higher than the pK

a
 of the acid groups of the shell), a rea-

sonably charged soft shell will have a major impact on the stability of the particle. In this situation, the free metal ion 
concentration in the soft shell layer will be much larger than in the bulk, and, consequently, the NM metal core will be much 
less likely to dissolve, since it will be in the vicinity of a much higher free metal concentration, closer to the saturation value. 
This is a feature that is commonly used by manufacturers to effectively prevent their NMs from dissolving. Evidently, when 
exposed to changes in the bulk, especially increases of ionic strength and lowest pH environments, the potential in the layer 
might change significantly and the NMs will dissolve, becoming a source of metal ions to the bulk.

32.2.2.4 Stabilizer–Matrix Interactions A stabilized NM is likely to suffer slower physical changes than a nonstabilized 
NM, thus being available to interact with the components of the matrix. This leads to another often ignored aspect related to a 
NM’s ability to bind the metal ions previously present in the matrix, thus changing their speciation [6, 44]. The ability of the 
core–shell NMs to interact with other matrix components, like humic and fulvic acid fractions [45], the rich variety of particulate 
matter (among those several positively charged metal oxide particles), and living organisms (bacterial cell walls, algae mem-
branes, phytoplankton shells, etc.), is also well documented. On the face of it, it is important to remember that in toxicological 
experiments, upon introducing the NM into the exposure media, the trace metal speciation and possibly the speciation of other 
components of the matrix will change. Therefore, in order to understand the biouptake of toxic species, we first must understand 
the nature of the changes yielded by NM–matrix interactions.

32.2.2.5 Speciation Techniques The trace metal speciation techniques of interest can be separated in two groups: equilibrium 
and dynamic techniques. Equilibrium techniques usually report the free metal ion concentration, while dynamic techniques 
report the free metal ion plus the labile fraction of the complexed metal.

Although we will not describe it, we would like to mention the competitive ligand exchange adsorptive cathodic stripping 
voltammetry (ClE-AdSV) [46]. The reason we do not a priori recommend this technique is the need to add a competitive ligand 
to the solution, which is not desirable in many toxicological experiments.

32.2.2.5.1 Free Metal Ion Determination Among the techniques that are able to determine the free metal ion concentration, 
the most useful are the potentiometry with ion-selective electrodes (ISEs), the Donnan membrane technique (DMT), and the 
absence of gradients and Nernstian equilibrium stripping technique (AGNES).

Potentiometry using ISEs is a well-established and known technique, and is probably the ideal method for free metal ion deter-
mination since the electrodes are easy to operate, and directly measure the free metal ion without disturbing the equilibrium or 
the sample composition [47]. The drawback is that the ISEs’ use is restricted to the quantification of proton and those elements 
present in total concentrations above 10−6 mol l−1 due to the solubilization and contamination/adsorption of the electrode mem-
brane [48]. Although in the last decade the development of potentiometric sensors using polymeric membranes has increased the 
ISEs’ detection limit [49], their operation is still difficult and most are not commercially available. When the ISE is placed in a 
solution containing the ion, a potential (E) is established between the membrane interface and the solution. This E is measured 
against a reference electrode, and its magnitude is proportionally dependent on the free metal ion concentration in the bulk, cM

* :

 
E k
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n
c= + log *

M  (32.2)

where S/n represents the slope (theoretically 2.303RT/F) and k is a constant dependent on electrode construction.
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The DMT is a speciation technique based on the transport of the metal ions from the sample solution, through a negatively 
charged semipermeable cation exchange membrane, to an acceptor solution with the same ionic strength as the sample solution. 
This technique was first proposed by lampert [50] but gained wider acceptance only since its development by Temminghoff 
et al. [51]. The membrane is initially in equilibrium with the chosen salt solution on the acceptor side. When the sample solution 
is added, the cations will permeate the membrane until they attain equilibrium, whereas the rate of transport of anionic species 
is impeded by the negative charge of the membrane. If the salt concentrations of the donor and acceptor solutions are equal, they 
will result in equal concentrations of the free metal ions on both sides of the membrane, reaching what is called Donnan 
equilibrium. If the free ion concentrations are equal, then a simple measurement of the total metal in the acceptor will yield the 
free metal ion concentration in the sample. This technique has the advantage of being able to perform simultaneous measure-
ments of several elements; nevertheless, the equilibration time is very long (often 24 or 48 h), and the common membranes used 
are calcium-based. This implies that the background electrolyte will necessarily have calcium ions, with the disadvantage of 
modification of the ionic strength of the sample solution and the introduction of a significant amount of a divalent cation that 
competes with our metal ions of interest for the binding ligands present in the solution. DMT is probably the best technique to 
determine free metal ions in a solution as long as the system under study already has a medium to large concentration of calcium 
and is stable over longer time windows.

AGNES is an electrochemical stripping technique designed to quantify low free metal ion concentrations (in particular 
conditions, as low as 10−10 mol l−1). This is a two-step technique: a deposition step where the metal ion is amalgamated in the 
working electrode and a stripping step where the concentration of amalgamated metal is quantified. The essential concept in 
this particular technique is that during the deposition step, the amalgamation of the metal in the working electrode is allowed 
to proceed up until the equilibrium value between oxidized and reduced forms on both sides of the interface, which is set by the 
applied potential and Nernst equation. When this equilibrium state is reached, there will be no concentration gradients, either 
in solution or in the amalgam. The constant ratio is maintained between the concentrations of the electroactive couple due to 
the Nernstian equilibrium (determined by the applied potential E

1
) and is given by [52]
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where Y is the concentration gain (or preconcentration factor), c
M0

*  is the metal concentration inside the mercury electrode, and 
E0′  stands for the standard formal potential of the redox couple of the metal. The stripping signal is the characteristic measured 
signal that depends on the electrochemical technique used in the stripping mode, and can be, for instance, the charge in a 
 stripping chronopotenciometry measurement [53]. One clear advantage of AGNES is its simple Nernstian response, similar to 
an ISE. Effectively, the amalgamated metal is linearly related with the free metal ion concentration [52] with a proportionality 
factor h (which can be obtained from the calibration), since, according to the following equation, c

M0

*  is YcM
* :

 Stripping signal M_ *= hc  (32.4)

Although AGNES has very good selectivity and low detection limit, two main disadvantages need to be point out: (1) the 
limitation to metal ions that can amalgamate reversibly on the working electrode, usually a mercury electrode (cadmium, lead, 
zinc, indium, thalium, bismuth, tin, and antimony, although the last one has very low solubility in mercury); and (2) the time 
involved in the preconcentration step to reach equilibrium (minutes to hours), which increases with the decrease of bulk 
concentration.

32.2.2.5.2 Dynamic Speciation Techniques Although in this chapter we focus on the free metal ion concentration, it is 
worthwhile remembering that the physicochemical systems under study are seldom at equilibrium. Therefore, it is interesting 
to briefly mention the main trace metal dynamic speciation techniques used: (i) stripping electrochemical techniques, among 
which anodic stripping voltammetry (ASV) and scanned stripping chronopotentiometry (SSCP) are the most commonly used, 
and (ii) diffusive gradients in thin films (DGT). The interpretation of the DGT signal for an NM system is quite complicated 
and is currently under revision, so it will not be detailed here [54].

Among the electrochemical techniques, SSCP has many significant advantages over ASV, and, therefore, we will focus on 
it. SSCP curves are constructed from a series of individual measurements made over an interval of deposition potentials, E

d
, 

covering the situations where no metal is reduced at the electrode, passing through the Nernstian regime to the region were all 
the metal reaching the electrode is reduced (diffusion-limited situation). Each individual measurement consists of a two-step 
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process involving (1) the deposition (accumulation) step, where metal ions are reduced at the chosen E
d
 for a fixed period of 

time, followed by (2) the stripping step, where the accumulated metal is reoxidized through the application of a low constant 
oxidizing current (stripping current, I

s
). The analytical signal is the electrolysis time, τ (transition time), and therefore an SSCP 

curve is a representation of τ over E
d
, where the analytical signal τ always reflects the magnitude of the original deposition flux, 

irrespective of its nature (i.e., diffusion controlled or kinetically controlled). The thermodynamic complex stability constant can 
be calculated from the shift in the half-wave deposition potential, ΔE

d,1/2
 (analogous to the DeFord–Hume expression), irrespective 

of the degree of lability of the system [55]:
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where τM L+
*  and τM

*  are the limiting wave heights in the presence and absence of ligands, respectively, n is the number of 
 electrons involved in the faradaic process, and K′ is the conditional equilibrium parameter in conditions of excess ligand 
(=Kc

l,t
 = c

Ml
/c

M
).

SSCP is especially advantageous when using a thin mercury film electrode (TMFE) since the rapid metal transport inside 
the thin film during the stripping step implies that the measurements are always performed under conditions of complete 
 depletion. This allows the use of much higher stripping currents with the great advantage of the oxygen not having the time to 
chemically oxidize the amalgamated metal [56]. The comparison of the stability constants obtained from the two SSCP signals 
(the shift of the half-wave deposition potential and the decrease of transition time) provides information about the dynamic 
nature of the metal complexes formed with the ligands present, in reasonable agreement with the predictions from the dynamic 
theory for colloidal systems [55, 57].

The simultaneous use of AGNES and SSCP to study metal binding with heterogeneous ligands results in a great advantage 
as they provide complementary data [6, 58].

32.2.2.6 Bioavailability and Toxicity of NMs Metal speciation is a crucial feature for the comprehension of the transport, 
bioavailability, and toxicity of metal ions. FIAM and BlM, based on the concept that the formation of any complex in solution 
will reduce trace metal uptake, successfully describe more than 90% of the metal ion bioavailability studied cases. Exceptions 
to these models can be explained taking into account the dynamic aspects of interconversion of species and the possibility of 
some inert complexes to be transported directly through the biological cell membrane (Fig. 32.2).

Bioavailability of metal-containing NMs differs from the free metal ion case in three aspects: (1) NMs may induce cell wall 
and cell membrane damage; (2) NMs can be internalized; and (3) NMs will provide a point source of metal ions when dissolving. 
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fIgUre 32.2 Schematic representation of the concentration profiles for the metal (M) and the metal–ligand species (Ml
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) as a function of 

distance from the organism/electrode surface. The figure illustrates the biological, chemical, and physical parameters that govern the biouptake/
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diffusion coefficient of M; D
Ml

, diffusion coefficient of the Ml
i
 species; μ, thickness of the reaction layer; and δ, thickness of the diffusion layer.



546 IMPlICATIONS OF THE USE OF NANOMATERIAlS FOR ENVIRONMENTAl PROTECTION

Exposure solutionTier 1.

• Dissolution

• Control

• NMs contaminated
  solution

• Metal (salt)
  contaminated
  solution

• Interaction NMs vs.
  Organism

• Internalization

• Specific
  toxicological effects

• (Dis)aggregation

• Free metal
  concentration

• Interaction with the
  matrix

Tier 2.

Tier 3.

Tier 4.

Speciation

Toxicological assays

Biological response
evaluation

fIgUre 32.3 Schematic outline of the underlying structure of an environmentally relevant toxicological experimental protocol for 
metal-containing NMs.

Regarding this last point, an often ignored aspect is that when an NM sticks to an organism interface, it starts dissolving, yielding 
a tremendously high local metal ion concentration. This is ascribed not only for cell walls or membranes but also for fish gills, 
mollusk filtration mechanisms, and digestive tubes. The potential damage of highly concentrated point sources cannot be 
neglected, especially when considering chronic effects on the organism’s health.

32.3 recommenDatIons/gUIDelInes

In this section, it is assumed that the metal-containing NMs and their uses are known, thus defining the environmental 
compartment where they are ultimately released. A proper literature survey should then be performed to choose the relevant test 
organism(s). The guidelines to be followed for an environmentally relevant toxicological experimental protocol for metal-
containing NMs are based on a four-tier approach (Fig. 32.3):

1. Exposure solution. The physicochemical conditions of the exposure solution should mimic as far as possible those of the 
environmental compartment. Care should be taken to avoid the starvation of the test organism. In the speciation and 
toxicological assays, the following parameters need to be either fixed or varied in a controlled way: temperature, pH, 
ionic strength, light, other metals, and organic ligands including NOM. In certain specific cases, other parameters might 
also be important, for example, dissolved oxygen.

2. Speciation. These studies should be used to define the experimental conditions for toxicological assays, whether for 
short-term (acute effects) or long-term (chronic effects) experiments. The most important parameter that needs to be 
defined is the NM concentration. The lowest NM concentration should always coincide with the detection limit of the 
available techniques since they are likely larger than their environmental concentration. The upper limit should be chosen 
by analogy to the metal ion concentrations used in studies of acute effects. To accomplish this aim, it is necessary to mon-
itor the following aspects in the exposure media during the relevant time period: (i) NM dissolution and (dis)aggregation, 
(ii) free metal concentration, and (iii) NM interaction with other components of the matrix.
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3. Toxicological assays. The speciation data will be used to select the most adequate test organism available for the envi-
ronmental compartment of interest; for example, in the case of NM sedimentation, the choice of the test organism will be 
limited to sediment dwellers. A typical toxicological assay includes a control and the  contaminated solution. In the case 
of metal-containing NMs, an additional control containing the same total metal concentration (added as a salt) is necessary. 
Care should be taken to ensure that the results are statistically significant.

4. Biological response evaluation. The achievement of this objective includes (i) visualization of the interaction between 
the NM and the organism (such as internalization and adsorption at the interface); (ii) quantification of the metal ion and, 
when possible, of the NM at the biological interface and internalized in the organism (or in the relevant parts of the 
organism), and (iii) comparison of the specific toxicological effects induced by the metal ions and the metal-containing 
NMs inferred from genomics and/or proteomics.

32.4 fUtUre Work anD pressIng problems

Once in natural systems, NMs will be undoubtedly subjected to a dynamic physical and chemical environment that will conse-
quently result in different and unknown end points and products that are far from their pristine or manufactured state. Unknown 
factors include (i) the NM form that will be present in commercial products; (ii) the potential for the material to be released into 
the environment; and (iii) the transformations of the material that may affect exposure. Another aspect is that the detection limit 
of the available analytical techniques for the quantification and characterization of NMs is still high as compared with their 
predicted levels in the environment.

Currently, the major pressing problem is our present level of understanding of the NMs’ fate and the consequent lack of mod-
eling tools available for prediction. A great deal of research effort will thus be required over the coming years to investigate the 
mobility of NMs through the environmental compartments in order to enhance our understanding of the underlying mechanisms 
and identify the key influencing factors. Further research regarding the environmental fate and how it may evolve with time 
under realistic environmental conditions will also be required in order to achieve more robust risk assessments of NMs.
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ConCluding RemaRks

The field of nanoscience and nanotechnology has developed increasingly during the past 20 years and nanomaterials have 
become very useful and effective in several distinct areas of environmental protection. For example, in water sector, 
nanomaterials, mainly in the forms of nanomembranes (organic polymers or inorganic ceramics), are utilized in waste water 
treatment (as commercialized products or in product development/testing stages). Nanofiltration is used for drinking water 
treatment, seawater desalination, and in food industry. Nanosorbents may be used for the remediation of toxic elements, such 
as arsenic. Nanoscale titanium dioxide is used as a catalyst in waste water treatment by photocatalysis; this results in the 
formation of reactive hydroxyl radicals, organic pollutants resistant to biological degradation. Among elemental metal or 
bimetallic nanomaterials, zero-valent iron nanoparticles (nZVI) (pure form or on activated carbon) are used for in situ 
groundwater remediation, mainly for the elimination of chlorine-containing volatile organic compounds. Nano-based coatings 
(nanosealers) are also used, in particular, in ceramic industry. In case of air sector, nanomaterials such as nanoscale noble metal 
catalysts are utilized in catalytic converters in the automobile industry. Nanomaterials, mostly in the nanofiber form, are 
frequently used in the filters for passenger cabin air and for dust removal in fabrics. Nanomaterials are used for eliminating CO

2
 

from power plant flue gases, which is also an important field of application.
As it is evident from the discussions made in the preceding chapters, the bulk of the activities are focused on water 

purification. Obviously, it is not necessary to again emphasize that clean water (i.e., water that is free of toxic chemicals 
and pathogens) is essential to human health. Clean water is also a critical feedstock in a variety of key industries including 
electronics, pharmaceuticals, and food. The world is facing formidable challenges in meeting rising demands of clean water 
as the available supplies of freshwater are decreasing due to (i) extended droughts, (ii) population growth, (iii) more 
stringent health-based regulations, and (iv) competing demands from a variety of users [1]. Nanosorbents, nanocatalysts 
and redox active nanoparticles, nanostructured and reactive membranes, bioactive nanoparticles, dendrimer-enhanced 
ultrafiltration, and other nanomaterials/nanoprocesses are attractive as separation media for water purification. On a mass 
basis, they have much large surface areas than bulk particles. Nanomaterials can also be functionalized with various 
chemical groups to increase their affinity toward a given compound. They can also serve as high capacity/selective and 
recyclable ligands/adsorbents for toxic metal ions and radionuclides, and organic and inorganic solutes/anions in aqueous 
solutions. Regarding nanomembranes, it is to be noted that since approximately 97% of water on Earth is salt water, 
desalination using engineered membranes containing nanoparticles has currently become an attractive option for the 
production of drinking water.

Rather than the use of metals, metal oxides, and metal complexes and their composites, the use of ZVI NPs, iron oxides, 
and other Fe-containing nanomaterials for remediation of both organic and inorganic pollutants from groundwater and 
contaminated soils has become a relatively significant topic in nanotechnology. Due to the relatively low toxic nature of 
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iron-containing nanoparticles, they can be applied in free and supported forms without any significant restrictions to obtain 
a considerable decontamination effect of the environment. Nevertheless, the evaluation of toxicity of the Fe-containing 
nanomaterials remains an object of permanent research and polemics. since real long-time effects of the presence of 
 iron-containing nanoparticles in rivers, groundwater, lakes, and oceans are still unknown, the idea [2] of introducing iron-
containing nanoparticles in a large scale into oceans, in order to stimulate the growth of phytoplankton and increase the 
adsorption of CO

2
, was further rejected. Carbon nanotubes (CNTs) offer tremendous opportunity and possibilities for 

addressing the problems related to water quality. They have high sorption capacity toward heavy metals and microorganisms, 
can inhibit cell activities, and are viewed as novel membrane materials that induce immense improvement in membrane-
separation processes. Titanium dioxide, another “heart” of nanotechnology, possesses highly photoreactive (001) surface, 
allowing redox reactions with adsorbed water molecules and hydroxide ions, leading to the formation of reactive species 
that can break down toxic compounds and kill bacteria in water. Also, its use allows removal of arsenic, chromium, uranium, 
mercury, and lead. Related combination, colloidal nanocarbon–metal nanocomposites with TiO

2
 as the metal oxide, can also 

serve as a nanophotocatalyst for the photodegradation of dichloro-diphenyl-trichloroethane, aldrin (C
12

H
8
Cl

6
), lindane 

(C
6
H

6
Cl

6
), and polychlorinated biphenyls. Ceramic materials with perovskite-type structure (NaTaO

3
, la:NaTaO

3
, and 

sm:NaTaO
3
), pyrochlore-type structure (sm

2
mTaO

7
 (m = Fe, In, ga), Bi

2
mTaO

7
 (m = Fe, In, ga)), and rectangular tunnel-

type structure (Na
2
Ti

6
O

13
) have proved to be efficient catalysts for the degradation of organic pollutants present in aqueous 

solution and for water conversion into hydrogen and oxygen. several metal complexes have also been utilized for 
environmental purposes.

Nanoscale adsorbents (nanoscale particles from organic or inorganic materials that have a high affinity to adsorb substances) 
are being intensively studied in respect to their environmental applications. Because of their high porosity, small size, and active 
surface, nano-adsorbents not only are capable of sequestering contaminants with varying molecular size, hydrophobicity, and 
speciation behavior but also they enable the manufacturing processes as raw materials are utilized efficiently without releasing 
their toxic payload. In particular, clay nanomaterials have been widely used for the removal of toxic metal ions from contaminated 
water, in which the toxic metal ions were adsorbed onto the clay nanomaterials via electrostatic interactions or intermolecular 
forces. Numerous other adsorbents, for example, activated carbon and other carbon nanomaterials, silica gel, zeolites, low-cost 
adsorbents from agro-industrial wastes, biosorbents, mineral-based adsorbents, and layered-double hydroxides, have been 
examined for their potential toward the removal (adsorption) of diverse type of aquatic pollutants as well as gas phase adsorption 
of environmental contaminants. Nanomembranes can be incorporated with various nanoparticles including TiO

2
, siO

2
, Al

2
O

3
, 

ZnO, Fe
2
O

3
, Fe, and Ag via different routes, including homogeneous dispersion and surface coating. Thus produced 

nanomembranes can serve for drinking water purposes.
Nanomaterials/nanoscale objects can be fabricated by a variety of techniques, from classic wet chemistry routes to 

sophisticated methods such as flame, laser, microwave, ultrasonic, radiation, CVD, sputtering methods, wire explosion, and arc 
discharge. However, much milder “greener” fabrication processes are available. Products from nature or those derived from 
natural products, such as extracts of various plants or parts of plants, tea, coffee, banana, simple amino acids, as well as wine, 
table sugar, and glucose, have been used as reductants and as capping agents during the synthesis. Polyphenols found in plant 
material often play a key role in these processes. The techniques involved are simple, environmentally friendly, and generally 
one-pot processes. Tea extracts with high polyphenol content act as both chelating/reducing and capping agents for nanoparticles. 
The majority of greener synthetic efforts reported thus far are dedicated to obtaining silver nanoparticles, perhaps due to their 
ease of preparation, importance in disinfection science, and utility in several applications. several other metals (Au, Fe, Pt, Pd, 
Cu), their alloys, oxides, and salts have also been obtained by “greener” methods. Bacteria and fungi can also lead to similar 
products.

In addition to the uses noted, nanomaterials are also used for the synthesis of nanosensors, which can serve for neutron detec-
tion, for hydrogen storage purposes, fuel cells, drug delivery, cosmetics, and clothes. At the same time, although for decades 
research has focused on most of the nanomaterials, it is very likely that the long-term effects have been overlooked or even the 
data presently available on their potential toxicity are not adequate to reach a conclusion. Therefore, the development of eco-
toxicology (a multidisciplinary field of study that aims to evaluate and predict the impact of toxic chemicals on biological 
organisms) in relation to nanosystems is extremely important to evaluate the potential risks and effects of nanomaterials on 
environment and human health. In this respect, some technologically important nanomaterials (Ag, Au, Fe, Cds, Cdse, CdTe, 
Znse, TiO

2
, Fe

2
O

3
, Fe

3
O

4
, CeO

2
, siO

2
, ZnO, CuO, sWCNT, mWCNT, fullerenes, graphene, as well as several nanocomposites) 

are discussed in this book, concluding that before large-scale production and application for commercial and medical purposes, 
nanomaterials should be evaluated for their long-term risk.

In conclusion, we could state that the use of nanomaterials/nanocomposites/nanoparticles for the protection of the environ-
ment is primarily at the research and development level, especially when air and soil protection is considered. In case of water 
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sector, there has been a significant progress and several processes are more frequently applied, but they are not competing 
enough with the existing and classic well-established technologies.

The Editors
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