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Preface

Hydrogen has the potential to provide a clean and affordable energy supply that
minimizes the dependence on oil, thereby enhancing the global economy and
reducing environmental pollution. When used with traditional catalyst technology,
onboard hydrogen production using hydrocarbons as starting materials is limited by
the heavy weight of the device, a relatively long transient time and fouling, which
increases the complexity of the onboard vehicle system. In situ hydrogen produc-
tion from liquid feedstock using plasma or plasma—catalytic technology is an
attractive alternative. In this book, hydrogen production from renewable resources
such as ethanol by plasma or plasma—catalytic technologies is reviewed. These
technologies have low NO, emissions and low carbon footprints. Both the plasma
and the plasma—catalytic systems have enormous potential for hydrogen production
from renewable resources. Experimental studies have demonstrated the promising
application of the combination of plasma and catalysts for hydrogen generation due
to the synergistic effects. These technologies may offer a shortened learning curve
and facilitate the entry of green reforming technologies onto the hydrogen market
because of their reforming capacity and efficient hydrogen production. Relevant
factors, including the input power, reactor geometry, temperature, carrier gas, and
feedstock components, are discussed to better understand the alcohol reforming
process using a non—thermal plasma reactor. Several models of alcohol reforming
used to evaluate the reforming process are also reviewed. An overview of various
plasma reactors and the efficiency of ethanol reforming are also discussed. The
performances of the various systems are compared. The reforming efficiencies of
different non—thermal arc plasma reactors are also discussed in terms of their
characteristics and operating conditions. Finally, the directions of the research
regarding the next generation of hydrogen production from fuel reforming are
discussed. The future prospects of the plasma—catalytic approach for alcohol are
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exciting, and the synergistic effect of combining plasma and catalysts could play an
essential role in the future.

Authors gratefully acknowledge the work of Chao Shang, ZhiMing Li,
DongWei Huang, JianMin Mo, and HongXia Li in the research.

Hangzhou, China JianHua Yan
Guangzhou, China ChangMing Du



About the Book

Hydrogen has the potential to provide a clean and affordable energy supply that
minimizes the dependence on oil, thereby enhancing the global economy and
reducing environmental pollution. When used with traditional catalyst technology,
onboard hydrogen production for fuel cells using hydrocarbons or alcohols as
starting materials is limited by the heavy weight of the device, a relatively long
transient time and fouling, which increases the complexity of the onboard vehicle
system. In situ hydrogen production from liquid feedstock using plasma or plasma—
catalytic technology is an attractive alternative. In this book, hydrogen production
from renewable resources, such as ethanol, by plasma or plasma—catalytic tech-
nologies is reviewed. These technologies have low NO, emissions and low carbon
footprints. Both the plasma and the plasma—catalytic systems have enormous
potential for hydrogen production from renewable resources. Experimental studies
have demonstrated the promising application of the combination of plasma and
catalysts for hydrogen generation due to the synergistic effects. These technologies
may offer a shortened learning curve and facilitate the entry of green reforming
technologies onto the hydrogen market because of their reforming capacity and
efficient hydrogen production. Relevant factors, including the input power, reactor
geometry, temperature, carrier gas and feedstock components, are discussed to
better understand the alcohol reforming process using a non—thermal plasma
reactor. Several models of ethanol reforming used to evaluate the reforming process
are also reviewed. An overview of various plasma reactors and the efficiency of
ethanol reforming are also discussed. The performances of the various systems are
compared. The reforming efficiencies of different plasma reactors are also discussed
in terms of their characteristics and operating conditions. Finally, the directions
of the research regarding the next generation of hydrogen production from fuel
reforming are discussed. The future prospects of the plasma—catalytic approach for
ethanol are exciting, and the synergistic effect of combining plasma and catalysts
could play an essential role in future fuel cell technology.
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Chapter 1
Plasma for Ethanol Reforming

1.1 Hydrogen and Plasma

With the growing global demand for energy, the depletion of fossil fuels as well as
the awakening of public awareness of environmental protection, looking for an
alternative energy source has attracted wide attention from the global energy
industry. Significantly, hydrogen is an excellent alternative energy source. As a
green energy source, hydrogen energy is characterized by the following advantages:
(1) the only product of oxidation is water without any emission of pollution and
green gas; (2) the combustion heat is up to 142 kJ/mol, which is much higher than
that of conventional fuels such as gasoline, natural gas and coal; (3) hydrogen can
be utilized as an efficient fuel for the proton exchange membrane fuel cell, which
can be applied for vehicles and power plants, and (4) the addition of a certain
percentage of hydrogen to the fuels can effectively increase the efficiency of the
combustion of the engine. Hence, hydrogen is expected to become an important
energy source in the future [1-4].

However, the direct utilization of hydrogen is still faced with many problems.
The content of hydrogen in clean air is only 0.01%, and therefore the production of
hydrogen by the separation of air is impossible. On the other hand, the density of
hydrogen is very low and therefore the volumetric heating value is as low as
11 kJ/L; the liquefaction of hydrogen could be realized only when the temperature
is as low as 20.3 K or under high pressure. What’s more, the daily turnover of the
liquefaction and the boiling loss during the recharging process are up 1 ~ 2% and
10 ~ 25%, respectively. The flammability of hydrogen also involves a hidden
danger for its transportation. Therefore, finding an on-site hydrogen production
process seems the best way to solve these problems [5, 6].

The catalytic process is most widely used for hydrogen reforming with a sig-
nificantly high conversion rate and hydrogen selectivity [7, 8]. However, there are
also many drawbacks to the catalytic process, such as the relatively higher cost, the
coking and the inactivation resulting from pollution. Moreover, the catalytic process
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2 1 Plasma for Ethanol Reforming

is generally operated under high temperature and the response time is always too
long (several minutes are needed to start the system), which brings a challenge for
the management of the heat. On the other hand, as for the application to vehicle
batteries, the catalytic process is faced with the problem of the mass and volume
which are too large in size [9]. Therefore non-thermal plasma reforming offers a
new idea to avoid the problems discussed above.

Non-thermal plasma is also called non-equilibrium plasma, which is made up of
energetic electrons, ions, radicals and the molecules and atoms in the ground state at
a low temperature. Generally, non-thermal plasma is generated by gas discharge.
By applying a strong electric field to a specific gas, electrically neutral gas can be
ionized and charged species can be generated. Then the charged particles accelerate
in the electric field. A large part of the energy is attained by lighter electrons, while
the heavier species keeps a relatively lower temperature by colliding with the
background gas. Therefore, the temperature of non-thermal plasma is up to
10,000 ~ 100,000 (1-10 eV), while the background temperature is nearly the
same as room temperature. Energetic electrons collide with neutral species, which
leads to the formation of activated radicals, contributing to the high activation of
plasma. Therefore, non-thermal plasma is characterized not only by an extremely
high energy density, but also by the ability to initiate the reaction at a low tem-
perature [10]. Nowadays, non-thermal plasma has been widely used in the
reforming of energy, wherein the reforming of fuel for hydrogen production is
attracting unprecedented attention. Plasma technologies used in reforming for
hydrogen include non-thermal arc plasma [11, 12], glow plasma [13], corona
plasma [14], dielectric barrier discharge [15], microwave plasma [16], and so on.

Non-thermal plasma used in fuel reforming for hydrogen production has special
advantages. Non-thermal plasma is driven by electricity, and has a short response
time. What’s more, the reforming efficiency can be modified through the adjustment
of electrical parameters. There is a large amount of energetic electrons, radicals and
excited molecules in plasma, so the excitation and ionization of the feedstock is
promoted. Not all the molecules in the reaction zone are directly heated by dis-
charge; the background temperature is relatively low, which leads to higher energy
efficiency and lower energy consumption. Moreover, the corrosion of the electrodes
can be weakened and therefore the construction and the materials of the set-up are
more selective. Due to the higher energy density, the non-thermal plasma reforming
reactor is characterized by a small volume and a light weight, and therefore it is
more advantageous than other conventional reforming processes for application on
vehicles. Moreover, such a reforming system can operate in ambient temperature
with various carrier gases (such as N, O,, Ar, He, air and steam). Thus, this
reforming system is flexible and simple.

It is worth mentioning that the selectivity of the hydrogen production of plasma
reforming still needs to be improved, including the optimation of the set-up con-
struction, the size, the discharge ways as well as the coupling with the catalysis
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process to achieve a higher conversion efficiency and hydrogen production. Up to
now, there have been many studies focusing on the plasma-catalysis process for
methane reforming [17-19]. For other fuel reforming, however, relative literature is
very limited.

Plasma-catalysis combined with a high activity of the plasma process and the
high selectivity of the catalytic process. It can be predicted that the plasma-catalytic
process will become a good choice in the field of hydrogen production, and that the
optimation of the construction of the set-ups, the choice of an economically efficient
catalyst may also become an interest of study.

1.2 Reforming Technologies of Liquid Fuel

The utilization of liquid fuel as reforming feedstock for vehicles and fuel barriers
has obvious advantages such as (1) higher density, which leads to a higher
hydrogen content per volume unit; (2) the state of liquid in ambient temperature and
atm pressure make it easier to transport due to its flow ability and safety; (3) The
source of liquid fuel is very widespread, which can be achieved by the fractionation
of oil and the conversion of biomass. The most widely-used liquid fuel includes
transportation fuels such as petrol, diesel, E85 and isooctane, alcohols such as
methanol, ethanol and acetic acid and derivatives of hydrocarbons such as glycerol
and diethyl ether. Nowadays, the mainstream technologies for the reforming of
liquid fuel include reforming of CO, (dry reforming), partial oxidation reforming,
steam reforming and autothermal reforming.

1.2.1 CO; Reforming

CO, reforming is generally used for the production of syngas (mainly H, and CO).
Syngas plays an important role in the chemical industry, such as the production of
light olefins with high value, long-chain hydrocarbons and oxygenates [17]. During
the reforming process, H, and CO are produced by the oxidation of the fuel. And
CO; can be reduced to CO. This reaction is generally an endothermic reaction;
eternal heat is needed to maintain the reaction. CO, reforming of liquid fuel is most
widely-used for the reforming of alcohols and ethers, the general formula of which
is as follows:

C,H,,0, + (n — p)CO, — (2n — p)CO + %Hz (1.1)
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1.2.2 Partial Oxidation Reforming

Taking liquid fuel and oxygen as the reforming feedstock, CO, and H,O are
produced by the total oxidation of fuel when the amount of oxygen is sufficient.
While CO and H,O are produced by the partial oxidation of fuel when the amount
of oxygen is insufficient. Generally, this process consists of an endothermic reac-
tion. Therefore, the total oxidation of part of the fuel is needed to offer the energy in
demand. The general formulas of partial oxidation and total oxidation are shown as
follows, respectively:

C,H,0, + (ﬁ - ’3) 0, — nCO + 2 H, (1.2)
272 2
and:
CoHuO, + (n+ %—g)oz — nCO; + T H,0 (1.3)

1.2.3 Steam Reforming

Steam reforming is most widely used in the reforming process to produce hydrogen.
Taking steam as oxidant, liquid fuel can be oxidized to CO, and H,. On the other
hand, an additional H, yield can also be offered by steam. Generally, this process is
consists of an extreme endothermic reaction. The general formula is shown as
follows:

C,H,,0, + (2n — p)H,0 — nCO, + (2n —p %)H2 (1.4)

1.2.4 Autothermal Reforming

In order to improve the yield of hydrogen and lower or reduce the demand for
eternal thermal source of heat, adding some air and steam during the reforming of
liquid fuel can create the reaction in the thermal equilibrium. The general formula is
shown as follows:

CoHy Oy + 305 + (21 — 24 = p)H,0 — nCO; + (2n = 26— p + %)Hz (1.5)



1.2 Reforming Technologies of Liquid Fuel 5

1.2.5 Comparison Among Different Reforming Processes

Taking ethanol as an example, the four kinds of reforming processes are presented
in Table 1.1. As seen in Table 1.1, a relatively high reforming temperature is a
common feature of these four processes. The hydrogen yield of the same amount of
ethanol follows as: steam reforming > autothermal reforming > partial oxidation
reforming > dry reforming. Through the thermal dynamics of ethanol by means of
the Gibbs free energy minimization method, it has been found that when the
reaction temperature is 1200-1300 K and the CO,/ethanol ratio is 1.2—1.3, the
highest hydrogen yield per mol ethanol of 2.85 mol can be achieved [20]. Through
partial oxidation reforming, steam reforming and autothermal reforming, it has been
found that the highest hydrogen yield per mol ethanol up to 4.85 mol can be
achieved when T = 1000 K, S/C = 5 and O/C = 0.5 [21]. It has also been pointed
out that, very different from other hydrogen productions, the coking problem and
low hydrogen yield are the inevitable problem of partial oxidation reforming.

1.3 Hydrogen Production by Ethanol Reforming

Taking ethanol as the reforming material for hydrogen production, this method is
characterized by the following advantages: (1) ethanol is much easier and safer for
transportation, storage and direct utilization as a kind of liquid fuel; (2) the materials
for ethanol are widely available, and it can be produced not only with biomass like
sucrose, starch and oil, but also with agriculture and forestry waste; (3) the
hydrogen content of ethanol is very high, and therefore much more hydrogen can be
produced with the same weight of ethanol compared with other fuels; (4) the boiling
point of ethanol is very low, and therefore gaseous ethanol can be easily achieved
for reforming and hydrogen production; (5) ethanol is biodegradable and therefore
the bio-toxicity is relatively low; (6) there are not any sulfur components, and
therefore sulfur-containing pollutant gases are not a problem during the reforming
procedure and (7) ethanol can be miscible with water in any ratio [27, 32, 33]. It is
worth mentioning that the yield of agricultural and forestry residues in China is the
highest in the world and just the dry weight of the annual yield of crop straw
reaches 500 million tons, so taking ethanol as the reforming material in China is
feasible [34]. Nowadays, among all the ethanol reforming technologies, catalysis
reforming has been a mature process in industry, and studies on low-temperature
plasma for ethanol reforming has also attracted wide attention.
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Table 1.2 Comparison of the catalytic performances of various active metals in terms of ethanol
reforming for hydrogen generation [38—40]

Catalytic Advantages Disadvantages

metal

Pd, Ru, High activity and selectivity, excellent Lack of resource, large cost

Rh, Lr, Pb | anti-coking feature and high reaction temperature

(600-800 °C)

Ni High activity and selectivity, promoting the | High selectivity of CH, and CO
cleavage of C—C bond and reducing the in products and a coking
production of liquid products, lower problem
catalytic temperature and low cost

Cu Promoting the cleavage of C-H and O-H The production of Ethylene and
bond, used with Zn and Ni to improve the | coking, sintering and
performance by-products

Co Promoting the cleavage of C—C bond, high | High cost and toxicity and
activity in low temperatures, high problems caused by coking and

selectivity of Ni, inhibition machination of inactivation
CO and less production of CHy

1.3.1 Catalytic Ethanol Reforming for Hydrogen
Production

The catalysis process is the most perfect, developed and most widely-used
reforming process for hydrogen production, which is always followed by high
conversion efficiency and hydrogen selectivity. The catalytic metals used in the
earlier steam reforming and autothermal reforming mainly refer to precious metals
such as palladium, ruthenium, rhodium, iridium and platinum. Later non-precious
metals such as nickel, cobalt and copper gradually attracted great attention and
became a focus of research [35, 36]. As shown in Table 1.2, comparisons of various
catalytic metals for ethanol reforming are listed, and comparisons of various
non-precious metals for ethanol reforming are listed as well.

As shown in Tables 1.2 and 1.3, there are some drawbacks to catalytic pro-
cesses, though high conversion efficiency and hydrogen selectivity can be achieved.
As an example of these drawbacks, the cost of the catalyst is always very high and
the catalyst is easily faced with inactivation caused by coking or pollution [37].

Many researchers have been devoted to developing a catalyst with excellent
resistance and catalytic properties. However, the catalytic process has to operate
under high temperatures (500 ~ 800 °C). Moreover, the response time is very long
for the system to start up; it takes several minutes. All these features put a great
challenge on heat management. Furthermore, the catalytic process is faced with
many problems, such as the size of the equipment that is too large, transition time
that is too long when it comes to application for vehicles and families. As a
newly-developed technology, a low-temperature reforming process offers a totally
new way to solve the problems listed above.
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Table 1.3 Comparison of some results of ethanol catalytic reforming on various non-precious
metal catalysts

Catalysts Ethanol/ | Temperature | Space Conversion | Hydrogen Reference
(supported steam/air | (°C) velocity | efficiency selectivity

metal/ ) (%) (%)

supporter)

20%Ni/ 1/3/0 700 ~10 ~100 ~ 189 [38]
7-ALO;

18%Co/ 1/3/0 400 ~15 99 126 ~ 140 |[39]
A1203

10%Fe-Ni/ 1/3/0.5 600 10,000 99.61 ~115 [40]
A1203

2%Cu-14%Ni/ | 1/3.7/0 600 12.7 100.0 ~ 106 [41]
SiO,

1.3.2 Plasma Ethanol Reforming for Hydrogen Production

In recent decades, many researchers have studied the characteristics of various low
temperatures and tested their reforming performance. Generally speaking, low
temperature plasma is characterized by non-equilibrium properties. For non-thermal
plasma, electron temperature is up to the order of 10> K, while the background
temperature is always below 10° K, and it even gets close to room temperature.
Low-temperature plasma reforming for hydrogen production is characterized by the
following advantages: (1) there is a large amount of activated radicals, ions,
energetic electrons, excited atoms and excited molecules in the plasma atmosphere
and these activated species; (2) the energy density of plasma is extremely high,
which makes the plasma reactor more compact; (3) the plasma process can be
driven by electricity and therefore the response time and switching time are very
short; (4) the plasma process can be driven by electricity and a large part of the
energy in plasma is transferred to energetic electrons instead of heating the back-
ground gas, and therefore energy efficiency is significantly high; (5) H, OH and O
radicals can be generated when H,O is injected into the plasma gas, and therefore
various types of hydrocarbons and their derivatives can be efficiently degraded.
Based on the last advantages, the plasma reforming process is attracting more and
more attention. Nowadays, plasma technologies have been applied in the reforming
process, which includes glow discharge, corona discharge, microwave discharge,
dielectric barrier discharge (DBD) as well as non-thermal discharge, which will be
mentioned in the last section of this work. The plasma reforming process is a very
promising process for hydrogen production. Various plasma technologies will be
introduced shortly, pros and cons of which are also presented by examples.
Regarding glow discharge, the positive ions attack the cathode and avalanche
and then a self-sustained discharge is formed. The discharge current of the glow
discharge is in the order of several mA. For the atmosphere glow discharge, the
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discharge current is limited by introducing the negative feedback in the discharge
current and voltage to avoid the transition from glow to arc discharge [42, 43]. The
glow discharge system was applied for the steam reforming of ethanol [44], the
energy efficiency of hydrogen yield was 115 kJ/mol H,_ Although H, selectivity in
gaseous products was up to 80%, the degradation of ethanol was incomplete and the
major products were CH;CHO, with a hydrogen yield of 20%.

Corona discharge is a kind of low-current discharge. Generally, the atmosphere
corona discharge is generated by the local electrical breakdown of the gas gap in the
non-uniform electric field. Hence, for the corona discharge, the size of at least one
electrode is much smaller than the electrode gap. Common structures of corona
discharge include line-area or line-column configuration [45]. DC and AC corona
discharge was used in methanol reformation for hydrogen production. It was found
that the hydrogen yield of AC corona discharge was much higher, the energy cost
was lower than 0.02 Wh/cm® H, Pulsed corona discharge was utilized for the
reforming of ethanol and E85 [46]. Total conversion and hydrogen selectivity up to
127% can be achieved with a H,O/ethanol of 29.2. The influence of the pressure
and discharge gap on reforming is being investigated.

The characteristic of DBD is that the there is at least one electrode which is
coated with a barrier layer. When ionization occurs in the local position, a large
amount of charge accumulates on the surface of dielectric barrier in several
nanoseconds. Applying a high AC voltage to electrodes, a microwave discharge is
generated and distributed randomly in space and time [44]. An atmosphere pressure
DBD reactor was used for ethanol reforming, a conversion efficiency of up to 100%
and an energy efficiency of 12,000 kJ/mol H, were achieved [47]. The influence of
DBD plasma reactor (11.2 kHz, 18 kV)filled with quartz beads was investigated on
ethanol reforming [44]. In this study, besides H,, CO and CO,, CH4, C,H, and
C,Hg were also produced. When quartz beads with a diameter of 2.0 mm were
used, an ethanol flow ration of 75% and input power of 100 W were set, 45%
hydrogen selectivity was achieved.

In the microwave plasma system, the microwave energy generated is collected
by the microwave generator and transferred into the internal energy of gas mole-
cules, therefore, plasma is formed through excitation and ionization. The wave-
length used in microwave plasma is generally on the order of centimeter or
decimeter. A 2.45 GHz microwave hurricane plasma in atmospheric pressure was
used for the reforming of methanol, ethanol and propanol [48]. In the experiment,
the ethanol conversion efficiency was larger than 99% and the hydrogen selectivity
was up to 98.4%. A similar system was also used for the degradation of ethanol,
and production of CO and CO, was found by the Optical Emission Spectrometry.
Except for H,, by-products such as C,, OH and CH were detected [47].

Although non-thermal free arc plasma is certified as non-thermal plasma, it is
characterized by some thermal features. Therefore, it has the advantages of both
thermal plasma and non-thermal plasma. Compared with other thermal plasmas,
non-thermal free arc can get a high electron density and a spouted flow rate [49].

Nowadays, non-thermal arc plasma has been widely used in energy and in the
environmental industry, such as the abatement of VOCs [50, 51], surface
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modification [52, 53] as well as reforming for hydrogen production [54-56]. In the
last section, recent research achievements on non-thermal arc plasma ethanol
reforming for hydrogen production will be introduced.
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Chapter 2
Non-thermal Arc Plasma for Ethanol
Reforming and Hydrogen Production

2.1 Non-thermal Plasma

Non-thermal plasma, also called non equilibrium arc plasma, is a kind of low
temperature plasma. Thermal arc plasma is usually driven by a high power supply
and characterized by a high current (several amperes to tens of amperes) and a small
low voltage (tens of voltage). It is a kind of strongly self-sustaining
high-temperature discharge. Unlike thermal plasma, non-thermal arc plasma is
usually driven by a low AC or DC power supply and characterized by a high
voltage (several thousand voltages) and a small low current (tens to hundreds
amperes). Non-thermal plasma can generally be divided into non-thermal fixed arc
plasma and non-thermal free arc plasma, and non-thermal free arc plasma can be
divided into knife-shaped electrodes non-thermal plasma, semi-free rotated arc
discharge and free rotated arc discharge. In the last section, various non-thermal arc
ethanol reforming systems are introduced.

Non-thermal fixed plasma can be generated by a pair of opposite tip electrodes
or rod-shaped electrodes [1, 2]. For the reforming of liquid fuel, the most used
reforming process and oxidation-steam reforming with this kind of discharge. There
are two ways to feed the materials: (1) the pair of electrodes are immersed in the
liquid phase, and two flows of air are input along the axis of the pair of electrodes
and then a stable countercurrent gas passage can be generated in the electrode gaps;
(2) an air flow is introduced to the discharge zone from the center bore of an
electrode [1, 2]. Due to the fact that the direction of the air flow and that of the arc
are the same, the position and the length is relatively fixed. This kind of discharge is
also called non-thermal fixed arc discharge.

Knife-shaped gliding arc plasma is one of the simplest non-thermal free arc
discharges, with the characteristics of high power and high non equilibrium. Hence,
this kind of discharge is widely used in the preparation of materials [3], treatment of
pollutants [4, 5], disinfection [6, 7] and fuel reforming [8]. A pair of this kind of
discharge reactors is made up of a pair of coplanar opposite knife-shaped metal
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sheets. When applying a high voltage, an arc is generated at the smallest gap
between the electrodes. Then the arc slides towards the direction to which the
electrodes gradually increase, and therefore the arc grows more and more curved.
As the arc grows, when the energy loss is lower than the input energy, the gas
temperature decreases while the temperature of the electrons is still very high. At
this time, free arc thermal plasma transfers to non-thermal plasma. When the arc
increases till the length is too large, the applied voltage continues to supply the
energy needed for sustaining it, and then the conductivity of the plasma channel
plummets, leading to the quenching of the plasma. At the same time, a new arc is
generated in the smallest gap between the electrodes. The processes mentioned
above circulate continually and discharge is sustained.

Five knife-shaped gliding arcs with different sizes were utilized for diethyl ether
reforming [8]. It was found that the size of the discharge zone and the reforming
efficiency increased with an effective electrode length and/or a slope radius of the
downstream region of the electrodes. Some researchers have also used three sheets
of knife-shaped electrodes or the simplified bent rod electrode for the treatment of
methane and tetrafluoroethane [9, 10].

Semi-free rotating arc discharge and free discharge both use a coaxial hollow
external electrode and a center electrode, their external electrode is columnar,
trumpet-shaped or zoom tube-shaped, while the center electrode is rod-shaped [11-
13]. In the semi-free rotation arc discharge, the center electrode is positioned
outside the external electrode. When both ends of the electrodes produce an elec-
trical breakdown, one end of the arc root is fixed to the center electrode, the other
end wanders on the external electrode under the effect of a gas flow and/or a
magnetic field. In the free rotation arc discharge, the center electrode covers the
entire external electrodes, so both ends of the arc can move freely on the two
electrodes under the effect of an airflow and/or a magnetic field. In order to ensure
the full connection and the reaction between the plasma and the feed stream in the
discharge area, the tangential feed method is generally used to produce a rotating air
flow. The above two types of discharge have been used in areas such as the
degradation of toluene and NH3, the reforming of methane to produce hydrogen and
the synthesis of TiO, nanopowder and so on [14-18].

Zoom electrode freedom arc discharge plasma is a kind of special free rotation
arc discharge. The reactor has the appearance of a long cylinder, and its electrode is
made up of the coaxial center electrode and the zoom tube external electrode, the
center electrode is a thin metal rod and the external electrode is a metal
convergent-divergent nozzle. The center electrode covers the whole nozzle, so the
narrowest point of the nozzle is also the point between the electrons that has the
smallest gap. There are a number of tangential inlet holes on the top of the reactor to
make the feed stream mix fully and form a cyclone in front of the discharge area.
When the cyclone flows towards the downstream along the zoom, its flow rate
increases rapidly while it maintains the rotation, and the air pressure decreases.
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Electrical breakdown occurs to this cyclone at the narrowest point of the nozzle
after AC high voltage is applied to the electrodes, and then the arc rotaries and
stretches with the cyclone downstream until it quenches.

2.2 Non-thermal Arc Plasma Reforming of Ethanol
to Produce Hydrogen

A non-thermal fixed arc plasma was designed and the reforming effect of the
ethanol solution was assessed through experiments and numerical simulation [19,
29]. In its discharge configuration, both of the electrodes were immersed in an
ethanol solution and the two flows of air in opposite directions flowed along the two
electrodes and the electrical breakdown and reforming occurred to the air flows and
the solution in the gap of the electrode. The raw materials of the reforming were
50% ethanol solution and air, the flow rate of the air 38 cm>/s, the discharge current
is 300 mA and the power was about 100 W. It was suggested that the content of the
hydrogen in the gas produced reaches the highest level when the mole fraction of
ethanol in the ethanol solution is 50%; at this time the conversion of ethanol and the
yield of hydrogen are about 50 and 15% respectively. Concentrations of H, and CO
are almost the same in the gas produced, and based on that, the author speculated
that the temperature inside the reactor was about 355 K.

Another kind of non-thermal fixed arc plasma was used to reform the alcohols,
bio-oil and wood [1]. The reactor was made up of a quartz envelope (the length was
400 mm, the internal diameter was 30 mm) and two graphite electrodes, the elec-
trode gap was 10 mm. The apparent diameter of the arc column was 2 mm under
the conditions of discharge. There was a through hole on the upper electrode axis,
gasification of the ethanol solution happened before the ethanol solution entered the
discharge region via the through hole, and the graphite electrodes were heated by
the discharge in the reforming process. The main gaseous products detected in the
experiment were H,, CO, CO, and CH,, and the volume fraction of C, was less
than 1.5%.

One kind of non-thermal pulsed plasma sliding arc reactor with a spray nozzle
was designed to explore the hydrogen generation rate and the energy efficiency
when using methanol, ethanol and propanol as raw materials. A planar knife-shaped
electrode configuration was used in the reactor. In the experiment, an alcohol
solution was added into the reaction zone in the form of a pulse with Ar as a carrier
so the temperature of the liquid in the reactor only increased by 1-2 °C. The
production rate of hydrogen was 3.4-5.0 umol/s when the discharge power was
0.45 W and 40% aerosol solution was added, of which the net volume of ethanol
was 4-20 ml/min, and the energy consumption per hydrogen produced reached
90 kJ/moly, at the maximum flow. It was also found in this study that the pro-
duction rate of hydrogen would increase significantly with the increase in the flow
rate of the feed stream and they speculated that this was because of the shorter
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residence time and quicker quenching and therefore the radical reaction which
would result in the transformation if the target product was limited. In addition, they
also used this type of plasma to process a stream of water droplets, and obtained H,
and H,0, effectively at the low power of 0.3-0.45 W [20].

A reformer of semi-free arc plasma was proposed to produce hydrogen by the
reforming of liquid fuels such as gasoline, heptane, ethanol and E85 and so on [11,
21-23]. The flow rate of the ethanol solution was set to 0.25 g/s and the discharge
power was 1200 W in the experiment (Equivalent to 18% of the heating value of
feedstock ethanol at a low temperature). The theoretical calculation and the result of
the experiment both showed that the best reforming conditions are O/C = 0.5 and
S/C = 0.5, at which the conversion of ethanol is 65%, the yield of hydrogen is 35%
and the energy consumption of per hydrogen produced is 106—120 kJ/moly,, while,
when using E85 as the raw material, the above values become 90%, 65% and 60—
100 kJ/moly, under the condition of O/C = 1.16, S/C = 0.2. In addition, there was
no carbon deposition on the device during the two-hour continuous operation,
which shows that the device has a good stability [11].

A kind of convergent-divergent tube free arc discharge reactor was designed to
explore the volt-ampere characteristic of this discharge and the reforming effect of
bio-ethanol as the focus [13]. The external electrode of this reactor was a copper
convergent-divergent nozzle (the length was 106 mm, the narrowest inside diam-
eter was 10 mm), the central electrode was made up of a fine stainless steel column
(the length was 300 mm, the diameter was 5 mm), so the narrowest distance
between the two electrodes was 2.5 mm. The power used was generated from the
transformation of the 220 V. AC through the AC leakage transformer (50 Hz,
10 kV). There were four tangential inlet ports at the top of the reactor, one of which
was equipped with a gas-liquid nozzle to gasify the ethanol solution and form a
high-speed vortex flow. The major reformate was synthesis gas (H, and CO), and
other by-products such as C,H,, C,H4, C,Hg, CO,, CH4 and so on were also
generated. Besides, the emission of nitrogen oxide in the reforming process was
very low (<10 ppm). The experiment explored the effect of reforming of the
bio-ethanol through reaction parameters such as the O/C ratio, the S/C ratio, the
amount of ethanol and power and so on. A higher conversion rate of ethanol (90%)
and a general yield of H, (40%) were obtained in the study and the best conditions
for ethanol reforming were S/C = 2.0, and O/C = 1.4-1.6. When the amount of
ethanol added was 0.15 g/s, the O/C ratio was 1.4 and the S/C ratio was 2.0, energy
consumption required to produce one unit of hydrogen was 72.92 kJ/mol, reaching
the minimum level. In the experiment, an oscilloscope and high-speed photography
were also used to analyze the discharge characteristics of the converging-diverging
electrode arc discharge reactor and it was found that an increase in the air flow will
result in an increase in the instability of the change of the voltage and the current
and the arc wire would appear split under the high airflow, which could improve the
reforming efficiency of ethanol to a certain degree. The above findings indicate that
this reforming process has an underestimated potential in the field of renewable
energy.
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2.3 Factors Affecting on Plasma Reforming of Ethanol

Various factors will affect the results of the reforming in the reactions of plasma in
reforming ethanol. For example, the steam reforming reaction of water and ethanol
will have different reaction processes when adding different proportions of water
into the reaction of alcohol reforming. H and OH radicals generated by water in the
plasma discharge will help the decomposition of ethanol. In addition, oxygen in the
air can be ionized O radicals in the discharge when using air as the carrier gas. Next
we will discuss the important factors that affect alcohol reforming.

2.3.1 Effects of the Components of the Materials

The components of the raw materials play an important role in the generation of free
radicals, thus affecting the efficiency of the reforming and the distribution of the
product. O-H bond energy of H,O is 497.1 kJ/mol, while C-H bond energy of the
methanol molecule is 95.18 kJ/mol, so the reaction activity of methanol in the
plasma is higher than water [24]. Reactive components such as hydrogen atoms and
hydrogen radicals and so on can be generated by the dehydrogenation reaction of
H,O molecules under the effect of the plasma. A DFT study on the corona dis-
charge methanol reforming was conducted, and it was found that the decomposition
of water can promote the generation of CH,OH when it exists, which is because the
OH radicals that are generated from the decomposition of water molecules can
cause the oxidation decomposition of methanol [25]. The maximum yield of
hydrogen can be produced when there is an appropriate amount of hydrogen in the
raw materials; one of the reasons is that O is generated in the decomposition of
water in the process of the partial oxidation reforming of alcohols, thereby
increasing the production of hydrogen. In addition, H atoms produced during the
decomposition of water can combine with each other and generate hydrogen. Take
methanol for example: the amount of OH radicals will decrease with an increase in
the concentration of methanol, causing the production of acid and CO,. The rela-
tionship between the O/C ratio, the S/C ratio and the reforming efficiency was
studied, and it was beneficial for the degradation of ethanol and the generation of
H; and with an increase in the content of oxygen in the carrier gas, the conversion
of ethanol showed a trend in which it first increased and then slowed down [26].
When the content of water increases, O radicals and H radicals generated from the
water become more active, thereby promoting the ethanol molecule to participate in
the collision reaction and its degradation significantly. When the content of oxygen
increases, oxygen-free radicals generated by the oxygen can combine with the free
radicals that are produced by the decomposition of ethanol quickly and transform
into hydrocarbons, finally resulting in the increase in the conversion rate of ethanol.
The experiments were conducted to study the effects on the reforming of different
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amounts of ethanol and water, and the results showed that the reduction of the
amount of water will result in the reduction of the yield of hydrogen and carbon
dioxide and an increase in the yield of carbon monoxide [27].

2.3.2 Effects of the Carrier Gas

The carrier gas is closely linked with the types of the radicals that are generated in
the alcohol reforming processes, so it can significantly affect the generation of
gaseous products. Oxygen can degrade into oxygen free radicals with a high
reactivity in the plasma discharge process to promote the oxidation decomposition
of ethanol. Nitrogen in the air can also produce nitrogen oxides in the plasma
discharge process, which has impacts on the environment. In the air plasma, oxygen
and nitrogen will generate oxygen radicals and nitrogen radicals respectively under
the impact of electrons. These two radicals can react and generate NO, NO can be
converted to NO, under the role of oxygen free radicals, oxygen or ozone. Nitrogen
needs 9.8 eV energy to dissociate up to N radicals and the energy that the oxygen
needs to dissociate up to oxygen radicals is 6 eV, thus it will help to controlthe
production of nitrogen oxides by controlling the reaction conditions, especially the
discharge power. In addition, as a cheap industrial gas, argon gas is often used as a
carrier gas in the plasma system. Argon will not affect the chemical reaction as the
carrier gas, but it will affect the electron energy distribution equation [28]. Although
argon will produce Ar in the plasma discharge process, the rate of the reaction
between Ar* and ethanol is lower than that of the reaction between the ethanol
molecule and the electron. In addition, the reaction between Ar* and ethanol
requires a certain amount of Ar* so this reaction is negligible [29]. The experiment
of the glow discharge plasma reforming of ethanol was conducted, and the pro-
duction of the CO, can be reduced effectively by using argon as the carrier gas [29].
In addition, the flow of argon will also have an impact on the reaction system.
A decomposition experiment of microwave plasma ethanol was conducted, and the
impacts of the flow of argon on the reforming reaction were analysed [30]. It was
found that as the flow of argon rises from 0.5 L/min to 1.5 L/min, the temperature
of the gas drops from 3700 to 2500 K. It was shown that the relationship between
the yield of hydrogen and the carrier gas in the non-thermal plasma is as follows:
Ar > N, > Air = O, [31, 32]. The reasons are as follows: (1) compared with
No(a'Il ¢ 8.9 ¢eV), Ar(ll'[(l) ,11.83 eV) can transmit more energy to the methanol
so a higher yield of hydrogen can be obtained in Ar; (2) electric dipole transitions
from N, (X'X g+ ) to Ny (a'IT ¢) are limited, so the excited reaction of N is slightly

weaker than that of Ar; (3) as a background gas, O, and the effects of the air on
promoting the reaction are weaker, O, can react with hydrogen radicals produced
by water or H, rapidly and produce water.
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2.3.3 Effects of the Input Power

It was found that the conversion of methane increases with the increase in power,
and it has nothing to do with the frequency or change of the voltage; for the latter it
was found that the energy and density of the electron is only closely related to the
voltage, so the energy and density of the electrons could not be affected by
adjusting the frequency to change the power [33, 34]. Our lab found that when the
frequency is fixed, the size of the input power will affect the hydrogen production
performance of the oxidation reforming of ethanol by affecting the conversion of
ethanol and the yield of H,. An increase in the plasma power can improve the
density of high-energy electrons, thereby strengthening the excitation reaction
caused by the electron collision and promoting the conversion of the alcohol. There
is an important relation between power and the density of the plasma and almost all
the energy is transferred to the electrons in the non-thermal plasma. Under the
condition of plasma, a large number of active ingredients (high energy electrons,
free radicals and so on) generated in the electron-molecule degradation promotes
the decomposition of alcohols. The energy density of the discharge region, the
average energy and the number of high-energy electrons will increase with the
increase in the input power. And the increase in the high-energy electrons has a
positive effect on the small molecules such as hydrogen and so on. The thickness of
the plasma sheath (i.e., the volume of the plasma) increases with an increase in the
discharge power; this indicates that the reaction channels of the high-energy elec-
tron in the discharge plasma increase and that the probability that the collisions of
the high-energy electrons lead to degradation of the fuel molecule will increase with
the increase in the voltage. However, the voltage cannot increase indefinitely, and
the discharge electrode will melt when the voltage increases to a certain value, so
the effect of the reforming cannot be increased infinitely. It was also observed that
the increase in voltage usually helps to improve the conversion rate of the alcohol.
In order to further improve the rate of production, we should study the reforming
mechanism of alcohol in a profound way, so that we can better control the process
of plasma reforming [35].

2.3.4 Effects of Other Factors

Temperature can be used to indicate the energy level obtained in the excitation
reaction of the radicals caused by the involvement in the plasma of the heavy
particles in the plasma reaction [31]. Radical chemistry reaction is closely linked to
the temperature, while the electron collision reaction and the electron adsorption are
not very closely linked to the temperature [36]. Various unwanted byproducts such
as acetaldehyde, acetone and ethylene will be produced when the reaction tem-
perature is low in practice. The conversion of ethanol and the yield of hydrogen will
increase when increasing the reaction temperature of the gas mixture, and
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meanwhile, the selectivity of H,, CO, CO, and CH4 will improve and the selectivity
of acetaldehyde, acetone and ethylene will decrease [37]. Since the mixed gas in the
post-reaction zone is still at a relatively high temperature, the conversion reaction
still occurs effectively after the discharge quenches [38]. It is believed that the effect
of high temperature is caused by the increase in the rate of the electron—molecule
collision reaction [38]. It was found that the H,/CO ratio will increase and the
concentration of the hydrocarbon will decrease with an increase in the temperature.

The residence time is one of the important factors that affects the reforming of
ethanol and the production of hydrogen. The efficiency of the reforming increases
with the increase in the residence time because the time of the reactions between the
active ingredients and the molecules extends. When flow rate of the raw materials is
very high, particles generated by the materials will leave a high electric field region
in the short residence time, resulting in the particles leaving the discharge region
before ionizing has been completed, thus the efficiency of the reforming reduces.
However, if the residence time is too long, the reverse reaction will occur, which
will also reduce the efficiency of the reforming.

Other factors, such as electric field, pressure, humidity, ozone concentration, the
density of the electrons and the active ingredients, can also affect the effect of the
fuel reforming. For example, since the electron collision caused the initial degra-
dation process and generated the active ingredients, the density of the electrons is
very important in the plasma reforming of alcohol [31]. Currently in order to obtain
a more efficient reforming system, more and more factors are attracting the attention
of researchers. Research conducted around other factors is very important and a lot
of progress has been made.

2.4 Comparison of the Non-thermal Plasma Reforming
of Ethanol

Table 2.1 lists the effects of all types of non-thermal plasma reforming of ethanol to
produce hydrogen in the literature regarding the reforming conditions (discharge
power, carrier gas, the amount of ethanol and the ratio of alcohol and water) and the
reforming indicators (conversion rate of ethanol, selectivity of hydrogen, produc-
tion rate of hydrogen and specific energy requirement (SER), etc.) and Fig. 2.1 also
takes the production rate of the hydrogen and the energy consumption of per unit
hydrogen production as indexes and intuitively reflects the differences on the
hydrogen production performances of the ethanol reforming of different types of
non-thermal plasma [1, 11, 13, 39-53]. To obtain a higher production rate of
hydrogen during the reforming, the discharge device is required to have a larger
amount of ethanol processing. The figure shows that the discharge types that have
the largest amount of ethanol processing are glow discharge and non-thermal arc
discharge, so these two types of discharge can obtain the maximum production rate
of hydrogen. The discharge types that have the lowest energy consumption of per
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unit hydrogen production are non-thermal arc discharge and DBD discharge,
wherein the energy consumption of per unit hydrogen production of non-thermal
arc discharge is concentrated in the 40-100 kJ/molH,. Comprehensive analysis
shows that the non-thermal arc is a very good hydrogen producer in ethanol
reforming. Taking all of the analysts into consideration, the non-thermal arc is a
very good ethanol reforming hydrogen production process.

2.5 Developmental Trends of the Non-thermal Arc Plasma
Reforming of Ethanol

As described above, the non-thermal plasmas all have a large number of
high-energy electrons, so they can react rapidly with the particles that need to be
treated in the reaction zone. However, this also leads to a lower selectivity of
plasma reactions. In recent years, many studies have been dedicated to using the
catalyst-assisted plasma system to overcome the aforementioned shortcomings and
improve the reforming or processing efficiency of the plasma system. Currently
catalytic-assisted plasma systems have been widely used in the field of methane
reforming [55-57]. In addition, the Cu/ZnO/AL,O; catalyst was added into the
DBD discharge region and synergies between the two in the steam reforming of
methanol were explored [58]. It was found that discharge can reduce the temper-
ature that the catalyst needs to play its activity. The synergy between them is
believed to originate from the catalyst’s absorption of the intermediates of the
plasma reaction. The spark discharge plasma-catalytic system was used to degrade
dimethyl ether to produce hydrogen and it was found that hydrogen production can
be increased significantly at a high temperature (50-700 °C) after adding the iron
catalysts [59]. In addition, it was also found that the use of a catalyst can increase
the discharge capacity. It is worth mentioning that the catalyst Pt/TiO, of the water
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gas shift and the filler layer Pt—Re/TiO, were placed just below the cathode elec-
trode, so that the catalyst can fully utilize the heat generated during the plasma
reforming [48]. By selecting the appropriate operating conditions, the content of
CO that was produced from the degradation of ethanol (about 30%) was decreased
to about 0.8% at the airspeed of 12,000 cm®/(geh), and the content of hydrogen in
the gas production was up to about 73%, which means that after the removal of CO,
the gas production can be used as hydrogen fuel cells. So in the future, combining
the catalyst and the non-thermal arc to improve the load capacity and hydrogen
production of the system can be considered, and the research should be focused on
the exploration of the catalyst with low cost, long life and good performance. In
addition, the reforming reactor needs to be further optimized in configuration and
size, and to ensure the higher stability of the discharge and level of capacity, the
density of the energy should be improved while reducing the size of the reactor; and
the miniaturized reforming reactor or even the mini-reactor will bring more
application fields, which will also bring more requirements and challenges for the
plasma reforming reactor. Therefore, a combination of the catalyst, miniaturization,
cost reduction and diversification and multifunctionality will be the trend of the
future development of non-thermal plasma arc reforming.

Furthermore, because non-thermal plasma is very promising in fuel reforming, in
the preparation of nanomaterial, in surface modification of material, in medical
sterilization and in the treatment of environmental protection, it can be predicted
that normalized and universal non-thermal plasma technology can be realized,
paving the way for a low-cost, diversified and multifunctional non-thermal plasma
process.
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Chapter 3
Hydrogen from Ethanol by a Plasma
Reforming System

3.1 Introduction

Gliding arc discharge is famous as a “warm” discharge with a temperature in the
range of 2000-4000 K that can produce effective plasma with simultaneously high
productivity and good selectivity. There are several disadvantages in the current
gliding arc reactor with knife-shape or 2D-planar for its geometry, such as a low
fuel conversion rate because of less contact time and collision frequency between
feedstock and plasma [2]. The steam-oxidative reforming of bio-ethanol by a Laval
nozzle arc discharge (LNAD) was studied at atmospheric pressure and room tem-
perature without extra pre-heating. Unlike traditional gliding arc discharge, the
gliding arc combines the advantages of both the 3-D cylindrical “tornado” type and
the supersonic/subsonic discharge. Generally, the superiorities of this type of dis-
charge are as follows:

(1) Any supply power and carrier gases can be employed to produce plasma;

(2) Plasmas generated by the carrier gas are characterized by the high density of
electrons, high electric field and various reactive active species which accelerate
the degradation reaction;

(3) A coverage of higher reaction volume and a good performance of the electrodes
even under oxidizing conditions for the rotation of its arc root; a wide range of
substances can be destructed and decomposed, facilitating its application in the
industrial field;

(4) Few coke deposits on the inner wall of this novel reactor for the swirling flow,
resulting in excellent plasma stability and security [1].
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3.2 Materials and Methods

3.2.1 Experimental Setup

The experiment was conducted in a Laval nozzle arc discharge (LNAD). The
schematic view of the overall reactor is shown in Fig. 3.1. The plasma reactor was
powered by a 10 kV AC power supply. An electronic watt—hour meter was used to
monitor the input power applied to the reactor. A voltage regulator was employed to
stabilize the voltage and current in the circuit which can be impacted by the
operation of the plasma reactor. Moreover, the evolution of the voltage and the
current in the plasma reactor under working conditions were determined by means
of an oscilloscope with a high voltage probe (Tektronix P6035) and a current probe
(Tektronix TP301A). A post-treatment gas system was positioned downstream for
condensing the ethanol-water vapour and analyzing the exhaust gases as well as
collecting the soot or coke generated in the process [1].

The plasma reactor was made up of a Laval nozzle made of copper with a length
of 106 mm and a diameter of 10 mm, sealed by flanges at the top and at the bottom,
which constituted the anode. The central cylindrical stainless rod with a length of
300 mm and a diameter of 5 mm on the axis of symmetry acted as the cathode. The
minimum distance between two electrodes was 2.5 mm. The body of the reactor
was made of stainless steel covered by a Teflon insulating layer, also of axial
symmetry. The amounts of ethanol and water introduced into the air flow were
controlled by peristaltic pumps at room temperature to maintain a constant inlet fuel
flow rate. Note that this type of “tornado” movement was also preserved in the

220V/10kV Leakage  Walt-hour

Fig. 3.1 The schematic view of the experimental setup
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throat where the flow could be accelerated greatly and the distance between two
electrodes was minimum [1].

3.2.2 Calculation

A mixture of water, air and ethanol can be produced in a controlled way by this
system of device. The fuel and water mass flow rate are controlled in their liquid
phase via two pumps in the range of 0.10-0.35 g/s and 0.06-0.47 g/s, respectively.
The air flow rate is controlled, ranging from 139 to 1111 cm®/s correspondingly.
The oxygen-to-carbon (O/C) ratio is a ratio of twice the molar oxygen flow versus
the molar flow rate of the fuel carbon within an ethanol oxidation reaction scheme.
Note that oxygen from CO, and H,O is not considered in this ratio.

Noxygen o O-2lnair

(3.1)

— ratio =
C Nethanol Nethanol

Similar to the O/C ratio, the S/C (water-to-carbon) ratio is the ratio of the molar
flow rate of H,O to the molar flow rate of the fuel carbon. In this work, separate
experiments with S/C = 0.8, 1.0, 1.2, 1.6, 2.0, 2.4, 3.2 and 4.0 were conducted to
study their effects on the steam reforming of ethanol with no catalyst.

nH,0

(3.2)

— ratio =
C 2nethanal

Ethanol conversion rate y H, yield CO yield and energy efficiency n were
employed to evaluate the steam reforming performance of ethanol, which can be
expressed as follows:

- (nethanol input — Methanol oulpuf) X 100% (33)

L
Nethanol input

H, yield (%) = ;‘:hi"l‘“ x 100% (3.4)
ethanol input

Cco yleld (%) o NCo in product

2nethanol input

(3.5)

x LHV; x LHV,
p = H, 1 7ico 0 100% (3.6)
Nethanol X LHVetharml +IPE

LHYV is defined as a lower heating value of each component. In addition, IPE is
the abbreviation for input plasma energy. Energy efficiency is a significant
parameter to estimate the conversion of ethanol in terms of energy. In addition, the
specific energy input (SEI) for ethanol and the specific energy requirement (SER) of
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products (mainly H,, CO, H, + CO) with the unit of kJ/mol were also calculated to
evaluate the economic cost in industrial use.

P(W) X Mepanor(g/mol)

SEIe anol) — 1073 3.7

(ethancl [ethanoﬂinput (g/S) 8 ( )
P(W) x 0.001

SER 1, co.m, + co) = RIX|(mol/s) (3.8)

where P is the input power, R[X] is the production rate of the substance X (mol/s)
and M0 18 the ethanol molecular mass (g/mol).

3.3 Results and Discussion

3.3.1 Effect of O/C Ratio

To investigate the effect of O/C ratio on the steam reforming performances of
ethanol, the volume flow rate of air was set between 139 and 1111 cm?/s with fixed
fuel flow rates (0.10, 0.15, 0.20 and 0.25 g/s respectively) to maintain the O/C ratio
ranging from 0.6 to 2.0. Several reactions occurred in this experiment during the
process of syngas production. First, for a better understanding of the oxygen mass
on the steam—oxidative reforming of ethanol with the LNAD reactor, several
experiments were performed to study the effects of the O/C ratio on the ethanol
conversion rate. The relationship between the conversion rate and O/C ratio is
expressed in Fig. 3.2. The maximum conversion rate of 90% ethanol was found
when O/C = 1.6 with S/C = 2.0 and Geganor = 0.10 g/s. It can be explained that
there were not enough O, molecules to break the ethanol molecule at a low O/C
ratio, resulting in a weak conversion of ethanol as well as the production of syngas.
As the O/C ratio increased, more heat was brought in, the reaction between ethanol
and other species could be greatly promoted so that a higher conversion rate could
be obtained. The main products are H, and CO when the reaction stays in the stage
of partial oxidation which is a slight endothermic reaction [1].

The H, and CO yield reached the peak when the O/C ratio was around 1.5, which
is higher than that of the reaction’s stoichiometry. With the O/C ratio ranging from
0.8 to 1.5, the production rates of both CO and H, underwent acceleration.
According to the calculation of the water mass detected in the condenser, we can
conclude that the production of H,O increases when the O/C ratio is greater than 1.5.
This variation coincides basically with the change of H, yield, which implies that the
composition of the main products shifts from H, to H,O with the O/C ratio greater
than 1.5. As the O/C grows from 1.0 to 1.6 with S/C = 2.0 and Geganor = 0.10 g/s,
the production rates of H,, CO and CO, rise from 1.29 to 1.90, 1.13 to 1.71 and
4.40 x 107" t0 5.99 x 10~" mmol/s, respectively. At the same time, the value of
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Fig. 3.2 Ethanol conversion rate versus O/C Ratio with a different fuel flow rate and S/C Ratio.
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CH, decreases from 5.11 x 1071 t04.06 x 10! mmol/s. When the oxidation of the
mixture is sufficient to initiate the complete oxidation of ethanol, the addition of
oxygen can also further contribute to the production of CO; [1].

To investigate the influence of the O/C ratio on energy consumption, the term of
specific energy requirement (SER) of different products (H2, CO, H2 + CO) was
introduced, the definition of which was given in the previous section. The energy
input with the unit of W as a function of the O/C ratio is expressed in Fig. 3.2. The
input power supplied to the plasma grows with the increasing O/C ratio under a
fixed ethanol flow rate. The mass of particles produced by the mixture of ethanol
solution and air was faster at a higher O/C ratio with a fixed ethanol flow rate,
resulting in an increase in the breakdown frequency, leading to an increase in the
input power and the amount of arc filaments as well. However, the breakdown
frequency was not infinite; it could be limited by the power. At the same time, it can
also be observed that the input power experienced a decrease with a high speed flow
rate of pure air (above 972 cm?/s), which can be explained by the fact that the
particles generated from the mixture left the high electric field without ionization
within a reduced residence time because of its fast speed, which decreased the
resistance in the overall ionization region [1].

The SER of products as a function of various O/C ratios under given conditions
is shown in Fig. 3.3. The minimal SERs of products, 72.92 kJ/mol (H,),
80.20 kJ/mol (CO) and 38.19 kJ/mol (CO + H,) respectively, were gained at
O/C = 1.4 and S/C = 2.0 with an ethanol flow rate of 0.15 g/s. Unlike the case of
S/C = 2.0, the SER of each product of S/C = 2.4 grows with an increase in the O/C
ratio initially, reaching the maximum at O/C = 1.2 and the minimum at O/C = 1.6
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respectively. Note that there are several cases when the O/C ratio increases. First, as
mentioned before, the input power ascends with an increase in the O/C ratio with a
constant ethanol flow rate for the increasing number of arc filaments between
electrodes and particles produced by the feedstock. Second, more energy should be
supplied for the increasing conversion of ethanol and heat which increases together
with the injection of oxygen as discussed before. Moreover, it is possible that
further excitation or fragmentation of the products is formed with an increase in
oxygen, which leads to further unnecessary energy consumption. When the
acceleration of the power exceeds that of the production rate of the products, the
SER will increase, and vice versa. Thus, has been demonstrated that the minimum
SER occurs at O/C =14 or 1.6 with S/C =2.0 or 2.4, respectively. In a
non-equilibrium plasma reactor, all of the energy is deposited in the electron
components. The active species, produced in the electron-molecular processes, lead
to chain reactions with the ethanol molecules. In the future, more studies should be
done to further analyze the conversion mechanism of ethanol reforming assisted by
plasmas, especially the main radical reactions converting ethanol to hydrogen [1].
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3.3.2 Effect of the S/C Ratio

The S/C ratio is one of the most significant factors affecting the conversion of
ethanol, especially the production of hydrogen. The effect of the S/C ratio on the
production rates of H, and CO is expressed in Fig. 3.4. The production rate of H,
was up to the maximum of about 1.90 mmol/s at S/C = 2.0 with the O/C ratio and
the fuel flow rate of 1.6 and 0.10 g/s respectively, while the value of CO initially
increased more slowly than hydrogen with the increasing S/C ratio. With the
increases in the S/C ratio, the oxygen radical and hydroxyl radical from the water
molecules became active enough to transfer the energy and collide with the ethanol
molecules to promote its decomposition, causing the increase in syngas production
expressed in Fig. 3.4. When the addition of water increased with the S/C larger than
2.0, the production rates of H, and CO decreased. One of the possible reasons may
be that the additional water absorbs some heat released from the partial oxidation of
ethanol, resulting in a decrease in the temperature in the reactor which has negative
effects on the ethanol conversion [1].

The mole ratio of H, and CO reached their peak at the S/C ratio of 2.0 ~ 2.4,
which indicates that the addition of water favors the steam reforming of ethanol and
H, production. As the S/C ratio varied from 0.8 to 4.0 with other operating
parameters remaining constant, the mole ratio of H, and CO increased up to a
maximum of 1.14 at S/C = 2.0. Moreover, the mole ratio exceeded the unity with
the S/C ratio in the range of 2.0 ~ 2.4 at Geganol = 0.10 g/s. This can be explained
by the concentration of free radicals as well as by the water—gas shift reaction,
which had a favorable H, equilibrium under the conditions of large amounts of
water added and low temperatures. Note that for temperatures lower than 1000 K in
the investigated mixtures, the hydrogen atoms were generated mainly during the
process of water dissociation by electron impact [1].
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3.3.3 Effect of the Input Power

The input power is a key parameter affecting the performance of the reactor system;
it can be changed by varying the applied voltage and pulsed frequency. This
experiment was performed using a mixture of water, air and ethanol at O/C = 1.2,
S/C = 2.0 and 3.2 respectively. From Fig. 3.5, it can be seen that the ethanol
conversion rate was significantly affected by the input power. In addition, the H,
yield slightly decreased with the growing discharge power. Future work on
by-product analysis is necessary and is currently underway. The power has a close
relationship with the density of plasma and almost all of the energy is deposited into
the electron in the non-thermal plasma. A large amount of active species can be
produced from the reaction of electrons and molecules, leading to the decompo-
sition of ethanol [1].

3.3.4 Effect of the Ethanol Flow Rate

In the case of O/C = 1.0, the ethanol flow rate rose from 0.10 to 0.25 g/s, the
measured H, and CO production rates grew from 1.29 x 107 to 2.56 x 107>
mol/s and 1.13 x 1077 to 2.40 x 107> mol/s, respectively. A similar variation of
the production rate was obtained when O/C = 1.2, from which it can be concluded
that more ethanol is decomposed within the unit time at a higher fuel flow rate,
causing a higher H, or CO production rate. The detailed reasons may be that a
larger amount of ethanol molecules, contained in the reforming process with a
higher ethanol flow rate, results in an increase in the collision frequency between
the ethanol molecules and the surrounding plasmas so as to raise the production rate
of H, and CO.
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Fig. 3.6 The effect of the ethanol flow rate on the performance of ethanol steam-oxidative
reforming

Dependence of energy consumption on the ethanol flow rate is shown in Fig. 3.6.
The minimum SERs of H, and CO of 115.03 kJ/mol and 112.30 kJ/mol were
achieved at the specific energy input of 36.8 kJ per ethanol mole with S/C = 1.6 and
O/C = 1.2 at Geghanol = 0.25 g/s. This SEI corresponds to a power of approximately
200 W, 69% ethanol conversion and an air flow rate of 694 cm>/s [1].

3.4 Conclusion

The steam-oxidative reforming of ethanol was studied using a Laval nozzle arc
discharge (LNAD) for hydrogen production at the O/C ratio of 0.6 ~ 2.0, the S/C
ratio of 0.8 ~ 4.0, a fuel flow rate of 0.10 g/s ~ 0.30 g/s and atmospheric pres-
sure. The mixture of ethanol and water was converted into the synthesis gas with
C,H,, C,H,, CH, and CO,. CO and H, were detected as the main compounds [1].

The LNAD reactor could also be used in some areas such as plasma ignition and
flame control as well as hydrocarbon decomposition for the generation of carbon
nano—tubes, fuel reforming and activation, used in the solar cell manufacturing
process and so on.
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Chapter 4
Hydrogen from Ethanol by a Miniaturized
Plasma Reforming System

4.1 Introduction

In the previous study, ethanol steam-oxidative reforming was performed with a
Laval nozzle arc reactor, and the optimal operating conditions were found to be
S/C = 2.0 and O/C = 1.4-1.6, with a minimum specific energy input in terms of
ethanol of 55.44 kJ/mol and a minimum specific energy requirement of H, of
72.92 kJ/mol [2]. In the present study, a minimized arc plasmatron has been used to
test the ethanol reforming at atmospheric pressure without additional heating, which
has the advantages listed as follows [1]:

(1) A uniform distribution of active species results from the periodical rotation of
arcs; elevated densities of energetic electrons and active species enable an
excellent conversion extent and a faster reaction rate.

(2) Vaporize the liquid feed with high-speed air flows to get rid of the demand for
an additional heat source for liquid vaporization.

(3) A special electrode configuration design, being able to minimize the erosion of
the electrodes.

4.2 Experimental Setup

A minimized non-thermal arc plasma reactor was applied to convert bio-ethanol
into hydrogen-rich gas by the steam-oxidative reforming method. The schematic
diagram of the reactor is presented in Fig. 4.1. The non-thermal arc plasma reactor
was mainly made up of a copper Laval nozzle (with an inner diameter of 2 mm at
the throat) and a copper nail (with a diameter of 10 mm) with a pointed tip on one
end. The body of the reactor was made of stainless steel. The copper nail located on
the central axis acted as the central electrode, while the copper Laval acted as the

© Zhejiang University Press, Hangzhou and Springer Nature Singapore Pte Ltd. 2017 39
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Fig. 4.1 The schematic diagram of a minimized non-thermal arc plasma reactor

other electrode. The minimum distance between these electrodes was set at about
0.27 mm, so the reactant was injected through a ring—shaped cross section
(i.d. = 1.46 mm, o.d. = 2 mm) before entering the discharge zone as shown in the
figure.

The plasma reactor was driven by a 50 Hz high voltage AC power supply
equipped with a 220 V/10 kV transformer. Here, employing the widely utilized AC
power supply would make it possible to lower the costs of the device and of the
operating, which would be beneficial for the popularization of this technology.
A power meter was used to measure the power input consumed by the overall setup
(mainly consumed by the transformer and the discharge reactor). The revolutions of
the voltage and current in the discharge reactor when the plasma is on were ana-
lyzed with an oscilloscope (Tektronix 2024B) equipped with a high voltage probe
(Tektronix P6035) and a current probe (Tektronix TP301A).

The reaction chamber inside the experimental reactor can be divided into three
main parts: the mixing region, the discharge region and the post-discharge region.
There were four orifices in various directions at the top of the reactor, with a gas—
liquid spray nozzle inserted into one of them. The air stream was delivered through
these orifices to form a vortex gas flow and the ethanol solution was introduced
through the spray nozzle for a quick evaporation and a rapid mixing with air at
room temperature. The flow rates of air and ethanol/water were maintained constant
by a mass flow controller and a peristaltic pump, respectively. Then the atomized
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ethanol solutions entered the mixing region, where the electric breakdowns
occurred and once a high voltage was applied between the electrodes, in the form of
a high-speed whirl flow, then it flowed into the discharge region. Due to a sudden
contraction at the narrowest position of the nozzle, the mixture stream might turn
into a subsonic stream, or even a supersonic stream. The plasmas established in the
discharge region consisted of various active species, such as high—energy electrons,
highly—active radicals and molecules in their excited states, which then reacted with
the mixture of ethanol and water, obtaining a variety of products such as H,, CO,
C,H,, C,H,, CyHg, CO,, CHy and so forth. After the reactions, the reforming
products were cooled with a condenser. To ensure the reliability of the obtained
data, a flue gas analyzer was applied to monitor the concentration of H, and CO in
the condensed gas products. Then the gas products were gathered after the con-
centrations of both H, and CO reached constant values, which indicated stable
reactions and a constant production rate for the other main products (i.e. CO, and
CH,). The gathered exit gas was analyzed using a gas chromatography.

4.3 Results and Discussion

4.3.1 Voltage—Current Characteristic

The Voltage—Current (V-I) characteristic is one of the most important electrical
characteristics of the non-thermal arc discharge. Because of its close link with the
degree of ionization, the time-resolved variations of voltage and current can be
used to characterize the evolution of the electric breakdowns and arc filaments.
The dynamical V-I characteristic during half a cycle of the discharge, which was
obtained with the assistance of the oscilloscope, is plotted in Fig. 4.2. It was found
that each half cycle experienced four phases according to the degree of ionization:
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(a) No ionization phase, where the voltage underwent a sudden elevation, causing
an electric breakdown and the generation of the arc filaments when the voltage
increased to a critical value, namely, the breakdown voltage;

(b) Full ionization phase; in this phase the current increased greatly while the
voltage increased earlier, then dropped;

(c) High ionization phase; in this phase the voltage increased while the current
decreased rapidly. The arc was simultaneously elongated by the air flow rate;

(d) Weak ionization phase, where the current decreased to 0 mA and the voltage
dropped significantly. After being elongated to the maximum length due to the
power input from the power supply, the arc column quenched as it could no
longer afford the additional energy for maintaining a longer arc column.

4.3.2 Effect of the O/C Ratio

The influence of the O/C ratio within the non-thermal arc discharge reactor upon
hydrogen reforming was tested by varying the air flow rate while holding the S/C
ratio and the fuel flow rate constant, as can be seen in Fig. 4.3. As shown in
Fig. 4.4, as the O/C ratio increased, the ethanol conversion augmented initially,
reaching the peak value at the O/C of c.a. 0.50, and decreased afterwards. This is
because inadequate oxygen gas participated in the oxidation of ethanol at lower O/C
ratios, leading to a lower oxidizing extent and a relatively low ethanol conversion
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Fig. 4.3 Conversion rate, production rate and power input as functions of O/the C ratio.
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rate. As the O/C ratio grew, more oxygen molecules came into collision with
ethanol molecules, so more ethanol was completely oxidized and more energy was
released, which in turn enhanced the decomposition of ethanol. However, higher
O/C ratios indicated larger air flow rates and shorter residence times of reactants
within the reaction region, so more heat and unreacted ethanol were taken away,
resulting in lower conversion extents.

As the O/C ratio increased from 0.25 to 0.35, the production rate of CHy
underwent a dramatic increase, while the production rates of H, and CO kept almost
constant. Further increasing the O/C ratio to 0.45 would cause a quick acceleration
in the generation of H, and CO. The maximum product yield of CH,4 occurred at
O/C ~ 0.40, but that of H, and CO occurred at O/C ~ 0.45, which is slightly
greater than the former one. Note that the conversion rate under the same condition
reached its peak value at O/C ~ 0.50. This could be explained by the fact that
increasing the O/C ratio means that more CH, is oxidized into CO and CO, by
oxygen; however, further addition of oxygen will convert H, and CO into H,O and
CO,, thus lowering the H, yield.

4.3.3 Effect of the S/C Ratio

In order to analyze the effect of the S/C ratio on the performance of ethanol
reforming, separate experiments were performed at different S/C ratios while
holding other conditions constant. During the discharge process, increasing the S/C
ratio at a constant ethanol flow rate meant delivering more steam into the reactor, so
the composition of reforming products would be modified due to the variation in the
conductivity of the mixture stream and the participation of more water molecules.
The effect of the S/C ratio upon ethanol reforming performance is illustrated in
Fig. 4.4 while setting a constant O/C ratio and ethanol flow rate (0.44 and 0.10 g/s,
respectively). In the experiments, all the production rates for the main reforming
products were found to be elevated with an increasing S/C ratio and reached their
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peak values at an S/C ratio of ~ 1.0, showing that adding water has a positive effect
upon the conversion of ethanol to some extent. This is because as the S/C ratio
increased, water molecules became easily motivated and dissociated due to the
dissociation products out of oxygen and ethanol molecules as well as the energy
released at the same time, which benefited the reforming reactions. Furthermore, if
the S/C ratio increased from 0.43 to 1.05, H,/CO and CO,/CO ratios increased from
1.110 and 0.807 to 1.201 and 0.914, respectively, demonstrating that more CO
reacts with water and is transformed into additional H, and CO, via the WGS
reaction. On the other hand, the conversion rate decreased with increasing S/C
ratios above ~ 1.0 as a consequence of a decrease in the system temperature. At
higher S/C ratios (above ~ 1.0), adding more water did not mean more water
molecules participating in the reactions. On the contrary, the introduction of too
much water would decrease the energy deposited into each water molecule, which
in turn resulted in a less effective reforming behavior.

4.3.4 Effect of the Ethanol Flow Rate

As one of the critical parameters of the operating conditions, the ethanol flow rate
plays a significant role in ethanol reforming behaviors. Ethanol reforming perfor-
mance is expressed in Fig. 4.5 as a function of the ethanol flow rate. In the
experiments, the feeding rate of ethanol changed from 0.04 to 0.14 g/s with
O/C = 0.44 and S/C = 0.43. The power input of the overall system was also an
increasing function of the ethanol flow rate, and an increase in the ethanol flow rate
from 0.04 to 0.14 g/s gradually elevated the power consumed from 50.9 to 60.4 W.
As the ethanol flow rate increased, the conversion rate underwent an increase
initially, and then declined, attaining a peak value of 55.4% at an ethanol flow rate
of 0.10 g/s. The possible reason is as follows: under a given O/C ratio, higher
ethanol flow rates indicate a faster air flow, leading to a quicker rotation of arc
filaments and a good contact of the reactants with the plasma species, thus
improving the conversion rates and enhancing the hydrogen yields. Increasing the
ethanol flow rate above 0.10 g/s under a given O/C ratio, however, will reduce the
conversion rates because of a shorter residence time during which more ethanol
molecules leave the plasma zone without reaction. Moreover, an augmentation in
the ethanol flow rate under a given S/C ratio may lead to a decrease in the reaction
temperature because of the significant heat losses caused by the absorption of extra
water. Also, an amplification of the ethanol flow rate may also reduce the energy
density within the plasma zone, which limits the reactor temperature and the
average electron energy, thus both the hydrogen production out of a unit ethanol
mole and the energy efficiency fall. In terms of energy efficiency and hydrogen
yield, the optimal ethanol flow rate is 0.10-0.12 g/s.

The specific energy requirement (SER) of H, and syngas decrease with a growing
ethanol flow rate. Though at higher ethanol flow rates, adding an ethanol-water
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mixture reduces the conversion rates, the production rates for the main products
remain on the increase. Furthermore, the effect of the ethanol flow rate upon the
power consumption is weak, so the SER of H, keeps on decreasing. For O/C = 0.44
and S/C = 0.43, the minimum SERs of H, and CO (59.3 and 70.6 kJ/mol, respec-
tively) occur at an ethanol flow rate of 0.14 g/s, where the minimum specific energy
input (SEI) of ethanol (19.8 kJ/mol) is achieved as well.

In the experiments, for O/C = 0.44, S/C = 1.28 and ethanol flow rate = 0.10 g/s,
the power input of the plasma-—catalytic reactor was 59.8 W, which meant that
27.8 kJ of electric energy would be consumed when 1 mol of ethanol flowed into
the reactor, where 0.88 mol of ethanol was converted, producing 0.69 mol of H,,
0.42 mol of CO, 0.82 mol of CH4 and the other species. Taking H, and CO into
consideration, the energy efficiency was no more than 22.4%. However, energy
efficiency reached 73.9% when CH,4 was taken into account as well, so another
plasma reforming reactor was needed to increase the selectivity of H,. By setting
appropriate O/C ratios, S/C ratio and power input, the latter reactor would further
decompose a large amount of CH, produced from the former one into extra CO and
H,, Furthermore, the ethanol remaining unreacted in the former reactor would
undergo conversion in the second reactor as well.

Because the energy efficiency of direct combustion is low, converting ethanol
into hydrogen-rich gas for fuel cell application with optimum conditions and proper
catalysts leads to higher energy efficiencies. Fuel cells can be widely used in many
applications, such as power plants, transportation and telecommunications.
Furthermore, the plasma—catalytic reforming does not demand a large quantity of
electric energy. For example, in the present experiment, 0.69 mol of H, and
0.42 mol of CO, which contain a total energy content of 286 kJ, were obtained at
the cost of 27.8 kJ of electric energy. The energy efficiency could be further
increased if the second plasma reactor was applied, where more H, and CO would
be formed from the unreacted ethanol and CH,. In conclusion, ethanol reforming
via a non-thermal arc plasma—catalytic system for fuel cell applications may be a
promising solution for fossil fuel reservation and greenhouse effect prevention.
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4.4 Conclusion

A non-thermal arc plasma reforming reactor was designed to study the
oxidative-steam reforming of ethanol. The production of H, and CO was the main
focus. In terms of energy efficiency, the optimal condition was determined to be
O/C ~ 0.5, S/C ~ 1.0 and inlet ethanol ~0.10 g/s. It has also been confirmed
that the addition of a Ni/y—Al,O; catalyst contributes to an improved reforming
performance with higher conversion rates and increased hydrogen production but
little increase in the power consumed, and the SER for hydrogen decreases from
68.5 to 40.1 kJ/mol at O/C = 0.44, S/C = 1.28 and inlet ethanol = 0.10 g/s. To
further improve the reforming results, more attention must be paid to the modifi-
cation of the structure and the size of plasma reforming reactors and electrodes, and
the selection of catalysts with good catalytic behavior but less cost, which remains a
significant task in the near future.
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Chapter 5
Plasma-Catalytic Reforming for Hydrogen
Generation from Ethanol

5.1 Introduction

Although benefits from energetic electrons contributed to the high activity and fast
reaction rate in plasma reactions, the ethanol reforming assisted by non-thermal
plasma usually reached undesirable product selectivity. Elevating the power input
may increase the hydrogen selectivity to a certain extent, but it is not beneficial to
improving the energy efficiency or to reducing the cost. A combination of plasma
reforming with a catalyst seems to be a promising way to enhance the hydrogen
yield and to noticeably reduce the energy required for hydrogen production
simultaneously. Plasma—catalyst technologies have been sufficiently applied to
methane reforming [2—4]; however, such applications on ethanol have seldom been
seen in previous work. In this work, three non-precious metals (Ni, Cu and Co)
have been selected to improve the reforming behaviors, and parametric experiments
were performed to optimize the reforming conditions. It was found that the ethanol
conversion rate and hydrogen selectivity were obviously enhanced, indicating that
plasma-catalytic hybrid reforming is an attractive technique for fuel reforming.

5.2 [Experimental Section

5.2.1 Plasma-Catalytic Setup

The schematic diagram of the experimental setup is shown in Fig. 5.1a. The
non-thermal arc plasma reformer was made up of a copper converging—diverging
nozzle and a copper nail, which acted as external and central electrodes,
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respectively. The minimum distance between the electrodes was set at 0.27 mm.
The reformer was powered by a 10 kV transformer. The temporal variations of the
discharge voltage and current were recorded by an oscilloscope. The catalyst pellets
were filled in a stainless iron container located just under the external electrodes, so
that the plasma could heat the catalyst, and a portion of the reactive plasma species
(energetic electrons, radicals and molecule fragments) could reach the catalyst
surface. Alumina—supported non-precious metal catalysts (5% metal loading) were
used [1]. In Fig. 5.1b, the reaction chamber is divided into the following four main
parts: (a) the mixing region; (2) the discharge region; (3) the catalyst region and
(d) the post-reaction region. The role of a gas-liquid spray nozzle and four tan-
gential orifices formed the feedstock to a vortex stream, and then the vortex stream
was introduced into the mixing region (a); Due to the converging—diverging
structure of the reformer, the vortex stream was accelerated dramatically in region
(b), and then it turned into a low-pressure rapid vortex flow within region (c) as a
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consequence of the Laval nozzle effect. When applied with a continuous AC high
voltage, electrical breakdowns occurred at the narrowest electrode gap, subse-
quently the discharge arc was pushed downstream by the low-pressure rapid vortex
flow forming an extended plasma region, which exerted impacts on the catalyst
surface. After the reforming reaction, the resulting products were cooled with a
condenser prior to exit for gas analysis.

5.2.2 Catalysts Characterization

In Fig. 5.1b, the catalysts (Ni/y—Al,O3, Cu/y-Al,03, Co/y—Al,03) applied are
prepared by the incipient wetness impregnation method. Granular y—alumina with
diameters of 2 ~ 3 mm and aqueous solutions of Ni(NO3),*6H,0, Cu(NO3),-3H,0
and Co(NO3)2:6H,0 are used as support and metal precursors, respectively. Prior to
impregnation, the support is calcined at 600 °C for 3 h. After impregnation, the
samples are dried at 105 °C for 12 h, followed by the calcination at 600 °C for 5 h.
Catalysts were reduced to 600 °C for 3 h in N,/H, flow, and then were purged and
cooled by N, stream till their temperature dropped to the ambient temperature.

The XRD (X-ray diffractometry) analysis revealed that after calcination, Ni**
and Cu®" interacted strongly with support and entered the structure of Al,O;,
generating spinel phases; while the Co3;0, phase was formed in the case of the Co
catalyst, showing that the interaction between Co®* and the alumina support was
weak. Furthermore, compared with the pattern near 20 = 32°, it is obvious that the
diffraction peak of Co30,4 for Co catalyst is sharper than other patterns, which
means that Co30, possesses a larger grain size and a poorer metal dispersion
compared with that of NiAl,04 and CuAl,O4. The crystal grain sizes of Co30,,
NiAl,O4 and CuAl,Oy are calculated as 20.2, 11.1 and 10.7 nm, respectively.

The support had the highest surface areas (326.5 m*/g), which decreased
remarkably after the addition of metal because the active metals covered the surface
and filled the pores of the porous support. The surface areas decreased in the
following order: Ni (224.7 m?*/g) > Cu (208.0 m*/g) > Co (163.7 m*/g). The grain
sizes of the oxides of Ni and Cu were smaller due to the strong interaction with the
support, thus the decreasing effect of the surface area, due to the filling of metal
oxide, was less than that of the Co catalyst.

The SEM (scanning electron microscopy) images of the three metal catalysts,
including both fresh and used (after 120 min operation), are shown in Fig. 5.2. It
can be observed that the fine and uniform particles are prone to be formed on the
catalyst surface after the plasma reaction, suggesting that plasma imposes effects
on the physical properties of the catalyst surface, hence it gives rise to a uniform
size and shape of the surface particles as well as an enhanced surface area. It can be
seen from the figure that the particle sizes decrease in the following order:
Ni < Cu < Co.
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Fig. 5.2 Comparison of SEM photos before and after 120 min reforming in terms of different
catalysts. a Fresh Ni/y—Al,05; b used Ni/y-Al,05; ¢ fresh Co/y—-Al,O3; d used Co/y-AlLO3;
e fresh Cu/y-AlI203; f used Cu/y—Al,05

5.3 Results and Discussion

5.3.1 Effect of the O/C Ratio

The ethanol conversion rates as functions of the O/C ratio are shown in Fig. 5.3.
For all the catalysts and the blank experiment, the conversion rates increased with
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Fig. 5.3 Conversion rates a and reaction temperature b as functions of the O/C ratio

an increasing O/C ratio in the range studied (0.3 ~ 0.6). With an O/C ratio
increasing from 0.3 to 0.6, the reacted ethanol rose from 23.8 to 60.7%, while for
Ni, Cu and Co catalysts, the corresponding values varied from 27.7, 28.1 and
31.1% to 81.5, 81.9 and 84.2%, respectively, demonstrating that the addition of
catalysts favors the decomposition of the ethanol molecules with the order of
Co > Ni > Cu. The best improvement was achieved by using the Co catalyst,
whose conversion rate increased by 23.5%. It is worth noting that, for a plasma
reformer without any packed bed, the converted ethanol achieved the maximum
value at O/C ~0.5, and a further increase of inlet oxygen led to a lowering of the
conversion rate, while the highest conversion rates were obtained with O/C = 0.6
after a packed bed was added. Additionally, the energetic electrons and active
species formed in plasma not only initiated elementary reactions in the discharge
region and on the reactor wall, but they also reacted with the adsorbed molecules
and molecular fragments on the active sites of the catalyst surface, leading to an
improved decomposition rate of the ethanol [1].

The reaction temperature was a significant parameter in catalyst reactions, which
influenced the conversion rate and product distribution. The non-thermal arc plasma
was powered by a high voltage supply device, providing rapid start-up and mode
switching, and the reaction equilibrium could be well established in quite a short
time (in 1 ~ 2 min). Based on this, a stable temperature could be easily reached in
2 ~ 3 min in the plasma-catalytic hybrid system. Furthermore, due to the
non-equilibrium properties of non-thermal plasma, almost all the discharge power
was transferred into energetic electrons instead of heating all of the molecules.
When no external heat source was applied, the final temperature of the reactor was
maintained by the heat released during the ethanol decomposition, compensating
the heat loss due to the heat exchange and product transportation. As seen in
Fig. 5.3b, the reaction temperature rose with an increasing O/C ratio in a range of
120 ~ 210 °C, which is much lower than that in conventional catalytic processes
(500 ~ 800 °C). At a lower O/C ratio (0.3), less oxygen was delivered into the
discharge region, which led to lower concentrations of the active species as well as
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an incomplete mixing and interaction with the reactants, thus limiting the ethanol
decomposition and the heat release. At a lower O/C ratio (0.3), the conversion rate
and reaction temperature with Co catalyst was higher than others, which can be
attributed to the high activity of Co at lower temperatures. In addition, a lower
temperature did not favor the catalyst activity; therefore slight improvements in the
conversion rate and reaction temperature were observed at a lower O/C ratio.
However, further increasing the O/C ratio would counteract this advantage at higher
temperatures. In general, a conclusion could be drawn: supplying more oxygen
intensifies both the discharge—induced reactions and catalyst activities, obtaining a
better reforming performance [1].

For the case of alumina support, the highest H, selectivity of 34.7% reached at
O/C = 0.5, while the H, selectivities of different catalysts at identical O/C ratio
were 40.2, 37.2 and 37.9% for Ni, Cu and Co catalysts, respectively. Within the
engaged O/C ratio, the highest H, selectivity (excess 40%) and the lowest CH,
selectivity (not more than 40%) were achieved with the Ni catalyst, while the Co
catalyst seemed to show no improvement in product selectivity when compared
with the case using alumina support. For the Ni catalyst, the maximum H, selec-
tivity of 46.3% was obtained at a lower O/C ratio (0.3), this value dropped to 39.6%
at O/C = 0.6, while the selectivity for CO increased slightly with the enhancement
of the O/C ratio. The case of Cu shares a similar tendency, with a greater increase in
the selectivity of CO compared with Ni. With an increase of the O, concentration,
more H, and CH4 were oxidized into H,O and CO. For the Co catalyst, unlike the
former catalysts, the selectivities of H, and CO reached their peak values at
O/C = 0.5, whereas the lowest CO, selectivity was exhibited. For all the catalysts,
the selectivity for CH4 decreased with an increase in the O/C ratio. When the O/C
ratio increased from 0.3 to 0.5, CH, in product gas was oxidized into additional H,
and CO, and a further increase in the supplied oxygen led to the oxidation of H, and
CO into H,O and CO,, respectively. In terms of H, selectivity, the optimal O/C
ratio for Ni and Cu was 0.3, while that of Co was 0.5 [1].

As shown in Fig. 5.4, for Ni and Cu catalysts, the production rates of hydrogen
increased with an increase in the O/C ratio, and the maximal values of 2.21 mmol/s
(Ni) and 2.01 mmol/s (Cu) were achieved at O/C = 0.6; the maximal values for Co
(2.06 mmol/s) and support (1.04 mmol/s) were achieved at O/C = (.5, indicating
that the hydrogen productivities are doubled due to the additions of catalysts.
Hence, the additions of catalysts greatly enhanced the conversion efficiency and the
hydrogen selectivity simultaneously. The SER is the ratio between the discharge
power and the production rate. The discharge power is insensitive as a function of
O/C ratios, which increased slightly with an increase in the O/C ratio (with a
variation range of 13.31 ~ 14.72 W for catalysts), thereby the minimum and
maximum SER for H, occurred at similar O/C ratios. The minimum SER for H, is
not more than 6.7 kJ/mol which was reached at O/C = 0.6, S/C = 1.0 with an
ethanol inlet of 0.10 g/s and with the Ni catalyst [1].
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5.3.2 Effect of the S/C Ratio

The conversion rates were studied as functions of the S/C ratio in Fig. 5.5a, which
revealed that the presence of catalysts favors higher conversion rates. For a mod-
erate S/C ratio (1.0 ~ 1.5), the conversion performances of ethanol were in the
order of Cu > Co > Ni, and the maximum conversion rate of 76.3% was obtained
at O/C = 0.5 and S/C = 1.0 with the Cu catalyst. Increasing the steam injected, the
optimal conversion rates were obtained at a moderate S/C ratio (1.0) with the Ni
and Co catalysts; however, a lower S/C ratio (0.5), which is much lower than the
stoichiometric ratio of the auto-thermal reformer, led to the highest conversion rate
with the Ni catalyst. For all applied catalysts, the improved conversion rates
compared with the case with a support decrease as the S/C ratio rose, showing that
the increase in the S/C ratio was slightly beneficial to the synergetic effect between
plasma and catalyst within reforming processes [1].
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Fig. 5.5 Conversion rates a and reaction temperature b as functions of the S/C ratio
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As shown in Fig. 5.5b, the variations of the reaction temperature verses S/C ratio
seemed to have a similar tendency with those of the conversion rates in a range of
160 ~ 200 °C. For the Cu and Co catalysts, the temperature increased with an
increase in the S/C ratio until the optimal S/C ratio (1.0) was reached, and then it
decreased. For the Ni catalyst, the reaction temperature dropped with an increase in
the S/C ratio, with the highest value of 198 °C at S/C = 0.5. For a higher S/C ratio
(>1.0), an addition of steam lowered the specific energy for each water molecule
and slowed down the reaction rates. Furthermore, an elevation in steam flux means
a short residence time, which leads to more unreacted ethanol and less heat
released. It was found that the reaction temperature for support without catalysts
was usually below that with catalysts, which could be explained by less decom-
posed ethanol [1].

For the case where catalysts were applied, the selectivity of CO decreased with
the growing of the S/C ratio and the selectivity of CO, showed the opposite
tendency. Due to the WGS reaction at a lower temperature (lower than 210 °C in
our work), CO was converted into CO, by reacting with H,O, resulting in an
additional generation of H,. Because more water leads to lowering down the
reaction temperature, it limits the productivity and selectivity of H,. Increasing the
S/C ratio favored the steam reforming of CH, while a drop in temperature favored
CH, generation out of ethanol incompletely decomposed. Therefore the selectivity
of CH, seemed to be insensitive as functions for all catalysts. For the case with
support, the selectivity of CH, increased with higher S/C ratios (>1.0). Compared
with the control group, the presence of the Ni or Cu catalyst significantly reduced
the CH, content in products with selectivity below 40%, while the presence of Ni is
more beneficial for a high selectivity of H, (>40%) [1].

As plotted in Fig. 5.6, plasma—alumina reforming achieved the maximum
hydrogen production rate and the lowest SER for hydrogen of 1.04 mmol/s and
13.7 kJ/mol, respectively. The addition of catalysts in plasma reformer noticeably
promoted hydrogen productivity, which led to much lower required energy for
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producing hydrogen of 1 mol, specially at a lower S/C ratio (0.5 ~ 1.0). For
O/C = 0.5 and QEtOH = 0.10 g/s, the optimal H, productivity (2.06 mmol/s) and
SER for H, (9.9 kJ/mol) were obtained at S/C = 0.5 with the Ni catalyst [1].

5.4 Conclusion

Though a good conversion rate and attractive SER for hydrogen production were
obtained in this work, to further improve the performance, more attempts must be
made to select a proper catalyst with a lower cost but better activity and that lasts a
lifetime. Additionally, due to the high surface-area-to-volume ratio, miniaturization
of the plasma reactor should be further investigated and modified to effectively
generate and use the active species.
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Chapter 6

Mechanism for the Plasma Reforming
of Ethanol

6.1 Mechanism Analysis of the Single Plasma Reforming
of Ethanol

High energy electrons and active radicals are significant components of plasma
chemistry. A non-thermal plasma arc reaction can be divided into two stages; the
first stage is the electron bombardment reaction. In this stage, the electrons gain a
lot of energy in the strong electric field and convert to high-energy electrons; later
the electrons with higher energy bombard the molecules to make the molecular
rupture of covalent bonding and generate small molecules and free radicals. The
electrons with low energy can make molecules or atoms go into the excited state as
well. The second stage is the radical reaction. Radicals and other particles (ground
state or excited state of molecules, atoms, or other radicals) obtain the final product
through a series of radical collisions. The following passage will analyze the
mechanism for the single non-thermal arc plasma reforming of ethanol from three
aspects: electron-molecule collision, radical reaction and generation and conversion
of major products. It is worth mentioning that under the best reforming conditions
of single non-thermal arc reforming (O/C—0.5, S/C—1.0), there is no important
carbon generation phenomenon in the reactor wall and production stream and the
NOy content of the production stream is very low, so the inhibition of the gener-
ation of charcoal and NO, caused by the non-thermal arc plasma reforming will
also be discussed [1].

6.1.1 Electron-Molecule Collision

In the plasma reaction, the electrons are accelerated in the strong electric field and
make elastic or inelastic collisions with other particles. In the elastic collisions, the
electrons lose little energy, while in the inelastic collisions, the kinetic energy of the

© Zhejiang University Press, Hangzhou and Springer Nature Singapore Pte Ltd. 2017 57
J. Yan and C. Du, Hydrogen Generation from Ethanol using Plasma Reforming
Technology, Green Energy and Technology, DOI 10.1007/978-981-10-3659-0_6



58 6 Mechanism for the Plasma Reforming of Ethanol

electrons is almost all transformed into the potential energy of heavy particles, so
the heavy particles are excited, dissociated or ionized. Therefore, we can see that
the average level of energy and density of the electrons make a significant impact
through inelastic collisions.

The main reactions of the electron-molecule collision are as follows:

Excited reaction:

A+e— A" +e (6.1)
Dissociation reaction:
AB+e—A+B+e (6.2)
Ionization reaction:
A+e— At +2e (6.3)
Dissociative ionization reaction:
AB+e— AT +B+2e (6.4)
Complex reaction:
et+tAt — A (6.3)

In the above reaction formula, A stands for heavy particle (it includes
ground-state molecules or atoms), AB stands for molecule, e stands for electron, A+
stands for positive ion and A* stands for the excited-state heavy particle. When e
exists on both sides of the reaction formula, the left one is the high-energy electron,
the right one loses almost all of its kinetic energy after the inelastic collision and
changes into a low-energy electron. The low-energy electron can regain energy in
the electric field and change into a high-energy one to keep the high-energy elec-
trons at a higher density. Table 6.1 lists the main reactions of the electron-molecule
collision in the plasma reforming of ethanol.

In the plasma reforming of ethanol, ethanol, water and air that make up the
reaction substrates all react like (6.1)-(6.5) through collisions of high-energy
electrons. Under the collisions of high-energy electrons, the water molecules are
dissociated into H and OH radicals [7, 8]:
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Table 6.1 The main reactions of the electron-molecule collision during the auto-thermal

reforming of ethanol assisted by plasma

No. Electron-molecule collision Threshold Rate References
energy (eV) constants
(cm?’/s)
H,»0 dissociation
I.  |H,0+e—H+OH+e | 7.00 136 x 107° [[2,3]
O, dissociation
2. |0, +e—0+0+e | 6.00 (14 x10°  |[2, 4]
C,H5sOH dissociation
3. C,HsOH + ¢ — CH;CHOH +H + ¢ 7.82 1.0 x 107° 2]
4, C,HsOH +¢e — C,Hs +OH +¢ 7.90 47 x 1079 |2
5. C,Hs0H +e — CH; + CH,OH +e 7.38 1.8 x 10°° 2]
CH3;CHOH dissociation
6. CH;CHOH +e — CH;CHO+H+e | 8.80 1.0 x 107° 2]
7. CH3;CHOH +e — OH+ C,H, + e 3.46 - [5]
CH;CHO dissociation
8. |CH;CHO+te—CH;CO+H+e | 7.60 139 x 10° |2
CH;CO dissociation
9. |CH;CO+e— CH;+CO+e | 1.04 139x10°  |[2]
CH,OH dissociation
10. |CH,OH+e— CH0+H+e | 3.18 |- [61
CH,O0 dissociation
11. |CH,O+e — HCO+H+e 7.56 4.1 x 107° 2]
12. |CH;0+4+e— CO+H,+e 7.66 49 x 107° [2]
HCO dissociation
13. |HCOte—CO+H+te | 1.60 21 x10° |2
C,Hj5 dissociation
14, |CHs+e— CHy+H+e | 3.38 116 x 107° |21
C,Hy dissociation
15. |CHyt+e— CH+Hte | 10.00 157 x107° |2, 6]
C,Hj; dissociation
16. |CH;+e— CHy +H+e | 3.48 18 x10° |2
CHy dissociation
17. |CHy+e— CHy+H+te | 4.50 128 x10° |2, 6]
H,O0+e — H+OH+e (6.6)

In addition, the strong electric field can dissociate water into H* and OH™ as
well. The two kinds of ions above can produce H and OH radicals by absorbing or

releasing electrons [7, 8]:
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H,0 — H* + OH™ (6.7)
OH™ — OH +e (6.8)
H" +e—H (6.9)

Among them, H radicals can take H atoms from some of the H-containing
molecules and generate H,, so improving its concentration is beneficial to
improving the yield of H,; OH radicals have a very strong activity as well and they
can promote ethanol degradation through collision with ethanol. Thus the disso-
ciation of the water molecules helps to improve the conversion of ethanol and
hydrogen output. It should be noted that high-energy electrons can also be absorbed
by strong negative electric water molecules easily and generate H,O , thereby
inhibiting the generation of O radical and adversely affecting the decomposition of
ethanol [9].

H,O+e — H,O™ (610)

Air mainly includes O,#0 N,, wherein the high-energy electrons bombard O,
molecules and make the latter ones dissociated.

O, +e—0+0+e (6.11)

O radicals oxidize very strongly and their oxidizing is obviously higher than Os.
O radicals can react with the ethanol and radicals and generate an
oxygen-containing compound. Or they can capture the H of the particles and
generate OH radicals and can break the C=C bond of some C, products.
High-energy electrons can also dissociate the N, molecules:

N;+e —N+N+e (6.12)

Since the N=N bond energy is high in the N, (9.8 eV) while the bond energy of
the O=0 bond in O, and the H-O bond in H,O is only 5.2 and 5.1 eV, compared to
0O, and H,O, the dissociation of N, is more difficult and it does not participate much
in the ethanol reforming.

Compared to H,O, O,, and N,, the structure of the ethanol molecule is more
complex, so it relates to the multi-stage decomposition process in the electron
collision reactions. In ethanol reforming, the high-energy electron can be captured
by the ethanol molecule and become a negative ion to break the C—C bonds, the
C-0O bond and the O—H bond of ethanol as a result of the increase in the internal
repulsion [8]. The following electron-molecule reactions regarding ethanol will
occur at first:
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C,HsOH + e — CH;CHOH +H +e (6.13)
C,HsOH + e — CH3;CHO + H, +¢ (6.14)
C,HsOH +e — C,Hs + OH + ¢ (6.15)
C,HsOH +e — C,Hy +Hy,O + € (6.16)
C,Hs0H +e — CH;CH+H,;0 +e (6.17)
C,Hs0H +e — CH, + CH,0 +¢ (6.18)
C,HsOH +e — CH3 +CH,OH +¢ (6.19)

From the above reaction formulas we are able to know that in the first electron
bombardment, the ethanol molecule produces radicals including CH;CHOH, H,
CH;, CH,OH, CH;CHO, CH,O, C,Hs, OH and CH;CH and small molecules
including C,H,4, H,O, H, and CH,. Later, high-energy electrons and the above
particles have a further collision in the electric field and produce smaller particles or
molecules. In the discharge area, the molecules generated by the degradation of the
ethanol are related to the average energy level of the electrons. Figure 6.1 shows the
main electron-molecule reactions of the ethanol in a high-energy electron bom-
bardment. In the fully-ionized stage and the highly-ionized stage, the average
energy level of the electrons is high, so the ethanol bombarded by the electrons is
degraded more thoroughly and the main product is the low molecular weight
radical; in the weakly-ionized stage and the downstream of the discharge region,
since the average energy level of the electrons is low, the level of the ethanol
degradation is low and the product includes a greater number of high-molecular
weight particles, and at this time, the low-molecular weight radicals generated in the
fully-ionized and highly-ionized stages collide with each other and form stable
molecules. As described in Chap. 5, the fully-ionized and highly-ionized stages
take up most of the time in miniature non-thermal arc plasma, making sure of a high
level of degradation of the ethanol. As shown in Fig. 6.1, a large number of
high-activity H, OH, CH;3 and OH radicals are generated in the collision of the
electrons and the ethanol. CH;COOH has three successive pathways of degradation
under the bombardment of the electrons.

In the first pathway, the C=C bond breaks first and the ethanol produces CH; and
CH,OH radicals and then the CH,OH radicals remove the hydrogen atoms to
generate formaldehyde (CH,O). Since the stability of the ethanol is better than that
of the formaldehyde in the non-thermal discharge environment, the formaldehyde
continues to dehydrogenate and generates HCO and finally stabilizes in the form of
CO [10]:
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Fig. 6.1 The likely main dissociative pathways of ethanol induced by energetic electron
bombardment

C,HsOH + e — CH; + CH,OH +¢ (6.19)
CH,OH +¢ — CH,0+H+e (6.20)
CH,0+e — HCO+H+e (6.21)
HCO+e — CO+H+e (6.22)
CH,O+e — CO+H,+e (6.23)

In the second pathway, the C=C bond does not break at first, and the ethanol
removes an H radical to generate CH;CHOH and later it removes another H radical
to generate acetaldehyde. If the acetaldehyde continues to break down under the
bombardment of the electrons, then it can remove an H and a CH; radical one after
another and obtain a stable molecule CO. This pathway is essentially one of the
main sources of liquid product acetaldehyde (bombarded by radicals such as H,
OH, O, the ethanol can undergo two dehydrogenation reactions consecutively and
produce acetaldehyde). The H, content in the gas obtained from the above process
can be up to a high level (such as higher than 80%) while the conversion, utilization
and energy efficiency of the ethanol show weakness. Under normal pressure and
low temperature, the main products CH;CHO and H, through non-thermal glow
discharge reforming are obtained [11]:
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C,Hs0H + e — CH;CHOH + H + ¢ (6.13)
CH;CHOH + e — CH3;CHO + H + ¢ (6.24)
CH;CHO +¢ — CH;CO+H +e (6.25)
CH;CO +e¢ — CH; +CO +¢ (6.26)

The above two pathways are both related to the generation of the free radical
CH3;, which is the main source of the products CH, and C,Hg:

CH; +H — CHy4 (6.27)
CH; + CH; — C,Hgq (628)

In the third pathway, the ethanol either removes the H radical first and then the
OH radical or removes the OH radical first and then the H radical; the two ways
both generate C,Hy. In the process of removing the OH radical first, the C,Hs
radical is produced, which has some significance for the byproducts C,H, and
C,H,. In addition, in this process the C=C bond does not break, so it is one of the
main ways to produce the by-products of C, hydrocarbon:

C,HsOH + e — CH3;CHOH +H +¢ (6.13)
CH;CHOH + e — OH + C,H, +e (6.18)
C,Hs0H +e — C,Hs +OH + e (6.15)
CHs+e — CH,+H+e (6.29)
CHy +e — CoH3; +H+-¢ (6.30)
C,Hz; +e - CH, +H+e (6.31)

Ethanol generates a large number of H, OH and CH; radicals in the electron-
molecule reaction. H,O molecules and O, molecules also generate OH, H radicals
and O radicals in the electron impact dissociation. In addition, as the main product,
CHy4 can generate methyl radicals (CHz) under the hit of high-energy electrons:

CHy;+e —-CHs;+H+e (6.32)

In summary, the main types of radicals generated in non-thermal arc reforming
are H, OH, O and CHj radicals. The high-energy electron excitation effect on the
reforming substrate can also be effective in promoting the ethanol degradation and



64 6 Mechanism for the Plasma Reforming of Ethanol

product formation. According to the Arrhenius equation, the Chemical reaction rate
is expressed as:

E,
k=A- exp(— ﬁ) (6.33)

In the equation, k is the chemical reaction rate, A is the pre-exponential factor, T
is the absolute temperature, R is the molar gas constant, and Ea is the activation
energy. When the ground-state particle jumps into the excited state in the collisions
of the electron-molecule, the related activation energy decreases with the
improvement of the energy level of the particles participating in the reaction.
Assuming that the average energy increment of ground-state particles in the exci-
tation reaction is Ep, then the activation energy is reduced to (E, — E,), while in the
non-equilibrium plasma Ep > RT(RT < 0.1 eV), in other words, Ep/RT > 1. In
this case, the reaction rate is as follows [12]:

E, - E
kp =A- exp(—f)
- E. Ep
=A-exp < RT) exp (RT)
E
=k —_ 6.34
exp (RT) (6.34)

In the above equation, k and k;, respectively stand for the reaction rate of the
ground-state and the excited state particles, which shows that the reaction rate can
be increased to the (Ep/RT) times of the original.

6.1.2 Free Radical Reaction

High-energy electrons and molecules can produce excited-state particles, free
radicals and charged ions when inelastic collisions occur. However, the life of the
excited-state particles is from sub-nanosecond to microsecond, so its role in pro-
moting the reaction is limited in the gas phase reaction conditions [13]. The electron
bombardment needs an electron energy level which is higher than the molecular
dissociation energy to successfully cause ionization reactions. Therefore, in addi-
tion to high-energy electrons, the major participants in the plasma chemical reaction
are free radicals whose life is from a sub-nanosecond to a microsecond [14-16].
Besides, the structure of the convergent—divergent metal tube used in the research is
the Laval nozzle, which can improve the airflow velocity to the level of subsonic
speed and even supersonic, making the air pressure at the back of the convergent—
divergent tube decrease abruptly in order to extend the duration of the activity of the
free radicals [17]. As described above, a large number of H, OH, O and CHj;



6.1 Mechanism Analysis of the Single Plasma Reforming of Ethanol

65

Table 6.2 The main radical reactions and products during ethanol reforming assisted by
non-thermal plasma [49]

H radical O radical OH radical CHj; radical

H radical H2 OH HzO aCH4
°CH, + H,

O radical OH (03 O,+H CH,O + H
OH radical H,O 0, +H CH,O + H CH, + H,0O
CH3 radical aCH4 CH,O + H ZlCHgoH C2H6

°CH, + H, °CH, + H,O
CH;CH,OH | CH3;CHOH + H, |CH;CHOH + OH |CH;CHOH + H,O |CH,4 + CH;CHOH
CHzOH aCHzO + H, CH20 + OH CHzo + Hzo -

°CH; + OH
CH,0 “HCO + H, HCO + OH HCO + H,0 -

°CH;0
HCO CO + H, iCO + OH CO + H,O -

“CO, + H

CH3CHOH aC2H4 + H20 CH3CHO + OH CH3CHO + H20 -

aCH;; + CHzOH
CH;CHO CH;CO + H, CH;CO + OH “HCOOH + CHj3 CH;CO + CH4

"CH;CO + H,0

C2H6 C2H5 + H, C2H5 + OH C2H5 + Hzo C2H5 + CH4
C,Hs ‘CH; + CH; CH; + CH,0O C,H, + H,O -

‘C;Hs

bC2H4 + H,
C,H, aC,H; CH, + HCO C,H; + H,0 C,H, + CH,

°C,H; + H, °C,H; + H,0
C2H3 C2H4 - C2H2 + Hzo
C2H2 - CH2 + CO CH3 + CO -
CH, CH, + H, CH, + OH CH; + H,0 -
H,O OH + H, OH + OH - -
CcO - CO, CO,+H -

* and ® refer to the major product and the minor product respectively, which can be distinguished by the
theoretical values of k (reaction rate coefficient) of the reaction temperature in the range of 300-2300 K
and the expression of k is derived from [18, 19]

radicals produced in the process of electron-molecule reaction and the interaction of
these radicals and other particles have very important effects on the generation of
the reformate. Table 6.2 shows the main reactions and the products of the four
above radicals in the process of the non-thermal arc discharge reforming of ethanol,
while Table 6.3 also provides the reactions of each radical and the main reactions
pyrolysis of molecules and molecular fragments caused by the third body collision.
The H radical is mainly obtained through high-energy electrons bombarding water
molecules and ethanol (see Eqs. 6.6 and 6.13) and high-energy electrons can
generate H radicals by continuing to bombard the molecular fragments of the
ethanol. This radical is of decisive significance for hydrogen production. Two H
radicals can generate hydrogen molecules through complex reactions:
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M,H,.,H,0
it &

H+H ) (6.35)

H radicals can capture the hydrogen of ethanol to obtain the hydrogen molecule.
This is the main source of early hydrogen production through the degradation of
ethanol [5].

C,HsOH + H — CH;CHOH + H, (6.36)

Most of the hydrogen production reactions of the latter reactions are related to
the hydrogen abstraction reaction of H radicals. As shown in Table 6.2, the H
radical can continue to react with the molecular fragments of ethanol CH,OH,
CH,O, HCO, CH,HCO, C,Hg, CH4 and H,O particles to generate hydrogen. It
should be noted that the OH radical can react with H radicals and generate H,O and
the CHj; radical can react with the H radical and generate CH, as well, so CH; and
OH radicals have negative impacts on the hydrogen selectivity although they can
help to improve the degradation rate of the ethanol.

The O radical is obtained mainly through high-energy electron bombarding O,
molecules (see Eq. 6.11). This free radical has a strong oxidation and is typically
able to capture a hydrogen atom from molecules or radicals and generate OH
radicals as well as breaking the C=C of C, particles such as C,H, and C,Hj5 to get
CHj; radicals. In addition, the O radical and the O, molecule can generate O;
through the three-body collision reaction. Although Oz has a high oxidation
resistance and stability as well, its activity is far weaker than the O radical.

0+0,+M = 03;+M (6.37)

The OH radical is obtained mainly through high-energy electron bombarding
water, ethanol and molecular fragments of ethanol (see Eqs. 6.6, 6.13 and Fig. 6.1).
Besides, the O radical and molecules or molecular fragments can also generate OH
radicals through dehydrogenation. The CHj; radical is generated through the
breaking of the C=C bond. The OH, CHj radical can also have dehydrogenation
with other particles generally and obtain H,O and CH, respectively, so the CHj;
radical is the main precursor of the product CHy.

In summary, the amount and intensity of the H radical have a decisive influence
on the yield and selectivity of H,, while the O radical, the OH radical and the CHj;
radical have a dehydrogenating effect, which will help to improve the conversion
level of the ethanol but will not help to improve the H, selectivity. Furthermore,
because of the strong oxidizing, O can break the C=C bond and obtain CHj3 radicals.

6.1.3 The Generation and Conversion of the Main Products

The main products of non-thermal arc reforming include H,, CH4, CO and CO,,
while the minor products include C,H,, C,H4, C,Hg and CH3CHO, etc. As is
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known, the selectivity of the particular product is associated with its yield, which
generally reflects the balance of the generation and conversion of the products. The
improvement of the selectivity of the specified product can be achieved by pro-
moting the conversion of other particles into the product or preventing the con-
version of the product into other products. Discussion of the generation and
conversion of each product helps to fundamentally improve the selectivity of the
specified product and achieve the best reforming performance.

The main products containing hydrogen in the experiment are H, and CH,4, so
hydrogen-producing reactions and methane-producing reactions compete for the
hydrogen atom during the reforming. That is to say, with the same ethanol
degradation rate, in order to increase the hydrogen yield, the inhibition of reactions
producing methane or the promotion of the degradation of CH, is needed. The ways
of producing hydrogen and methane in the reforming process are shown in Fig. 6.2.
As shown in Fig. 6.2, the H radical and the CHj; radical play a role in the control of
the production of H, and CHy, respectively. As mentioned above, the selectivity of
C,H,, C,H, and C,Hg is low in the reforming process, and the main route for the
production of hydrogen is shown in the dashed box. During the process of ethanol
degradation, as long as the C=C bond breaks, CH; will be unavoidably generated,
and CH,4 will also be produced by the collisions of the CHj radicals with some
molecules and molecular fragments including H radicals. In the reaction of

2CH;

Fig. 6.2 Competition between hydrogen-generating reactions and methane-generating reactions
within non-thermal plasma reforming processes
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CH;CHO converting to CH3CO, competition between hydrogen-producing reac-
tions and methane-producing reactions occurs and in the process of CH;CO
transforming into HCOCH3CO, H radicals are consumed and CHj radicals are
produced. Based on the above reasons, large amounts of CH, will be produced in
the reforming process:

CHj; radicals consume H directly and generate CHy:

CH; +H — CH, (6.38)

Competition between H, and CH,4 occurs during the decomposition processes of
CH;CHO:

CH3;CHO +e¢ — CH;CO+H +e (6.25)
CH;CHO + H — CH;CO + H, (6.39)

CH;CO consumes H and generates CH3 radical:

CH;CO +H — CH; + HCO (6.41)

Therefore, it is difficult to improve the selectivity of hydrogen by inhibiting the
generation of the CH; radical and CH,_It is necessary to regulate the conditions of
the reaction and coordinate all potential reactions by thermodynamics. A more
practical solution is to force CH, to further degrade and release hydrogen.
Currently, various plasma technologies and catalyst processes have been applied for
the methane reforming for the production of hydrogen. Similar to ethanol
reforming, CH, reforming includes partial oxidation reforming, steam reforming
and CO, reforming; the related reaction formulas are as follows:

Partial oxidation of methane:

1
2CH4 + 502 — 2CO0+2H,0 4H = —36kJ/mol (6.42)

Steam reforming of methane:

CH4 +H,0 — CO, +3H, 4H = 206 kJ/mol (6.43)
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Dry reforming of methane:

CH4+CO; — 2CO+2H,; 4H = 247 kJ/mol (6.44)

This shows that an appropriate amount of oxygen and water methane degrada-
tion have a certain role of promoting methane degradation. However, according to
the discussions in Chaps. 3 and 4, we should also face up to the fact that adding too
much oxygen and water will bring negative effects on the reforming, adding too
much oxygen may lead to the oxidation of H, to H,O; and adding too much water
and air will cause the loss of more energy, lowering the degradation rate of the
reaction substrate and the energy efficiency of the reforming.

There are large amounts of CO and CO, in the gas generated in the reforming.
According to Fig. 6.1, Tables 6.2 and 6.3, CO comes mainly from the decompo-
sition of HCO and CH;CO, and acetylene can produce CO when oxidized by OH or
O radicals:

Degradation of HCO:

HCO+e —-H+CO+e (6.45)
HCO+H — H, +CO (6.46)
HCO+0 — OH+CO (6.47)
HCO + OH — H,0+ CO (6.48)
Degradation of CH;CO:
CH3CO+e — CH;+CO+e (6.49)

Oxidation degradation of C,H,:

C,H, + OH — CH;5 + CO (6.50)
C,H, +O — CH, +CO (6.51)

Wherein C,H, can be generated by CH, from the degradation of C,H, through a
complex reaction.

And CO can also be converted to CO, through an oxidation reaction and the
water gas shift reaction:
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Oxidation of CO:

CO+0 — CO, (6.53)
1
CO+ 502 — CO, (6.54)
Water gas shift:
CO +H,O0 — CO, +H, (6.55)

The water gas shift is a very important reaction in the reforming of ethanol,
which can eliminate the CO that is the toxic platinum electrode of the fuel cell and
improve the yield of hydrogen. This reaction usually takes place at a low tem-
perature (<673 K); the temperature of the tail gas flow measured in this experiment
was 120-210 °C, so it was helpful in promoting the production of hydrogen.
Formulas (6.42) and (6.54) show that CO and CO, are products of CHy in different
stages of oxidation, so the output ratio of CO, CO, and CH,4 can evaluate the overall
degree of oxidation in the reforming process. Improvement of the oxidation level is
usually accompanied by the increase of the ethanol conversion rate. A certain
degree of oxidation helps to increase the output of H,; however, excessive oxida-
tion means that some H, will convert into H,O, which will offset the output bonus
of H, that the higher conversion rate of ethanol brings.

6.1.4 Suppression and Removal of Carbon Deposition
in the Reforming Process

Carbon deposition is regarded as an important index to evaluate the effects of
reforming in the traditional catalytic reforming of ethanol. There are two main
degradation pathways of ethanol; one is to remove the hydrogen molecules and
generate CH3;CHO, while the other one is to remove water molecules and generate
C,H,4 [26].

Dehydrogenation reaction of ethanol:
CH;CH,0H « CH3CHO + H, (6.56)

Dehydration reaction of ethanol:

CH;CH,0H «+ C,H; + H,0 (657)
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Among these reactions, C, products represented by C,H, often form polymers
on the wall, and thus result in the formation of a carbon deposition:

C,H, (a)—polymer—carbon deposition (6.58)

In addition, ways of generating carbon deposition also include the Boudouard
reaction, the carbon gasification reverse reaction and the degradation of hydro-
carbons. The lower reaction temperature is in favor of the Boudouard reaction and
the reverse reaction of carbon gasification while the higher temperature helps to
improve the degradation of hydrocarbons to generate carbon deposition [26]:

The Boudouard reaction:

2C0 « CO, +C (6.59)

The carbon reverse reaction of gasification:

CO+H, < H,0+C (6.60)

The degradation of hydrocarbons:

CH; < 2H, +C (6.61)

Carbon deposition also affects the performance of the plasma reactor. Since
carbon has an excellent electrical conductivity, the carbon attached to the electrodes
will change the roughness of the surface of the electrodes, thereby changing the
electrode gap, the discharge voltage and other operating conditions, and affect the
stability of the reactor [27]. Moreover, when adding a catalyst layer in the discharge
region or in the downstream of the discharge region, the solid carbon generated in
the discharge region will attach to the surface or pore of the catalyst with the stream
of materials, thus causing the deactivation of the catalyst. Wang et al. in Taiwan,
China, have tried to add Ni/Al,O3 particles to the catalyst layer in the thermal
plasma discharge region. After that, it was found that methane conversion and
hydrogen selectivity improved to some extent. However, the improvement process
lasted only 3-5 min, because a large number of nanocarbon particles deposited on
the surface of the catalyst and the pore [28]. To sum up, anti-coking capacity is very
significant in the plasma reaction process.

Since the temperature in the environment of non-thermal plasma is low, ways of
producing carbon deposition that may exist are the dehydration of ethanol to
generate C,Hy, the Boudouard reaction and the degradation of hydrocarbons, but do
not include the degradation of hydrocarbons. However, in practice, there is no
notable carbon deposition on the wall of the reactor. Presumably, mechanisms that
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eliminate carbon deposition in miniature non-thermal arc reforming are the
following:

1. Production of carbon deposition:

We can inhibit the dehydration reaction of the ethanol molecules by selecting a
suitable catalyst or carrier under certain catalytic reforming conditions. Since
high-energy electron-molecule collisions have non-selectivity, the ethanol mole-
cules will produce C,H, unavoidably in the electron bombardment and radical
reactions. As mentioned above, O, and H,O of the reforming substrates produce a
large number of O and H radicals (see Formulas 6.6 and 6.11) under the bom-
bardment of high-energy electrons. Besides, the ethanol molecules also produce a
certain amount of H radicals. O radicals have a very high oxidation potential, which
can directly break the C=C bond of C,Hy:

C,H, + O « CH; + HCO (6.63)

Then CHj; continues to be transformed into CH4 while HCOO is transformed
into H,, CO and CO, via reactions (6.45-6.48).

In addition, H radicals also contribute to the transformation of C,H, to C; product:

C,Hy +H « C,H; (664)
C,Hs +H < 2CHj; (665)
C,Hs5 + O « CH3; + CH,0 (6.66)

2. The elimination of carbon deposition.

O, and H,0 molecules can generate O and OH radicals, respectively, under the
bombardment of high-energy electrons. Both the above radicals are of importance
for the elimination of carbon [29]:

C+0«<CO (6.67)

C+OH—- CO+H (6.68)

Besides, steam can also generate hydrogen by reacting with free carbon atoms.
C+H,0 — CO+H; (6.69)

The French Yanguas-Gil found that there is solid carbon in the products of
microwave discharge reforming of pure ethanol; deposition of carbon on the wall of
the reactor can be avoided by adding water in the reforming process. The
Portuguese Tatarova et al. [29] put forward the total reforming reaction formula of
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ethanol when studying the Ar/H,O microwave discharge effects on ethanol
reforming:

C,H50H + oH,0 — (1 +0)CO + (3 + o)H, + (1 — a)C (6.70)
C,HsOH + oH,0 < 2CO + 4H, + (o — 1)H,0 (6.71)

In addition, the reactor used in this study can keep the stream of materials at a
high-speed vortex flow pattern in the discharge region, which has the following
advantages in avoiding carbon deposition: (1) The stream of materials mixed well
in the discharge area decreases the temperature gradient in the reactor, which
weakens the diffusion of solid carbon on the wall of the tube [19]; (2) The gas flow
rate can be up to subsonic and even supersonic, thereby weakening the attachment
of solid carbon to the wall; (3) A thoroughly mixed stream of materials and
high-concentration O and OH radicals in the discharge area also help the rapid
oxidation of the solid carbon in the reaction zone.

6.1.5 Removal of NO, in the Process of Reforming

Since nitrogen accounts for 78% of the volume fraction in the air, nitrogen oxides in
the air plasma are very likely to be detected. When air with 48 m*/h is passed into
the miniature non-thermal arc reactor, the concentration of nitrogen oxides pro-
duced in gas products is about 440 ppm. When the reforming conditions are
O/C = 0.44, S/C = 1.28 and the net flow of ethanol is 0.10 g/s, the concentration of
NOx detected in the gas products is less than 20 ppm, and this means that the
solution of water and ethanol inhibits and eliminates the effects on the generation of
the nitrogen oxides.

In the air plasma, N, and O, are decomposed into a single molecule radical with
the bombardment of high-energy electrons:

O,4+e—0+0+e (6.11)
Ny+e—N+N+e (6.12)

Then, the O radical, O, and N radicals generate NO through a complex reaction
and then the oxidation of NO continues with the help of the oxidant O radical, and
NO, is generated [30].

N+0 — NO (6.72)

N+0, — NO+0 (6.73)
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NO +0O — NO, (6.74)

NO and NO, can be transformed into each other:
NO + 03 < NO, + 0O, (6.75)
NO+0O; <+ NO,+0 (6.76)

In the non-thermal arc discharge process, the N, molecules require a high level of
activation energy (9.8 eV) to be dissociated into N atoms. However, besides air,
there is also a large number of water molecules and ethanol molecules involved in the
reaction of the reforming process, which decreases the level of the average energy of
the discharge area, thus the probability that N, molecules dissociate and generate N
atom decreases, thereby limiting the generation of NO and NO,. In addition, H,O
and ethanol molecules will also provide OH and H radicals in the discharge; soluble
nitrate and nitrite generated through the reactions between these free radicals and NO
and NO, are absorbed by water, fixed to the liquid phase [30-32]:

NO + OH « HNO, (6.77)

NO, + OH < HNO; (6.78)
HNO, + O < HNO; (6.79)
H,0+ 0 < H,0, (6.80)
HNO, + H,0, « H,0 + HNO; (6.81)
NO, +NO + H,0 < 2HNO, (6.82)

This process is also called plasma nitrogen fixation process.

Liquid phase and NO;- and NOs- in the liquid phase which were detected using
high voltage pulse discharge processes a gas mixture of nitrogen/oxygen [31, 33].
Radicals and NO; collide to generate HNO, and HNO;, which can be transformed
into NH4NO, and NH4NOj3 by NH; [30]. Therefore, the non-thermal arc has broad
application prospects in the removal of NOy in the fumes or exhaust of the internal
combustion engine.

6.2 Mechanism Analysis of the Plasma-Catalytic
Reforming of Ethanol

As described in the first chapter, the methods of the catalytic process and the plasma
process have their advantages and disadvantages. Currently, the catalyst technology
is the most widely-used technology, which has the advantages of improving the
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conversion of ethanol and the selectivity of hydrogen. This process also has many
shortcomings; for example, the catalyst is expensive and will be out of activity
easily because of pollution or carbon deposition; this process has to be carried out
under a high temperature, so the level of energy is high. And the size of the
equipment and response time also limit its automotive applications. The plasma
method is power-driven, and energy is only used to form the high-energy electrons
with high reactivity. The background temperature in the reforming is low, so this
method is characterized by a small size of the device, short response time, high
reaction rate and energy efficiency; however, the conversion of ethanol and the
selectivity of hydrogen in this process are far worse than the catalyst method.
Therefore, it is hopeful to obtain the advantages of both methods by combining the
catalyst method with the plasma method. If so, we can try our best to minimize
energy consumption under the premise of high conversion and high selectivity of
the product. Currently, the major applications of the plasma-catalyst combined
process are the degradation of gaseous pollutants, [34] the volatile organic com-
pounds (VOCs) [35] and hydrogen production from CH, reforming [16, 36, 37].
However, the knowledge regarding its application in the reforming of ethanol is
very limited, which lets alone the mechanism. In last part of this work, the
mechanism of the plasma-catalyst combination reforming will be discussed in detail
with a look at the influence of plasma on the characteristics of the surface of the
catalyst, the extension of the surface of the catalyst with the help of electron impact,
free radicals, etc.

6.2.1 Related Mechanism of the Catalytic Reforming
of Ethanol

Before analyzing the mechanism of plasma-catalyst reforming, getting the hang of
the method of catalyst reforming will undoubtedly enhance the understanding of
the mechanism of the combination reforming. The metal catalysts commonly
used in the process of ethanol reforming are mainly non-precious metals such as Fe,
Co, Ni, Cu and precious metals such as Ru, Rh, Pd, Pt, Ir, Laand Ce. Most of the
above metals belong to Group VIII and Group IB of the periodic table of elements
[26, 38].

Three kinds of non-precious metal catalysts, Ni, Cu and Co, were used in the
research. Ni catalysts have strong activity in the destruction of C—C bonds, the C-H
and C-O bond, so it is the most commonly used in the reforming of ethanol
[39, 40]. Co catalysts have high activity at low temperatures and can promote the
breaking of the C—C bond and inhibit the machination of CO to reduce the amount
of CH, generated [41]. It has been proved that Cu has strong activity in the WGS
(water gas shift reaction) and the MSR (methane steam reforming reaction) but poor
activity in the destruction of the C—C bond, so it is often used as an added ingre-
dient with other active metals in the catalytic reforming of ethanol [39].
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Take the Ni catalyst for example: literature [42] simplifies the process of the
degradation of alcohol. In connection with the literature [39, 42—45], the related
reactions of ethanol in the catalytic auto-thermal reforming are as follow:

Water is absorbed by the surface of the catalyst and decomposed into adsorbed H
and OH. These two adsorbed materials play a role in the catalytic reforming of
ethanol:

H,0 + (a) < H,0O(a) (6.83)
H,0(a) + (a) « H(a) + OH(a) (6.84)

The reactions after the ethanol is adsorbed by the surface of the catalyst are as
follow:

1. Dehydrogenation and degradation reactions of ethanol. This is the first reaction
that produces hydrogen:

Total formula:

CH;CH;0H « CH3;CHO + H, (6.56)
Elementary reaction:
CH;CH,O0H + (a) < CH3CH,OH(a) (6.85)
CH;CH,0H(a) + (a) +» CH;CHOH(a) + H(a) (6.86)
CH;CHOH(a) + (a) «+» CH3CHO(a) + H(a) (6.87)
2H(a) < H, +2(a) (6.88)

2. Degradation reaction of acetaldehyde. The C=C bond of the acetaldehyde breaks
and CHy, CO are generated, but the Cu catalyst has a poor ability to break the
C=C bond, so the main degradation products are CH;CHO or C,Hy:

Total formula:

CH;CHO < CH4 +CO (6.89)
Elementary reaction:

CH;CHO(a) <> CH5CHO + (a) (6.90)
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CH;CHO(a) + (a) <> CHj(a) + CHO(a)
CH;CHO(a) + (a) <> CHy(a) + CO(a)
CHO(a) + (a) <> CO(a) + H(a)
CHy(a) + (a) < CH;(a) + H(a)
CHs(a) + H(a) < CHy(a) + (a)
CO(a) < CO + (a)

2H(a) < H, +2(a)
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(6.91)
(6.92)
(6.93)
(6.94)
(6.95)
(6.96)

(6.88)

3. The water—gas shift. H,O molecules are used to oxidize CO into CO, and
additional hydrogen is produced in this reaction. A low temperature (<400 °C)

favors the proceeding of this reaction.

Total formula:

H,O0 + CO « H, +CO,
Elementary reaction:
H,0 + (a) — HzO(a)
H,O(a) + (a) «» H(a) + OH(a)

()

CO(a) + OH(a) <+ COOH(a) +
COOH(a) + (a) < CO,(a) + H(a)

2H(a) > H2 + 2(8.)

(6.97)

(6.83)
(6.84)
(6.98)
(6.99)

(6.88)

4. The reforming of methane steam. This reaction can abstract the hydrogen atoms

of the methane and increase the selectivity of hydrogen:

Total formula:

CH4 +H,0 « CO +3H,

(6.100)
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Elementary reaction:

CH,(a) < CH, + (a) (6.101)

H,0 + (a) < H,0(a) (6.83)

H,0(a) + (a) < H(a) + OH(a) (6.84)
CH.(a) + (a) < CHjs(a) + H(a) (6.94)
CHs(a) 4+ OH(a) < CO(a) + 2H, + (a) (6.102)
CO(a) <> CO + (a) (6.96)

2H(a) < H, +2(a) (6.88)

5. The dehydration reaction of ethanol. The dehydration reaction of ethanol will
reduce the hydrogen production and the ethylene generated in the reaction is the
main cause of carbon deposition. The ideal process of the catalysis of ethanol
needs to break the C = C bonds of the reactants and the intermediate:

Total formula:

CH;CH,0H « C,H4; + H,0O (657)
Elementary reaction:
CH;CH,0H + (a) — CH3CHQOH(3) (685)
CH3CH,OH(a) + (a) < C,H(a) + H,0(a) (6.103)
C,H4(a) — polymer — deposition of carbon (6.58)

6. Reactions that oxygen is involved in. Oxygen plays the role of dehydrogenation
in the reaction and oxidizes some of the carbon deposition and CO into CO,:

1
CH;CH,O0H + 3 0O, < CH3;CHO + H,0 (6.104)

1
CH, + 50, < CO +2H, (6.105)
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C+ %oz « CO (6.106)

COo + %oz « CO, (6.107)

H, + %oz - H,0 (6.108)

0, +2(a) « 20(a) (6.109)
CH3CH,OH(a) + O(a) < CH;CH,0(a) + OH(a) (6.110)
CH;CH,0(a) + O(a) «> CH;CHO(a) + OH(a) (6.111)
CH;CHO(a) + O(a) <> CH;CO(a) + OH(a) (6.112)
C(a)+0O(a) « CO(a) + (a) (6.113)

CO(a) +O(a) «» COy(a) + (a) (6.114)
H(a) + O(a) «» OH(a) + (a) (6.115)

OH(a) + O(a) <> H,0O(a) + (a) (6.116)

In addition, oxygen is used as a catalyst carrier in the research. The mechanical
strength and chemical resistance of this carrier are very strong, so it is widely used
in the catalytic processes [46]. Reactions that will occur on the y-Al,O5 are as
follow:

C,HsOH — C,H4 +H,0 (6.117)
Besides, y-Al,03 can degrade the ozone and generate an active O atom [47]:

O3+ (a) — Oy + O(a) (6.118)

6.2.2 Effects of Plasma on the Surface Characteristics
of the Catalyst

There are two main combination forms of plasma and catalyst: the single-stage
system and the secondary system [13]. In the single-stage system, the plasma
discharge region covers a part of or the complete surface of the catalyst, so plasma
will unavoidably have an impact on the characteristics of that surface. Besides, the
reaction of the plasma and the reaction of the catalyst happen in the space, so the
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mechanism is more complex; in the secondary system, there is no direct interaction
between the plasma and the catalyst, so the effect of reforming can be regarded as
the simple sum of the two processes [13]. The coupled reforming system used in
this study was a single-stage system, whose catalyst bed was in the discharge region
of the plasma. It is worth noting that in much of the literature, the dielectric barrier
discharge (DBD) was used in the single-stage system [7, 48, 49], and the catalyst
was located directly between the two electrodes, so the reaction of plasma and the
activation reaction of the catalyst were carried out almost in the same space. In this
study, the catalyst bed was located at the rear of the gap of the electrode pair.
However, the plasma extended to the downstream of the discharge region during
the boost of the high-speed airflow, thus the plasma was able to affect the catalytic
bed as well.

The effects on the characteristics of the surface of the catalyst can be divided into
two categories: one is that the non-thermal plasma can change the surface structure
of the catalyst, thus optimizing the size of the particles and the dispersion of the
metal, and this process is irreversible. The other one is the activation of the plasma
on the catalyst surface at a low temperature, which only exists in the discharge
process.

Currently, the plasma technology, especially the non-thermal plasma technol-
ogy, has been widely used in the surface modification of the materials [50, 51],
which is usually used to change the physico-chemical properties of the materials
and is not involved in the later material reaction. Hence, the reconstruction effects
of non-thermal plasma on the physicochemical properties of the materials can be
analyzed separately. In the process of the reforming catalyst, increasing the specific
surface area and reducing the size of the particles of the active metal usually means
an increase in the ability to produce hydrogen when the other conditions are the
same [52]. In the non-thermal plasma environment, high-density energetic electrons
and living radicals bombard the catalyst. As a result, catalyst particles with a larger
surface size break, and even smash. Therefore, the surface size of the catalyst
diminishes significantly [53, 54]. In addition, the surface particles of the material
capture and gather a large number of electrons in a very short time under the action
of electron flow that the plasma generates and then sheath is formed on the surface
of the particle. There is a strong Coulomb repulsion between this electron sheath
and the electron flow on the surface of the bombarding material, so large particles of
an irregular shape are easier to crack and separate in the gap, thereby reducing the
size of the particles and raising the specific surface area [55]. Besides, the Coulomb
repulsion between the particle sheath also facilitates the uniform distribution of the
particle spacing, thereby improving the dispersion of active sites on the surface of
the catalyst [53, 56, 57]. In addition, electron sheath can attract deeper active metal
ions deeply inside the catalyst voids, making the metal ions migrate to the surface
of the catalyst in the electric field, and thus improving the utilization of the active
metal in the surface [58].

In summary, a catalyst can provide more effective active sites after being pro-
cessed by the plasma, and the reactants are absorbed more easily on the catalyst
surface. The reaction happens more easily, thereby improving the catalytic activity.
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The Ni/SiO, catalyst was prepared by an atmospheric pressure plasma jet [56], and
it was found that the specific surface area of the catalyst and the dispersion of Ni
can be improved by using plasma as an auxiliary and having the activation tem-
perature of the catalyst be 50 °C, lower than that of the traditional method. Glow
plasma at room temperature was used to process NiO which photo catalyst often
supported and found that plasma can control the interface of metal-carrier and metal
particles with small and uniform size which can be obtained [59]. The catalytic
activity of the prepared NiO/Ta,05 is 1.7 times that of conventional processing
methods. Haghighi et al. of Iran [55] found that plasma processing will enable a
higher activity of the catalyst at low temperatures and the higher conversion of the
materialism the process of preparing the Ni/Al,03—MgO nano catalyst by using
plasma as an auxiliary. In addition, plasma can produce new active sites on the
catalyst, thereby widening the pathways for the reactions [60, 61].

A reduction in the size of surface particles and improvement in dispersion can
also enhance the interaction between the active metal components and the carrier,
thereby improving the stability of the catalyst by inhibiting sintering or coking by
suppressing sintering or the phenomenon [56, 62, 63]. Factors leading to deacti-
vation of the catalyst include carbon deposition and sintering; therefore, the stability
of the catalyst in the operation is related to the factors of metal loading, the size of
the grain and the interaction between the active ingredient and the carrier and so on
[64]. So a strong interaction between the metal particles and the carrier helps to
avoid aggregation of metal particles due to their migration [64]. Take the Ni/Al,O;
catalyst as an example, the Ni particle has a smaller size after the processing of the
plasma and it can migrate into an Al,Oj3 carrier and generate NiAl,04 more easily.
It has been found that Ni has two major forms, NiAl,O,4 and microcrystalline NiO,
in the Ni/y-Al,Oj3 catalysts [63], in which the former one has high dispersion and
weak mobility since the active metal interacts strongly with the carrier, and
therefore it has high activity and resistance; the latter one has strong mobility and its
activity is easy to reduce because of carbon deposition and sintering. It has been
found that the Ni particles of the nano-catalyst Ni/Al,O;—MgO after being pro-
cessed by glow discharge has high dispersion and low particle size, thereby
reducing the structural defects of the catalyst surface and inhibiting the diffusion of
carbon deposition in the active site [55]. The Cu/Al,O3 catalyst has a similar
phenomenon. In addition, the two opposing processes of generation of solid carbon
and gasification of the carbon exist at the same time in the process of reforming, the
phenomenon of carbon deposition occurs when the rate of formation of solid carbon
is significantly higher than the rate of the gasification of carbon, and the increase of
the specific surface area strengthens the adsorption capacity of the catalyst to absorb
oxidative O free radical and CO,, increasing the vaporization rate of solid carbon
and thus weakening or eliminating the carbon deposition phenomenon [52, 55].

It is worth mentioning that the strong electric field that the plasma generates in
the process of discharge also affects the activity of the catalyst. The strong electric
field generated by the discharge generates a dielectric polarization on the catalyst
surface, making the active metal absorb electrons and promote the catalyzed
reaction [65]. The electric field coupling with Pd, Rh and Pt catalysts at low
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temperatures (423-573 K) was used to reform ethanol and it was found that at
473 K, the electric field can make the conversion rate of ethanol increase from 3.7
to 71.2% when using Rh/CeO, catalysts at low temperatures. This is equivalent to
the situation in which the catalytic temperature drops to at least 150 K. Theoretical
calculations also show that after adding the electric field, activation energy of all
reactions in the reforming of ethanol decrease by 20-90%, which is more obvious
in the water gas shift reaction and the methane steam reforming reaction.

6.2.3 The Surface Reaction
of the Electronic/Radical-Catalyst

In addition to increasing the number of active sites and the activity of the catalyst,
the discharging reforming process can also play a series of synergies affects with the
catalyst, for example: (1) the heat of the plasma reforming process can heat the
catalyst; (2) the active particles generated can degrade the substrate molecules that
are involved in the catalytic surface reaction; (3) the active radicals generated by the
plasma are involved in the catalyst surface reaction directly in the forms of
homogeneous reaction and heterogeneous reaction; (4) selectivity of the catalysts
helps to increase the selectivity of the objective product.

1. The heating effect of plasma reforming on the catalyst.

In the experiment, the air flow rate is 0.48 m3/h, and it was found that the tem-
perature of the air flow increased from 25 °C to 42-46 °C, which suggests that the
stream of ethanol/water/air mixture cannot be heated to a relatively high tempera-
ture only by electricity. However, the temperature of the reaction zone in the
oxidation steam reforming of ethanol was up to 120-210 °C, which shows that the
temperature of the reaction zone came mainly from the heat of the degradation of
ethanol. However, the temperature was much lower than that of the conventional
catalytic processes (500-800 °C), showing that the processing of plasma can sig-
nificantly reduce the temperature required for catalytic reforming, which will help
to use a more flexible structure and materials to make the reforming reactor. It is
worth mentioning that, in the catalytic auto-thermal reforming of ethanol, although
the total reaction is a thermodynamically neutral formula, we still need to provide
an external heat source to heat the reactor in the actual operation. According to the
theoretical calculations, without considering heat loss, when the molar ratio of
Ethanol/H,0O/0, is 1.0:2.0:0.5 and the net flow of ethanol is 0.10 g/s, the thermal
power required to heat the raw materials to 500-800 °C is 533-724 W, which is
equivalent to 19-26% of the calorific value of ethanol (rate of water, and can be
up to 3-6 in the actual reforming, and the required thermal power is equivalent to
24-49% of the calorific value of ethanol), which is 1-2 orders of magnitude higher
than that of non-thermal arc plasma-catalyst combination reforming under the same
feeding conditions (12—-15 W).
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2. Excitation and degradation effects of the substrate of the plasma reaction.

The gaseous reaction substrate reaches the surface of the catalyst in the form of the
ground state in the catalytic reaction and the catalytic processes are all completed at
or near the surface of the catalyst [13], when constructing the mechanism of the
Cu/ZnO/Al,Oj5 catalyst for the steam reforming of methanol. It has been suggested
that there is at least one catalytic site which is capable of adsorbing CH;0H, CO,,
CO and H,0 and groups of atoms such as HCOO-, CH;0—, HCO-, etc., and thus
establishing that ethanol and methanol have similar structures [66]. Therefore, it can
be speculated that there is competitive adsorption between some molecules or
atoms (groups) on the surface of the catalyst in the conventional catalytic reforming
of ethanol, so the activity of the catalyst is restricted. In addition, the reaction
substrates need a discharge region before reaching the catalytic bed, and some of
the molecules are excited to the excited-state particles or decomposed into
molecular fragments in the role of high-energy electrons, and active radicals affect
the type of the leading reaction of high-energy electron collisions in the plasma
reaction. When the average energy level of electrons is higher, dissociation and
ionization reactions of molecules are dominant; conversely the vibrational excita-
tion of molecules is dominant [5, 17]. In the non-thermal arc discharge, the
upstream of the discharge region is the thermal equilibrium state, and the average
energy level of the electrons can be 5-8 eV or more; due to heat loss, the average
energy level of the electrons drops to 1-3 eV in the downstream of the discharge
region. The energy threshold required to excite the molecules into a state of rota-
tional excitation, a state of vibrational excitation and a state of electronic excitation
by electrons is 0.01-0.1 eV, 0.1-1.0 eV and 1.0-10 eV specifically [13], so
excited-state particles that reach the surface of the catalyst are mainly in a state of
rotational excitation and a state of vibrational excitation, and a small amount are in
a state of electronic excitation, wherein the energy level of the molecules in the state
of rotational excitation is so low that they have no significant promotion for the
reforming, so the major excited molecules that participate in the synergy are
vibrational molecules. Compared with the ground state, vibrationally-excited par-
ticles have a lower activation energy in the adsorption and reaction process, which
in the process of reforming (1) can improve the activity and the utilization of the
active sites, thus speeding up the chemical adsorption dissociation of the reaction
substrates; (2) can maintain the number of active sites by increasing the vapor-
ization rate of the carbon deposition, thereby increasing the stability and efficiency
of the catalyst. These effects are both conducive to accelerating the rate-controlled
reaction and overall reaction in the catalyst reaction [13, 67]. Beck et al. [68, 69]
obtained a specific vibrationally-excited molecule beam CH, through resonant
narrowband laser irradiation and explored its effects on gas-surface reaction
kinetics. Their experiment showed that vibrational excitation can significantly
improve the sticking coefficient of gaseous molecules. In addition, the Japanese
Nozaki et al. [16] proposed, in the catalytic-DBD discharge combination reforming
of methane, that the vibrational excitation-state CH, generated by high-energy
electrons can promote the dissociative chemisorptions of CH, on the surface of the
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Ni catalyst, and excited-state H,O can also remove the carbon deposition of the
catalyst so as to maintain the number of active sites of the catalyst.

Degradation of ethanol generates a variety of intermediate products in the
non-thermal arc discharge. Section 6.2.1 provides the general method of the
reforming of ethanol by the traditional catalytic process. The flows of raw materials
that reach the surface of the catalyst are ground-state molecules such as C,HsOH,
H,O, O, and N, in the traditional catalytic method; later there is competition on
adsorption and reaction on the catalyst active sites between raw materials such as
C,HsOH and adsorbed molecules and molecular fragments of different degrees of
degradation (that is CH;CHOH, CH;HCO, HCO, CH, and CH3;, etc.). The rate of
reforming is restricted by rate-controlling, therefore, the processing capacity of the
catalyst is limited. The dehydrogenation of ethanol of the copper-based catalyst was
examined and it was found that the reforming products were acetaldehyde and H, at
the temperature of 200-400 °C while the main reforming product of the CuO/Al,0;
catalyst was mainly C,H, above the temperature of 350 °C [70]. There was no
generation of H; and the degree of fracture of C—C bonds in ethanol was extremely
low. Cu/y-Al,O5 was utilized to reform ethanol and it was found that although there
was a certain amount of CH, in the gas products, there was still 59% of the C
element existing in the form of C, particles (mainly C,H,) [71]. It was calculated
according to BEP (Brensted—Evans—Polanyi) relations and it was ascertained that
the C—C bond cleavage ability of the Cu catalyst in the degradation of ethanol is
very weak, and its rate-controlling step is the decomposition of the intermediate
product CH;CHO [72]. Moreover, the reaction substrate that has the lowest acti-
vation energy of the reaction of C—C bond cleavage is CH3;CO. Non-thermal arc
discharge can weaken the restrictive state of the rate-controlling step by decom-
posing the CH3;CHO molecule; in addition, a certain amount of CH3CO was
generated in the discharge degradation, thereby promoting C—C bond cleavage and
significantly improving the conversion rate of ethanol. When the catalysts were Ni
and Co, non-thermal arc discharge was also able to degrade some of the ethanol and
its molecular fragments previously, thereby making the molecule and the molecular
debris particles, between which there was competition of adsorption and reaction,
migrating to the small molecular weight particles.

3. Participation of radicals on the catalyst surface reaction.

The convergent—divergent tube structure was used in the research regarding
Plasma-catalyst combination reforming. The cross-sectional area of the channel
shrank rapidly along the convergent direction of the convergent—divergent tube, and
material flow reached the subsonic and even the supersonic scale in the throat
quickly. Although the cross-sectional area of the channel increased along the
divergent direction later, the material flow sped up in the Laval nozzle effect and the
air pressure plummets. At this time, existence time, dimensions and activity of
high-energy electrons improved so that they were able to reach the surface of the
catalyst and be involved in the synergistic effect [17]. It is worth noting that due to
heat loss and energy exchange, the energy level of electrons in the downstream of
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the discharge area was reduced significantly, so the catalyst surface reaction was
primarily participated in by the active free radicals and the radicals promoted the
conversion and the degradation of the reaction substrate of the catalyst surface
reaction. According to the literature, single-stage plasma-catalyst combination
reforming often uses the configuration that the discharge region is coincident with
in the catalytic bed, so the plasma reaction and catalytic reaction occur in the same
space and time, and there is competition among the materials of the reforming and
the intermediate products of different degrees of degradation. Kim [7] from South
Korea found that in the discharge-catalytic system, steam reforms of methanol and
that it will reduce the conversion of methanol when increasing the discharge voltage
from 3 to 4 kV at the temperature of 250 °C; and this phenomenon does not appear
at the temperature of 180 °C. He believed that the number of free radicals such as
CH;, H and CH;0 and so on increases rapidly at high voltage and temperature,
which increase their competition for the catalyst adsorption sites with the methanol,
resulting in a negative impact on the direct degradation of methanol [7]. In this
study, the concentration of the materials such as ethanol diminished significantly
because of their degradation in the upstream of the discharge region, which had
attenuation effects on the competition for the adsorption sites.

There are two mechanisms for the catalyst surface reaction: the Langmuir—
Hinshelwood reaction and the Eley—Rideal reaction. The former refers to reactions
between two chemical adsorbed reactants; the latter is a reaction between chemical
adsorbed reactants and gaseous reactants [13]. As mentioned earlier, non-thermal
arc discharge generates a large amount of active free radicals and these active free
radicals play an important role in the degradation of the substrate and in the dis-
tribution of the products. In terms of the Langmuir-Hinshelwood reaction, since the
active free radicals have a higher energy level and are reactive, their sticking
coefficient is higher and they are easier to be captured by the surface of the catalyst
and participate in the surface reaction [13]. In terms of the Eley—Rideal reaction, the
body in the conventional surface catalysis reaction 1is the adsorbed
molecules/molecular fragments and the ground-state gaseous reactants, while active
free radicals such as H, O, OH and CH; and so on produced through non-thermal
arc discharge can react with adsorbed reactants directly, thereby widening the
pathway of the surface catalyzed reaction [7]. In summary, the high-energy elec-
trons and active free radicals generated in the non-thermal arc plasma can
strengthen the catalyst surface reaction from the two mechanisms.

4. Improvement of plasma reformate by the reaction selectivity of the catalyst.

In the non-thermal plasma environment, high-energy electrons can excite and/or
degrade gas molecules rapidly at low background temperatures, but since the dis-
tribution of the overall energy level of high-energy electrons is difficult to control
and the high-energy electrons with the same energy level are non-selective during
the initiation of the reaction, so the selectivity of the target product is always not
high. Introducing a catalyst into the plasma reforming system helps to converse the
non-target products so as to improve the yield of the target product and the energy
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efficiency of the reforming. It is worth mentioning that the Al,O; carrier at the rear
of the discharge area can absorb and decompose O3 molecules and generate
adsorbed O atoms, which plays an important role in improving the participation of
the O, molecules in the reforming reaction and it also helps the oxidation and
removal of carbon deposition on the catalyst surface, thus ensuring the stability and
activity of the catalyst [47].

6.3 Comparison Between Plasma Reforming
and Plasma-Catalyst Reforming

Chapter 4 shows that adding a non-precious metal catalyst to the non-thermal arc
reforming system can improve the conversion of ethanol, the selectivity of the
product and the unit energy consumption of hydrogen production. To highlight the
advantages of the plasma-catalyst combination reforming process, we will compare
this process with the separate non-thermal arc reforming process regarding three
aspects: the reforming mechanism, the reforming performance and the reforming
energy:

1. Investigation regarding the aspect of the reforming mechanism.

In the separate non-thermal arc reforming process, the main promoters of the
reaction are high-energy electrons and active free radicals. These two active par-
ticles can stimulate and/or dissociate the raw material of the reforming and generate
various fragments of molecules in the discharge region where the average energy
level is very high. Later, complex reactions of the molecular fragments occur and
all kinds of products are generated and the main gas products include H,, CO, CO,
and CH,.

The reaction zone can be divided into three sections in the non-thermal
arc-catalytic combination reforming: the simple discharge area, the region of the
discharge-catalyst layer and the region of the back catalytic layer. The reforming
mechanism of the simple discharge region is substantially the same as that of the
separate non-thermal arc reforming process; the difference is that the length of this
region is shorter than that of the discharge region of the separate non-thermal arc
reforming process; in the region of the discharge-catalyst layer, the average energy
of the particles is low because they are at the rear of the discharge area. Therefore,
the main participants in the discharge reforming reaction are radicals which have a
long life and can continue to participate in the dissociation reaction and high-energy
electrons mainly by playing the role of excitation. Due to the low-temperature
characteristics of the micro non-thermal arc, the thermal effect of the catalytic bed is
mainly provided by the discharge degradation of the ethanol in the discharge area
and it maintains at a low level of temperature (lower than 220 °C). In this
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temperature range, conventional catalysts have substantially no catalytic activity,
but because of the high adhesion, the reactivity of the radicals and the modification,
as well as the activation effects on the catalyst surface by high-energy particles, the
catalyst still has a certain activity at low temperatures. The final products are
steadily distributed in the region of the discharge-catalytic layer and later outflow
via the back catalytic layer.

2. Investigation regarding the aspect of the reforming performance.

In terms of the conversion rate of ethanol, the conversion rate of the combination
reforming can be above 80%, while that of the separate non-thermal reforming
process can only be about 50%, which is because the non-thermal arc excites the
activity at low temperatures of the catalysis. Compared with the simple non-thermal
arc reforming process, combination reforming has a higher selectivity of H, and a
lower selectivity of CH,4, which indicates that the catalytic bed has a transformation
capacity of CH,. Overall, in the combination reforming, the catalyst bed has a
complementary role in conversing the reaction substrate and changing the com-
ponent of the products.

3. Investigation regarding the aspect of the reforming energy.

The level of the electric power of the non-thermal arc reforming system and the
combination reforming system is very low (12—-15 W), so the heat that makes the
reaction system reach a steady temperature and makes the catalyst get the activity is
mainly from the degradation of ethanol. Although the degree of degradation of
ethanol is higher in the combination reforming system, the reaction temperature of
the combination reforming system is higher than that of the non-thermal arc
reforming system. So, regarding the former, more of the chemical energy released is
used to heat the system, so it cannot significantly increase the energy efficiency.
However, under similar electric power, the combination reforming system can
obtain a higher conversion rate of ethanol and higher selectivity of hydrogen at the
same time, thereby obtaining higher output of hydrogen and lower energy con-
sumption of the per unit production of hydrogen.

Figure 6.3 shows the energy requirement for heating 1 mol of H,O, 1 mol of
ethanol, and air containing 1 mol of O, to different temperatures. Transformation
points of water and ethanol are 351.3 and 373.15 K respectively, and heating these
two substances across their transformation points would consume a lot of energy to
vaporize. Therefore, if we can make the high-energy electrons obtain a higher
density and energy level at a lower background temperature (such as below
351.3 K), then the plasma is expected to significantly improve the energy efficiency
of the reforming system and the non-metallic catalysts may be given stronger
catalytic activity at a low temperature. Future research on plasmas on a smaller
scale, in other words, the exploration of micro-plasma, will provide a possibility for
putting this idea into practice.
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6.4 Summary

This chapter is intended to analyze the microscopic mechanism of non-thermal arc
plasma ethanol auto-thermal reforming and the plasma-catalytic auto-thermal
reforming of ethanol in detail. The main contents of this chapter include the
electron-molecule collision reaction and the radical reaction in non-thermal arc
reforming, the effects on the physical characteristics of the surface of the catalyst
and the surface catalytic reaction by discharge of non-thermal as well as argu-
mentation on the feasibility and the effectiveness of combining the miniature
non-thermal arc and the catalytic bed to improve the effectiveness of reforming. As
described above, in the process of plasma-catalyst combination reforming of
ethanol, synergy between the plasma and the catalyst, transportation and transfor-
mation of the materials in the reaction region are shown in Figs. 6.4 and 6.5
respectively. The main conclusions of this chapter are as follows:

1. The most important reactions in the non-thermal arc reforming of ethanol are the
electron-molecule collision and the radical reaction, wherein the high-energy
electron collision reaction makes the heavy particles excited and/or dissociate
into a variety of molecular fragments and free radicals. There are a lot of OH, H,
O and CHj; free radicals existing in the discharge environment, and their
interaction with other particles has a significant impact on the types and dis-
tribution of the reformation.

2. There is competition between hydrogen-producing reactions and
methane-producing reactions in non-thermal arc reforming, which limits the
selectivity of hydrogen reforming. It can improve the efficiency of hydrogen
production when adding the catalyst into the reforming system and using the
catalyst to degrade the methane.

3. In the non-thermal arc-catalytic reforming system, the discharge area covers the
catalyst surface, so discharge can change the surface physicochemical properties
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of the catalyst, thereby obtaining the particles with a smaller size and a better
dispersion of the metal. In addition, active particles (high-energy electrons, free
radicals) generated by the plasma have activation on the active site of the
catalyst at a low temperature.

In the plasma-catalytic reforming system, reaction heat released in the non-
thermal arc discharge decomposition of ethanol can help the catalytic bed reach
the desired temperature, and the intermediate produced through the degradation
of alcohol in the discharge is beneficial for the catalytic reactions to break the
limitation of the rate-controlling step. In addition, active free radicals can
strengthen the surface reactions of the catalyst of two reaction mechanisms, i.e.
the Langmuir-Hinshelwood reaction and the Eley—Rideal reaction.
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Chapter 7
Outlook

In the field of ethanol reforming, both the non-thermal plasma reforming process
and the conventional catalyst reforming process are the widespread focus of
investigation. In some literature, it has been pointed out that non-thermal plasma
combined with a catalyst can efficiently improve the reforming efficiency. However,
the non-thermal plasma-catalyst coupled system is very complex in the reforming
reaction, and there is little literature that focuses on the overall introduction of the
synergistic effect in the coupled reformation. Furthermore, the plasma reaction, the
catalyst surface reaction and the synergistic effect are involved in the reforming
process and plasma can modify the catalyst surface; all these factors bring a great
challenge to theoretical numerical simulation. Based on the development of the
theory of plasma fuel reforming and material reformation, the practice of the cat-
alyst reforming process and the gradually maturing theoretical level, however,
investigation on the mechanism and the numerical simulation of non-thermal arc
plasma should be developed further. In the application on vehicles and mobile
power, the non-thermal plasma reaction is always characterized by a low reaction
temperature, high reactivation, a short response time, a small setup size and high
energy efficiency. The conventional catalyst process also has the advantages of high
conversion efficiency and high reactivity orientation. Hence, the non-thermal cat-
alyst is a promising process to be widely used in vehicle applications. Furthermore,
the miniaturization, integration, and low energy efficiency of non-thermal arc
technology make it possible to apply it in the field of portable power; at that time, it
will be possible to apply the non-thermal plasma process to a very large area
ranging from power plants, public traffic to mobile phones.

Furthermore, since non-thermal plasma is very promising in fuel reforming, in
the preparation of nanomaterials, in the surface modification of materials, in
medical sterilization and in the treatment of environmental protection, it can be
predicted that normalized and universal non-thermal plasma technology can be
realized, paving the way for a low-cost, diversified/multifunctional non-thermal
plasma process.
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