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Foreword

Supercritical fluid technology encompasses a very broad field, which includes
various reaction, separation, and material formation processes that utilize a
fluid at a temperature greater than its critical temperature and a pressure great-
er than its critical pressure. Supercritical fluids generally are compressed gases,
which combine properties of gases and liquids in a chemically interesting man-
ner. Supercritical fluids have physicochemical properties in between a liquid
and a gas. They can have a liquid-like density and no surface tension while in-
teracting with solid surfaces. They can have gas-like low viscosity and high dif-
fusivity and, like a liquid, can easily dissolve many chemicals and polymers.

When Professor Thomas Andrews reported the measurement of the critical
properties of carbon dioxide as part of his 1876 Bakerian Lecture “On the Gas-
eous State of Matter”, he probably could not have envisaged that this important
industrial gas would also become very popular in supercritical fluid technology.
In fact carbon dioxide’s popularity stems from the fact that it is nontoxic and
nonflammable, it has a near ambient critical temperature of 31.1 C, and that it
is the second least expensive solvent after water. The most widespread use of
supercritical carbon dioxide has been in Supercritical Fluid Extraction processes
for the food and pharmaceutical industries with several large extraction units in
operation in the United States and in Europe for decaffeinating coffee and tea
and extracting flavors and essential oils from hops, spices, and herbs. Other ap-
plications have been reported in recrystallization of pharmaceuticals, purifica-
tion of surfactants, cleaning and degreasing of products in the fabrication of
printed circuit boards, and as a substitute for organic diluents in spray painting
and coating processes.

The potential of supercritical carbon dioxide in polymer processes has been
recently a focus of research and development both in academia and in industry.
The main driver behind this effort is the chemical industry’s pursuit of sustain-
able growth strategies, which aim to reduce the environmental footprint of exist-
ing or new polymer processes. The objective of the research and development
effort has been to demonstrate whether carbon dioxide can be applied as an en-
vironmentally friendly substitute for many halogenated and other organic sol-
vents used in polymer processes thereby reducing atmospheric pollution and
eliminating solvent residues in products. Supercritical carbon dioxide could be
most advantageously applied in developing improved polymer processes and
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VI'| Foreword

products when environmental compliance pressures would require a process
change, when regulatory requirements could require changes in product purity,
and when improved products in terms of performance can result from substi-
tuting the traditional solvent with carbon dioxide.

This book edited by Professors M. Kemmere and Th. Meyer provides both
academic researchers and industrial practitioners a thorough overview of the
state of the art of the application of supercritical carbon dioxide in polymer pro-
cesses by carefully balancing the exposition of recent research results and
emerging commercial applications with the discussion of the special challenges
and needs of this exciting new technology. Written mainly by prominent Ameri-
can and European academic researchers in the field, the book is comprised of
three parts, which focus on the fundamentals aspects of this technology (ther-
modynamics, transport phenomena, and polymerization kinetics), and its appli-
cation in polymerization reactions (including dispersion and emulsion systems
as well as fluoropolymers synthesis) and polymer processing operations (includ-
ing extrusion and reduction of residual monomer).

We hope that the publication of this book, which will surely become a stan-
dard reference in the field, will spur the interest in further exploring the poten-
tial of supercritical carbon dioxide applications in polymer technology both in
terms of fundamental understanding of the relevant physico-chemical phenom-
ena and in advancing the state of the design and commercialization of environ-
mentally friendly polymer processes producing products with unique perfor-
mance characteristics.

June, 2005 Harold L. Snyder
Technology Director
DuPont Fluoroproducts

John P. Congalidis
Senior Research Planning Associate
DuPont Central Research and Development

John R. Richards
Senior Research Associate
DuPont Engineering Research and Technology

E.1. du Pont de Nemours and Company
Wilmington, Delaware 19880, USA



Preface

The idea of producing a book on the application of supercritical carbon dioxide
in polymer processes was born on a fine November evening in Barcelona dur-
ing the meeting of the European Working Party on Polymer Reaction Engineer-
ing in 2002. As the idea still seemed reasonable the next morning, we decided
to put words into action, and two years later the book was complete. From the
outset, we were determined to give the manuscript a chemical engineering fo-
cus because of the increasing number of supercritical polymer processes on the
verge of industrial application.

Our aim has been to present a state-of-the-art overview of polymer processes
in high-pressure carbon dioxide using a multidisciplinary and synergetic
approach that starts from fundamentals, goes through polymerization processes,
and ends with post-processing. The contributors to this book are internationally
recognized experts from different fields of CO,-based polymer processes from
Europe and the United States. We would like to express our gratitude to all the
authors for the high quality of every contribution, and we are convinced that
this compilation will become a reference book in the field.

Editing a book has resulted in strong links between Eindhoven and Lausanne,
enabling us to adopt the good habits of both countries. In particular, the happy
evenings spent with Francine, Jos, Morgane, and Quentin were a real pleasure,
not only due to the presence of “tarte 3 la créme”, “stroopwafels”, “créme bru-
lée”, and too many chocolates, but also by the sealing of a strong friendship.
This home support and understanding, also when we were traveling, certainly
facilitated the editing process by introducing fun and fresh air into a hard job.

Furthermore, many thanks are due to our collaborators in the Process Devel-
opment Group in Eindhoven and the Polymer Reaction Engineering Group in
Lausanne for their creativeness and enthusiasm in the field of polymer science
in supercritical carbon dioxide. Finally, we would like to thank Karin Sora and
her team from Wiley-VCH for their great help in producing this book.

Eindhoven and Lausanne, July 2005 Maartje F. Kemmere
Thierry Meyer
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1
Supercritical Carbon Dioxide for Sustainable
Polymer Processes *

Maartje Kemmere

1.1
Introduction

Environmental and human safety concerns have become determining factors in
chemical engineering and process development. Currently, there is a strong em-
phasis on the development of more sustainable processes, particularly in the poly-
mer industry. Many conventional production routes involve an excessive use of or-
ganic solvents, either as a reaction medium in the polymerization step or as a pro-
cessing medium for shaping, extraction, impregnation, or viscosity reduction. In
each of these steps, most of the effort of the process is put into the solvent recov-
ery, as schematically indicated in Fig. 1.1 for the polymerization step.

[lustrative examples include the production of butadiene rubber, with a prod-
uct/solvent ratio of 1:6 [1], and the production of elastomers such as EPDM
(ethylene-propylene-diene copolymer) in an excess of hexane [2]. Annually, these
types of processes add substantially to the total emissions of volatile organic

environment

4 A A
'solvent
monomers
catalyst——» polymerization
solvent
solvent recovery Fig. 1.1 Visualization of the
relative effort required for
polymerization and solvent
l recovery in conventional cata-
lytic polymerization processes
product based on organic solvents.

* The symbols used in this chapter are listed at the end of the text, under “Notation”.
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Fig. 1.2 Annual European solvent sales: 5 million tonnes, for which
rubber and polymer manufacture accounts for 56% [4].

(VOCs). Approx. 20 million tonnes of VOCs are emitted into the atmosphere each
year as a result of industrial activities [3]. According to Fig. 1.2, the annual Euro-
pean solvent sales to the rubber and polymer manufacturing industries, including
polymer industries such as paints and adhesives, amount to 2.8 million tonnes.

Based on these facts, it is highly desirable from an environmental, safety, and
economical point of view to develop alternative routes to reducing the use of organ-
ic solvents in polymer processes. Two obvious solutions to the organic solvents
problem are the development of solvent-free processes and the replacement of sol-
vents by environmentally benign products. Solvent-free polymerizations generally
suffer from processing difficulties as a result of increased viscosities and mass
transfer limitations, for instance in melt phase polymerization [5]. Solvent replace-
ment, on the other hand, although it prevents the loss of dangerous organic sol-
vents, still necessitates an energy-intensive solvent removal step. Using a “volatile”
solvent makes the solvent removal step relatively easy. An intermediate solution is
using one of the reactants in excess, as a result of which it partly acts as a solvent or
plasticizer. In this case the excess of reactant still needs to be removed. Again, this
becomes easier when the reactant involved is more volatile or, even better, gaseous.

Currently, the possibilities of green alternatives to replace organic solvents are
being explored for a wide variety of chemical processes.
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1.2
Strategic Organic Solvent Replacement

Solvents that have interesting potential as environmentally benign alternatives
to organic solvents include water, ionic liquids, fluorous phases, and supercriti-
cal or dense phase fluids [5, 6]. Obviously, each of these approaches exhibits
specific advantages and potential drawbacks. Ionic liquids (room-temperature
molten organic salts), for example, have a vapor pressure that is negligible. Be-
cause they are non-volatile, commercial application would significantly reduce
the VOC emission. In general, ionic liquids can be used in existing equipment
at reasonable capital cost [7]. Nevertheless, the cost of a room-temperature mol-
ten salt is substantial. In addition, the separation of ionic liquids from a process
stream is another important point of concern.

With respect to dense phase fluids, supercritical water has been shown to be
a very effective reaction medium for oxidation reactions [8, 9]. Despite extensive
research efforts, however, corrosion and investment costs form major challenges
in these processes because of the rather extreme operation conditions required
(above 647 K and 22.1 MPa) [10]. Still, several oxidation processes for waste
water treatment in chemical industries are based on supercritical water technol-
ogy (see, e.g., [11]).

In Table 1.1, the critical properties of some compounds which are commonly
used as supercritical fluids are shown. Of these, carbon dioxide and water are
the most frequently used in a wide range of applications. The production of
polyethylene in supercritical propane is described in a loop reactor [13]. Super-
critical ethylene and propylene are also applied, where they usually act both as
a solvent and as the reacting monomer. In the field of polymer processing, the
Dow Chemical Company has developed a process in which carbon dioxide is
used to replace chlorofluorocarbon as the blowing agent in the manufacture of
polystyrene foam sheet [14, 15].

Table 1.1 Critical conditions of several substances [12].

Solvent Te (K) P. (MPa) Solvent Te (K) P. (MPa)
Acetone 508.1 4.70 Hexafluoroethane 293.0 3.06
Ammonia 405.6 11.3 Methane 190.4 4.60
Carbon dioxide 304.1 7.38 Methanol 512.6 8.09
Cyclohexane 553.5 4.07 n-hexane 507.5 3.01
Diethyl ether 466.7 3.64 Propane 369.8 4.25
Difluoromethane 351.6 5.83 Propylene 364.9 4.60
Difluoroethane 386.7 4.50 Sulfur hexafluoride 318.7 3.76
Dimethyl ether 400.0 5.24 Tetrafluoromethane  227.6 3.74
Ethane 305.3 4.87 Toluene 591.8 41.1
Ethylene 282.4 5.04 Trifluoromethane 299.3 4.86
Ethyne 308.3 6.14 Water 647.3 221

3
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The interest in CO,-based processes has strongly increased over the past de-
cades. Fig. 1.3 shows the number of papers and patents that have been pub-
lished over the years concerning polymerizations in supercritical carbon dioxide
(scCOy). In the last ten years, a substantial rise in publications can be observed,
which illustrates the increasing interest in scCO, technology for polymer pro-
cesses.

Carbon dioxide is considered to be an interesting alternative to most tradi-
tional solvents [17, 18] because of its practical physical and chemical properties:
it is a solvent for monomers and a non-solvent for polymers, which allows for
easy separation. To a somewhat lesser extent, it can also be a sustainable source
of carbon [19]. The use of CO, as a reactant is considered to contribute to the
solution of the depletion of fossil fuels and the sequestration of the greenhouse
gas CO,. One example in this area is the copolymerization of carbon dioxide
with oxiranes to aliphatic polycarbonates [19-22].

Since sustainability is expected to become the common denominator of all
polymer processes [23], it is important to consider this topic in relation to super-
critical fluids, and scCO, in particular. To develop sustainable processes, process
intensification is essential. The following requirements have been defined to be
important for process intensification [24-26]:

to match heat and mass transfer rates with the reaction rate,
to enhance selectivity and specificity of reactions,

to have no net consumption of auxiliary fluids,

to achieve a high conversion of raw material,

to improve product quality.

The present status of the sustainability of chemical processes in general has re-
cently been reviewed [27]. Although there have been remarkable gains in energy
effectiveness for the chemical industry both in Europe and the USA, it is a ne-
cessity to introduce sustainable development priorities in chemical engineering
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education in order to cope with future challenges. Moreover, new methodologies
and design tools are being developed to implement the theme of sustainability
in the conceptual process design of chemical process innovation, as illustrated
in Fig. 1.4 [28].

Closely related to sustainability is the term green chemistry, which is defined
as the utilization of a set of principles that reduces or eliminates the use or gen-
eration of hazardous substances in the design, manufacture, and applications of
chemical products [6, 29, 30]. Life-cycle assessment (LCA) has been shown to be
a useful tool to identify the more sustainable products and processes [31-33], in-
cluding an environmental assessment of organic solvents as reported by Hell-
weg et al. [34]. The LCA-comparison of four dry cleaning technologies, i.e. based
on perchloroethylene (PER), hydrocarbon (HC), wet-cleaning (H,0), and liquid
CO, [35], including a wide range of scientifically-based and known environmen-
tal impacts, forms an interesting case study. Based on the tendencies in the re-
sults, the wet-cleaning process does not look favorable as compared to the other
three technologies (see Fig. 1.4). Various LCA studies emphasize that each spe-
cific process has to be considered individually, including analysis on energy con-
sumption, emissions, material consumption, risk potential, and toxicity poten-
tial [33]. It is impossible to discuss in general whether polymer processes based
on supercritical CO, can be sustainable or not.

Nevertheless, it is evident that the chemical process industry has to comply
with regulatory issues and more stringent quality demands, which necessitates
focusing on green chemistry and green engineering. Therefore, there is an in-
creasing demand for innovative products and processes. In the past, polymer re-
action engineering (PRE) was strongly based on engineering sciences. Cur-
rently, the focus is changing toward an integrated, multidisciplinary approach
that is strongly driven by sustainability [36]. In the near future, a changeover
will occur from technology-based PRE toward product-inspired PRE, for which
it is expected that supercritical technology will play an important role [37].

1.3
Physical and Chemical Properties of Supercritical CO,

In 1822, Baron Cagniard de la Tour discovered the critical point of a substance
in his famous cannon barrel experiments [38]. Listening to discontinuities in
the sound of a rolling flint ball in a sealed cannon, he observed the critical tem-
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perature. Above this temperature, the distinction between the liquid phase and
the gas phase disappears, resulting in a single supercritical fluid phase behavior.
In 1875, Andrews discovered the critical conditions of CO, [39]. The reported
values were a critical temperature of 304.05 K and a critical pressure of 7.40
MPa, which are in close agreement with today's accepted values of 304.1 K and
7.38 MPa. In the early days, supercritical fluids were mainly used in extraction
and chromatography applications. A well-known example of supercritical fluid
extraction is caffeine extraction from tea and coffee [40]. Supercritical chroma-
tography was frequently used to separate polar compounds [41, 42]. Nowadays,
an increasing interest is being shown in supercritical fluid applications for reac-
tion, catalysis, polymerization, polymer processing, and polymer modification
[43]. More detailed historical overviews are given by Jessop and Leitner [12] and
by McHugh and Krukonis [40].

A supercritical fluid is defined as a substance for which the temperature and
pressure are above their critical values and which has a density close to or high-
er than its critical density [44-46]. Above the critical temperature, the vapor-lig-
uid coexistence line no longer exists. Therefore, supercritical fluids can be re-
garded as “hybrid solvents” because the properties can be tuned from liquid-like
to gas-like without crossing a phase boundary by simply changing the pressure
or the temperature. Although this definition gives the boundary values of the
supercritical state, it does not describe all the physical or thermodynamic prop-
erties. Baldyga [47] explains the supercritical state differently by stating that on
a characteristic microscale of approximately 10-100 A, statistical clusters of aug-
mented density define the supercritical state, with a structure resembling that
of liquids, surrounded by less dense and more chaotic regions of compressed
gas. The number and dimensions of these clusters vary significantly with pres-
sure and temperature, resulting in high compressibility near the critical point.

To illustrate the “hybrid” properties of supercritical fluids, Table 1.2 gives
some characteristic values for density, viscosity, and diffusivity. The unique
properties of supercritical fluids as compared to liquids and gases provide op-
portunities for a variety of industrial processes.

In Fig. 1.5, two projections of the phase behavior of carbon dioxide are shown.
In the pressure-temperature phase diagram (Fig. 1.5a), the boiling line is ob-
served, which separates the vapor and liquid regions and ends in the critical point.
At the critical point, the densities of the equilibrium liquid phase and the saturat-

Table 1.2 Comparison of typical values of physical properties of gases,
supercritical fluids and liquids [48], where , and D stand for density,
viscosity and diffusivity, respectively.

Properties Gas Supercritical fluid Liquid
(kg m™) 1 100-800 1000
(Pa s) 0.001 0.005-0.01 0.05-0.1

D (m?s™) 1-107° 1-107 1-107°
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Fig. 1.5 Schematic phase diagram for a pure CO,. (a) The critical point
at the critical temperature, T, and the critical pressure, P, marks the
end of the vapor-liquid equilibrium line and the beginning of the super-
critical fluid region. (b) Density of CO, as a function of pressure at
different temperatures (solid lines) and at the vapor-liquid equilibrium
line (dashed line) [44, 45].

ed vapor phases become equal, resulting in the formation of a single supercritical
phase. This can be observed in the density-pressure phase diagram (Fig. 1.5b).
The transition from the supercritical state to liquid CO, is illustrated in Fig. 1.6.

In general, supercritical carbon dioxide can be regarded as a viable alternative
solvent for polymer processes. Besides the obviously environmental benefits,
supercritical carbon dioxide has also desirable physical and chemical properties

Fig. 1.6 Transition from the supercritical state to liquid CO,.
The line indicates the liquid-vapor interface.



8| 1 Supercritical Carbon Dioxide for Sustainable Polymer Processes

scCO, + monomers, catalyst

monomers
(catalyst) polymerization product
(scCO,)

Fig. 1.7 Schematic view of a catalytic polymerization based on CO,
technology, in which the catalyst and monomers can be recycled
in a closed-loop process.

from a process point of view. These include its relatively chemical inertness,
readily accessible critical point, excellent wetting characteristics, low viscosity,
and highly tunable solvent behavior, facilitating easy separation. The use of such
a “volatile” solvent makes the solvent removal step relatively easy. In principle,
this allows for a closed-loop polymer process, in which the components like cat-
alyst and monomers can be recycled. Fig. 1.7 schematically illustrates the effi-
ciency of a COj-based polymerization as compared to a conventional process
shown in Fig. 1.1.

Moreover, supercritical carbon dioxide is a non-toxic and non-flammable sol-
vent with a low viscosity and high diffusion rate and no surface tension. A
drawback of CO,, however, is that only volatile or relatively non-polar com-
pounds are soluble, as CO, is non-polar and has low polarizability and a low di-
electric constant, as discussed in Section 1.4.

14
Interactions of Carbon Dioxide with Polymers and Monomers

For application of supercritical CO, as a medium in polymer processes, it is im-
portant to consider its interactions with polymers and monomers. In general,
the thermodynamic properties of pure substances and mixtures of molecules
are determined by intermolecular forces acting between the molecules or poly-
mer segments. By examining these potentials between molecules in a mixture,
insight into the solution behavior of the mixture can be obtained. The most
commonly occurring interactions are dispersion, dipole-dipole, dipole-quadru-
pole, and quadrupole-quadrupole (Fig. 1.8).

For small molecules, the contribution of each interaction to the intermolecu-
lar potential energy ;(,T) is given by the polarizability , the dipole moment

, the quadruple moment Q, and in some cases specific interactions such as
complex formation or hydrogen bonding [49]. The interactions work over differ-
ent distances, with the longest range for dispersion and dipole interactions.
Note that the dispersion interaction depends on the polarizability only and not
on the temperature. Consequently, an increased polarizability of the supercriti-
cal solvent is expected to decrease the pressures needed to dissolve a nonpolar
solute or polymer. Furthermore, at elevated temperatures, the configurational
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Fig. 1.8 Charge distributions for various molecular interactions.

alignment of directional interactions as dipoles or quadrupoles is disrupted by
the thermal energy, leading to a nonpolar behavior. Hence, it may be possible to
dissolve a nonpolar solute or a polymer in a polar supercritical fluid. However,
to obtain sufficient density for dissolving the solutes at these elevated tempera-
tures, substantially higher pressures need to be applied. Additionally, specific in-
teractions such as complex formation and hydrogen bonding can increase the
solvent strength of the supercritical fluid. These interactions are also highly
temperature sensitive.

The solvent strength of carbon dioxide for solutes is dominated by low polar-
izability and a strong quadrupole moment (Table 1.3). Consequently, carbon di-
oxide is difficult to compare to conventional solvents because of this ambivalent
character. With its low polarizability and nonpolarity, carbon dioxide is similar
to perfluoromethane, perfluoroethane, and methane.

In general, carbon dioxide is a reasonable solvent for small molecules, both
polar and nonpolar. With the exception of water, for many compounds, includ-
ing most common monomers, complete miscibility can be obtained at elevated
pressures. However, the critical point of the mixture, i.e. the lowest pressure at
a given temperature where CO, is still completely miscible, rises sharply with
increasing molecule size. Consequently, most larger components and polymers
exhibit very limited solubility in carbon dioxide. Polymers that do exhibit high
solubility in carbon dioxide are typically characterized by a flexible backbone
and high free volume (hence a low glass transition temperature T,), weak inter-
actions between the polymer segments, and a weakly basic interaction site such

Table 1.3 Physical properties of various solvents [48-50], where is the
polarizability, is the dipole moment and Q is the quadrupole moment.

Solvent a-10% (cm®) u (D) Q 10% (erg¥2cm®?)
Methane 26 0.0

Ethane 45.0 0.0 -0.7

Ethyne 333 0.0 +3.0
Hexafluoroethane 47.6 0.0 -0.7

Carbon dioxide 27.6 0.0 -4.3

n-hexane 118.3 0.0

Methanol 32.3 1.7

Acetone 63.3 2.9

9
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Fig. 1.9 Polymeric structures soluble in scCO,. (a) Perfluoropoly(propylene
oxide), (b) polydimethylsiloxane, (c) poly(ethylene, propylene and butylene
oxide), (d) polyvinylacetate, (e) poly(ether carbonate).

as a carbonyl group [51-54]. Carbon dioxide-soluble polymers incorporating
these characteristics include, e.g., polyalkene oxides, perfluorinated polypropy-
lene oxide, polymethyl acrylate, polyvinyl acetate, polyalkyl siloxanes, and poly-
ether carbonate (Fig. 1.9).

Although the solubility of polymers in CO, is typically very low, the solubility of
carbon dioxide in many polymers is substantial. The sorption of carbon dioxide by
the polymers and the resulting swelling of the polymer influence the mechanical
and physical properties of the polymer. The most important effect is plasticization,
i.e. the reduction of the T, of glassy polymers. The plasticization effect, character-
ized by increased segmental and chain mobility as well as an increase in inter-
chain distance, is largely determined by polymer-solvent interactions and solvent
size [55]. The molecular weight of the polymer is of little influence on the swelling
once the entanglement molecular weight has been exceeded.

The interaction of CO, and polymers can be divided into three application
areas: processing of swollen or dissolved polymers and applications where car-
bon dioxide does not interact with the polymer. An extensive review on polymer
processing using supercritical fluids has been written by Kazarian [55], includ-
ing possible applications based on the specific interaction of CO, and the poly-
mer system involved.

Obviously, the sorption and swelling of polymers by CO, are crucial effects in
designing polymer processes based on high-pressure technology, because impor-
tant properties such as diffusivity, viscosity, glass transition, melting point, com-
pressibility, and expansion will change. The plasticization effect of CO, facili-
tates mass transfer properties of solutes into and out of the polymer phase,
which leads to many applications: increased monomer diffusion for polymer
synthesis, enhanced diffusion of small components in polymers for impregna-
tion and extraction purposes, polymer fractionation, and polymer extrusion.



1.5 Concluding Remarks and Outlook | 11

Another important requirement for the development of new polymer processes
based on scCO, is knowledge about the phase behavior of the mixture involved,
which enables the process variables to be tuned properly to achieve maximum pro-
cess efficiency. Determining parameters in the phase behavior of a system are the
solvent quality, the molecular weight, chain branching, and chemical architecture
of the polymer, as well as the effect of endgroups and the addition of a cosolvent or
an antisolvent. An overview of the available literature on the phase behavior of
polymers in supercritical fluids has been published by Kirby and McHugh [50].
In addition, the possibilities of carbon dioxide as a medium for polymerization re-
actions and polymer processing have been reviewed [56—60].

15
Concluding Remarks and Outlook

A steady stream of emerging technologies has brought carbon dioxide all the
way from a potential alternative solvent in the early 1970s to its use in industry
[61]. The most promising applications of supercritical fluids are those in which
their unusual properties can be exploited for manufacturing products with char-
acteristics and specifications that are difficult to obtain by other processes.

Although there have been many interesting developments over the past twenty
years, technical issues sometimes seem to hinder the progress of certain new pro-
cesses toward commercialization [37, 62]. Applying carbon dioxide as a clean sol-
vent in polymer processes is not the simplest route, because it involves, amongst
others complications, high-pressure equipment, complex phase behavior, new
measurement techniques, and the development of novel process concepts rather
than extending conventional technologies. The development trajectory (see
Fig. 1.10) from the concept idea via the laboratory bench and pilot scale to indus-
trial implementation is often long. Currently, there exists a lack of facilities be-
tween laboratory scale research (5-500 mL) and the industrial scale application,
mainly caused by the absence of pilot scale facilities. To break down the bound-
aries between the academic approach and industrial practice, close collaboration
between industrial R & D, research institutes, and universities is essential to re-
duce costs, to exploit existing know-how and experimental facilities, and to reduce
the development time. Bearing in mind the economics of an emerging technology
as compared to long existing processes, it is a challenge to implement new process
concepts at reasonable costs. For these reasons, the number of large-scale indus-
trial polymer processes based on supercritical fluids will be limited in the short
term. However, stimulation from government and research consortia should con-
tribute substantially to the progress of development.

Several process design calculations [64, 65] have shown that polymer pro-
cesses based on scCO, technology can be economically feasible, depending on
the value of the product and the process conditions. Moreover, further develop-
ments will reduce costs of supercritical application substantially. It is expected
that the major application of supercritical carbon dioxide will first be in the food
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Fig. 1.10 Development trajectory of an emerging technology [63].

and pharmaceuticals industry because of additional marketing advantages, such
as the GRAS (generally regarded as safe) status. However, the fact that DuPont
is commercializing the production of fluoropolymers in scCO, [66] illustrates
the application possibility of supercritical fluid technology in polymer processes
also. In addition, the long-existing 1dPE tubular process (ca. 250 MPa, 600 K)
proves that a high-pressure polymerization process performed on a large scale
can survive in a highly competitive field.

Nevertheless, the progress made in research today will enable the develop-
ment of sustainable industrial polymer processes for the future. For this reason,
the various subjects in this book have been addressed from an engineering
point of view. The book is divided into three parts: an overview of polymer fun-
damentals, polymerization reactions, and polymer processing in supercritical
carbon dioxide. It covers topics in a multidisciplinary approach starting in Part I
with thermodynamics (Chapter 2), mass and heat transfer (Chapter 3), polymer-
ization kinetics (Chapter 4), and monitoring (Chapter 5). In Part II, different
types of polymerization processes (Chapters 6 to 9) will be discussed, and Part
IIT describes the possibilities for polymer post-processing (Chapters 10 and 11),
including reactive extrusion (Chapter 12), end group modification (Chapter 13),
and residual monomer removal (Chapter 14).

Notation
P. critical pressure [MPa]
Q quadrupole moment [erg!/? cm®/?]
T.  critical temperature K]
T,  glass transition temperature  [K]
polarizability [
[

potential energy

=:
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2
Phase Behavior of Polymer Systems in High-Pressure
Carbon Dioxide *

Gabriele Sadowski

2.1
Introduction

The investigation of phase behavior in polymer/supercritical fluid systems started
with the development of the high-pressure polyethylene process, where LDPE has
to be dissolved in supercritical ethylene. However, only in the last few decades has
the phase behavior of polymers in other supercritical solvents, in particular carbon
dioxide, attracted increasing research interest. The major reason is that most poly-
mers are soluble in supercritical gases to only a very limited extent unless tremen-
dous pressures are applied. Thus, even today the vision of using the unique sol-
vent properties of supercritical fluids at moderate conditions in polymer proces-
sing still remains a challenge for polymer chemists and engineers.

Meanwhile, thermodynamics can provide a powerful tool for understanding
the underlying phenomena and can thus help to develop a firm basis for the
successful purification and application of supercritical solvents as polymer reac-
tion media, as well as for the modification of the mechanical properties and
morphology of polymers.

2.2
General Phase Behavior in Polymer/Solvent Systems

Polymers very often show only limited solubility in liquid or supercritical sol-
vents. Moreover, solubility is not only a function of temperature, pressure, and
concentration. For polymer systems, it also depends on the molecular weight
and the molecular-weight distribution of the polymer. In the case of copolymers,
it is moreover a function of the comonomer composition in the backbone.

* The symbols used in this chapter are listed at the end of the text, under “Notation”.
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Fig. 2.1a and b shows the phase behavior of a polymer/solvent system. At low
temperatures, this typically demixes into two liquid phases (LL): one very dilute
solvent-rich phase and the other a more concentrated polymer-rich phase.

In this region, increasing temperature leads to improved miscibility. Above the
critical temperature (Upper Critical Solution Temperature; UCST) the system is at
first completely miscible and forms a homogeneous liquid solution (L). However,
polymer/solvent systems typically show a second region of liquid-liquid demixing
at high temperatures. The reason is the so-called free-volume effect: at high tem-
peratures, especially when approaching the critical temperature of the solvent,
large differences in the thermal expansion of the polymer and the solvent are ob-
served. Therefore, the density (reverse of “free volume”) of the solvent decreases
much more than that of the polymer. This leads to a separation of polymer and
solvent molecules from each other and thereby reduces the solvent power. This
effect becomes even more pronounced for increasing temperatures and thus leads
to a demixing region that shows a Lower Critical Solution Temperature (LCST).
Although some polymer/solvent mixtures do not show UCST behavior, the LCST
demixing does typically occur in polymer/solvent systems because of the large dif-
ferences in the thermal expansion coefficients.

Moreover, polymer solubility is strongly affected by the polymer molecular
weight (Fig. 2.1a). It is well known that, irrespective of the chemical structure,
polymers of high molecular weight show much lower solubilities than those of
lower molecular weight or oligomers. However, this effect decreases with in-
creasing molecular weight and tends to vanish for polymers of molecular
weight higher than about 100 kg/mol.

For polydisperse polymers, the solubility of a polymer is not only a function of
the average molecular weight but also of the polydispersity. A polymer having a
very broad molecular-weight distribution behaves qualitatively like a mixture of
short and long polymer molecules. Whereas the longer molecules dissolve only
very little, the shorter ones can act as co-solvents and thus enhance the solubility
of the longer ones. Moreover, the phase equilibrium curves are no longer binodals
(as in Fig. 2.1) but split into a cloud point curve, a shadow curve, and an infinite
number of coexistence curves (for further details see, e.g., [1, 2]). Therefore, for
polydisperse polymers (e.g., My /M, >5) the molecular-weight distribution of
the polymer has also to be explicitly considered in the modeling (see, e.g., 3, 4]).

The influence of pressure on demixing is illustrated in Fig. 2.1b. As expected for
incompressible liquids, the UCST demixing is only very slightly influenced by
pressure. However, the LCST demixing shows a much more pronounced pressure
dependence. Here, the system pressure has a direct impact on the free-volume dif-
ference of solvent and polymer, which causes the demixing behavior in this re-
gion. Thus, in most cases, the polymer solubility can be improved by increasing
the pressure in the system. This applies naturally in particular to systems with
high differences in free volume, i.e. to mixtures where the system temperature
is close to or even above the critical temperature of the solvent.

At that point it becomes obvious that from thermodynamic point of view
there is no qualitative difference between the so-called “normal” (liquid) solvents
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Fig. 2.1 Phase behavior of polymer-solvent systems as function
of temperature and concentration: (a) influence of polymer molecular
weight, (b) influence of pressure.

on the one hand and supercritical solvents, like carbon dioxide, on the other. In
both cases, the solvent power is determined by the chemical nature and struc-
ture (implying enthalpic and entropic contributions) and by density (free-vol-
ume contribution).

The similarity of the phase behavior in liquids and supercritical solvents also
becomes very evident from the p,T projection, which is often used for polymer/
solvent systems.

Fig. 2.2 shows a typical p,T projection of a polymer/solvent system, where the
solid lines for a given polymer concentration denote the transition from a
homogeneous solution (L) to a demixed system (LL) and to a vaporliquid sys-
tem (VL), respectively.

The UCST branch depends only slightly on pressure and has a (mostly) negative
slope. The LCST branch, which is much more pressure dependent, passes
through a maximum and finally disembogues at the hypothetical critical point
of the polymer. With increasing differences in chemical nature and size of poly-
mer and solvent, the homogeneous region L becomes smaller and is shifted to
higher pressures. Finally, UCST and LCST curves merge to give the so-called U-
LCST behavior, which is typical for polymer/supercritical solvent mixtures. The ex-
perimentally accessible range of such a phase diagram depends on the particular
temperature and pressure conditions for the system of interest. Typical windows
for liquid systems as well as for supercritical solvents are marked in Fig. 2.2.

Fig. 2.3 gives examples of p,T projections for the systems polyethylene/ethyl-
ene (Fig. 2.3a) and poly(butyl methacrylate)/carbon dioxide (Fig. 2.3b).

In both cases, the cloud point curves were measured for different molecular
weights of the polymers. In analogy to liquid solvents (Fig. 2.1a), shorter poly-
mer molecules have better solubility in supercritical gases, such as ethylene and
carbon dioxide, than larger ones, and thus dissolve at lower pressures.
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Fig. 2.3 Impact of the molecular weight on
polymer solubility. Arrows indicate increasing
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filled circles 30 kg/mol, open circles 19.3 kg/
mol. Lines are predicted using the PC-SAFT
model [5]. (b) Poly(butyl methacrylate) in
supercritical carbon dioxide. Symbols are ex-
perimental cloud point data: open squares
320 kg/mol, filled squares 100 kg/mol [1].
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2.3
Polymer Solubility in CO,

As can be seen from Fig. 2.3, very high pressures are often needed to dissolve
polymers in supercritical CO,. This can partly be understood from the tremen-
dous free-volume differences of polymer and CO, at low pressures and high
temperatures, or, in other words, at low densities of CO,. At high pressures, the
CO, density is increased considerably, leading to an increase in solvent power.
Secondly, as mentioned above, the mutual solubility is a question of intermolec-
ular interactions, here in particular of the polymer and the CO,. CO, does have
a remarkable quadrupole moment, which substantially determines its solvent
properties. Therefore, it can favorably interact with polar molecules but is, on
the other hand, only a weak solvent for nonpolar polymers. Thus, CO, does not
dissolve polyolefins particularly well unless their molecular weight is extremely
low [6-8].

Much research has been done to determine how the solubility of polymers in
CO,; can be improved. One obvious way is to increase the polarity of the poly-
mer (see, e.g., [6, 9-17]).

Rindfleisch et al. [6] determined the solubility of different poly(acrylates) in
CO, (Fig. 2.4). With decreasing length of monomer units, from octadecyl acry-
late to ethyl acrylate, their polarity increases. The dipole-quadrupole interactions
between these groups and CO, promote the mutual solubility, which leads to a

350
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Fig. 2.4 Impact of monomer polarity on the solubility of various
poly(acrylates). The arrow indicates increasing polarity of the acrylate
group. Filled circles: poly(ethyl acrylate)(PEA), open triangles:
poly(butyl acrylate)(PBA), filled diamonds: poly(ethyl hexyl acrylate)
(PEHA), open squares: poly(octadecyl acrylate)(PODA). Experimental
data from [6].
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Fig. 2.5 Impact of the copolymer composition on the solubility

of ethylene/methylacrylate-copolymers (EMA) in supercritical carbon
dioxide. Subscripts indicate the amount of methylacrylate monomers
in the copolymer in mol%. Experimental data from [6].

growth of the homogeneous region by shifting the cloud point curves to lower
temperatures. However, in all cases, extremely high pressures are needed to dis-
solve the polymers.

Another possibility to increase the polarity of a polymer is the incorporation
of polar units into the polymer backbone via the synthesis of copolymers.
Fig. 2.5 shows the CO, solubility of poly(ethylene-co-methyl acrylate)s with vary-
ing amounts of the methyl acrylate monomers in the copolymer molecules. As
the methyl acrylate content increases, the favorable dipole-quadrupole interac-
tions between the methyl acrylate units and the CO,; lead to enhanced solubility
and shift the cloud point curves to lower temperatures and pressures.

However, the influence of polar comonomer units on polymer solubility is in
general neither linear nor necessarily monotonic. Fig. 2.6a shows the ethylene
solubility of poly(ethylene-co-methyl acrylate) copolymers for different amounts
of the methyl acrylate monomer in the copolymer from 0 mol% (corresponds to
LDPE) to 44 mol%. For small amounts of the methyl acrylate monomer, favor-
able interactions of the methyl acrylate units of the copolymer with the quadru-
pole moment of the ethylene enhance the solubility of the copolymer. Here, the
copolymers first show a decreasing cloud point pressure. However, upon further
increase of the methyl acrylate contents (above 13 mol%), the importance of the
polar intermolecular interactions between the different methyl acrylate units of
the copolymer molecules becomes dominant, leading to decreasing solubility.
However, for the similar system poly(ethylene-co-propyl acrylate), very different
behavior is observed. Here, the solubility of the copolymer increases with in-
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Fig. 2.6 Impact of the copolymer composi- model [18]. (a) Ethylene/methylacrylate-
tion on the solubility in supercritical ethyl- copolymers (EMA). Subscripts indicate the
ene. Arrows indicate an increasing amount amount of methylacrylate monomers in
of the acrylate comonomer(s) in the polymer  the copolymer in mol% (LDPE=EMAq).
backbone. Symbols are experimental data. (b) Ethylene/propylacrylate-copolymers (EPA)

Lines are modeling results with the PC-SAFT (LDPE=EPAq, PA=EPA;q0).

creasing amounts of the acrylate monomers in the backbone over the whole
range of copolymer compositions (Fig. 2.6b). However, as observed in general,
in this case also the copolymer solubility is a strongly non-linear function of the
comonomer contents.

Finally, co-solvents are often used to enhance the polymer solubility in CO,
(see numerous examples in Table 2.1). These are usually organic liquids that are
completely soluble in CO, at moderate pressures and are also good solvents for
the polymers considered. Adding a co-solvent can considerably decrease the
pressures that are needed to dissolve a polymer in CO,. However, it also means
that this component has to be removed (laboriously) later in the process. There-
fore, systems which, for different reasons, already contain volatile substances
other than CO,, e.g., as reactants or as comonomers, are of particular interest
(see, e.g., [19-22]).

Conversely, because of its weak solvent properties, CO, can be considered as
an antisolvent for polymer/solvent separations and polymer precipitations (see,
e.g., [23-26]). Adding CO, to an initially homogeneous polymer solution usually
reduces the overall solvent power and therewith causes a demixing into two lig-
uid phases. Fig. 2.7 illustrates this phase behavior for the solubility of polypro-
pylene in pentane. With increasing amounts of CO, in the system, the LCST
demixing of the polypropylene/pentane solution is shifted to lower tempera-
tures. At the same time, higher pressures are needed to keep the CO, dissolved
in the liquid, and thus the cloud point pressures rise with increasing amounts
of CO,.

580
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Fig. 2.7 The influence of added carbon dioxide on the solubility of
polypropylene in pentane. Numbers indicate the wt% of carbon dioxide
in the ternary system. Symbols are experimental data from [24].

Lines are modeling results using the PC-SAFT model [27].

Fig. 2.8 summarizes the impact of various polymer properties on the solubili-
ty in CO, and in supercritical solvents in general. Whereas an increase in mo-
lecular weight always causes a decrease in solubility and thereby leads to a
shrinking of the homogeneous region (L), increasing branching and polydisper-
sity of the polymer have a converse effect. Increasing polarity of the polymer
mostly leads to improved solubility in CO, and ethylene. However, as indicated
in Fig. 2.6, depending on the particular system, it might also have the opposite
effect. Finally, for a given polymer/solvent system, the solubility can be signifi-
cantly improved by adding a (liquid) cosolvent.

Much work has been done — especially during the last decade — on the mea-
surement of polymer solubilities in CO,, with the particular aim of influencing

molecular weight

Fig. 2.8 Qualitative impact of
various system properties on the
polydispersity (co)polymer solubility in carbon
dioxide. The arrows indicate an
increase of the corresponding
property. The length of an arrow
corresponds qualitatively with the
strength of the property influence.

polarity

branching

LL cosolvent
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Table 2.1 Selected experimental data for co(polymer) solubilities
in carbon dioxide (+ co-solvents).

Polymer M Pressure Temperature Co-solvent Reference
(kg/mol) range range
(MPa) (K)

Poly(olefine)s

Poly(ethylene) 420 20-80 380-480 Butane [28]
Poly(ethylene) 125 0-23 383-503 n-Heptane [26]
Poly(propylene) 50 5-32 400-450 Pentane [24]
Poly(ethylene- 120 172-370 313-343 Ethylene [29]

co-propylene)
Poly(ethylene- 145 8-12 388-403 Hydrocarbon  [30]
co-propylene) mixture
Poly(isobutylene) 02,1 0-200 323-573 7]
Poly(isobutylene) 1 0-200 323-573 8]
Poly(isobutylene) 1000 0-25 323-493 n-Heptane [26]
Poly(butadiene) 420 0-20 293-353 Tetrahydro- [31]
furane
Poly(butadiene) 5 0-20 293-353 Toluene [31]
Poly(butadiene) 420 0-20 353-473 Cyclohexane  [26]
0-24 323-473 Toluene

Poly(styrene)

Polystyrene 235 0-14 293-353 Toluene [31]
Polystyrene 235 0-14 293-353 Tetrahydro- [31]

furane
Polystyrene 40-160 0-16 413-513 Cyclohexane  [23]

Poly([meth]acrylic)s

Poly(methyl acrylate) 31 170-220 293-473 [6]

Poly(methyl acrylate) 1.4 -31 65-100 298-323 [51]

Poly(ethyl acrylate) 119 120-300 323-573 [6]

Poly(propyl acrylate) 140 120-150 373-353 [6]

Poly(butyl acrylate) 62 100-300 353-473 [6]

Poly(butyl acrylate) 62 50-120 300-573 Butyl acrylate  [19]

Poly(hexyl acrylate) 90 42-255 317-428 Hexyl acrylate  [22]

Poly(ethyl hexyl 113 110-300 423-493 (6]
acrylate)

Poly(ethyl hexyl 113 30-120 300-483 Ethyl hexyl [19]
acrylate) acrylate

Poly(octadecyl 23 100-260 483-533 (6]
acrylate)

Poly(octadecyl 93 31-210 309-467 Octadecyl [21]
acrylate) acrylate

Poly(methyl 120 0-20 293-373 Tetrahydro- [31]
methacrylate) furane

Poly(methyl 120 0-20 293-373 Toluene [31]

methacrylate)
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Table 2.1 (continued)

Polymer M Pressure Temperature Co-solvent Reference
(kg/mol) range range
(MPa) (K)
Poly(methyl 93 0-250 299-443 Methyl [20]
methacrylate) methacrylate
Poly(methyl 540 18 313 Acetone, [32]
methacrylate) ethanol,
methylene
chloride
Poly(ethyl 340 25-120 315-473  Ethyl 33]
methacrylate) methacrylate
Poly(butyl 320 6-202 313-485  Butyl 33]
methacrylate) methacrylate
Poly (hexyl 230 130-200 413-493 [15]
methacrylate)
Poly (hexyl 400 50-220 334-473 Hexyl [22]
methacrylate) methacrylate
Poly(octyl 163 120-200 453-523 [15]
methacrylate)
Poly(decyl 157 150-200 493-523 [15]
methacrylate)
Poly(ethylene- 96-185 150-280 353-553 [6]
co-methylacrylate)s
Poly(vinyl ester)s
Poly(vinyl acetate) 125 50-100 303-423 [6]
Poly(vinyl acetate) 1-585 60-125 290-480 [51]
Poly(carbonate)s
Poly(cyclohexene 12-54 120-350 373-460 Cyclohexene  [81]
carbonate) oxide
Poly(ether)s
Poly(propylene oxide) 2-3.5 90-135 323-343 [51]
Poly(ethylene glycol) 1-7.5 16 313 Ethanol [34]
Poly(ethylene glycol) 7.5 16 313 Ethanol, [35]
toluene
Poly(ethylene glycol) 0.4 19-32 295 [36]
Poly(ethylene glycol)- 0.2-0.6 13-33 295 [36]
diol
Poly(ethylene glycol)- 0.3-1 9-42 295 [36]
mono-methylether
Poly(ethylene glycol)- 0.6 13-26 295 [36]
di-methylether
Poly(ethylene glycol- 1,17 15-45 295 [36]
co-propylene glycol)
Poly(propylene glycol) 0.4 9-13 295 [36]
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Table 2.1 (continued)

Polymer M Pressure Temperature Co-solvent Reference
(kg/mol) range range
(MPa) (K)
Poly(propylene 0.4-2 6-25 295 [36]
glycol)diol
Poly(propylene 1,12 10-26 295 [36]
glycol)mono-
methylether
Poly(propylene 1 10-18 295-343 [36]
glycol)mono-
butyl ether
Poly(ethyl vinyl ether) 3.8 0-20 293-353 Toluene [36]
Poly(ethyl vinyl ether) 1.5 28-36 295 [36]
Poly(ether-carbonate) 250 RU ™ 12-14 295 [13]
copolymers
Poly(lactide)s
Poly(lactide) 84-128 130-145 305-365 137]
Poly(r-lactide) 2-100 0.5-76 318-373 Dichloro- 38]
methane
Poly(r-lactide) 2, 50, 100 3.6-71 303-373 Chlorodifluoro- [39]
methane
Poly(r-lactide) 2 3.6-71 305-393 Chlorodifluoro- [40]
methane
Poly(p,1-lactide) 30 2.5-72.5  303-373 Dimethyl ether [41]
Poly(lactide-co- 69-149 140-300 300-373 [37]
glycolide)

Poly(siloxane)s
Poly(dimethyl- 39-369 26-60 300460 [52]
siloxane)
Poly(dimethyl- 39, 94 28-52 323424 [42]
siloxane)
Poly(dimethyl- 2-486 15-75 298-373 43]
siloxane)
Poly(dimethyl- 25 RU" 13.8-324 295 [10]
siloxane- -propyl-
acetate)
Poly(dimethylsiloxane) 25 RU” 13.8-32.4 295 [10]
(hexyl functionalized)
Poly(dimethyl- 25 RU” 10-42 295 [17]
siloxane)s
(functionalized)
Poly(methylpropenoxy 12 120-180 463-513 [15]
alkyl siloxane)
Poly(methylpropenoxy 14.6, 17.7 10-40 298-383 [15]
perfluoro alkyl

siloxane)s
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Table 2.1 (continued)

Polymer M Pressure Temperature Co-solvent Reference
(kg/mol) range range
(MPa) (K)
Fluoropolymers
Teflon af 400 50-100 323-453 [6]
Poly(vinyl fluoride) 125 0-220 398-523 Acetone, [11]
dimethyl ether,
ethanol
Poly(vinylidene 200 0-170 363-503 Acetone, [11]
fluoride) dimethyl ether,
ethanol
Poly(vinylidene 85 50-230 0-503 [12]
fluoride-co-
hexafluoro
propylene)
Poly(vinylidene 85 40-90 273-503 [44]
fluoride-co-
hexafluoro
propylene)
Poly(vinylidene 85, 210 70-300 373-523 [6]
fluoride-co-
hexafluoro
propylene)
Poly(vinylidene 210 100-300 458-518 [45]
fluoride-co-
hexafluoro
propylene)
Poly(tetrafluoroethy- 190, 210 100-300 443-518 [46]
lene-co-hexafluoro
propylene)
Fluorinated poly- 31-222 120-280 353-433 [14]
(butadiene)
Fluorinated poly- 28-49 100-300 333-513 [14]
(isoprene)
Poly(dihydroperfluoro 1200 14-27.5 303-353 9]
octyl acrylate)
Poly(dihydroperfluoro 1000 10-35 303-353 [47]
octyl acrylate)
Poly(tetrahydro- 200 30-60 313-403 [15]
perfluoro hexyl
methacrylate)
Poly(tetrahydro- 292 30-50 203-403 [15]
perfluoro octyl
methacrylate)
Poly(tetrahydro - 5-27 283-507 [48]

perfluoro decyl
acrylate)
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Table 2.1 (continued)

Polymer M Pressure Temperature Co-solvent Reference
(kg/mol) range range
(MPa) (K)

Poly(tetrahydro- 196 30-50 203-403 [15]
perfluoro decyl

methacrylate)

Poly(perfluoro- 150 14-54 293-352 [16]
monoitaconates)

Poly(perfluoro- 150 8-40 293-424 [16]
diitaconates)
Poly(perfluoro 175 RUY  16-20 295 [13]

propylene oxide)

Hyperbranched polymers

Hyperbranched 2,5 1-17 332-370 Water, ethanol [49]
poly(ester)

Terpolymers

Poly(styrene-co- 4-5 4-80 310-393 Acetone [50]

methyl methyacry-
late-co-glycidyl
methacrylate)

a) RU Repeat Units

and improving these solubilities. Table 2.1 is a summary of experimental stud-
ies to be found in the literature.

2.4
Thermodynamic Modeling

Thermodynamic modeling of the above-mentioned phase diagrams requires a
model that is able to account for the polymer chain-like structure, the polymer/
solvent interactions, and the influence of pressure on the phase behavior.
Whereas the first two issues can be at least qualitatively covered by using a lat-
tice theory of the well-known Flory-Huggins type, such an approach is in gener-
al not able to describe the influence of pressure. Fulfillment of the third re-
quirement requires a thermodynamic equation of state. Such a model naturally
accounts for density effects in a system.

There exist several approaches for the development of equations of state for
polymer systems. A possibility considered at an early stage was to extend the
Flory-Huggins theory by introducing holes into the lattice. Here, the number of
holes in the lattice is a measure of the system density. Equations of state based
on this idea are, for example, the Lattice-Fluid Theory (often called the Sanchez-
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Lacombe model) [53] and the Mean-Field Lattice-Gas theory [54]. These two
approaches were also successfully applied to polymer/carbon dioxide systems
(see, e.g., [24, 28, 45, 52, 55, 56]). However, to achieve a quantitative description,
a large set of parameters, most of them temperature dependent, has to be deter-
mined.

An alternative and very successful approach, which was pursued particularly
over the last two decades, is the application of perturbation theories. The main
assumption here is that the residual (difference from the ideal-gas state) part of
the Helmholtz energy of a system A™ (and hence also the system pressure)
can be written as sum of different terms. The main contribution is described by
the Helmholtz energy of a chosen reference system A™, Contributions to the
Helmbholtz energy which are not covered by the reference system are considered
as perturbations and are described by AP

ALES A Aid Aref Apert 1
p pref ppert 2

An appropriate reference system (at least for solvent molecules) is the hard-
sphere (hs) system. Hard spheres are assumed to be spheres of a fixed diameter
and not to have any attractive interactions. Such a reference system covers the
repulsive interactions of the molecules, which are considered to mainly contrib-
ute to the thermodynamic properties. Moreover, for hard-sphere systems, analyt-
ical expressions for A™ = A" and p™'=p"* are available (e.g., [57)).

Deviations of real molecules from the reference system may occur, e.g., due
to attractive interactions (dispersion), non-spherical shape of the molecules
(chain formation), and specific interactions (hydrogen bonding, dipole-dipole in-
teractions). These contributions can be accounted for by using different pertur-
bation terms. Depending on what kinds of perturbation are considered and
which expressions are used for their description, different models based on per-
turbation theories have been developed in the literature.

The best-known model of this kind is the Statistical Associated Fluid Theory
(SAFT) model [58-61]. Here, a non-spherical molecule (solvent or polymer) is
assumed to be a chain of identical spherical segments. Starting from a refer-
ence system of m hard spheres (A", this model considers three perturbation
contributions, which are assumed to effect independently: attractive interactions
of the (non-bonded) segments (A%P), hard-sphere chain formation (A®*™), and
association (A***°9):

Ares m Ahs m Adisp Achain A3ssoC 3

The Carnahan-Starling formulation is used for A" and the segment-segment
dispersion AP is described using a fourth-order perturbation term [62]; the
contribution of chain formation as well as the association term is accounted for
based on the work of Wertheim [63].
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Subsequently, various perturbation theories were developed which are also
based on Eq. (3) but differ in the use of specific expressions for the different
types of perturbations. Examples are the Perturbed Hard-Sphere-Chain Theory
(PHSC) [64], as well as the models proposed by Chang and Sandler [65], Gil-
Villegas et al. [66], and Hino and Prausnitz [67].

Most of the perturbation theories require three pure-component parameters,
which are physically meaningful: the number of segments (which is propor-
tional to the molecular weight of a polymer), the size of the segments, and the
energy related to the interaction of two segments. To describe a binary system,
an additional binary parameter (k;) is used, which corrects for the deviations of
solvent-polymer segment interactions from the geometric mean of those of the
pure components. Applications of SAFT to various polymer/carbon dioxide sys-
tems can be found in the literature [7-9, 27, 29, 68, 69].

Although the above-mentioned perturbation theories account for the forma-
tion of chains in the repulsive contribution, the dispersion is still considered as
resulting from the attraction of unbonded chain segments. This assumption is
especially not justified in the case of polymer molecules where the segments do
not interact independently but are influenced by the neighboring segments of
the same molecule. Several attempts have been made to overcome this deficien-
cy. Various models were suggested which use the square-well sphere (see, e.g.,
[66, 70, 71]) or the Lennard-Jones sphere (see, e.g., [71-74]) rather than the hard
sphere as the reference to modify the chain contribution A, However, the
expressions finally obtained are lengthy, and thus these models were rarely used
for engineering applications.

The recently proposed Perturbed-Chain SAFT (PC-SAFT) model [75, 76]
adopts the opposite idea: here, a perturbation theory of second order is applied
to the reference system of hard chains instead of hard spheres to develop a dis-
persion term A%P for chain-like molecules:

AT m Ahs Achain Adisp m \3550C 4

This contribution now considers the attraction of chain molecules instead of
that of unbonded segments and therefore becomes not only a function of re-
duced density but also of chain length m:

AdisP m he 2
- 2 m* P —I1im mkT — m> 3 — I, m
NKT kT ! p kT 2
5
where 1;(m, ) and I,(m, ) are given by
I, m am ' and I, m bym * 6

i0 i0
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with
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The values of the ay; and by; were determined from pure-component data of the
n-alkane homologeous series and remain constant for all substances. Thus, the
equation of state still requires three pure-component parameters just as much
as the models mentioned earlier. However, from the physical point of view, the
hard-chain system is a much better reference for a chain-like molecule than the
hard-sphere system. Thus, the description of non-spherical molecules and in
particular of polymer systems could be improved considerably.

For illustration, Fig. 2.9a and b give two examples which compare the results
obtained by the original SAFT model with those obtained by PC-SAFT. As
shown in Fig. 2.9a for the low-pressure vapor-liquid equilibrium in the polyethy-
lene/toluene system, PC-SAFT gives superior results compared to the original
SAFT and can predict the binary phase equilibrium without fitting binary pa-
rameters. It is even able to cover the correct molecular-weight dependence. A
second example is illustrated in Fig. 2.9b, which shows the high-pressure car-
bon dioxide solubility in polyethylene. Whereas the original SAFT model is not

573
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Fig. 2.9 Comparison of phase equilibrium of 6.2 kg/mol, open symbols are for
calculations using SAFT (dashed lines) and 1.7 kg/mol. (b) Solubility of carbon dioxide
PC-SAFT (solid lines) [76]. (a) Vapor-liquid in polyethylene (M,=87 kg/mol) at P=
phase equilibrium of polyethylene-toluene 9 MPa. Binary parameters were fitted for

at T=393 K. Filled symbols are experimental correlation: SAFT (k;;=0.242) and PC-SAFT
data for polymer molecular weight (kij=0.181).
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able to describe the experimental data, the modeling with PC-SAFT even leads
to quantitative results (one binary parameter was fitted in each case).

The PC-SAFT model was successfully applied to describe a whole variety of
polymer solubilities in liquids as well as in supercritical solvents [18, 27, 76-78,
81]. The example in Fig. 2.10 illustrates the modeling results for the solubility
of poly(methyl acrylate) and poly(methyl acetate) in supercritical carbon dioxide.
Although the two components show great similarities from the chemical point
of view, these polymers exhibit very different CO, solubility. Although the mo-
lecular weight of poly(methyl acrylate) (PMA) is much smaller than that of the
considered poly(vinyl acetate) (PVA), much higher pressures are needed to dis-
solve the PMA. Moreover, the two systems show different slopes of the cloud
point curves: whereas the solubility of PMA is improved at high temperatures,
the PVA solubility decreases in the same temperature range. Using PC-SAFT, it
was possible to model the very different phase behavior in the two systems
without temperature-dependent parameters. This implies that the model could
qualitatively predict the different temperature dependence of solubility just by
using pure-component data. The binary parameters, which were fitted to each
of the curves (Kpma-co,=0.052 and Kpya_co,=0.04), were only used to improve
the quantitative description of the experimental solubilities.

In general, one of the most desirable capabilities of a thermodynamic model
is to predict, rather than only to correlate, the impact of different substances
and system properties on the solubility. Given a minimum of experimental data,
the model should give an (at least qualitative) impression of how the phase be-
havior can be modified.

Thus, Fig. 2.3a gives an example of the ability of PC-SAFT to predict the molec-
ular-weight dependence of polymer-solubility data. Although the binary parameter
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Fig. 2.10 Solubility of poly(vinyl acetate) (PVA; M,,=125 kg/mol) and
poly(methyl acrylate) (PMA; M,,=31 kg/mol) in supercritical carbon
dioxide. Symbols are experimental data (Rindfleisch et al. 1996).
Lines are modeling results using the PC-SAFT model [79].
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for the polymer/solvent system was fitted to data of one particular molecular weight
only, the impact of molecular weight on polymer solubility could be predicted over a
broad range of molecular weights, giving good agreement with experimental data.

A common approach to changing the solubility of a polymer is by modifying
it by copolymerization. To get a first evaluation of promising comonomers and
their impact on copolymer solubility, thermodynamic modeling can provide a
powerful tool to predict the phase behavior of those systems. Figure 2.6a and b
illustrate the modeling results for copolymer systems as obtained by the applica-
tion of the PC-SAFT model. The lines in the two figures represent modeling re-
sults obtained for different copolymers that varied in comonomer composition.
Using the pure-component information about the solvent, the corresponding
homopolymers, and the homopolymer solubilities in the solvent, PC-SAFT is
able to model the copolymer/solvent phase behavior over a wide range of como-
nomer compositions. The only parameter here that was fitted to the copolymer
data is the binary parameter that describes the interactions between the unlike
segments, which are not present in the homopolymer systems. Although this
parameter, as well as all the other parameters, are just constants, the model
could even predict that the solubility is a non-monotonous function of the acry-
late content in the case of poly(ethylene-co-methyl acrylate) but a monotonous
function in the case of poly(ethylene-co-propyl acrylate).

Finally, Fig. 2.7 shows, as an example, the modeling results obtained for the
influence of the co-solvent/CO, ratio on the solubility of poly(propylene). Using
parameters fitted only to pure-component and binary-system data, the phase be-
havior in the ternary system could be predicted, and were in good agreement
with the experimental data.

2.5
Conclusions

Polymer supercritical-fluid systems show complex phase behavior (for a general
overview see also [80]). Polymer solubility in these systems depends on (apart
from temperature, pressure, and concentration) the chemical nature, molecular
weight, and molecular-weight distribution of the polymer and on the comono-
mer composition in the case of copolymers.

The most interesting supercritical solvent is CO,. However, in most cases the
solubility of polymers in supercritical CO, is very limited, and great efforts have
therefore been made to discover experimentally under which conditions the sol-
ubility of polymers could be increased.

Meanwhile, thermodynamic modeling has improved considerably, especially dur-
ing the last decade. State-of-the art models were developed based on a molecular,
physically meaningful approach. Based on a limited number of experiments, these
models are not only able to describe but to a certain extent also to extrapolate or even
predict the phase behavior in polymer systems. Thus, their application can consid-
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erably reduce the number of experiments needed and can support the understand-
ing and development of supercritical-fluid applications in polymer processing.

Notation

Symbols

A Helmbholtz Energy

aj; model constants of the PC-SAFT equation of state
b;; model constants of the PC-SAFT equation of state
k Boltzmann’s constant

K binary interaction parameter

m segment number

M, number average

My weight average

N total number of moles

P pressure

Greek

depth of the pair potential
reduced density

number density

segment diameter

Superscripts

assoc  association

disp  dispersion

hs hard sphere

id ideal gas

pert perturbation

ref reference system

res residual (deviation from ideal-gas state)

Abbreviations

L Liquid

LDPE Low Density Poly(ethylene)

LCST Lower Critical Solution Temperature
LL Liquid-Liquid System

PMA  poly(methyl acrylate)

SAFT  Statistical Associated Fluid Theory
UCST Upper Critical Solution Temperature
VL Vapor-Liquid System
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3
Transport Properties of Supercritical Carbon Dioxide *

Frederic Lavanchy, Eric Fourcade, Evert de Koeijer, Johan Wijers,
Thierry Meyer, and Jos Keurentjes

3.1
Introduction

For many processes performed in supercritical fluids, the transport properties
of the medium will play an important role. For polymerizations, this includes
mass transfer for mixing reactants and to allow proper contact between mono-
mer and catalyst. Polymerization reactions are usually highly exothermic, so
that the heat of reaction needs to be absorbed and transported through the
supercritical fluid. Virtually all studies described in the literature have been per-
formed on a relatively small scale, and scale-up aspects, for which mass and
heat transfer are major issues, have generally been disregarded. This chapter
will describe an experimental study of some aspects of mass and heat transfer
in supercritical CO, (scCO,), and a comparison will be made with the behavior
of standard liquid systems.

Supercritical fluids (SCFs) generally exhibit particular properties in the vici-
nity of the critical point. SCFs are regarded as viscous Newtonian, heat conduct-
ing, and highly expandable fluids [1]. Motion of SCFs is described by the Na-
vier-Stokes equations in combination with an adequate equation of state (EOS).
For CO,, thermodynamic parameters can be estimated by the Wagner and Span
equation of state [2] and transport properties by the Vesovic et al. [3] equations.
The heat capacity (), the thermal conductivity ( ) and dynamic viscosity ( )
can then be calculated as shown in Fig. 1a, b, and ¢, respectively. It can be seen
that the behavior of these parameters is very much in line with the behavior in
the liquid and gaseous states; however, in the vicinity of the critical point
(Pc=7.39 MPa and T.=31 C), variations are much more pronounced. The heat
capacity at constant pressure diverges at the critical point, and its value can be
several orders of magnitude higher than “normal” values. This effect is most
pronounced for transitions from the liquid-gas curve to the supercritical region

* The symbols used in this chapter are listed at the end of the text, under “Notation”.
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and for the resulting near-critical density values. When the transition occurs
from pure gas or liquid phase to the supercritical phase, the increase is smooth-
er and even disappears far from the critical point, which corresponds to high
(liquid-like) or low (gas-like) densities. The thermal conductivity, like the isother-
mal compressibility, exhibits a similar critical enhancement in the vicinity of
the critical pressure, temperature, and density. Also, the viscosity shows a simi-
lar tendency except that the critical enhancement is in a narrower region
around the critical point and is less pronounced [4].

The influence of the variation in transport parameters on the design of pro-
cess equipment is not well studied when compared to the case of relatively in-
compressible liquids. Therefore, this Chapter will focus on experiments describ-
ing the hydrodynamic behavior and the heat transfer properties of scCO.,.
Although this analysis is crucial for the study and promotion of chemical reac-
tions in SCFs, it is also important for the application of SCFs in refrigeration
and cooling.

3.2
Hydrodynamics and Mixing

Mixing has a large influence on the yield and selectivity of a broad range of chem-
ical processes, and the design and operation of mixing devices can determine the
profitability of the whole plant. The interaction between mixing and chemical re-
action has been investigated for stirred-tank reactors using water as the liquid me-
dium, and rules have been obtained to predict the selectivity of a reaction as a
function of the design of the mixing system [5]. In view of the specific behavior
as mentioned in Section 4.1, it is not obvious whether the design rules obtained
for common liquid solvents are also valid for supercritical fluids [1].

321
Laser-Doppler Velocimetry and Computational Fluid Dynamics

To compare the hydrodynamic behavior of supercritical CO, and water, laser-
Doppler velocimetry (LDV) measurements have been performed in a specially
designed high-pressure mixing vessel provided with glass windows. For the
same geometry, Computational Fluid Dynamics (CFD) calculations have been
made for both media.

The stainless steel high-pressure vessel used for the flow measurements, de-
signed by ITTB Heerenveen (The Netherlands), is presented in Fig. 3.2. The
vessel has an internal diameter of 6 cm and is designed for pressures up to 15
MPa. The temperature is controlled by pumping water from a thermostatic bath
through channels in the vessel wall. Pitched-blade impellers with a diameter of
half the vessel diameter are used to stir the vessel content. Two glass windows
allow for measurement of velocity components in three directions with laser-
Doppler velocimetry. The LDV equipment consists of a 2D fiber optics system
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Fig. 3.2 High-pressure stirred vessel with glass windows.

with Burst Spectrum Analyzers supplied by Dantec. As seeding material, hollow
glass particles with a diameter of 10 m (Dantec) are used. The velocities were
measured in water and in supercritical CO, with a density of 640 kg/m* and a
temperature of 34 C, in both a baffled (4 baffles with a blade width of 6 mm)
and an unbaffled system at a stirrer speed of 500 rpm.

The velocities in the unbaffled vessel have also been calculated by means of
the Computational Fluid Dynamics program CFX version 5.7 using the Shear
Stress Transport (SST) model. A mesh independence study was carried out on
three different meshes. Results presented here are based on the intermediate
mesh, which contains 405154 nodes and 1626400 elements (hexahedrons). All
calculations are isothermal steady state and were performed in a rotating coordi-
nate frame. To minimize numerical diffusion, calculations use a blended advec-
tion scheme with a blend factor of one (fully second order) for the momentum
and continuity equations. A high-resolution advection scheme has been used
for the turbulence equations for k and . The high-resolution scheme is not
fully second order, but it is bounded and therefore more suitable for variables
that are always positive like k and . Simulations are assumed to be converged
when all the RMS residuals are below 107, ScCO, is modeled using the real
fluid model capabilities of CFX 5.7. ScCO, properties are entered as tables
(RGP file), which represent, in a discrete manner, functions dependent on the
pressure and temperature. Temperature- and pressure-dependent values for rele-
vant physical parameters have been obtained from the NIST database [6].
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3.2.2
Flow Characteristics

A selection of measured mean velocity data is presented in dimensionless form
through dividing by the stirrer tip speed, Vi, in Figs. 3 to 5. The mean veloci-
ties in Figs. 3 and 4, respectively in tangential and axial direction, are measured
in the baffled vessel in a plane at the level of the lower stirrer (Figs. 3a and 4a)
and in a plane 29 mm above the vessel bottom, which is around 10 mm below
the lower stirrer (Figs. 3b and 4Db). Fig. 3.5 shows the mean tangential velocities
measured in the unbaffled system in a plane 29 mm above the vessel bottom
both for water (Fig. 3.5a) and scCO, (Fig. 3.5b).

The pump number of a stirrer, N, correlates in a dimensionless way the total
volume flow F produced by the stirrer with the stirrer speed N and the stirrer
diameter dg

F

N [
N @
The value of N is constant in the turbulent regime and is characteristic for a
defined vessel/stirrer set-up. Since the pump number of a stirrer is independent
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of the density, it is expected that, for the same stirrer speed, the mean velocities for
scCO; are equal to those of water, which is in accordance with the measured data.

The velocities calculated with CFX 5, using the SST turbulence model, are also
shown in Fig. 5a and b for the unbaffled system. Especially near the centerline,
the calculated values differ from the measured ones. In general, the values of
the measured mean velocities are somewhat underpredicted by the calculations,
which is in accordance with literature [7]. In general, however, the measured
trends are relatively well predicted by the computations both for water and scCO,.

About 10000 data points (N) are collected with LDV at a single point in the
vessel with a data rate of around 200 Hz. From these data points the mean
velocity is calculated (as given in Figs. 3 to 5) but also the fluctuating velocity V;
as defined by

From the fluctuating velocities in the three Cartesian directions the local tur-
bulent kinetic energy k is calculated by Eq. (3) assuming that the influence of
periodic fluctuations is negligible.
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Since fluctuating velocities are not calculated in CFX, only the calculated tur-
bulent kinetic energy k can be compared with the measured k values obtained
through Eq. (3). Both measured and calculated turbulent kinetic energies are
presented in Fig. 3.6a for water and in Fig. 3.6b for scCO, for the unbaffled sys-
tem in a plane 29 mm above the vessel bottom.

The k values for water and scCO, are somewhat underpredicted by the calcu-
lations, which is also mentioned in literature [7]. The power consumption P of
a stirrer in the turbulent regime is related to the stirrer speed N and the stirrer
diameter dg by the dimensionless power number N,

P
e N 4
S

The power number N, is, as is the pump number, constant in the turbulent
regime and has a characteristic value for a defined vessel/stirrer geometry. As-
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suming that the local turbulent energy K scales with the stirrer power, which is
linear with the fluid density , the k values for scCO, should be 0.64 times
those of water. As it can be seen from Fig. 3.6, this is fairly well in agreement
with both measured and calculated data.

3.3
Heat Transfer

The transfer of heat to and from process fluids is an essential part of most pro-
cesses. In general, heat flows from one location to another by three distinct
mechanisms:

by conduction, or the transfer of energy from matter to adjacent matter by di-
rect contact without intermixing or flow of material;

by convection, or the transfer of energy by the bulk mixing of material. In nat-
ural convection it is the density difference of hot and cold fluid that causes
the mixing. In forced convection, usually a mechanical agitator is used;

by radiation of light, infrared, ultraviolet, or radio waves emanated from a hot
body, which can be absorbed by a cool body.



	Title Page
	Foreword
	Preface
	Contents
	List of Contributors
	1. Supercritical Carbon Dioxide for Sustainable Polymer Processes
	2. Phase Behaviour of Polymer Systems in High Pressure Carbon Dioxide

