
 

ABSTRACT 
 
 
KENNEDY, KAREN ALYCE.  Characterization of Phase Equilibrium Associated with 
Heterogeneous Polymerizations in Supercritical Carbon Dioxide.  (Under the 
direction of Dr. George W. Roberts and Dr. Joseph M. DeSimone) 
 

 
This thesis details research to understand the phase equilibrium associated 

with heterogeneous polymerizations in supercritical carbon dioxide (scCO2), 

particularly the polymerization of vinylidene fluoride (VF2) in scCO2.  Knowledge of 

the equilibrium between the supercritical fluid and polymer phases may be applied to 

understanding the mechanisms involved in heterogeneous polymerizations in 

scCO2.  Several experimental systems were developed and/or utilized for measuring 

the phase equilibrium.  These included a system for measuring the swelling of solid 

polymer particles in the presence of scCO2, a system for measuring the mass 

sorption and diffusion of supercritical fluids into the polymer phase, and a system for 

measuring the partitioning of reactant species between the polymer and supercritical 

fluid phases.  The sorption and swelling of poly(vinylidene fluoride) (PVDF) was 

measured at conditions similar to those of the polymerizations.  The Sanchez-

Lacombe equation of state was applied to modeling the binary and ternary phase 

equilibria for the VF2-CO2-PVDF system.  Carbon dioxide exhibits a favorable 

interaction with PVDF that is enhanced at increasing fluid densities.  Additionally, the 

monomer exhibits a favorable interaction with PVDF that improves the mass sorption 

into the polymer phase and expands the tunability of the fluid to change the polymer 

properties.  The impact of the phase equilibrium on the precipitation polymerization 

of vinylidene fluoride in scCO2 is discussed.  The bimodal molecular weight 



 

distribution of PVDF synthesized in CO2 could be due, in part, to the sorption of VF2 

into the polymer phase and the plasticization of the polymer to facilitate propagation 

of the polymer chains to high molecular weights within the polymer particles.  This 

dissertation provides a foundation for understanding the impact of the phase 

equilibrium on heterogeneous polymerizations in supercritical carbon dioxide.  It 

provides techniques for identifying and improving conditions for polymerizations in 

supercritical carbon dioxide and optimizing CO2-based processes of a 

heterogeneous nature. 
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Chapter 1 
 

Introduction 

 

Solvent-based systems are prevalent in industry.  However, during the last 

few decades, regulations and concerns from the general public have spurred an 

interest by industry to reduce or eliminate the use of solvents in their processes.  

“Green chemistry” has become an important concept and approach for minimizing 

solvent use.  Green chemistry [1] is “the design, development, and implementation 

of chemical processes and products to reduce or eliminate substances hazardous to 

human health and the environment”.  One area of research in green chemistry is the 

use of liquid and supercritical carbon dioxide (scCO2) as a solvent, reaction medium 

and processing aid.  Commercial processes that have benefited from the use of CO2 

include dry cleaning, heterogeneous catalyzed reactions, and polymerizations. 

Extensive research has been conducted to replace both aqueous and organic 

media used in polymerization reactions with supercritical carbon dioxide.  For 

example, supercritical carbon dioxide has been studied as an alternative to water in 

the polymerization of methyl methacrylate and acrylic acid.  Supercritical carbon 

dioxide has also been successful in replacing chloroflourocarbons (CFCs) in the 

production of specialty copolymers of tetrafluoroethylene (TFE).  Supercritical 

carbon dioxide has the potential to replace some of these solvents, in some cases 

with the added benefit of improved polymer properties.  In fact, Dupont has begun 

sale of TFE-based polymers made in CO2 that have improved properties [2]. 
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The use of supercritical carbon dioxide as a polymerization medium has 

several benefits.  First, scCO2 can be used over a wide range of temperatures 

because the supercritical state exists at ambient conditions.  Second, the solvent 

properties are tunable by adjusting the temperature or pressure.  Third, CO2 is an 

inert medium in many reactions.  That is, there is no chain transfer to CO2.  

Supercritical carbon dioxide is environmentally benign, inexpensive, and readily 

available.  It can eliminate the use of hazardous organics and reduce the amount of 

wastewater generated in polymerization processes.  Finally, the polymer formed in 

scCO2 is free of moisture.  This translates into significant energy savings because 

there is no need to dry the polymer. 

Supercritical carbon dioxide has found particular promise in the 

polymerization of fluoromonomers.  Fluoropolymers are generally produced by an 

emulsion or suspension process with water, or with the use of CFCs that are harmful 

to the environment.  Hydrochlorofluorocarbons and hydrofluorocarbons have been 

considered as alternatives to CFCs, but a negative environmental impact still exists.  

Supercritical carbon dioxide is the only known alternative that is environmentally 

benign and doesn’t generate the wastes associated with aqueous polymerizations.  

Additionally, numerous fluoropolymers are produced using perfluorooctanyl 

sulfonate (PFOS) surfactants that are biopersistant and nonbiodegradable.  There is 

a desire to discontinue use of these surfactants, but suitable alternatives have yet to 

be identified.  The use of CO2 as a polymerization medium will eliminate the need for 

these potentially hazardous surfactants. 
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Among the research of heterogeneous polymerizations in scCO2, there has 

been very little attempt to understand the extent to which the reaction proceeds in 

the solid and fluid phases that are present in the reactor.  Consequently, there has 

been very little characterization of the effect of mass transport and equilibrium 

between species in the polymer and scCO2 phases.  Relatively few studies have 

been conducted to measure the polymer swelling and sorption, and to model this 

behavior.  Finally, the effect of partitioning on the polymerization kinetics and 

polymer properties has not been explored. 

The main objective of this work was to gain a better understanding of the 

phase equilibrium associated with heterogeneous polymerizations in scCO2, 

particularly the polymerization of vinylidene fluoride in scCO2.  Chapter 2 is a review 

of polymerization of fluorooolefins in CO2.  The polymerization of vinylidene fluoride 

in CO2 produces interesting polymer properties, which will be explained in the 

context of the phase equilibrium in this work.  In Chapter 3, experimental and 

modeling approaches to studying phase equilibrium will be reviewed.  Chapter 4 

presents results of the sorption and swelling of poly(vinylidene fluoride) in CO2, 

including modeling of this phase equilibria.  Chapter 5 details work to study a three 

component system of carbon dioxide, poly(vinylidene fluoride) and vinylidene 

fluoride monomer.  The impact of the presence of monomer on the sorption of CO2 

into the polymer is discussed.  Additionally, the partitioning of the monomer between 

the polymer and supercritical phases is studied by two methods.  Finally, the three 

component phase equilibria are modeled using an equation of state. 
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The main issues that this dissertation attempts to answer are: 

1) What effect do the polymerization conditions in CO2 have on the phase 

equilibria? 

2) Can these phase equilibria be predicted using equation of state models? 

3) What are the implications of phase equilibrium on the locus of polymerization, 

polymerization kinetics, and polymer properties in heterogeneous 

polymerizations in scCO2? 

1.1 References 

1. Poliakoff, M., Fitzpatrick, J.M., Farren, T.R., and Anastas, P.T., Green 
chemistry: Science and politics of change. Science, 2002. 297: p. 807-810. 

2. DuPont introduces fluoropolymers made with supercritical CO2 technology, 
www.dupont.com/corp/news/products_today.html, Press Release: March 22, 
2002. 
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2.1 Introduction 

 The first application of supercritical fluids (SCFs) to the polymer industry 

occurred in the 1930s, with the development of a free-radical bulk polymerization of 

supercritical ethylene to produce low-density polyethylene (LDPE) [1, 2].  LDPE is 

synthesized by a high-pressure process, at 180-300°C and 1000-3000 bar, in which 

the polymer is soluble in supercritical ethylene monomer [3].  However, inert SCFs 

have only recently been exploited in a wide range of polymer applications.  

Research with supercritical carbon dioxide (scCO2) has outpaced research with 

other SCFs because carbon dioxide is inexpensive, has a critical point (Table 2.1) at 

conditions lower than that of most other SCFs (increasing the range of tunability), 

and is environmentally benign.  Supercritical carbon dioxide has found particular 

application as a polymerization medium because of its inertness to free radicals [4], 

i.e. no chain transfer to CO2, and because of high initiator efficiencies that exist in 

CO2.  DuPont has built a commercial scale facility for the production of 

tetrafluoroethylene-based polymers, including Teflon® FEP (a copolymer of 

tetrafluoroethylene and hexafluoropropylene), in carbon dioxide [5].  Significant 

research [6-8] has been reported for studying the use of scCO2 as a polymerization 

medium.  This review will focus on recent developments to polymerize fluoroolefins, 

such as tetrafluoroethylene, by heterogeneous polymerization in scCO2.  The 

particular challenges and rewards associated with polymerizing fluoroolefins in CO2 

will be discussed. 
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Table 2.1 

Critical temperature and pressure of substances useful as supercritical fluids [9] 
 

 Critical Temperature 
Tc (°C) 

Critical Pressure 
Pc (bar) 

Carbon Dioxide (CO2) 31.1 73.8 
Water (H2O) 374.4 221.2 

Ethane (C2H6) 32.4 48.8 
Propane (C3H8) 96.8 42.5 
Ammonia (NH3) 132.4 113.5 

Nitrous Oxide (N2O) 36.6 72.4 
Fluoroform (CHF3) 26.3 48.6 

 
 

2.2 Conventional Polymerization of Fluoroolefins 

The major commercial fluoropolymers are made by homopolymerization of 

tetrafluoroethylene (TFE), chlorotrifluoroethylene (CTFE), vinylidene fluoride (VF2), 

and vinyl fluoride (VF), or by co-polymerization of these monomers with 

hexafluoropropylene (HFP), perfluoro(propyl vinyl ether) (PPVE), perfluoro(methyl 

vinyl ether) (PMVE), or ethylene.  The polymers are formed by free-radical 

polymerization in water or fluorinated solvents. 

Currently, there is concern about the use of ammonium perfluorooctanoate 

(APFO), also known as “C8”, which is necessary for the manufacture of fluorinated 

plastics and elastomers in water.  C8 is a perfluorinated anionic surfactant used as a 

dispersing agent in the polymerization and copolymerization of many fluoropolymers, 

including poly(tetrafluoroethylene) (PTFE), poly(vinylidene fluoride) (PVDF), 

poly(tetrafluoroethylene-co-hexafluoropropylene) (FEP), poly(tetrafluoroethylene-co-

perfluoro(propyl vinyl ether)) (PFA), and poly(tetrafluoroethylene-co-perfluoro(methyl 

vinyl ether)) [10].  It is necessary to use a perfluorinated anionic surfactant for two 
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important reasons.  First, fluorinated anionic surfactants have the right interfacial 

properties to disperse such hydrophobic particles like fluoropolymers in water.  

Second, fluorinated carbon-centered radicals are extremely electrophilic and will 

react (chain transfer) with any hydrocarbon-based species in solution, including the 

surfactant.  Hence, the surfactant chosen needs to be hydrogen free. 

Earlier this year, the Environmental Protection Agency (EPA) released a 

preliminary risk assessment of C8 and other fluorochemicals [10].  Although the EPA 

refers to C8 as a persistent organic pollutant, there have been no reported adverse 

health affects in humans.  However, because of these potential environmental and 

health problems, 3M, who was the leading manufacturer of C8, exited the C8 

business [11].  DuPont and other members of the Fluoropolymers Manufacturers 

Group (FMG) have conducted research during the last 30 years to identify 

alternatives to C8 for economic reasons and because C8 persists in the body.  

However, no viable, alternative dispersing agent has been identified.  Carbon 

dioxide is the only known alternative to eliminate the need for C8 in the 

manufacturing process.   

Polymers made from TFE and VF2 dominate the fluoropolymer market.  

Existing methods for making these polymers will be reviewed in the following 

sections. 

2.2.1 Tetrafluoroethylene 

Poly(tetrafluoroethylene) is a fluorinated analog of polyethylene with chains 

that arrange into a helical twisting conformation in which the carbon backbone is 
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shielded by fluorine atoms.  This results in a polymer with superior chemical 

resistance.  Additionally, PTFE has great thermal stability and a very low coefficient 

of friction.  This makes PTFE a unique polymer for application as an anti-stick 

coating and for use with aggressive chemicals.  U.S. consumption of PTFE was 39.7 

million pounds in 2001 – the greatest of any fluoropolymer [12].  PTFE is sold as a 

granular resin, fine powder, or aqueous dispersion for use in a variety of 

applications, including coatings, chemical processing equipment, and wire insulation.   

PTFE is made by either suspension or dispersion polymerization in water, 

depending on the particle size required.   Both processes are run at 70-120°C and 1-

6 MPa using a water-soluble initiator, such as ammonium persulfate [13].  In the 

dispersion polymerization, a dispersing agent, such as ammonium 

perfluorooctanoate (C8) and mild agitation are used to produce a stable dispersion 

of fine PTFE particles of average particle size 0.2 µm.  Hydrocarbon wax can be 

added to prevent coagulation of the particles.  Because the amount of dispersing 

agent is typically less than the critical micelle concentration (CMC), the 

polymerization is not a true emulsion polymerization.  However, the polymerization 

does possess characteristics of an emulsion polymerization.  After the 

polymerization is complete, the particles may be precipitated to form a fine powder 

or the dispersion may be concentrated for direct use as a coating.  Fine powder 

PTFE is commonly mixed with a lubricant such as kerosene to perform paste 

extrusion of tubing and wire insulation. 
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In suspension polymerization, little or no dispersing agent and vigorous 

agitation is used to produce a coagulated granular resin with particles 1-2 mm in 

size.  The particles are dried and ground to varying particle sizes for molding or ram 

extrusion into precision parts. 

Conventional wisdom suggests that PTFE homopolymer cannot be melt-

processed to form molded parts due to its extremely high molecular weight and high 

melt viscosity.  Grades of PTFE, known as micropowders, with low molecular weight 

and low melt viscosity are typically used as additives in coatings and thermoplastics 

[14].  However, these grades cannot be melt-processed due to their brittleness.  

Tervoort et al. [15] recently reported that PTFE with medium viscosities (melt flow 

rate 0.2 - 2.6 g / 10 min) and bimodal molecular weight distributions can be melt 

processed.  PTFE grades with high and low viscosity are blended in a twin-screw 

extruder to form a blend exhibiting a pseudobimodal molecular weight distribution.  

The blend retains the mechanical strength of the high viscosity material, but the 

presence of the low viscosity material enables melt-processing of the material into a 

variety of parts and also suggests the possible recycling of PTFE. 

2.2.2 Vinylidene Fluoride 

Poly(vinylidene fluoride) is a semi-crystalline polymer that is produced 

commercially by a free-radical emulsion or suspension polymerization of vinylidene 

fluoride (CH2=CF2) in water [16-18].  PVDF exhibits a unique combination of 

mechanical and electrical properties due to the alternating spatial arrangement of 

CH2 and CF2 groups along the polymer backbone.  PVDF is the second largest 
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consumed fluoropolymer, after PTFE [12], due to its (1) high mechanical and impact 

strength, (2) resistance to environmental stress, (3) ease of melt-processability, and 

(4) low cost relative to other fluoropolymers.  PVDF is used in architectural coatings 

(~40%), semiconductor manufacture and chemical processing (~40%), and wire and 

cable insulation (~20%) [19].  A small, but increasing amount of PVDF is used as 

electrodes in lithium batteries [12, 20]. 

Polymerization of vinylidene fluoride by emulsion or suspension 

polymerization in water is conducted at conditions between 10 to 130°C and 10 to 

200 bar.  In the emulsion polymerization, either water-soluble peroxides or 

monomer-soluble peroxy or organic peroxides are used as initiators [17].  

Fluorinated surfactants, such as ammonium perfluorooctanoate, are used as 

dispersing agents.  Chain transfer agents, such as acetone, chloroform, or 

trichlorofluoromethane, may be used to control the molecular weight [13].  The 

resulting latex of dispersed particles is coagulated, washed, and spray dried to form 

a fine powder.  The powder consists of spherical agglomerates 0.2 to 0.5 µm in 

diameter. 

The suspension polymerization is conducted using monomer-soluble peroxy 

initiators.  Water-soluble polymers, such as poly(vinyl alcohol), are typically used as 

suspending agents to reduce the coalescence of the polymer particles [17].  A slurry 

of polymer particles 30 to 100 µm in diameter is formed during the polymerization.  

The particles are washed and dried before further processing. 
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The effect of polymerization conditions on the polymer morphology in PVDF 

has been studied [16, 21].  Regioisomer defects in the form of reversed head-to-tail 

addition are common in the polymerization of vinyl monomers [22].  These defects 

affect the crystallinity and final properties of the polymer.  The fraction of defects in 

PVDF ranges from 3.5 to 6 mol%, increasing with reaction temperature [22].  The α-

phase crystal is the most common crystal observed in PVDF.  However, an increase 

in defects leads to a greater amount of β-phase crystals in the polymer [16, 23], 

which gives PVDF its piezoelectric properties.  An increase in the amount of β 

crystals formed was observed for different initiating systems [23].  Additionally, 

enhancement of the β crystals in PVDF is done by applying tensile forces or 

mechanical stretching to the polymer [24].  The γ and δ crystal phases may be 

generated from the α-phase by heat or electric field, respectively.  The γ-phase 

crystal has also been formed by crystallization under high pressure [25]. 

Commercial PVDF is sold in powder form or may be compression molded into 

pellets.  Depending on the polymerization conditions, differing properties of PVDF 

may be produced.  PVDF exhibiting a multimodal molecular weight distribution has 

been reported for improved melt flow characteristics [26] and use in lithium batteries 

[24].  Dohany [26] reports the formation of a distinct bimodal molecular weight 

distribution that is strongly dependent on the addition of the initiator to the reaction.  

The initiator is continuously fed to the reaction until about 50% of the total monomer 

feed is added to the reactor.  At that point, the addition of the initiator is stopped and 

the remaining monomer is continuously fed to the reactor.  The high molecular 
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weight peak measured by gel permeation chromatography is more than 30% of the 

overall molecular weight distribution.  The high molecular weight portion allows 

processing of the polymer at high shear rates for improved productivity.  The use of 

these polymers in lithium batteries is largely the result of their relatively high defect 

structure, which promotes ionic conductivity in the electrochemical cell [24]. 

2.2.3 Copolymers 

PVDF and PTFE have wide application in industry due to their strength, 

chemical and wear resistance, and dielectric properties.  However, VF2 and TFE 

may be reacted with comonomers such as hexafluoropropylene (HFP) and vinyl 

ethers to modify the properties of the polymer.  For example, copolymerizing VF2 

with HFP improves the flexibility of the polymer without compromising the electrical 

properties.  Thus, VF2-HFP copolymers find more application in cable insulation 

than VF2 homopolymer.  Copolymers of TFE with perfluoroalkyl vinyl ethers have 

properties very similar to the TFE homopolymer except that the copolymer may be 

processed by injection molding because of its lower melt viscosity.  Copolymers of 

TFE and VF2 can also be made to form fluorinated elastomers and perfluorinated 

elastomers when cure site monomers are used.  Important examples of such 

elastomers include terpolymers of VF2, TFE, and either HFP or PMVE along with a 

cure site monomer such as bromotetrafluorobutene [19]. 

Copolymers are produced by aqueous copolymerization of the monomers in a 

manner similar to the homopolymerizations.  Nonaqueous polymerizations of TFE 

with PPVE may be conducted in water or in fluorinated solvents at lower 
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temperatures (30-60°C) using a soluble organic initiator such as perfluoropropionyl 

peroxide.  The molecular weight is controlled by addition of chain transfer agents 

such as methanol in nonaqeuous polymerizations or hydrogen in aqueous 

polymerizations. 

2.3 Supercritical Carbon Dioxide as a Polymerization Medium 

2.3.1 Properties of Supercritical Carbon Dioxide 

Supercritical fluids possess characteristics that make them interesting for use 

as polymerization media.  A supercritical fluid exists at temperatures and pressures 

above its critical values.  In the supercritical state, the fluid exhibits physical and 

transport properties intermediate between the gaseous and liquid state.  This is 

illustrated in Table 2.2.  SCFs have liquid-like densities, but gas-like diffusivities.  

These intermediate properties can provide advantages over liquid-based processes.  

In particular, the higher diffusivities of SCFs reduce mass transfer limitations in 

diffusion-controlled processes.  Additionally, lower energy is required for processing 

the supercritical fluid because its viscosity is lower than that of most liquids, and 

because the need to vaporize large quantities of liquid is avoided.   

 
Table 2.2 

Comparison of typical SCF, liquid, and gas properties [27] 
 

 Liquid SCF Gas 
Density 
(g/cm3) 

1 0.1 – 0.5 10-3

Viscosity 
(Pa s) 

10-3 10-4 – 10-5 10-5

Diffusivity 
(cm2/s) 

10-5 10-3 10-1
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 SCFs have a tunable density that may offer further advantages in reaction 

and processing applications.  This tunability is illustrated in Figure 2.1 for carbon 

dioxide.  Near the critical point, even small changes in the temperature or pressure 

of carbon dioxide dramatically affect its density.  Similarly, the viscosity, dielectric 

constant, and diffusivity are also tunable parameters, which allows specific control of 

systems involving supercritical fluids. 

 

 
 
Figure 2.1 Density versus pressure isotherms for carbon dioxide [28] 
 
 
Carbon dioxide is inexpensive and widely available.  The main source of 

carbon dioxide is from chemical manufacturing.  For example, it is a major byproduct 
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in the production of ammonia, ethanol, and hydrogen.  Finally, carbon dioxide is non-

toxic, nonflammable, and easily recycled. 

2.3.2 Advantages of Using Supercritical Carbon Dioxide 

Supercritical carbon dioxide is a very good solvent for small molecules, but a 

poor solvent for most high molecular weight polymers at mild conditions (T<100°C, 

P<350 bar).  Amorphous fluoropolymers and silicones are the only polymers known 

to be soluble in CO2 at mild conditions [6].  This difference in solubilities is an 

advantage for CO2-based polymerizations, as it can be used to reduce the energy 

requirements necessary to separate and purify a polymer after synthesis.  Consider, 

for example, a batch precipitation polymerization in CO2.  Initially, the reactor 

contains a homogeneous solution of monomer and initiator (and perhaps a chain 

transfer agent) in CO2.  As the polymerization proceeds, the polymer precipitates to 

form a separate phase.  When the polymerization is complete, the polymer is 

separated from the reaction mixture by a conventional fluid/solid separation process, 

e.g., sedimentation, filtration, centrifugation, etc.  The fluid phase contains unreacted 

monomer and initiator, which can be recycled.  When the polymer is depressurized, 

the CO2 escapes, leaving a dry polymer.  This contrasts with water-based processes 

in which the polymer must be dried to remove water.  The drying step can be quite 

energy intensive.  Additionally, CO2 can remove residual monomer from the polymer 

by supercritical fluid extraction.  Significant energy savings may be realized in a 

CO2-based polymerization. 
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Other advantages of CO2-based polymerizations are there is no chain transfer 

to solvent and the production of unstable end groups can be dramatically reduced.  

Guan et al. [4] studied the decomposition of 2,2’-azobis(isobutyronitrile) (AIBN) in 

scCO2.  It was found that initiator efficiencies greater than 80% were possible due to 

the low viscosity of CO2 and negligible solvent cage effects. Additionally, analysis of 

the decomposition products showed that there was no chain transfer to CO2. 

Reactive end groups, such as acyl fluoride and carboxylic acid end groups, 

are commonly formed in the aqueous polymerization of fluoroolefins, especially the 

copolymerization of TFE with HFP and PPVE [13].  These unstable end groups may 

decompose during melt processing of the polymer and cause defects in the final 

application.  Generally, finishing steps are required after the polymerization to 

remove these end groups by hydrolysis or fluorination.  Using CO2 as a 

polymerization medium eliminates the need for these finishing steps and additional 

control of the polymerization is achieved with the absence of chain transfer to 

solvent. 

The feasibility of using scCO2 in polymerizations has been demonstrated by 

the commercial production of Teflon® in CO2 [29] using methods developed by 

DeSimone and Romack [30-35].  Polymerization in carbon dioxide does not require 

the use of C8, which has received negative publicity for being persistent in the blood.  

DuPont has built a $40 million development facility for the production of Teflon® 

FEP using CO2-based technologies [5].  Poly(vinylidene fluoride) (PVDF) is another 

fluoropolymer that may be manufactured in supercritical carbon dioxide.  DeSimone 
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and co-workers [36, 37] reported the first continuous polymerization of vinylidene 

fluoride in scCO2.  Subsequently, Solvay Corporation patented a process for making 

poly(vinylidene fluoride) in scCO2 [38].  As researchers continue to better 

understand CO2-based polymer applications, and as industry continues to look for 

more economical and environmentally sound alternatives to existing processes, the 

use of supercritical carbon dioxide in commercial polymer reactions and processing 

will increase. 

2.4 Precipitation Polymerization in Supercritical Carbon Dioxide 

2.4.1 Introduction 

The first reported polymerization of fluoroolefins in carbon dioxide was by 

Fukui and coworkers [39, 40].  Tetrafluoroethylene, chlorotrifluoroethylene, and other 

fluoroolefins were polymerized in the presence of CO2 using ionizing radiation [39, 

40] and free-radical initiators [40].  DeSimone and coworkers reported the 

homogeneous telomerization of tetrafluoroethylene [41] and vinylidene fluoride [42] 

in CO2 using AIBN as an initiator.  The kinetics of AIBN decomposition in CO2 is well 

understood [4].  However, peroxide initiators are preferred over azo initiators for 

producing stable endgroups in fluoroolefins [43].  The peroxy initiators bis(perfluoro-

2-N-propoxypropionyl) peroxide (BPPP) and diethyl peroxydicarbonate (DEPDC) 

have had the greatest application in the heterogeneous polymerization of 

fluoroolefins in CO2. 

DeSimone and coworkers have studied the decomposition kinetics of BPPP 

[44] and DEPDC [45] in CO2.  The decomposition of DEPDC was studied [45] by a 
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technique in which the decomposition rate constant, kD, and the initiator efficiency, f, 

were determined from a single set of experiments using a continuous stirred tank 

reactor (CSTR).  It was found that the decomposition was first order and that the rate 

constant was independent of the pressure.  The activation energy of the 

decomposition rate constant in CO2 was consistent with those in other solvents.  It 

was concluded that the nature of the solvent did not affect the decomposition 

kinetics.  The decomposition kinetics of BPPP [44] in CO2 and fluorinated solvents 

was measured using FTIR.  Based on results from the effect of viscosity on the 

observed decomposition rate constant, it was concluded that the decomposition 

mechanism was a single-bond homolysis.  Additionally, it was concluded that the 

decomposition rate constant in CO2 and in fluorinated solvents should be similar.  

The studies of BPPP and DEPDC decomposition in CO2 sets the stage for better 

understanding the overall kinetics of polymerizations in CO2.  The next section 

contains a discussion of recent research to polymerize fluoroolefins in CO2 using 

BPPP, DEPDC, and ionizing radiation.  

2.4.2 Polymerization of Tetrafluoroethylene 

Several alternative polymerization media have been proposed for reducing 

the amount of unstable end groups in poly(tetrafluoroethylene).  These include 

chlorofluorocarbons, which are detrimental to the environment, perfluorocarbons, 

hydrofluorocarbons, and perfluoroalkyl sulfide acids, which are all expensive.  

Supercritical carbon dioxide has been identified as a viable alternative to aqueous 

and fluorocarbon reaction media [31].  Furthermore, mixing tetrafluoroethylene with 
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carbon dioxide increases the safety of handling the monomer [46].  Pure 

tetrafluoroethylene (TFE) is susceptible to autopolymerization and may be explosive 

without proper handling.  Storing and shipping TFE in a mixture with CO2 makes 

handling safer.  

The polymerization of TFE in CO2 [31-35, 41, 47] has been studied 

extensively.  Polymerizations were typically run at 35°C using BPPP as an initiator.  

This particular initiator was selected to produce stable end groups in the polymer 

made in CO2.  The selection of initiators for polymerization of fluoromonomers in 

CO2 that would produce stable end groups had not been reported previously.  The 

reaction produced up to a 100% yield and a 160,000 g/mol molecular weight 

polymer.  This work set the stage for commercialization of a CO2-based process for 

making TFE-based polymers by DuPont [5].  DuPont has begun the sale of melt-

processible polymers having enhanced performance capabilities [29] that were 

polymerized in a CO2-based process. 

2.4.3 Polymerization of Vinylidene Fluoride 

The current means for commercial production of poly(vinylidene fluoride) 

generates large amounts of wastewater due to water-based suspension or emulsion 

polymerization.  Additionally, large amounts of energy are required to remove the 

water from the polymer before downstream processing.  The use of scCO2 as a 

polymerization medium for vinylidene fluoride has been previously demonstrated in 

batch polymerizations [42, 48].  A CO2-based system has the advantage of 

eliminating wastewater generation during the polymerization.  Because the polymer 
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is readily separated from CO2, significant energy savings may be realized.  Recently, 

Charpentier et al. have developed a system for polymerizing vinyl monomers, 

including vinylidene fluoride, in scCO2 using a continuous stirred tank reactor [36].  

The technical viability of continuously polymerizing vinylidene fluoride in scCO2 was 

demonstrated with this system.  Furthermore, Solvay Corporation has recently 

patented a system for continuous polymerization of vinylidene fluoride and other 

halogenated monomers in scCO2 [38]. 

The first demonstration of vinylidene fluoride polymerization in scCO2 was the 

homogeneous telomerization of vinylidene fluoride with perfluorobutyl iodide and 

AIBN [42].  Several batch studies [48, 49] then were conducted to identify 

appropriate initiators for CO2-based synthesis of high molecular weight PVDF.  Kipp 

[48] used several different peroxy and azo initiators and found that the azo initiators, 

AIBN and 2,2’-azobis(2,4-dimethyl-methoxypentanitrile), were ineffective in 

producing significant amounts of PVDF.  Amongst the peroxy initiators studied, Kipp 

found that BPPP was very effective as an initiator for vinylidene fluoride.  Number-

average molecular weights (Mn) upwards of 24,000 g/mol and conversions up to 

85% were reported.  Brothers [49] found that dimethyl(2,2’-azobisisobutyrate) was 

better than other azo initiators, such as AIBN, for initiating polymerization of 

vinylidene fluoride in CO2.  Brothers reported reaction yields of 22.8%, compared to 

only 2.6% for an AIBN-initiated system. 

Galia and coworkers [50] used γ-radiation to initiate polymerization of VF2 in 

CO2.  Reactions were run at 20-40°C at pressures less than 25 MPa.  Number-
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average molecular weights as high as 607,000 g/mol were observed in 

polymerizations with initial monomer concentrations ranging from 3.4 to 4.7 mol/L.  

The polydispersity ranged from 2.5 to 8.8.  Conversions were 20-42%.  At the 

highest monomer concentration studied (6.2 mol/L), a conversion of 73% was 

observed.  Galia concluded from rheological measurements of the polymers that 

increasing the monomer concentration increased the degree of branching and 

crosslinking in the polymer.  The effect of temperature and system density on the 

kinetics and polymer properties was also studied.  There was no observable impact 

of the system density on the kinetics or polymer properties.  However, the polymer 

properties were very sensitive to the reaction temperature.  

Recently, Charpentier et al. [36] demonstrated the synthesis of PVDF by a 

continuous precipitation polymerization in scCO2, using diethyl peroxydicarbonate 

(DEPDC) as an initiator.  Low molecular weight polymers (Mn < 20,000 g/mol) were 

reported in this first work.  However, subsequent research has yielded PVDF with 

number-average molecular weights upwards of 79,000 g/mol [51, 52].  PVDF made 

in the continuous CO2-based system had molecular weights comparable to 

commercial polymers, but also exhibited unique properties not observed in PVDF 

made by conventional processes. 

2.4.3.1 Continuous Polymerization 

In a typical continuous polymerization [36, 51-54], vinylidene fluoride (VF2), 

carbon dioxide, and initiator are continuously fed to a continuous stirred tank reactor 

(CSTR).  The initiator is dissolved in Freon-113 and the ratio of initiator to monomer 
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was typically less than 0.01g/g.  This initial reaction mixture is homogeneous over 

the full range of monomer concentrations evaluated (up to 6 M or 50 wt% VF2 in 

CO2).  As the reaction proceeds, the polymer precipitates from the fluid phase to 

form a solid polymer phase.  The effluent exiting the reactor consists of polymer 

particles suspended in a fluid mixture of carbon dioxide, unreacted monomer, and 

unreacted initiator.  The effluent is passed through a heat exchanger to quench the 

reaction.  The polymer is collected in one of three filters, depending on whether the 

reactor is running at unsteady state or steady state.  Finally, after the polymer is 

separated, the effluent is vented into a hood.  Conceivably, the effluent may be 

recycled back to the reactor.  A schematic of the polymerization system is shown in 

Figure 2.2.  Typical conversions in the reactor are 7-25%.  A range of reaction 

conditions was studied at 30-80°C, 130-280 bar, and average residence times of 12-

50 minutes. 
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Figure 2.2  Continuous polymerization apparatus: A, CO2 cylinder; B, monomer; C, 

initiator solution; D, continuous syringe pumps; E, syringe pumps; F1, 
steady-state filter; G, thermostated autoclave; H, static mixer; I, chiller/heater 
unit; J, effluent cooler; K, gas chromatograph; V1, V2, four-way valves; V3, 
V4, three-way valves; V5, V6, two-way valves; V7, heated control valve [51] 

 
 
A kinetic model based on homogeneous polymerization was developed to 

describe the polymerization in CO2 [51, 54].  A model based on the reaction scheme 

in Figure 2.3 adequately described the polymerization rates and the polydispersity of 

the polymer.  Monomer inhibition was incorporated into the model to account for the 

observed deviation from first-order kinetics.  However, imperfect mixing of the higher 

viscosity medium is an alternative explanation.  It was concluded that termination 

was by combination, for three reasons.   First, there was no existing literature to 
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support termination by disproportionation for PVDF.  Second, the polydispersity was 

approximately 1.5 at low monomer concentrations.  Third, NMR studies showed no 

evidence of unsaturation. 
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•• ⎯→⎯+   (Termination by combination) 

*MPMP n
k

n
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Figure 2.3 Kinetic scheme to model the continuous polymerization of vinylidene fluoride 

in supercritical carbon dioxide [51] 
 
 
Chain transfer to polymer was proposed to account for the broadening of the 

molecular weight distribution at high monomer concentrations.  However, as 

discussed in the next section, the model failed to predict the bimodal character that 

is unique to PVDF polymerized in scCO2 at high monomer concentrations. 

2.4.3.1.1 Polymer Properties 

A comparison was made between the properties of PVDF synthesized in CO2 

and a commercial PVDF sample.  The polymers synthesized in CO2 had molecular 

weights similar to the commercial polymer and the melt flow indices (MFIs) were 
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similar [54].  For PVDF synthesized in CO2 having a weight-average molecular 

weight of 150,000 g/mol, the MFI was 2.6 g/10 min.  The MFI for a commercial 

sample with a weight-average molecular weight greater than 195,000 was 1.4 g/10 

min. 

Unique PVDF properties have been observed from polymerization in 

supercritical carbon dioxide [38, 51-53, 55] at certain conditions.  The polymer 

synthesized in supercritical carbon dioxide exhibits a bimodal molecular weight 

distribution (MWD), as illustrated in Figure 2.4 [52].  At molar VF2 feed 

concentrations less than about 1.9 M, the polymer has a unimodal distribution, at the 

conditions of Figure 2.4.  As the monomer concentration is increased, the 

distribution becomes broader and bimodal.  Changes in temperature, pressure, and 

residence time also have an effect on the MWD [51, 52].  In Figure 2.4, τ is the 

average residence time, i.e., the reactor volume divided by the inlet volumetric flow 

rate. 
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Figure 2.4 Effect of inlet monomer concentration on molecular weight distribution.  

Polymerization conditions are 75°C, 4000 psig, τ = 20-22 min, [I]o = 2.8 - 3.3 
mmol/L [52] 

 
 
Several hypotheses were investigated to explain the bimodal character of the 

polymer.  These include: (1) imperfect mixing, (2) long chain branching, and (3) 

heterogeneous polymerization.  A heterogeneous polymerization is characterized by 

polymerization in both the fluid and precipitated polymer phases, so that the phase 

equilibrium is an important element of kinetics and polymer properties.  It was stated 

that neither imperfect mixing nor a homogeneous polymerization with long chain 

branching due to chain transfer to polymer could explain the bimodal nature of the 

CO2-polymerized PVDF [51, 52].  However, it was recently demonstrated that a 

combination of chain branching and heterogeneous polymerization could produce 

the bimodal MWDs observed experimentally [56].  The impact of phase equilibrium 
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on the polymerization of vinylidene fluoride in supercritical carbon dioxide will be 

addressed in this dissertation. 

2.4.4 Synthesis of Copolymers 

Copolymerizations of TFE [31, 47, 57-61] and VF2 [57, 58, 61, 62] in scCO2 

have been reported.  Romack and coworkers [47, 60] did early work to perform 

precipitation polymerizations of TFE with HFP and TFE with perfluoropropyl vinyl 

ether (PPVE) at 35°C and moderate pressures (<133 bar).  A chain transfer agent, 

methanol, was necessary to limit the molecular weight to a range of commercial 

interest.  Hydrogen chloride and hydrogen bromide have also been reported as 

effective chain transfer agents for these polymerizations in CO2 [58].  Romack and 

coworkers concluded that the significantly higher molecular weights produced in CO2 

were due to the fact that chain transfer and β-scission reactions occurred to a lesser 

extent in scCO2, especially at the lower temperatures used.  These undesirable 

reactions are commonplace in the copolymerization of TFE/PPVE conducted at 

elevated temperatures in conventional solvents.  The limited β-scission reactions 

were attributed to the enhanced diffusion of TFE into the polymer phase to improve 

the rates of radical cross-propagation with TFE.  It was demonstrated that 

conducting the polymerization in CO2 improved the effectiveness of the propagation 

reaction over that of the chain transfer reactions to produce high molecular weight 

polymers. 

The research group of Shoichet [57, 59] also has demonstrated that using 

CO2 as a polymerization medium can improve the effectiveness of the propagation 
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reaction over chain transfer reactions in fluoroolefin synthesis.  Shoichet’s group 

polymerized vinyl acetate with fluoroolefins in CO2 with [59] and without [57] 

surfactants.  The copolymers formed in CO2 were linear, compared to the highly 

branched copolymers formed by aqueous polymerization.  They concluded that 

because radical hydrogen abstraction from vinyl acetate was significantly reduced in 

CO2, branching of the polymer was practically eliminated. 

There has been research on new, novel fluoroolefin-based copolymers that 

benefit from synthesis in scCO2.  In 2000, Wheland and Brothers [61] described 

novel copolymers of fluoroolefins with maleic anhydride (MAN) and maleic acid 

(MAC) for use as coatings and as adhesives or compatibilizing agents for 

fluoropolymers.  Currently, maleic anhydride must be grafted onto existing 

fluoropolymers to achieve the desired properties.  Maleic acid does not readily 

copolymerize with fluoroolefins in the presence of water.  Thus, polymerization of 

MAN or MAC with fluoroolefins in CO2 provides a means by which to synthesize the 

desired fluoropolymer directly.  In the area of microchip manufacture, there is an 

interest in using 157 nm photoresists to create smaller and smaller features in the 

circuitry.  Zannoni and DeSimone [62] have copolymerized fluoroolefins with 

norbornene and a norbornene analog for use as 157 nm photoresists.  Ultimately, 

these photoresists may be synthesized, processed and developed entirely in CO2, 

with dramatically reduced solvent use and revolutionizing the manufacture of 

microchips. 
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2.5 Conclusions 

Supercritical carbon dioxide shows promise as a polymerization medium for 

synthesis of fluoroplastics and fluoroelastomers.  CO2 offers the benefit of an 

environmentally friendly process that reduces the amount of waste generated and 

energy for processing polymers.  Additionally, polymerization kinetics and polymer 

properties may be enhanced by polymerization in CO2.  DuPont has already 

commercialized a process for making fluoropolymers in CO2.  Use of CO2 as a 

polymerization medium for certain grades of fluoropolymers eliminates the need for 

C8, which has received a lot of controversy in recent years.  It remains to be seen 

whether many of the current grades of fluoropolymers can be synthesized in carbon 

dioxide.  For PTFE, to date only granular forms of PTFE have been achieved.  It 

would be of importance to synthesize fine powders of PTFE and other 

fluoropolymers in CO2 to eliminate the C8 problem.  As researchers continue to 

better understand CO2-based polymer applications and as industry continues to look 

for more economically and environmentally sound alternatives to existing processes, 

supercritical carbon dioxide should become a technology of choice for new and 

improved commercial polymerization processes. 
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Chapter 3 
 

Review 

Phase equilibrium between polymers and supercritical fluids 

 

Supercritical carbon dioxide has been researched and applied in a variety of 

applications that involve polymers.  These include microelectronics [1], foams [2], 

textile dying [2] and polymerizations in CO2 [3].  An important aspect to all of these 

heterogeneous processes is the role of phase equilibrium.  This involves the 

equilibrium between the polymer, CO2, and other species present in the system.  

The degree to which CO2 sorbs into the polymer phase can greatly impact the 

resultant processing conditions and polymer properties.  For example, when spin 

coating photoresists with liquid CO2, it is important to know the degree to which the 

polymer is soluble in CO2 in order to form uniform coatings.  In the heterogeneous 

polymerization of many monomer systems, the monomer is soluble in CO2 whereas 

the polymer is insoluble in CO2.  However, CO2 may plasticize the polymer, causing 

it to swell.  Additionally, other species present in the system may partition between 

the polymer-rich and CO2-rich fluid phases.  This phase equilibrium will impact the 

reaction kinetics, polymer properties, and downstream processing of the polymer.  

These issues are not unique to supercritical fluids (SCFs).  For example, Schubert 

and coworkers [4] studied microemulsions of styrene and hexyl methacrylate in 

formamide and found that a difference in the phase equilibrium of the monomer with 

the reaction medium greatly impacted the conversions and polydispersity of the 
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polymer.  However, due to the significant compressibility of SCFs, small changes in 

temperature and pressure can have a much more significant impact in SCF-based 

processes than processes when the solvent is a conventional, essentially 

incompressible, liquid.  Thus, studying the phase equilibrium in polymer and scCO2 

systems is necessary for fully understanding and exploiting the commercial potential 

of using scCO2 with polymers. 

This chapter will review the major approaches to understanding the phase 

equilibrium associated with polymers in supercritical carbon dioxide, including 

several experimental techniques and modeling approaches based on the Sanchez-

Lacombe equation of state.  Finally, existing studies of the phase equilibrium of 

poly(vinylidene fluoride) (PVDF) in CO2 will be discussed. 

3.1 Experimental Studies of Phase Equilibrium between Polymer and scCO2 
Phases 

For several decades, researchers have been interested in understanding the 

advantages of using scCO2 in polymer applications.  The phase equilibrium, which 

considers how the polymer and supercritical fluid interact at equilibrium, allows 

researchers to study the major variables involved with optimizing the use of scCO2.  

Several important techniques have emerged for studying the phase equilibria 

associated with polymers in CO2.  Those techniques can be divided into two 

categories: those used to study two component polymer-CO2 systems, and those for 

the study of multi-component systems involving one or more polymers, CO2, and 

one or more additional small molecules.  Study of two component systems includes 

polymer swelling and sorption in the presence of CO2 and the solubility of polymers 
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in CO2.  The multi-component systems involve similar phenomena, in addition to the 

partitioning of small molecules between the polymer and scCO2 phases.  The major 

methods for studying these phenomena will be discussed in the following section. 

3.1.1 Polymer Solubility 

The solubility of polymers in CO2 is measured primarily by a static method. A 

representative apparatus is shown in Figure 3.1.  A known weight of polymer is 

added to the variable-volume view cell.  The system is heated to the desired 

temperature before adding a known amount of CO2.  The pressure is increased with 

the piston until a one-phase system is visually observed. The pressure is then slowly 

decreased until the system loses its transparency, or until two fluid phases are 

observed.  This represents the cloud point for the system. 

 

 
 

 
Figure 3.1 Apparatus for measuring solubility of polymers in carbon dioxide [5] 
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Cloud point curves for PVDF and a copolymer of vinylidene fluoride and 

hexafluoropropylene in CO2 are shown in Figure 3.2.  Conditions above the cloud 

point curve represent a one-phase region.  Below the cloud point curve, two or more 

phases exist.  PVDF required much greater temperatures and pressures than the 

copolymer in order for it to be soluble in CO2.  The melting point for this PVDF 

polymer in CO2 is 130 °C.  At temperatures below 130 °C, PVDF becomes a solid, 

such that separate solid and fluid phases exist in the region to the left of the cloud 

point curve. 

 

 
 
 
Figure 3.2 Cloud point curve for semicrystalline poly(vinylidene fluoride) ( , Mw 

= 269,000, x = 0) and amorphous poly(vinylidene fluoride-co-
hexafluoropropylene) ( , Mw = 85,000, x = 22 mol%) in CO2. Polymer 
compositions are 5 wt% [6] 

 
 
Polymer solubility in CO2 is dominated by the strength of the polymer-polymer 

interaction [7].  The strength of the polymer-CO2 interaction has a secondary effect.  

O’Neill and coworkers [7] found that the polymer surface tension was a good 
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indicator of the polymer-polymer interaction.  The strength of the interaction 

increased with the surface tension.  The surface tension of several polymers and 

their corresponding solubility in CO2 at 35 °C and 206.8 bar (3000 psi) is 

summarized in Table 3.1.  The polymers with lower surface tension have weaker 

polymer-polymer interactions and are increasingly more soluble in CO2.   

 
Table 3.1 

Surface tensions and solubilities in CO2 for various homopolymers [7] 
 

Polymer Surface Tension 
(mN/m), 20 °C 

Solubility, wt% (MW) @ 
206.8 bar, 35 °C 

Poly(1,1-dihydrodecafluorooctyl acrylate) 10 >>10 (1,000,000 g/mol) 
Poly(1,1-dihydroheptafluorobutyl acrylate) 15 >>10 (1,000,000 g/mol) 
Poly(dimethylsiloxane) (PDMS) 20 4 (13,000 g/mol) 
Poly(tetrafluoroethylene) (PTFE) 23.9 Insoluble (high MW) 
Poly(vinylidene fluoride) (PVDF) 33.2 Insoluble (500,000 g/mol) 
Poly(vinyl acetate) (PVAc) 36.5  
Polystyrene 39.3 Insoluble (1700 g/mol) 
Poly(methyl methacrylate) (PMMA) 41.1 Insoluble (3,000 g/mol) 

 
 

3.1.2 Polymer Swelling 

Several techniques have been employed for measuring the swelling of 

polymers in the presence of scCO2.  In recent years, ultrasonic transducers [8], 

neutron reflectivity [9], and linear variable differential transformers (LVDT) [10] have 

been used to measure polymer swelling in the presence of scCO2.  However, the 

most common method for measuring the swelling of polymers in scCO2 is by visually 

observing the change in length of a polymer film [11-18].  Some of the first work 

done to measure the swelling of polymers in CO2 was done at the University of 

Texas at Austin [13] and the University of Delaware [17].  These studies were 

conducted at pressures less than 10 MPa (1450 psi).  More recently, the swelling of 
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polymer films in scCO2 has been measured at pressures up to 30 MPa (4351 psi) 

[11]. 

The results of swelling polystyrene and poly(ethylene terephthalate) (PET) by 

CO2 is shown in Figure 3.3.  This work [11] demonstrates that polymers may be 

swollen by scCO2 to increase their free volume.  The percent volume change of the 

polymer film, ( ) %100⋅∆ oVV , was calculated by the equation, 

( ) 13 −=∆ oo LLVV  

where Lo is the initial dimensional length of the film and L is the length at equilibrium.  

This assumes that the polymer will swell isotropically.  Isotropic swelling is 

applicable for films that are homogeneous, free of strain, and unoriented [18].  As 

shown in Figure 3.3, the swelling of crystalline PET was significantly less than the 

swelling of polystyrene.  The crystalline regions largely impact the limited swelling of 

PET.  Indeed, semicrystalline polymers are known to be intrinsically solvent 

resistant, including when the solvent is a supercritical fluid.  The swelling of both 

polymers was greater at the lower temperature (308.15 K).  The swelling increases 

almost linearly for polystyrene at pressures less than 10 MPa.  At higher pressure, 

the swelling levels off to a constant value.  This is due to a dominating hydrostatic 

pressure effect that restricts the polymer from swelling.  In fact, Wang et al [19] 

demonstrated the dominating hydrostatic effect over plasticization at elevated 

pressures in polystyrene exposed to CO2.  The Tg of polystyrene in different CO2 

environments was calculated using the WLF equation and creep compliance 

experiments.  Initially, as the CO2 pressure was increased, the Tg dropped 

 42



dramatically and reached a minimum around 20 MPa.  The drop in Tg signified a 

plasticization of the polymer by carbon dioxide.  With further increases in the 

pressure, the Tg began to increase as the hydrostatic pressure effect became more 

prominent. 

The mass sorption of CO2 into polymers has been calculated using swelling 

results [11].  However, specific techniques have been developed for measuring 

polymer sorption.  This will be discussed in the next section. 

 

 
 
Figure 3.3 Swelling of polystyrene (PS) and poly(ethylene terephthalate) (PET) in CO2.  

Lines represent prediction from combined Flory equation and Peng-Robinson 
equation of state [11] 

 
 

3.1.3 Polymer Sorption 

The sorption of supercritical carbon dioxide into polymers has been measured 

by a variety of techniques.  The earliest studies of polymer sorption were conducted 

using a quartz spring [11, 17, 18].  In recent years, the quartz crystal microbalance 
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(QCM) [20, 21], vibrating rod [8], and magnetic suspension balance [22, 23] have 

been used to measure polymer sorption in the presence of supercritical carbon 

dioxide. 

The quartz spring technique has been widely used due to its simple operation 

and relatively low cost.  In this approach, the polymer is suspended from a quartz 

spring in a CO2 atmosphere.  As the polymer sorbs fluid, the spring is displaced.  

The change in mass of the polymer is calculated by 

∆m = k(x-xo) + ρg(Vp + Vt) 

where k is the spring constant, x is the spring extension at equilibrium, xo is the 

spring extension in the absence of CO2, ρg is the density of CO2, Vp is the volume of 

swollen polymer (determined from swelling experiments), and Vt is the volume of the 

sample pan and spring.  The second term on the right hand side accounts for the 

buoyancy of CO2.  Figure 3.4 shows the results for sorption of CO2 into polystyrene 

measured using a quartz spring.  At low pressures, the sorption increases linearly 

with the pressure.  As the temperature decreases, the sorption increases.  The 

temperature and pressure effects correlate with an increase in the CO2 density. 
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Figure 3.4 Sorption of CO2 into polystyrene measured using a quartz spring [17]  
 
 
The quartz crystal microbalance has been used to measure the sorption of 

polymers by CO2 at pressures up to 172 bar (2500 psig) [20, 21].  In this technique, 

a quartz crystal is coated with the polymer.  The polymer-coated quartz crystal is 

attached to electrodes that generate an alternating electric field in the crystal.  This 

causes the crystal to vibrate at its resonant frequency.  The change in mass of the 

polymer is measured by monitoring the change in frequency.  This behavior is 

described by the Sauerbrey equation, 

∆f = -C∆m 

where ∆f is the change in frequency, ∆m is the corresponding change in mass, and 

C is a constant which is a function of the quartz crystal properties.  The change in 

mass can be measured with a sensitivity of ±1 ng.  The two major assumptions for 

application of the Sauerbrey equation are that the coated film is thin and rigid.  

Lucklum and coworkers [24] determined how the structure of the polymer affects the 
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accuracy of the Sauerbrey equation.  They found that the Sauerbrey equation is 

accurate for glassy polymers applied as thin films and rubbery polymers applied as 

very thin films.  Figure 3.5 shows that for polystyrene, a glassy polymer, the QCM 

method produced results similar to those obtained by the quartz spring method. 

 

 

  
Figure 3.5 Sorption of CO2 in polystyrene at 40 °C.  Points represent data obtained by 

quartz crystal microbalance.  Line represents data obtained by quartz spring 
at 35 °C [20] 

 
 
Just as the QCM technique is based on correlating the change in mass with 

the change in frequency of the coated crystal, the vibrating rod technique correlates 

the change in mass with the change in the period of vibration of a beam with a 

rectangular polymer rod suspended on it.  The beam is caused to vibrate by an 

electromagnetic coil.  The period of vibration is a function of the ratio of the mass of 

the polymer rod to the mass of the beam.  As gas is sorbed into the polymer, the 

ratio changes.  The period of vibration changes as well.  Briscoe and coworkers [8] 

used this technique to measure the sorption of scCO2 into poly(vinylidene fluoride) 
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(PVDF).  Their results are shown in Figure 3.6.  At pressures lower than 18 MPa, the 

mass sorption is greater at the lower temperature (42 °C).  This result is consistent 

with the general observation that the solubility of CO2 in the polymer decreases at 

higher temperatures.  At the higher pressures, the sorption at 80 °C is greater.  The 

higher pressures restrict the dimensional change of the polymer, but the higher 

temperature (80 °C) allows the polymer to have greater mobility than at the lower 

temperature (42 °C). 

 

 
  
Figure 3.6 Sorption of CO2 into poly(vinylidene fluoride) at 42 °C and 80 °C.  Lines 

represent prediction based on Sanchez-Lacombe model [8] 
 
 
Most recently, the magnetic suspension balance has been used as a precise 

technique for measuring the sorption of scCO2 into polymers [22, 23, 25].  The 

polymer sample is suspended from a magnetic coupling that measures the change 

in mass of the sample exposed to a gas environment.  This technique allows 
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measurement of the mass change in increments as low as 0.01 mg.  Additionally, 

the balance may be equipped with the means to measure the density of the sorbing 

fluid to accurately account for the buoyancy in the system.  Figure 3.7 shows that the 

sorption of CO2 into polystyrene was consistent from measurement using the 

magnetic suspension balance and by a pressure decay method. 

 

 

Figure 3.7 Sorption of CO2 into polystyrene.  White data points were obtained using 
magnetic suspension balance.  Black data points were obtained using a 
pressure decay method. Lines represent prediction based on Sanchez-
Lacombe model (k12 = 1-ζ, the binary interaction parameter).  Reprinted from 
Sato et al [25] 

 
 
The magnetic suspension balance has also been used to detect retrograde 

vitrification [23] in polymer-CO2 systems.  Retrograde vitrification occurs when a 

polymer goes from a rubbery to a glassy state with an increase in temperature.  This 

phenomenon has been predicted using lattice fluid theory [26].  The retrograde glass 

transition is commonly measured using creep compliance measurements [27].  
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Using the magnetic suspension balance, the diffusion coefficients of CO2 in PMMA 

were measured over a range of temperatures and pressures [23].   A sharp increase 

in the diffusion coefficient with pressure indicated the presence of a glass transition 

pressure.  By plotting the glass transition pressures with the corresponding 

temperatures, the retrograde glass transition behavior is observed (Figure 3.8).  At a 

single pressure, as the temperature is increased, the polymer may go from a rubbery 

to a glassy to a rubbery state. 

 

Figure 3.8 Tg of PMMA in the presence of CO2 as a function of pressure measured 
using a magnetic suspension balance (□) and with a temperature scanning 
high-pressure calorimetric technique (●).  Reprinted from [23]  

 
 
Researchers have used spectroscopy as a tool to predict the degree to which 

CO2 would be soluble in a polymer.  Kazarian and coworkers [28] found that a 

measure of the width of the v2 band for CO2 by infrared spectroscopy could be used 
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to estimate the solubility of CO2 in polymers.  An example of the change in the v2 

bending mode of CO2 impregnated in a polymer is illustrated in Figure 3.9.  The 

authors impregnated various polymers with CO2 and noted the change in the v2 

band for CO2.  Their results are summarized in Table 3.2.  If a specific interaction 

existed between the polymer and CO2, the v2 band was split.  As illustrated in Table 

3.2, the increase in CO2 solubility correlated with an increased average width of the 

v2 band for CO2. 

 

 

Figure 3.9 IR absorption spectra of CO2 in the v2 bending mode region: (a) gaseous 
sample, (b) PMMA film impregnated with CO2 immediately after 
decompression, and (c) film after removal of gaseous CO2 [28] 
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Table 3.2 
Solubilities and half-width of adsorption band of v2 mode of CO2 in polymers [28] 

 
Polymer ∆v1/2*, cm-1 CO2 Solubility, wt% @ 14 

bar, 25 °C 
Poly(vinyl acetate) 16 5.7 
Poly(ethyl methacrylate) (PEMA) 15 4.6 
Poly(methyl methacrylate) (PMMA) 15 4.2 
Polystyrene 11.5 3.1 
Polyethylene 5.5 0.8 

* ∆v1/2 = full width at half-maximum of the v2 absorption band 
 

 

3.1.4 Partitioning between Polymer and scCO2 Phases 

Most research on phase equilibrium in scCO2 has focused on the sorption 

and swelling of polymers.  Relatively little has been done to measure the partitioning 

behavior of solutes between polymer and scCO2 phases.  The partition coefficient is 

defined as the ratio between the concentration of solute (i) in the polymer phase (II) 

to that in the scCO2 phase (I), 

I
i

II
i

c C
C

K =  

The partition coefficients for several solutes in scCO2 and poly(dimethylsiloxane) 

(PDMS) have been determined using inverse supercritical fluid chromatography [29] 

and FTIR [16, 30].  These techniques measured partition coefficients at very low 

concentrations.  The results demonstrate the impact of the tunable properties of CO2 

on partition coefficients.  This is illustrated in Figure 3.10.  The partition coefficient 

for methanol in PDMS decreases with increasing CO2 density at constant 

temperature.  Two reasons have been proposed for this behavior.  First, as the CO2 

density increases, the solvating power of CO2 increases.  More solute can dissolve 
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in the fluid phase at higher CO2 densities.  Second, as the density increases, the 

polymer is increasingly swollen with CO2, weakening the attraction of the solute to 

the polymer. 

 

 

Figure 3.10 Partition coefficient of methanol between poly(dimethylsiloxane) and CO2 at 
different concentrations of methanol in the fluid phase.  T=41.5 °C [16] 

 
 
Although the methods used to study partitioning in PDMS were at low solute 

concentrations, there have been studies of partitioning at concentrations similar to 

monomer concentrations in CO2-based polymerizations.  For example, the 

partitioning of styrene between scCO2 and polystyrene has been studied [31, 32] to 

assess the devolatilization of polystyrene with CO2.  Initially, polystyrene pellets were 

saturated with styrene in a petri dish and then subjected to a vacuum oven to obtain 

pellets containing 1 wt% styrene.  These pellets were then placed in an extraction 

cell and CO2 was added to the desired pressure.  At equilibrium, the CO2 with 

extracted styrene was passed through a series of U-tubes to collect the styrene in 

the fluid phase.  A wet-flow meter measured the amount of CO2 in the sample.  The 
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main results these works are shown in Figures 3.11 & 3.12.  In this case, the 

partition (or distribution) coefficient is defined as the ratio of the mass fraction of 

styrene in the fluid to that in the polymer.  The distribution coefficient and residual 

monomer in the polymer phase were insensitive to changes in temperature and 

pressure.  The lines in Figure 3.12 are calculations of the distribution coefficient over 

an extended range of conditions using the Sanchez-Lacombe equation of state.  The 

model calculations matched the experimental results reasonably well.  In general, 

the model predicts that as the pressure is increased, the distribution coefficient will 

increase until it reaches a limiting value of approximately 0.1 at pressures greater 

than 20 MPa (2900 psi).  At low pressures, the distribution coefficient will increase 

with increasing temperature.  However, when the pressure is increased above the 

critical point, the correlation with temperature is reversed. 

 

 

 

Figure 3.11 Residual styrene in polystyrene as a function of T and P for a 
styrene/CO2/polystyrene ternary system.  Polystyrene initially contained 1 
wt% styrene.  Reprinted from Wu et al [32] 
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Figure 3.12 Distribution coefficients of styrene between the supercritical phase and the 

dense phase for a styrene/CO2/polystyrene ternary system.  Binary data are 
for a styrene/CO2 system.  Reprinted from Wu et al [32] 

 
 
Von Schnitzler and Eggers [22] measured the partitioning of dyes between 

poly(ethylene terphthalate) (PET) and scCO2 using a magnetic suspension balance.  

A given concentration of dye in CO2 was circulated around the polymer while 

monitoring its change in mass with time.  As shown in Table 3.3, they were able to 

calculate the mass sorption of dye and diffusion coefficients for the dye by coupling 

the change in mass with the change in concentration of the dye in the fluid phase as 

measured with a VIS photometer. 

 
Table 3.3 

Mass sorption and calculated diffusion coefficients of two disperse dyes in a CO2-PET system at 
120°C and 300 bar [22] 

 
Dye Sorption in PET 

(gdye/gPET) 
Solubility in CO2 

(gdye/gCO2) 
Ddye in PET (m2/s) 

C.I. disperse red 324 7.00 x 10-3 7.69 x 10-6 1.07 x 10-13

C.I. disperse orange 149 6.80 x 10-3 1.30 x 10-4 1.93 x 10-11
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3.2 Thermodynamic Modeling of Phase Equilibrium between Polymer and 
scCO2 Phases 

Thermodynamic modeling is a convenient approach to studying the phase 

equilibrium.  Models that predict the phase equilibria serve to generalize 

experimental results, and allow the impact of changes to the system parameters to 

be studied.  For a variety of polymer applications, including polymer foams, polymer 

impregnation, and polymer purification, different scenarios can be explored with 

equilibrium models without the need for extensive experimentation.  When 

experimentation is necessary, specific experimental regions and systems can be 

targeted based on the predictions of the model. 

Various approaches to modeling SCF-polymer systems are available.  Cubic 

equations of state (EOS) and lattice models have been successful in predicting the 

phase behavior of complex, multiphase, supercritical fluid systems [33].  The 

thermodynamic properties of a pure component are modeled by an equation of 

state, which relates the pressure, volume, and temperature of the fluid at equilibrium.  

When modeling the thermodynamic properties of mixtures, mixing rules are applied 

to account for binary interactions between species in the mixture.  By fitting the 

model to binary system data using adjustable binary interaction parameters, the 

model prediction is optimized.   

The Peng-Robinson (P-R) equation of state [34] is frequently used for 

modeling the solubility of small molecules in supercritical fluids [35].  The equation is 

of the form 
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where P is the pressure, T is the temperature, R is the gas constant, v is the molar 

volume, and a and b are attraction and repulsive parameters.  The P-R EOS 

provides an excellent fit to experimental data for solute-CO2 systems, as 

demonstrated in Figure 3.13.  However, the P-R EOS cannot be readily applied to 

polymer-solvent systems because the standard means for determining the pure 

component parameters, a and b, are based on the critical properties and vapor 

pressure, which do not exist for polymers.  There has been some work to assume 

values for the vapor pressure of polymers in order to apply the P-R equation of state.  

However, the model parameters lack physical significance and can only be applied 

in very limited ranges [36]. 

 

 

Figure 3.13 Solubility of cumene in CO2.  Lines represent prediction by Peng-Robinson 
equation of state [35] 
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Excellent reviews of equations of state for polymer-solvent [36, 37] and 

specifically polymer-SCF systems [38] exist in the literature.  The prevailing models 

for describing phase equilibrium in polymer-SCF systems are the statistical 

associating fluid theory (SAFT) and Sanchez-Lacombe (S-L) equations of state.  The 

S-L equation of state (EOS) is a lattice-fluid model in which the polymer segments 

and solvent molecules are placed on a lattice that includes vacant sites to account 

for the compressibility of the system.  The molecules interact according to a mean 

field intermolecular potential.  SAFT [39] is a relatively new EOS that is based on 

perturbation theory.  Molecules are represented as covalently bonded chains of 

segments that may form associative complexes.  The perturbation is given in terms 

of the residual molar Helmholtz energy.  The residual Helmholtz energy consists of 

three contributions to the total intermolecular potential: the hard-sphere repulsion of 

individual segments, the connectivity of the segments in the main chain, and the 

energy of specific interactions between segments in the same chain or with other 

molecules. 

The SAFT and S-L models provide reasonable representations of the phase 

equilibrium in polymer-SCF systems.  In fact, the models have been shown to 

produce similar results for some polymer-solvent systems [40].  However, the SAFT 

equation is better suited for systems in which components may cross-associate or 

self-associate [38].  Additionally, the SAFT model is more predictive than the S-L 

model due to its accounting of the molecular shape of molecules and their 

association in a single equation.  However, the predictive capabilities of the SAFT 
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model for phase equilibria calculations are limited due to the need to use cloud-point 

data to determine the pure component polymer parameters.  Despite the fact that 

the S-L model is not as predictive as the SAFT model, it has been overwhelmingly 

applied to understanding phase equilibrium in polymer-scCO2 systems.  The 

following section discusses the governing equations associated with the S-L 

equation of state and its application for phase equilibria in polymer-scCO2 systems.  

3.2.1 Sanchez-Lacombe Equation of State 

Of all the equations of state used to model phase equilibria in polymer/SCF 

systems, the Sanchez-Lacombe equation of state has found the greatest application.  

This is due, in part, to its mathematical simplicity.  More complicated models, such 

as the Panayiotou-Vera [41] and SAFT equations of state, have been applied.  

However, these models do not greatly improve upon the model description of the 

phase equilibria. 

The S-L model [42, 43] is based on a lattice theory in which the lattice 

contains occupied and unoccupied sites, with the site volumes being based on the 

components.  The total number of lattice sites in a single component system, Nr, is 

given by 

rNNN or +=      (3.1) 

where No is the total number of vacant sites, r is the number of lattice sites occupied 

by an r-mer and N is the total number of r-mers.  The close-packed volume of a 

single mer, v*, is the volume of a single lattice site.  The close-packed molecular 

volume is rv*.  The total volume of the system is 
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The molecular volume is related to the molecular weight, M, according to 

*
*

ρ
Mrv =      (3.3) 

where ρ* is the close-packed mass density.  The reduced density ρ~  is defined as 

the fraction of occupied lattice sites, f, which is 
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where ρ is the density, v=V/rN is the volume per segment, and v~  is the reduced 

volume.  The fraction of vacant sites, fo, is 
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 The energy of the lattice is based only on nearest-neighbor interactions.  The 

total number of pair interactions is (z/2)(No+rN), where z is the coordination number.  

Assuming random mixing of vacancies and mers, the probability of two sites being 

occupied by mers is f2.  The interaction energy associated with vacancy-vacancy 

and vacancy-mer interactions is zero.  The mer-mer interaction energy is given by ε.  

The mean intermolecular energy of the lattice is 
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where ε* is the total interaction energy per mer. 
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 According to statistical mechanics, the Gibbs free energy G is related to the 

configurational partition function Z in the pressure ensemble by 

),(ln PTZkTG −=      (3.8) 
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where k is the Boltzman’s constant and ( )NVE ,,Ω  is the number of configurations 

available to a system of N molecules having configurational energy E and volume V.  

The temperature T and pressure P is assumed to be constant in this case.  The 

number of configurations is approximated by the lattice containing N r-mers and No 

vacant sites, 
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where ω is the number of configurations available to a r-mer in the close-packed 

state.  This assumes that the coordination number z of the lattice is large and that all 

of the configurations for the N r-mers and No vacant sites are energetically 

equivalent.  Since E and Ω are only functions of the number of vacant sites, the 

double sum over E and V in the partition function can be replaced by a single sum 

over No, such that 

∑ ⎥⎦
⎤
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oN kT
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Again using statistical mechanics, the partition function is approximated by its largest 

term.  The Gibbs free energy is then 

Ω−+= lnkTPVEG      (3.12) 
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and the reduced free energy is 
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Minimization of the free energy,  
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yields the equation of state for pure components and mixtures [44]  

0~)11()~1ln(~~~2 =⎥⎦
⎤

⎢⎣
⎡ −+−++ ρρρ

r
TP     (3.15) 

where   T
~

= T/T∗ is the reduced temperature and   P
~

= P/P∗  is the reduced pressure.  

T* and P* are the characteristic temperature and pressure, respectively.  The 

characteristic parameters are related to one another according to the following 

relationships: 
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The characteristic parameters for pure components may be determined from 

any thermodynamic property.  However, the parameters for small molecules are 

most commonly determined from vapor pressure data, which is generally readily 

available.  For polymers, PVT data is used to fit the three parameters.  If good PVT 

data is not available, the polymer characteristic parameters may be estimated from 

the density, the thermal expansion coefficient α, and the isothermal compressibility β 

of the polymer at a single temperature and atmospheric pressure.  That temperature 
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must be above the glass transition or melting temperature.  The following equations 

[45] permit calculation of the characteristic parameters. 
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These equations are valid in the limit r → ∞ and at atmospheric pressure ( P~  ≅ 0).  At 

these conditions, the equation of state reduces to  

[ ] 0~)~1ln(~~ 2 =+−+ ρρρ T     (3.19) 

For a given value of T , ~ ρ~  is calculated from Equation 3.19 and then Tα is 

determined from Equation 3.17.  Plots of T  versus Tα and ~ ρ~  versus Tα are 

constructed from incremented values of T .  The characteristic parameters T* and ρ* 

can then be determined from the plots by using experimental data for Tα.  Finally P* 

is calculated from Equation 3.18.  

~

The critical properties for the lattice fluid are a unique function of the r-mer 

size.  The reduced critical properties are given by 
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Selected literature values for the pure component parameters of CO2 and 

poly(vinylidene fluoride) are given in Table 3.4.  The parameters for CO2 vary widely 

in the literature.  This is due to the fact that different thermodynamic properties were 

used to obtain the parameters.  However, all of the parameters produce similar 

results for the density of CO2 over a range of conditions (Section 4.2.1.1).  Similarly, 

for poly(vinylidene fluoride), the parameters (sets 3 & 4) determined based on 

polymer PVT data are very different from the parameters (sets 1 & 2) determined 

from values of α, β, and ρ for the polymer. 

 
Table 3.4 

Sanchez-Lacombe EOS characteristic parameters for carbon dioxide and poly(vinylidene fluoride) 
(PVDF) from the literature 

 
 Mn 

(g/mol) 
P* (bar) T* (K) ρ* (g/ml) r  Source 

Carbon 
Dioxide 

44.01 5737 309 1.504 6.54 [46] 

  4643 328 1.426 5.25 [41] 
  4126 316 1.369 5.11 [47] 
  6510 283 1.62 7.6 [48] 
  5670 305 1510 6.6 [49] 
  7101 280 1.6177 8.4 [50] 

PVDF 111,000 3300 800 1.92  [8],42°C 
 111,000 3300 900 1.92  [8],80°C 
 88,000 4450 698 1.7187  [51], 200-

250°C 
 420,000 4508 694 1.7229  [52], 178-

248°C 
 

 
In the Sanchez-Lacombe model, the properties of mixtures are based on 

three combining rules: 1) the molecular volume of each component is conserved, 2) 

the total number of pair interactions in the close-packed mixture is equal to the sum 

of the pair interactions of the components in their close-packed pure states, and 3) 
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the characteristic pressures are pairwise additive in the mixture.  The characteristic 

parameters P*, T*, ρ* and r for a binary mixture are given by 
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where the subscripts 1 and 2 denote the properties for components 1 and 2, 

respectively, φ is the volume fraction of the component in the mixture, m is the 

weight fraction of the component in the mixture, and ζ is the binary interaction 

parameter.  The binary interaction parameter corrects for the deviation of the mixture 

characteristic pressure from the geometric mean.  Its value typically ranges from 

0.80 to 1.2, which is ± 20% from the geometric mean. 

 Because the Sanchez-Lacombe model is based on lattice-fluid theory, its 

predictions are limited to polymers that are noncrystalline, not cross-linked or only 

slightly crosslinked, and above their glass transition temperature or melting 

temperature [49].  Panayiotou and Sanchez [46] developed a modified Sanchez-
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Lacombe model that accounts for the presence of crosslinks in the polymer.  The 

model assumes that the contributions to the Gibbs free energy are additive, 

including a term for the lattice fluid and a term for the elastic contributions due to 

crosslinks.  A similar approach may be applied to crystalline polymers if it is 

assumed that the crystallites act similar to crosslinks in limiting the swelling and 

sorption of polymers in the presence of solvent.  An approach to modeling the 

activity of a solvent in the presence of amorphous and crystalline polymer regions 

has been developed by Michaels and Hausslein [53].  Michaels and Hausslein used 

this model with the Flory-Huggins equation of state to describe the sorption of para-

xylene into semicrystalline polyethylene.  The Michaels-Hausslein approach for 

semicrystalline polymers has also been applied with free volume models for 

modeling semicrystalline polyethylene and polypropylene with various solvents [37].  

The Michaels-Hausslein equation may also be applied to the Sanchez-Lacombe 

equation of state.  This will be further discussed in Section C.1.2. 

3.2.1.1 Calculation of Phase Equilibrium 

Equations of state can be used to calculate the composition of two phases in 

equilibrium.  The criteria for equilibrium are 

III TT =      (3.27) 

III PP =      (3.28) 

i) all (for   II
i

I
i µµ =    (3.29) 

 65



where the superscripts I and II represent the phases of the mixture and iµ  is the 

chemical potential of component i.  In this discussion, the superscript I signifies the 

fluid phase and superscript II signifies the polymer phase.  In a binary mixture of 

small molecules (component 1) and a high molecular weight polymer (component 2), 

the chemical potential of component 1 is  

2,,1
1

NPT
N
G

∂
∂

=µ     (3.30) 

According to the Sanchez-Lacombe EOS, the chemical potential of component 1 in 

the polymer is 
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The parameter X1 is given by 
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The chemical potential of the pure component 1 (φ1=1) is 
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The solution of Equation 3.29 for the polymer and CO2 allows calculation of 

the polymer sorption and swelling in the presence of CO2 and determination of the 

solubility of the polymer in CO2.  Because most polymers are insoluble in CO2, 

calculation of the polymer sorption and swelling is simplified by elimination of 

Equation 3.29 for the polymer.  The chemical potential of pure CO2 is equated with 
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the chemical potential of CO2 in the mixture.  The parameter φ1 is obtained by 

solving the resulting equation.  A computer program for solution of the two-

component system is detailed in Appendix C.3.  The mass fraction of CO2, ω1, in the 

polymer is 

  

ω1 =
φ1

φ1 + φ2
ρ2

*

ρ1
*

⎛ 
⎝ 
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⎠ 
⎟ 

    (3.34) 

and the fractional increase in weight based on the original weight of polymer (∆M) is 

given by 

  ∆M = ω1 /(1 − ω1)    (3.35) 

The degree swelling of the polymer is 

ρω
ρ

2

2=
oV

V
     (3.36) 

 The prediction of the Sanchez-Lacombe model for the sorption of CO2 into 

polystyrene is shown in Figure 3.7.  The fit of the model to the experimental data 

was very good with the use of a binary interaction parameter.  The interaction 

parameter increased almost linearly with the temperature.  This dependency with 

temperature suggests that the S-L model is limited in its description of the phase 

equilibria for this system.  Possibly, different mixing rules or characteristic 

parameters might be used to improve the model’s prediction.  Nevertheless, the 

model was capable of providing a good correlation of the data. 

For multi-component systems, the partitioning of solutes between polymer 

and supercritical fluid phases is an important phenomenon.  The partition coefficient, 
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Kc, is defined as the ratio of the concentration of solute in the polymer phase to that 

in the fluid phase.  Calculation of Kc requires solution of Equation 3.29 for all the 

components.  Again, the equations may be simplified if the polymer can be assumed 

insoluble in the fluid phase.  Solution of the equations yields the mass fraction of 

each component in the two phases.  Kc is then calculated according to 
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The chemical potential equations for multi-component systems and a computer 

program for solution of the multi-component equations are described in Sections 5.2, 

C.1.3, and C.3.4. 

The partition coefficient modeling of solute/CO2/PDMS systems [29] is shown 

in Figure 3.14.  A modified Sanchez-Lacombe model was used to account for the 

presence of crosslinks in the polymer.  Binary interaction parameters for solute-CO2 

and PDMS-CO2 pairs were determined from two component VLE curves and 

polymer swelling data, respectively.  The interaction parameter for the solute-PDMS 

pair was determined by fitting the partition coefficient data.  The model provided a 

qualitative as well as quantitative fit to the data. 
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Figure 3.14 Infinite dilution partition coefficients for various solutes between scCO2 and 

cross-linked PDMS phases at 35 °C.  Lines represent calculation with 
modified Sanchez-Lacombe model.  Reprinted from Condo et al [29] 

 
 

3.3 Phase Equilibrium of Poly(vinylidene fluoride) (PVDF) with CO2

The interaction between poly(vinylidene fluoride) and carbon dioxide has 

been studied by several groups [6, 8, 54-57].  The sorption [8, 54-56] and swelling 

[8, 57] of PVDF in the presence of carbon dioxide and the solubility of PVDF in CO2 

[6] has been investigated.  This previous work was focused on elucidating the effect 

of CO2 on PVDF chemical processing applications and the potential of CO2 to “tune” 

the properties of PVDF for processing. 

The solubility of PVDF of varying molecular weights in supercritical carbon 

dioxide has been studied by Dinoia and coworkers [6].  The weight-average 

molecular weight of the PVDF samples ranged from 181,000 g/mol to 329,000 
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g/mol.  The solubility of 5 wt% solutions is shown in Figure 3.15.  Very high 

pressures, greater than 1500 bar (21,000 psi), were necessary to solubilize PVDF 

over the range of temperatures studied.  There was not a significant effect of 

molecular weight on the solubility.  Based on these results, the PVDF formed by 

polymerization of vinylidene fluoride in CO2 should be insoluble at the mild 

conditions at which the polymerizations were run (<350 bar, 65-80 °C). 

 

 
Figure 3.15 Molecular weight effect on the solubility of PVDF in CO2: PVDF (181,000 

g/mol; ), PVDF (269,000 g/mol; ), PVDF (275,000 g/mol; ), PVDF 
(329,000 g/mol; )  [6] 

 
 
Carbon dioxide is believed to have a specific interaction with PVDF that 

impacts the solubility of PVDF in CO2.  The solubility of PVDF and fluorinated 

copolymers in CO2 has been investigated [6, 58] to elucidate this interaction.  The 

solubilities of poly(vinylidene fluoride-co-22 mol% hexafluoropropylene) (VF2-co-

HFP) and poly(tetrafluroroethylene-co-19 mol% hexafluoropropylene) (TFE-co-HFP) 
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in CO2 were compared.  The VF2-co-HFP polymer was soluble at much milder 

conditions.  This was attributed, in part, to the polar interactions that existed between 

CO2 and VF2-co-HFP that were lacking with nonpolar TFE-co-HFP. Additionally, the 

dipole of VF2 forms a complex with the quadrupole of CO2, which is enhanced at 

lower temperatures.  This was concluded based on a comparison of the solubility of 

VF2-co-HFP in CO2 and CHF3.  Carbon dioxide was a slightly better solvent than 

fluoromethane.  It was expected that because fluoromethane was a more polar 

solvent, it would interact more favorably with the polar, VF2 repeat units in the 

polymer.  However, CO2 exhibited a specific interaction with the fluorine atoms, to 

enhance the solubility. 

Briscoe and coworkers [8] measured the sorption and swelling of a 

CO2/PVDF system at 42 and 80 °C at pressures up to 30 MPa.  The sorption of CO2 

into PVDF was measured using the vibrating beam technique described in Section 

3.1.3.  The swelling of PVDF in the presence of CO2 was measured using an 

ultrasonic transducer submerged in a mercury bath (Figure 3.16).  By this method, a 

bath of mercury, whose properties are essentially unchanged at the conditions of the 

experiments, is placed on top of a cylindrical polymer sample.  An ultrasonic 

transducer is submerged in the bath at a fixed position in the high-pressure vessel.  

As the polymer expands or contracts, the path length of the ultrasonic wave is 

shortened or lengthened.  Thus, the linear displacement of the polymer may be 

obtained. 
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Figure 3.16 Schematic of polymer swelling apparatus [8] 
 
 
The results for the sorption and swelling of PVDF are shown in Figures 3.6 

and 3.17, respectively.  Both the sorption and swelling increased with increasing 

pressure.  Although the polymer swells very little (max 1.2%), the polymer sorbs 

significant amounts of CO2 (up to 20%) over the range of conditions studied.  A 

prediction of the sorption by the Sanchez-Lacombe model is also shown in Figure 

3.6.  The model produced only a qualitative fit to the data.  The quantitative 

agreement of the model with the data was poor.  There was a systematic deviation 

of the model from the data.  The ability of the Sanchez-Lacombe equation of state to 

model the phase equilibrium in a PVDF-CO2 system will be discussed in detail in 

Section 4.2 and Appendix C. 
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Figure 3.17 Swelling of PVDF in the presence of CO2 at 42 °C and 80 °C [8] 
 
 
Briscoe and coworkers [8] calculated diffusion coefficients for CO2 into PVDF 

based on their sorption data.  At 80 °C, the diffusion coefficient for CO2 at 5 MPa 

was calculated to be 0.2 x 10-3 cm2/s.  Flaconneche et al [54] used a permeation cell 

to obtain a diffusion coefficient of 0.98 x 10-7 cm2/s at 4 MPa and 70 °C.  The large 

difference in these reported diffusion coefficients probably is due to a difference in 

the methods used and the condition of the polymer samples.  In both studies, the 

diffusion coefficient increased with the pressure and increasing concentration of CO2 

in the polymer.  This was due to plasticization of the polymer in the presence of CO2.  

As the concentration of CO2 increased, the free volume in the polymer increased to 

enhance the diffusion of additional CO2 into the polymer phase. 

 

 

 73



3.4 Phase Equilibrium of Vinylidene Fluoride Monomer with CO2

There have been no reports in the literature about the phase equilibrium 

between vinylidene fluoride monomer and carbon dioxide.  However, the complete 

miscibility of VF2 with CO2 was verified at conditions of interest to this work [59].  It 

was also observed at the start of the telomerization of VF2 in CO2 that the reactions 

were homogeneous [60].  Thus, the notion of a homogeneous system at the start of 

polymerization is supported. 

The presence of monomer may enhance the solubility of PVDF in the reaction 

mixture and increase the interaction between CO2, monomer, and PVDF.  It has 

been shown [61] that by adding ethyl and butyl methacrylate to a system of the 

corresponding homopolymer and CO2, the solubility of the homopolymer is 

enhanced.  The monomer provides favorable interactions with the polymer.  Also, 

the monomer increases the solvent density, which magnifies the strength of 

polymer-cosolvent interactions.  The difference in the free-volume of the polymer 

and solvent is decreased and enhances the solubility.  It has been reported that 

PVDF should precipitate from scCO2 when the chain length reaches about 10 

monomer units [60].  However, if we account for the effect of monomer on the 

polymer solubility, the polymer may be soluble at greater molecular weights before 

precipitating from solution. 
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Chapter 4 
 

Sorption of carbon dioxide into semi-crystalline poly(vinylidene fluoride): 
experiments and modeling 

 

The sorption of carbon dioxide into poly(vinylidene fluoride) has been studied 

by various groups [1-4] to determine the extent to which CO2 modifies the properties 

of PVDF and the tunability of the properties with system conditions.  It was found 

that the sorption varies with the temperature and pressure of the carbon dioxide.  

The Sanchez-Lacombe model was used to correlate data obtained at 42 °C and 80 

°C, but with only qualitative agreement.  In this study, experiments and modeling for 

the phase equilibrium between PVDF and CO2 are reported.  The polymer sorption 

and swelling in the presence of CO2 has been measured over a range of 

temperatures and pressures using newly developed methods.  A comparison 

between the results and literature data is discussed.  The experimental sorption data 

is correlated with the Sanchez-Lacombe (S-L) equation of state and found to be in 

good agreement.  A modified S-L model that accounts for the presence of crystallites 

was used to correlate the literature sorption data in an attempt to explain the 

difference in that data and the current data.  The results of the two-component 

phase equilibria provide a foundation for the multi-component phase equilibria, as 

will be discussed in Chapter 5. 
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4.1 Experimental Studies 

4.1.1 Polymer Swelling 

The degree to which a polymer swells in CO2 can greatly affect the transport 

of small molecules in the polymer and the overall properties of the polymer.  The 

swelling of PVDF in CO2 was measured in order to quantify the degree to which the 

overall morphology of the polymer was affected by CO2 at various conditions. 

4.1.1.1 Experimental 

4.1.1.1.1 Materials 

Three poly(vinylidene fluoride) (PVDF) samples were used.  These included 

two commercial pellet samples (Solef 1010, Solvay) and a sample of PVDF powder 

(Sample #5, see Appendix B) synthesized in CO2.  The PVDF synthesized in CO2 

and one of the Solef 1010 samples were melt pressed using a Carver Model C 

laboratory press.  A square mold with a 38 mm dimension and 3 mm thick was used 

to form discs.  The polymers were placed in the melt press for 30 minutes at 220-

225 °C, removed from the press, and then allowed to air cool.  The melt pressed 

samples were cut into rectangular bars with average dimensions of 5 mm x 10 mm x 

3 mm.  Coleman grade CO2 (99.99% purity) was purchased from National Welders 

and used as received. 

4.1.1.1.2 Apparatus and Methods 

A linear variable differential transformer (LVDT) swelling apparatus located at 

Virginia Commonwealth University was used to measure the swelling of PVDF in the 
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presence of CO2.  The group of Professor Kenneth Wynne has used this system to 

measure the swelling of several polymers in the presence of CO2 [5, 6].  This 

technique has advantages over other swelling techniques because it is sensitive 

enough to detect very small changes in the swelling.  Additionally, polymer swelling 

can be measured in the solid state below the melting point of the polymer.  

Schematics of the overall apparatus and the inside of the sample chamber are 

shown in Figures 4.1 and 4.2, respectively.  The apparatus consists of a sample 

chamber and pressure generation section.  The temperature (± 0.3 °C) in the sample 

chamber was controlled using a heating jacket.  The pressure (± 1.5 bar) of CO2 in 

the system was controlled using a Thar pump (Model PCA 50).  The system 

temperature and pressure and the LVDT voltage is recorded using Labview 

software.   

 

 83



 

Jacket 
thermocouple

RTD 
(Sample temperature) 

T

T

From 
pressurization 

system

Heating 
jacket 

Rupture disc 

LVDT coil Magnetic core

Sample 
stand 

Polymer sample 

 
 

Figure 4.1 LVDT Apparatus for measuring swelling of polymers in carbon dioxide 
 
 
Within the sample chamber, the polymer is located on a sample stand (Figure 

4.2).  A magnet attached to a follower rod and hex nut is placed on top of the 

polymer and the change in height of the polymer is measured with the LVDT.  The 

hex nut is used to evenly distribute the mass of the magnet and follower rod on the 

polymer sample. 

The major components of the LVDT are a solid magnetic core and a 

transformer consisting of three coils.  The coils in the hollow cylindrical shaft of the 

transformer consist of a primary coil evenly spaced between two secondary coils.   

When the magnetic core slides past the coils, it affects a certain number of coil 

windings to generate a unique voltage.  This voltage corresponds with the relative 
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displacement of the magnetic core.  The LVDT may be calibrated by using an 

accurate micrometer and recording the change in voltage with the displacement of 

the micrometer. 

 

 

Sample stand

Upright 
polymer sample

Hex nut 

Follower rod 

Magnetic core 

Primary coil Secondary coils 

 
 
Figure 4.2 Schematic of inside of sample chamber in swelling apparatus 
 
 
To begin an experiment, the polymer and magnet with follower rod are placed 

inside the sample chamber.  The system is purged and leak checked using nitrogen.  

The system is then heated to the desired temperature.  The LVDT reading at this 

point corresponds with the zero point for the measurement of the swelling.  CO2 is 

then added to the sample chamber and Labview records the change in LVDT 

readings.  The swelling is reported as the percent elongation of the polymer, (Lt – 

Lo)/Lo x 100%, where Lo is the zero point, initial length of the polymer sample and Lt 

is the sample length at time t.  The error in the percent elongation was ± 0.2%. 
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4.1.1.2 Results and Discussion 

The results of swelling the melt pressed commercial sample in the presence 

of CO2 at 75 °C are shown in Figure 4.3.  As the pressure is increased, the swelling 

in the polymer increases.  At pressures greater than 250 bar, the polymer swelling 

does not significantly increase with further increases in pressure.  The data shown in 

Figure 4.3 were taken by increasing the pressure in increments and then decreasing 

the pressure in increments.  The data were consistent at increasing and decreasing 

pressure.  This suggests that the polymer was free of strain during the swelling 

process such that no hysteresis was observed in the polymer swelling.   
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Figure 4.3 Swelling of melt pressed PVDF (Solef 1010) in the presence of CO2 at 75 °C 
at increasing and decreasing pressure 
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The swelling of all the PVDF samples in CO2 at 75°C is shown in Figure 4.4.  

In all cases, the swelling begins to level off at pressures greater than 250 bar.  Also, 

as the crystallinity in the polymer samples (see Table 4.1) increases, the swelling 

decreases.  Based on the well-known theory of Flory [7] and others [8], the 

crystallites act as impenetrable barriers to sorption of CO2.  As the crystallinity 

increases, a smaller volume of the polymer is available to swell with CO2, such that 

the swelling is reduced in the polymer of greater crystallinity. 
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Figure 4.4 Swelling of PVDF in the presence of CO2 at 75 °C 
 
 

Table 4.1 
DSC analysis of PVDF samples swollen with CO2

 
Sample X % * 

Before swelling 
X % * 

After swelling 
Sample #5 60 63 

Solef 1010 melt pressed 47 67 
Solef 1010 pellet 64 64 
* Based on heat of fusion of 100% crystalline PVDF = 104.6 J/g [9] 
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Considering the swelling at 75 °C and 150 bar, a linear relationship was 

observed between the swelling of PVDF in CO2 and its crystallinity (Figure 4.5).  

However, this linear relationship might not hold true at lower crystallinities.  If the line 

were extrapolated to zero crystallinity, the elongation would be 8.1%.  An adjustable 

interaction parameter of 0.993 would be necessary for the Sanchez-Lacombe model 

to predict this elongation.  This interaction parameter is not consistent with the 

interaction parameter (1.017) obtained from sorption experiments (Section 4.2.2).  

Using the interaction parameter from the sorption experiments, the swelling of 

amorphous PVDF would be 10.5% at 75 °C and 150 bar.  Interaction parameters 

less than one suggest a specific interaction between the components.  The 

extrapolated, amorphous PVDF swelling predicts such a case, but the sorption 

experiments do not confirm such an interaction.  Additionally, the thermal history 

may impact the size of the crystallites and therefore the volume of polymer available 

for swelling.  Thus, the extrapolated elongation value may not be consistent with 

experiments due to variations in the sample thermal history. 
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Figure 4.5 Correlation between the pre-swelling % crystallinity and elongation of PVDF 

in the presence of CO2 at 75 °C and 150 bar.  Data at lowest % crystallinity 
taken from another source [6, 10] 

 
 

4.1.2 Polymer Sorption 

The sorption of carbon dioxide into poly(vinylidene fluoride) was measured 

from 42 to 80 °C over a range of pressures up to 250 bar using a magnetic 

suspension balance.  The swelling reported in the previous section was used in the 

calculation of the mass sorption.  The results were compared to data from the 

literature and found to deviate at high pressures.  The sorption of carbon dioxide into 

polystyrene was measured at 50 °C using the magnetic suspension balance and 

compared to results obtained another technique to validate the use of the magnetic 

suspension balance for CO2 sorption measurements. 
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4.1.2.1 Experimental 

4.1.2.1.1 Materials 

Poly(vinylidene fluoride) (Solef 1010, wM =180,000) pellets were supplied by 

Solvay.  Polystyrene (#844, wM =250,000) pellets were purchased from Scientific 

Polymer Products and used as received.  Coleman grade carbon dioxide was 

purchased from National Welders and used as received. 

4.1.2.1.2 Apparatus and Methods 

The sorption of carbon dioxide into PVDF and polystyrene was measured 

using a magnetic suspension balance (Rubotherm, Germany), also referred to as 

the ISOSORP.  The measurement principles of the Rubotherm balance have been 

previously described in the literature [11, 12].  A schematic of the system used in this 

work is shown in Figure 4.6.  The temperature and pressure of the system was 

monitored near the bottom of the sample basket using a platinum resistant sensor 

and pressure transducer, respectively.  The polymer sample (up to 4 g) was placed 

in a mesh or solid basket suspended from the permanent magnet inside the high-

pressure vessel.  The permanent magnet was decoupled from an electromagnet 

suspended from a microbalance at ambient conditions.  The precision of the 

microbalance was reported to be 0.01 mg. 
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Figure 4.6 Schematic of ISOSORP magnetic suspension balance for polymer sorption 
measurements 

 
 
The system was first evacuated using a vacuum pump and was allowed to 

reach thermal equilibrium.  This process took anywhere from two to six hours, 

depending on the temperature.  The balance recorded the mass of the degassed 

polymer sample and suspension coupling before the addition of carbon dioxide.  

Carbon dioxide was added to a given pressure and the system was allowed to reach 
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thermodynamic equilibrium.  Equilibrium was defined as the point at which the 

measured mass did not change more than 0.1 mg in five successive measurements.  

Equilibrium times ranged from 2 to 24 hours, depending on the conditions.  

Additional CO2 was added in increments and the corresponding equilibrium weight 

of the polymer sample was recorded at each pressure interval.  For some 

experiments, the pressure was then decreased at intervals and the equilibrium 

sorption with depressurization was recorded. 

The weight gain of the polymer sample due to sorption of CO2, , was 

calculated according to: 

2COM

22
)( COPVDFSCO VVmM ρ++∆=     (4.1) 

oPVDF VSV ×∆=      (4.2) 

where ∆m is the measured change in mass of the sample from the initial mass under 

vacuum, Vs is the volume of the sample basket and suspension coupling, Vo is the 

volume of the polymer sample in the absence of CO2, ∆S is the degree of swelling of 

the polymer sample at the system conditions, and 
2COρ  is the density of the fluid at 

the system conditions.  The density of the fluid was calculated based on the 

measured mass of a titanium sinker of calibrated volume at the system conditions.  

The degree of swelling was determined based on data presented in Sections 4.1.1.2 

and A.2.3.1 for 75 and 80°C and data available in the literature for this polymer [1] at 

42°C.  The maximum swelling at the temperatures and pressures of the experiments 
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was less than 1%.  This resulted in a very small correction for the swelling in the 

sorption calculations less than 1%. 

4.1.2.2 Results and Discussion 

Relatively few groups [11-13] have used the ISOSORP magnetic suspension 

balance to measure polymer sorption in the presence of CO2.  In order to validate 

the operability of the instrument and to demonstrate the use of the ISOSORP for 

CO2 experiments, the sorption of CO2 into polystyrene was measured and compared 

to literature data.  Wissinger and Paulaitis [14] measured the sorption of CO2 into 

polystyrene using a quartz spring technique.  Their polymer was melt-pressed into 

0.15 mm thick films and conditioned by heating above the glass transition 

temperature of the polymer before being sorbed with CO2.  Polymer pellets obtained 

from the same source and description (Scientific Polymer Products #844) as 

Wissinger and Paulaitis were used to measure the sorption with the ISOSORP.  The 

results of measuring the sorption by the two different techniques are shown in Figure 

4.7.  The results are in excellent agreement.  These results demonstrate the utility of 

the magnetic suspension balance for measuring polymer sorption in the presence of 

supercritical carbon dioxide.  
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Figure 4.7 Sorption of CO2 into polystyrene at 50 °C using a quartz spring and magnetic 

suspension balance (ISOSORP) 
 
 
The sorption of CO2 into PVDF was measured at 42, 60, 75, and 80 °C over a 

range of pressures up to 250 bar.  The results at 42, 60 and 80 °C are shown in 

Figure 4.8.  A full detail of the results is summarized in Section A.1.3.1.  In general, 

the sorption increased with increasing pressure and decreasing temperature.  The 

quantity of CO2 sorbed correlated well with the density of CO2.  Upon replotting the 

data as a function of the CO2 density, the data lie on a single curve with no 

observable temperature effect (Figure 4.9).  This is consistent with the increasing 

solvating power of CO2 with increasing density.  A favorable interaction exists 

between the polymer and CO2 such that as the density increases, increasing 

amounts of CO2 sorb into the polymer phase.  As shown in Figure 4.8, the sorption 

increases linearly at conditions in which carbon dioxide is a gas.  With further 

increases in the pressure, the rate of increase in the sorption is less.  This 
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corresponds with a reduction in the rate of increase of the chemical potential of CO2 

with pressure.  The sorption at 42 °C is greater than the sorption at 80°C over the 

whole range of pressures studied.  This is in contrast to data previously reported [1] 

(Figure 3.6).  In that work, the sorption at 80 °C was greater than the sorption at 42 

°C at pressures greater than 200 bar.  The authors attributed that behavior to a 

greater impact of polymer chain mobility at 80 °C.  This is unlike the results in the 

present study in which the increase in sorption correlates with the CO2 density and 

its chemical potential over the entire pressure range.  Additionally, the data obtained 

in the present study were higher than the literature data at low pressures and level 

off at a significantly lower degree of sorption than the literature data (Figures 4.10 

and 4.11).  The initial linear increase of the sorption data in the present study with 

pressure is consistent with Henry’s law, which states that at low pressures the 

concentration of gas is independent of the pressure.  It is unclear why there is a 

discrepancy between the data obtained in this study and that reported in the 

literature.  However, one factor may be due to differences in the crystallinity of the 

polymers used.  Briscoe and coworkers [1] report a crystallinity of 53% for the 

polymer used in their sorption experiments, whereas the polymer used in this 

research was 64% crystalline.  This could explain why the sorption in the literature 

data is greater than the sorption in the present study at higher pressures.  

Additionally, the thermal history and the role of the crystalline regions on the sorption 

in the amorphous phase may have an effect.  This will be further discussed in 

Section C.1.2. 
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Figure 4.8 Sorption of CO2 into PVDF at 42 °C (●), 60 °C ( ), and 80 °C ( ) as a 
function of pressure.  Lines represent fit using Sanchez-Lacombe equation of 
state with a single adjustable parameter (zeta) 
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Figure 4.9 Sorption of CO2 into PVDF at 42 °C (●), 60 °C ( ), and 80 °C ( ) as a 

function of density 
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Figure 4.10 Comparison between data from the literature [1] and the present study with 

the Sanchez-Lacombe model for the sorption of CO2 into PVDF at 42 °C 
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Figure 4.11 Comparison of data from the literature [1] and the present study with the 

Sanchez-Lacombe model for the sorption of CO2 into PVDF at 80 °C 
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4.2 Thermodynamic Modeling with Sanchez-Lacombe EOS 

The Sanchez-Lacombe (S-L) equation of state was used to correlate the 

phase equilibria for PVDF-CO2.  Pure component parameters were taken from the 

literature or determined by fitting experimental data.  The two component 

phenomena were calculated based on sorption solely in the amorphous regions of 

the polymer.  The S-L model predicts the phase equilibria qualitatively and 

quantitatively.  The model results provide a better understanding of the phase 

equilibrium and form the basis for modeling the three-component system. 

4.2.1 Pure Component Parameters 

Characteristic parameters that describe the properties of pure fluids are 

needed to calculate binary and multi-component phase equilibria.  The determination 

of pure component parameters for PVDF and CO2 are described in the following 

sections. 

4.2.1.1 Carbon Dioxide 

The characteristic parameters for pure components may be determined from 

a variety of experimental data.  The parameters to describe small molecules are 

commonly determined by fitting the parameters to vapor pressure data.  Numerous 

sources for CO2 characteristic parameters are available in the literature.  Kiszka et al 

[15] suggest that the pure component parameters be selected based on the 

temperatures and pressures at which sorption isotherms are calculated.  Kiszka et al 

 98



report that the S-L model is unable to accurately predict the properties over a very 

large range of temperatures and pressures.  Thus, pure component parameters that 

are determined at temperatures and pressures in the range of interest for sorption 

calculations should provide the best correlation and prediction of the sorption data.  

Several sets of characteristic parameters were analyzed to identify appropriate 

parameters for CO2-PVDF.  A summary of the parameters considered and the type 

of data used to determine the parameters are shown in Table 3.4 and reproduced in 

Table 4.2. 

 
Table 4.2 

Sanchez-Lacombe EOS characteristic parameters for carbon dioxide 
   

Parameter Set P* (bar) T* (K) ρ* (g/ml) r  Data Source Reference 

1 5737 309 1.504 6.54 IUPAC  
∆Hv & ρ data  
@ subcritical 

and supercritical 
conditions 

[16] 

2 4643 328 1.426 5.25 PVT data 
@ 0-150°C, 
0-300 MPa 

[17] 

3 4126 316 1.369 5.11 VLE data 
@ -53.89°C, 
0.5716 MPa 

[18] 

4 6510 283 1.62 7.6 ∆Hv & VLE data 
@ normal b.p., 

0.1 MPa  

[19] 

5 5670 305 1510 6.6 Molar volume 
@ 40-60°C, 
10-60 MPa 

[15] 

6 7101 280 1.6177 8.4 VLE data 
@ -56.6-31.1°C, 

0.51-7.4 MPa 

[20] 
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The density of CO2 at 80 °C was calculated using each set of parameters and 

compared to values for the density reported in the NIST database [21].  The sum of 

squared errors (SSE) was calculated for each parameter set according to  

(∑
=

−=
n

i

calc
i

data
i xxSSE

1

2)     (4.3) 

where xi
data is a given property, in this case the density, determined from 

experiments or given by the NIST database, xi
calc is the property calculated with the 

S-L model, and n is the number of data points.  The critical properties of CO2 were 

calculated using Equations 3.20 through 3.22.  The results are summarized in Table 

4.3.  It was found that parameters that reasonably predict the critical properties of 

CO2 do not necessarily provide an accurate prediction of the density of CO2.  For 

example, parameter set 3 accurately predicted the critical temperature of CO2, but 

had a high value for SSE.  The density correlation for this parameter set is shown in 

Figure 4.12.  The model prediction was fairly good at low pressures and near the 

critical point (Pc = 73.8 bar).  However, as the pressure was increased, the deviation 

of the model from the data increased. 

The different sets of CO2 parameters were used in the two-component S-L 

model and compared to sorption data for PVDF at 80 °C from the literature (Figure 

3.6).  Parameter sets 2 & 3 provided the smallest SSE and an interaction parameter 

closest to one.  Thus, a good prediction of the single component properties is not 

necessarily an indicator of a good prediction of the two component or multi-

component properties.  Parameter set 3 was chosen for subsequent calculations 
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because it provided a reasonable prediction of the sorption data with an interaction 

parameter close to one and it had a good representation of the critical properties of 

CO2.  Additionally, parameter set 3 has been used previously for modeling CO2-

PVDF [1]. 

 
Table 4.3 

Results of Modeling the CO2 density @ 80 °C and the critical properties* with the Sanchez-Lacombe 
model 

 
Parameter 

set 
SSE for Density 

(x103) 
Prediction for Tc (K) Prediction for Pc (bar) Prediction for ρc 

(g/mL) 
1 1.7 319.4 91.7 0.423 
2 1.1 317.9 94.4 0.433 
3 26.2 303.8 86.3 0.420 
4 41.4 304.8 88.0 0.431 
5 37.4 316.1 89.7 0.423 
6 31.9 309.5 85.6 0.415 

* Actual critical properties of CO2 are Tc = 304.3 K, Pc = 73.8 bar, and ρc = 0.471 g/mL [22] 
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Figure 4.12 Comparison of Sanchez-Lacombe model prediction of CO2 density at 80 °C, 
using parameter set 3, to data taken from NIST database 
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4.2.1.2 Poly(vinylidene fluoride) 

Several sets of characteristic parameters for PVDF have been reported in the 

literature (see Table 3.4).  Characteristic parameters for the commercial sample 

used in this research were determined from PVT data measured at the University of 

Naples (Appendix B.4).  The characteristic parameters were determined based on a 

non-linear least squares fit to the S-L EOS for polymers (r → ∞) 

[ ] 0~)~1ln(~~~ 2 =+−++ ρρρ TP    (4.4) 

The characteristic parameters for Solvay’s Solef 1010 commercial PVDF are 

summarized in Table 4.4. 

 

Table 4.4 
Sanchez-Lacombe EOS characteristic parameters for Solef 1010 PVDF 

 
P* (bar) T* (K) ρ* (g/mL) Mw (g/mol) 

4348 714.6 1.860 150,000 
 

 

4.2.2 Correlation of Model with Sorption Data 

The Sanchez-Lacombe equation of state was used to predict the sorption of 

CO2 into PVDF at 42, 60, and 80 °C (Figure 4.8).  The sorption was modeled based 

on sorption exclusively in the amorphous phase.  The quantity of CO2 mass sorption 

per mass of polymer was calculated according to 
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where ω1 is the weight fraction of CO2 in the amorphous phase and X is the weight 

percent crystallinity of the polymer.  Using binary interaction parameters of 1.009 at 

42 °C, 1.014 at 60 °C, and 1.018 at 80 °C, which minimize the SSE, the model 

predicts the present sorption data very well.  The Sanchez-Lacombe model is mostly 

predictive, as indicated by the interaction parameters being close to one.  The 

deviation of the model from the geometric mean is very small (less than 2%).  

Additionally, it was possible to correlate the interaction parameter with the 

temperature.  This is illustrated in Figure 4.13.  Because of the limited data at 75 °C, 

the interaction parameter at 75 °C was not determined from a fit to this data.  

Instead, the correlation established in Figure 4.13 was used to determine the 

interaction parameter.  The model fit using the interpolated interaction parameter is 

shown in Figure 4.14.  The model provided a reasonable fit to the data.  The results 

in Figure 4.13 may be used to determine the interaction parameter at temperatures 

between 42 and 80 °C. 

The model sorption was calculated using a single set of characteristic 

parameters for PVDF (Table 4.4).  The parameters were determined from a least-

squares fit to PVT data for the polymer (Appendix B).  There were previously 

reported parameters for PVDF [1] in the temperature range 42 to 80 °C that changed 

with the temperature of the system (Table 3.4).  However, the parameters used in 

this work are applicable over a temperature range of 25 to 180 °C. 
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An attempt was made to model the sorption reported in the literature [23].  

The S-L model was unable to provide a reasonable fit to the data.  In order to 

explain the inadequacy of the S-L model for describing the data reported in the 

literature, a “crystalline correction” was applied to the S-L model to account for the 

possible influence of the crystalline regions on the sorption (Section C.1.2).  This 

approach was unable to describe  

As discussed in Section 4.1.2.2, the data reported in the literature did not 

exhibit the same qualitative and quantitative trends as the present data.  

Additionally, attempts to model this data with the S-L model did not produce 

satisfactory results [23].  The influence of the crystalline regions on the sorption in 

the amorphous phase was investigated using a “crystalline correction” to the model 

(Section C.1.2).  However, this approach also could not fully describe the literature 

data.  That approach as well as other attempts to model the data reported in the 

literature are described in Appendix C. 

4.3 Conclusions 

 The sorption of carbon dioxide into poly(vinylidene fluoride) and the swelling 

of poly(vinylidene fluoride) in the presence of carbon dioxide was measured between 

42 and 80 °C over a range of pressures.  A novel LVDT technique allowed 

measurements of the swelling as low as 10 microns.  A magnetic suspension 

balance was used to measure the mass sorption of carbon dioxide in the polymer.  

As the pressure in the system increased, the swelling and sorption increased.  The 
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Sanchez-Lacombe equation of state was used to predict the sorption into PVDF and 

found to be in good agreement with the data.  The binary interaction parameters 

were very close to one, indicating that the model was mostly predictive in describing 

the sorption characteristics.  
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Chapter 5 
 

Partitioning of vinylidene fluoride between supercritical carbon dioxide and 
poly(vinylidene fluoride) phases: experiments and modeling 

 

Herein, we report experiments and modeling for the phase equilibrium 

between PVDF, CO2, and vinylidene fluoride (VF2) monomer.  The mass sorption 

and partition coefficients have been measured by two different techniques.  The first 

technique is based on measurements of the fluid phase composition, referred to as 

fluid phase measurements.  The second technique is based on measurements of the 

polymer mass, referred to as polymer phase measurements.  A model based on the  

Sanchez-Lacombe equation of state has been developed for the three-component 

system.  A comparison is made between the model and the experimental data.  The 

implications of the three component phase equilibria on the polymerization process 

are discussed. 

5.1 Experimental Studies 

5.1.1 Partitioning based on Fluid Phase Measurements 

The partitioning of vinylidene fluoride monomer between PVDF and a 

supercritical fluid phase was measured using a technique based on fluid phase 

measurements.  At equilibrium, the concentration of monomer in the fluid phase was 

measured and the amount of monomer sorbed into the polymer phase was 

calculated based on a mass balance.  This approach was effective for monitoring the 
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overall impact of the experimental conditions on the partition coefficient for 

vinylidene fluoride between the two phases. 

5.1.1.1 Experimental 

5.1.1.1.1 Materials 

Poly(vinylidene fluoride) (Solef 1010, wM =180,000) powder and vinylidene 

fluoride monomer were supplied by Solvay.  Coleman grade CO2 (99.99% purity) 

was purchased from National Welders and used as received. 

5.1.1.1.2 Apparatus and Methods 

A schematic of the apparatus used in these studies is shown in Figure 5.1.  

The major components include 1) the polymer sample holder (F, HIP model MS-12) 

in which the polymer sample is located during the experiment, 2) an HPLC valve (H, 

Valco model E90) to sample the fluid phase, 3) a gas chromatograph (G, SRI model 

8610C) to analyze samples from the HPLC valve, and 4) a circulating pump (C, 

Micropump model 1805) to circulate the fluid through the polymer sample and 

reduce the time to equilibrium.  The pressure was monitored using a pressure 

transducer (Druck model PTX 621).  The entire system was enclosed in a 

microprocessor-controlled oven (VWR model 1330FM), which controlled the 

temperature within 0.4 °C of the temperature set point.  The total volume of the 

system was 25 mL.   
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Figure 5.1 Schematic of Partition Coefficient Apparatus: A – Vinylidene fluoride cylinder, 
C – circulating pump, F – polymer sample holder, G – gas chromatograph, H 
– HPLC valve, P – HIP pressure generator, S – ISCO syringe pump, TI – 
temperature indicator, PI – pressure indicator 

 
 

To begin an experiment, the polymer was weighed before being added to the 

polymer cylinder.  Glass wool and frits were used to retain the polymer in the sample 

holder.  The system was sealed and then purged and checked for leaks using 

nitrogen.  The system was heated and allowed to reach thermal equilibrium before 

adding VF2 and CO2 of known weight to the system.  The weights of VF2 and CO2 

were calculated based on the volume of the system and components and equations 

of state for each of the fluids.  Valve V4 was then closed and the fluid was circulated 

at 49 mL/min.  Once the system reached equilibrium (usually after four hours), 0.5 

µL samples were taken from the fluid phase using the HPLC valve and fed to a gas 

chromatograph for analysis.  The average of three to five samples were taken to 
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calculate the partition coefficient.  Details of the experimental and calculation 

procedure are given in Appendix A. 

5.1.1.2 Results and Discussion 

Calculation of the partition coefficients required information about the 

concentration of the monomer in the fluid phase.  A calibration curve (Figure 5.2) 

was constructed based on known amounts of VF2 and CO2 in the absence of 

polymer and the ratio of the component area counts from a gas chromatograph 

(GC).  A thermal conductivity detector (TCD) was used with a silica gel packed 

column at 55°C in the gas chromatograph.  A sample chromatogram for a mixture of 

VF2 and CO2 is shown in Figure 5.3. 
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Figure 5.2 Calibration curve for varying amounts of vinylidene fluoride and carbon 
dioxide at 75 °C and ~276 bar using a gas chromatograph 
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Figure 5.3 Typical chromatogram for VF2 and CO2.  T = 55 °C using a TCD detector 

and silica gel packed column 
 

 
The concentration-based partition coefficient, Kc, was calculated according to 

[ ]
[ ] 22

2
CO

PVDF

c VF
VFK =      (5.1) 

which is the ratio of the concentration of vinylidene fluoride in the polymer phase to 

that in the fluid phase.  The concentration of monomer in the fluid phase was 

determined from the GC analysis.  The difference between the amount of VF2 in the 

fluid phase at equilibrium and the amount of VF2 initially fed to the system should be 

the amount of VF2 that has partitioned into the polymer phase.  The amount of CO2 

that partitioned into the polymer phase was assumed to be very small and not 

significantly affect the amount of CO2 that remained in the fluid phase.  Therefore, 

the amount of vinylidene fluoride in the fluid phase was simply the mass ratio 

(determined from the calibration curve) multiplied by the mass of carbon dioxide fed 

into the system. 
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A calculation of the mass of VF2 in the polymer phase as a function of 

pressure at 75 °C is shown in Figure 5.4.  As the total pressure was increased, the 

amount of VF2 in the polymer phase was found to decrease.  At pressures greater 

than 240 bar, negative values of VF2 in the polymer were obtained.  This suggests 

that more VF2 was in the fluid phase at equilibrium than was initially present.  This 

apparent increase of the monomer in the fluid phase may be partially due to 

solubilization of low molecular weight polymer at the conditions of the experiments.  

A thin coating of polymer was observed on the walls of the system after the 

experiments.  This suggests that some polymer was solubilized by CO2 and, upon 

depressurization, deposited on the tubing walls.  Thus, the ratio of VF2 to CO2 

sampled by the HPLC valve was impacted by the presence of solubilized polymer in 

the fluid phase.  

Figure 5.4 illustrates the effect of assuming varying degrees of CO2 sorption 

into the polymer on the amount of VF2 in the polymer phase.  The maximum level of 

CO2 sorption was considered to be 20 wt%, based on the maximum degree of 

sorption observed in the CO2-PVDF sorption experiments.  The calculated amounts 

of VF2 were not greatly impacted by whether or not CO2 sorbed into the polymer 

phase.  Therefore, the CO2 sorption was neglected in subsequent calculations of the 

partition coefficient.  Additionally, the maximum swelling of the PVDF pellets in the 

presence of CO2 was about 1% (Section 4.1.1.2).  It was assumed that the swelling 

would not have a significant impact on the partition coefficient.  Therefore, the 

swelling of the polymer was neglected in the partition coefficient calculations. 
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The negative values for the amount of VF2 in the polymer phase at elevated 

pressures suggest that this technique does not provide quantitative results.  In cases 

where negative values were calculated, the partition coefficient was set to zero.  

Despite the lack of quantitative measure, the qualitative trends were considered 

useful. 
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Figure 5.4 Mass of VF2 in the polymer phase at equilibrium, based on area count ratios 
from a gas chromatograph, at 75 °C as a function of pressure.  System 
initially consists of 5 wt% PVDF and 15 wt% VF2 in CO2.  Legend indicates 
assumption of degree of CO2 sorption into polymer 

 
 
The effect of temperature and pressure on the partition coefficient is 

illustrated in Figure 5.5.  As the pressure was increased or the temperature 

decreased, the partition coefficient decreased.  This suggests that at increasing fluid 

densities, the monomer was preferentially retained in the fluid phase.  There are two 
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possible reasons for this phenomenon.  First, as the density of CO2 increases, its 

solvating power increases.  Thus, the interaction between the monomer and CO2 

may be enhanced at increased fluid density such that the monomer prefers the fluid 

phase.  However, based on two-component experiments, as the density increases, 

the sorption of CO2 into the polymer phase also increases.  So, the sorption of 

carbon dioxide into the polymer phase may inhibit the sorption of monomer. 
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Figure 5.5 Partition coefficients of vinylidene fluoride between PVDF and CO2 phases 
as a function of temperature and pressure as determined from fluid-based 
partitioning measurement.  System initially consists of 5 wt% PVDF and 15 
wt% VF2 in CO2

 
 
The calculation of the partition coefficient was very sensitive to the area count 

ratio for VF2 and CO2 measured by the gas chromatograph.  The data presented in 
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Figure 5.5 were based on the average of three to five samples taken by the gas 

chromatograph.  For any particular experiment, the variation in the area count ratio 

between samples may equal ± 0.0007.  Although this variation seems small, the 

variation is magnified once it is translated into a mass ratio (Figure 5.2) and then a 

partition coefficient.  This is further illustrated in Figure 5.6.  In this case, Kc was 

allowed to have negative values if the GC analysis determined there was a negative 

value for the mass of VF2 in the fluid phase at equilibrium (Figure 5.4).  Based on 

the variation in the area count ratio, the variation in the Kc values could be quite 

large. 
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Figure 5.6 Partition coefficients of vinylidene fluoride between PVDF and CO2 phases at 
75 °C as a function of pressure as determined from fluid-based partitioning 
measurement.  Dotted lines represent error in calculation based on deviation 
of three to five samples taken with gas chromatograph.  System initially 
consists of 5 wt% PVDF and 15 wt% VF2 in CO2
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Additionally, it was mentioned previously that the results from these fluid-

based partitioning measurements provide a qualitative, but not a quantitative 

measure of the partition coefficient.  In the next section, the partition coefficients are 

calculated based on measurements from a magnetic suspension balance that 

weighs the polymer during the experiments.  This technique provides an accurate, 

quantitative measure of the partition coefficients.  These polymer-based partitioning 

measurements will provide additional information for understanding the observed 

partitioning behavior. 

5.1.2 Partitioning based on Polymer Phase Measurements 

A technique based on measuring the change in weight of a polymer sample 

was used to measure the partitioning of vinylidene fluoride between PVDF and the 

supercritical fluid phase.  The relative amounts of vinylidene fluoride and carbon 

dioxide that sorbed into the polymer phase were calculated using the Sanchez-

Lacombe equation of state after correlating the model with the data.  This approach 

allowed a better understanding of partitioning of the monomer between the two 

phases. 

5.1.2.1 Experimental 

5.1.2.1.1 Materials 

Poly(vinylidene fluoride) (Solef 1010, wM =180,000) pellets (cylinders with an 

average diameter and length of 35 mm) were supplied by Solvay and used as 

received.  Vinylidene fluoride (VF2) was purchased from Aldrich and used as 
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received.  Coleman grade carbon dioxide was purchased from National Welders and 

used as received. 

5.1.2.1.2 Apparatus and Methods 

The sorption of carbon dioxide and vinylidene fluoride into PVDF was 

measured using a magnetic suspension balance (Rubotherm, Germany), also 

referred to as the ISOSORP.  The measurement principles of the magnetic 

suspension balance have been previously described in the literature [1, 2].  A 

schematic of the system used in this work is shown in Figure 5.7.  The temperature 

and pressure of the system were monitored near the bottom of the sample basket 

using a platinum resistance sensor and pressure transducer, respectively.  Known 

weights of vinylidene fluoride and carbon dioxide were added in the tubing outside of 

the balance.  The polymer sample (~3 grams) was placed in a mesh basket 

suspended from the permanent magnet inside the high-pressure vessel.  The 

permanent magnet was decoupled from an electromagnet suspended from a 

microbalance at ambient conditions.  The precision of the microbalance was 

reported to be 0.01 mg. 
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Figure 5.7 Schematic of sorption apparatus 
 
 
The balance was first evacuated using a vacuum pump and the system was 

allowed to reach thermal equilibrium.  This process took anywhere from two to six 

hours, depending on the temperature set point.  The balance recorded the mass of 

the degassed polymer sample and suspension coupling before the addition of 

carbon dioxide and monomer.  Valves V5 and V8 were then opened to expose the 

polymer to a mixture of carbon dioxide and vinylidene fluoride.  A magnetic gear 

pump (Micropump model 1805) was used to circulate the fluid at 17 mL/min.  The 

temperature was controlled by a heating jacket surrounding the measuring cell of the 
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balance.  This maintained a constant temperature around the polymer.  The tubing 

lines around the circulation loop were wrapped with insulation to minimize heat loss.  

However, the temperature in the tubing outside the measuring cell was at a lower 

temperature.  The system was allowed to reach thermodynamic equilibrium.  

Equilibrium was defined as the point at which the measured mass did not change 

more than 0.1 mg (for an average sorption of 250 mg) in five successive 

measurements.  Equilibrium times ranged from 12 to 24 hours, depending on the 

conditions.  The pump was stopped momentarily to record the equilibrium mass of 

the polymer.  The pressure in the system was adjusted using a pressure generator 

(HIP model 87-6-5). 

The weight gain of the polymer sample due to sorption of CO2 and VF2, Mabs, 

was calculated according to: 

f
PVDFSabs VVmM ρ)( ++∆=     (5.1) 

oPVDF VSV ×∆=      (5.2) 

where ∆m is the measured change in mass of the sample from the initial weight 

under vacuum, Vs is the volume of the sample basket and suspension coupling, Vo is 

the volume of the polymer sample in the absence of CO2 and VF2, ∆S is the degree 

of swelling of the polymer sample at the system conditions, and ρf is the density of 

the fluid at the system conditions.  The density of the fluid was calculated based on 

the measured mass of a titanium sinker of calibrated volume at the system 

conditions.  The degree of swelling was assumed to be negligible based on the 

swelling results in Chapter 4.  Therefore ∆S was set equal to one. 
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5.1.2.2 Results and Discussion 

The sorption of mixtures of VF2 and CO2 into PVDF was measured at 60 and 

75 °C.  Comparisons between the sorption of pure CO2 and mixtures of VF2 and 

CO2 at 60 °C and 75 °C are shown in Figures 5.8 and 5.9, respectively.  At the 

lowest pressures, the total amount of sorption was similar for the mixture and for the 

pure CO2.  In fact, at both temperatures the sorption from the mixture was less than 

from pure CO2, at pressures below about 100 bar.  At higher pressures, the total 

sorption was higher for the VF2/CO2 mixtures, at both temperatures.  The presence 

of the monomer increased the density of the fluid to improve the interaction between 

the polymer and the fluid and increased the sorption.  The total sorption was also 

greater at the lower temperature, which corresponds with an increased density of the 

fluid. 

A slight increase in sorption with monomer concentration was observed 

(Figure 5.9).  However, the values were within the experimental error of the 

measurement (± 5 mg/ g PVDF). 

In the next section, the Sanchez-Lacombe model is fit to the data and the 

effect of pressure and concentration is further explored with the model.
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Figure 5.8 Sorption of CO2 and a mixture of CO2 and VF2 into PVDF at 60 °C as a 
function of pressure and the composition of VF2 in the system 
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Figure 5.9 Sorption of CO2 and a mixture of CO2 and VF2 into PVDF at 75 °C as a 
function of pressure and the composition of VF2 in the system 
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5.2 Thermodynamic Modeling with Sanchez-Lacombe EOS 

The Sanchez-Lacombe (S-L) equation of state was used to describe the 

phase equilibria for a three-component system of VF2, CO2, and PVDF.  This 

required extension of the model equations presented in Chapter 3.  The chemical 

potential equation for component 1 in the three-component mixture is 
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where 

( )233213311221133122 χφφχφφχφφχφχφχφφχφχ ++−+=−=∑ ∑ jkkjijj  (5.4) 

and 

***
ijjiij εεεχ −+=      (5.5) 

***
jiijij εεζε =      (5.6) 

For a two-component system, Equation 5.3 simplifies to Equation 3.31.  The amount 

of polymer in the CO2-rich, fluid phase was assumed to be negligible so that only 

chemical potential equations (Equation 3.29) for CO2 and VF2 needed to be solved.  

The model allowed the polymer phase composition at equilibrium to be calculated, 

given either the equilibrium composition of the fluid phase or the initial amounts of 

the three components.  If the initial amounts were specified, then mass balances for 

VF2 and CO2 were required in addition to the chemical potential equations (Equation 

3.29).  The mass balance on component i, where i is either VF2 or CO2, is given by 

( ) 01 =−+− feed
i

I
i

II
i ωψωωψ      (5.7) 
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where ωi is the weight fraction and ψ is the weight fraction of the initial feed that 

remains in the fluid phase at equilibrium.  The superscripts represent the polymer 

phase (II), fluid phase (I), and the feed.  Analysis with the three-component model 

provided a better understanding of the phase equilibrium, as will be discussed in the 

following discussions. 

5.2.1 Estimation of Model Parameters 

Characteristic parameters for VF2 were determined by fitting data obtained 

from the ISCO SF solver to the Sanchez-Lacombe model using a non-linear least 

squares fit.  The characteristic parameters are summarized in Table 5.1.  The 

characteristic parameters for CO2 and PVDF were taken from parameter set 3 in 

Table 4.3 and Table 4.4, respectively. 

 

Table 5.1 
Sanchez-Lacombe EOS characteristic parameters for vinylidene fluoride 

 
P* (bar) T* (K) ρ* (g/mL) r 

1234 431 1.02058 2.16 
 
 

The binary interaction parameters for VF2-CO2 and CO2-PVDF were 

determined from measurements of the fluid density and the polymer sorption, 

respectively.  Table 5.2 summarizes the binary interaction parameters for CO2-PVDF 

determined in Section 4.2.2 based on data for the sorption of carbon dioxide into 

PVDF at various temperatures. 
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Table 5.2 

Binary interaction parameters for CO2-PVDF, ζ23
 

Temperature (°C) ζ23
42 1.009 
60 1.014 
75 1.017* 
80 1.018 

  * determined from interpolation of the temperature effect on ζ23
 
 
The binary interaction parameters for VF2-CO2 were determined from 

measures of the fluid density of mixtures of VF2 and CO2.  The magnetic suspension 

balance was used to measure the density of a mixture of 10.3 wt% VF2 in CO2 over 

a range of temperatures and pressures.  The results are shown in Figure 5.10.  The 

Sanchez-Lacombe model was fit to the data to determine the interaction parameter 

at each temperature (Table 5.3). 
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Figure 5.10 Density of a 10.3 wt% VF2 in CO2 mixture, as measured with a magnetic 

suspension balance.  Lines represent model prediction using the Sanchez-
Lacombe equation of state 
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Table 5.3 
Binary interaction parameters for VF2-CO2*, ζ12

 
Temperature (°C) ζ12

42 1.081 
60 1.040 
75 1.009 
80 0.988 

   * 10.3 wt% VF2 in CO2
 
 
The effect of the monomer concentration on the interaction parameter was 

studied at 42 °C.  The interaction parameter determined for the 10.3 wt% VF2 

mixture (1.081) was used to model the density of a mixture of 19.9 wt% VF2.  The 

result is shown in Figure 5.11 (black line).  Despite the good correlation of the model 

with the data at the lower monomer concentration (Figure 5.10), the same interaction 

parameter did not provide as good a fit at the higher monomer concentration.  

Therefore, the interaction parameter that minimized the sum of squared errors (SSE) 

between the model and the higher monomer concentration data, 1.063, was 

determined.  This is represented by the blue line in Figure 5.11.  The model fit was 

not greatly improved over the results using the original interaction parameter.  For 

subsequent calculations, the effect of the concentration on the interaction parameter 

was neglected.  This assumption introduced some error into the model’s quantitative 

results. 

The interaction parameters summarized in Tables 5.2 and 5.3 were used in 

the three-component model and the binary interaction parameter for VF2-PVDF was 

determined from a fit of the model to the current three-component sorption data. 
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Figure 5.11 Density of mixtures of VF2 in CO2 at 42 °C, as measured with a magnetic 
suspension balance.  Lines represent model prediction using the Sanchez-
Lacombe equation of state 

 
 

5.2.2 Correlation of Model with Partitioning Data 

The Sanchez-Lacombe equation of state was used to predict the sorption of a 

mixture of 17 wt% VF2 in CO2 into PVDF at 60 and 75 °C.  The initial composition of 

the mixture was specified in the model.  The model results and the experimental 

data from this work are shown in Figures 5.12 and 5.13.  The interaction parameters 

for VF2-CO2 and CO2-PVDF reported in the previous section were used in the 

model.  The interaction parameter for VF2-PVDF, ζ13, was used as a fitting 

parameter to minimize the SSE between the model and the data.  The values of ζ13 

that minimized the SSE were 0.94 and 0.85 at 60 and 75 °C, respectively.  The 

model agreed qualitatively with the data, although it overpredicted the sorption at low 
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pressures and underpredicted the sorption at higher pressures.  However, the 

sorption was of the same order in the model and the data.  The interaction 

parameters determined based on the experimental data provide a basis for 

describing the qualitative nature of the phase equilibria. 

Using the interaction parameters determined for VF2-CO2-PVDF at 60 and 75  

°C, additional system properties were calculated.  Figures 5.14 and 5.15 show the 

calculated relative amounts of VF2 and CO2 sorbed into the polymer.  At low 

pressures, approximately equal amounts of VF2 and CO2 are predicted to sorb into 

the polymer, at both temperatures, and the amount sorbed increases with pressure.  

At higher pressures, the equilibrium CO2 sorption is greater than the VF2 sorption, 

and the amount of either component sorbed does not increase very much with 

increasing pressure.  Additionally, the difference in the sorption of monomer versus 

CO2 in the polymer phase at higher pressures is magnified at the higher 

temperature. 
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Figure 5.12 Experimental data and model prediction for the sorption of CO2 and VF2 into 
PVDF at 60 °C as a function of pressure.  System consists of 14.3g VF2, 
70.1g CO2, and 3.8g PVDF.  Line represents fit using Sanchez-Lacombe 
equation of state.  ζ12 = 1.040, ζ13 = 0.94, ζ23 =1.014 
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Figure 5.13 Experimental data and model prediction for the sorption of CO2 and VF2 into 
PVDF at 75 °C as a function of pressure.  System consists of 14.4g VF2, 
69.9g CO2, and 3.3g PVDF.  Line represents fit using Sanchez-Lacombe 
equation of state.  ζ12 = 1.009, ζ13 = 0.85, ζ23 =1.017 
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Figure 5.14 Sanchez-Lacombe model prediction of weight fractions of VF2 and CO2 in 
PVDF at 60 °C as a function of pressure.  System consists of 16.21 wt% 
VF2, 79.49 wt% CO2, and 4.3 wt% PVDF.  ζ12 = 1.009, ζ13 = 0.85, ζ23 =1.017 
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Figure 5.15 Sanchez-Lacombe model prediction of weight fractions of VF2 and CO2 in 
PVDF at 75°C as a function of pressure.  System consists of 16.44 wt% VF2, 
79.81 wt% CO2, and 3.75 wt% PVDF.  ζ12 = 1.009, ζ13 = 0.85, ζ23 =1.017 
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The effect of the monomer concentration on the sorption of CO2 in the 

polymer phase at 75 °C is illustrated in Figure 5.16.  As the amount of VF2 in the 

system increases, the sorption of CO2 into the polymer phase decreases.  The 

increasing concentration of monomer in the system reduces the chemical potential 

of CO2 and its ability to sorb into the polymer phase, and vice versa. 
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Figure 5.16 Sanchez-Lacombe model prediction of the CO2 sorption and overall sorption 

of VF2 and CO2 into PVDF at 75 °C as a function of pressure and initial 
weight fraction of VF2 in the system.  ζ12 = 1.009, ζ13 = 0.85, ζ23 =1.017 

 
 
Finally, the partition coefficient for VF2 between the CO2-rich, fluid phase and 

the polymer phase was calculated using the model.  The qualitative trend in the data 

with pressure was consistent with the results reported in the fluid-based partition 

coefficient measurements in Section 5.1.1.2.  As shown in Figure 5.17, the partition 

coefficient was found to decrease with an increase in the pressure and approach a 
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constant value at higher pressures.  As illustrated in Figures 5.14 and 5.15, the 

amount of VF2 in the polymer increased at a slower rate than the amount of CO2 in 

the polymer as the pressure increased.  The result is that the partition coefficient 

decreased with increasing pressure because of the slower rate of increase of VF2 in 

the polymer phase. 
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Figure 5.17 Sanchez-Lacombe model prediction of the partition coefficient for VF2 
between PVDF and CO2 phases as a function of temperature and pressure.  
System consists of 16 wt% VF2, 80 wt% CO2, and 4 wt% PVDF.  The 
temperature dependent interaction parameters reported in Figures 5.11 and 
5.12 were used in the model prediction.  Model results are tabulated in 
Section C.2.2 
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5.3 Effect of Partitioning on Heterogeneous Polymerizations 

The results of the phase equilibria experiments and modeling provide a 

means in which to explain some of the unique properties of PVDF produced by 

synthesis in CO2.  Saraf and coworkers [3-5] studied the impact of the 

polymerization conditions in CO2 on the molecular weight distribution of the polymer.  

They found that at monomer concentrations above ~ 1.9 M, the polymer exhibited an 

increasingly bimodal molecular weight distribution.  As shown in Figure 5.16, as the 

monomer concentration increased, the amount of VF2 in the polymer phase 

increased.  Additionally, the relative amount of VF2 to CO2 increased in the polymer 

phase.  A monomer feed concentration of 1.9 M in the polymerization would 

correspond to ~17 wt% VF2 in the system.  Figure 5.16 shows that, at low values of 

the wt% VF2, mostly CO2 sorbs into the polymer.  As the amount of monomer in the 

fluid increases, the sorption of CO2 diminishes until the sorption of VF2 in the 

polymer phase dominates.  Around 20 wt% VF2, the sorption of VF2 into the 

polymer phase begins to dominate over the sorption of CO2 in the polymer phase.  

Thus, at conditions in which a bimodal molecular weight distribution was produced, 

significant amounts of VF2 and CO2 were sorbed in the polymer phase. 

The three-component results indicate that the presence of VF2 enhances the 

total sorption in the polymer phase.  A similar effect may be true for the swelling of 

the polymer in the presence of VF2 and CO2.  As discussed in Chapter 4, the 

swelling of highly crystalline PVDF in the presence of CO2 was very small (less than 

1%).  However, in the presence of CO2 and VF2 at high concentrations, the polymer 

plasticization may be increased to enhance diffusion of the sorbed monomer to the 
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radical chain ends.  The polymerization then proceeds to very high molecular 

weights within the polymer particles.  In fact, it was possible to model the 

polymerization kinetics to assume a certain distribution of polymer chains propagate 

in the polymer particles to create the observed bimodal molecular weight distribution 

[6]. 

5.4 Conclusions 

 The partitioning of vinylidene fluoride monomer between PVDF and a CO2-

rich, fluid phase was measured by two different techniques.  One technique was 

based on measurements of the fluid phase composition (fluid-based) with a gas 

chromatograph.  The other technique was based on measurements of the polymer 

mass (polymer-based) with a magnetic suspension balance.  The fluid-based 

technique was used to establish a qualitative measure of the effect of temperature 

and pressure on the partition coefficient.  It was found that the partition coefficient 

decreased with an increase in pressure and a decrease in temperature. 

The sorption of carbon dioxide and vinylidene fluoride into poly(vinylidene 

fluoride) was measured at 75 °C and different monomer concentrations using a 

magnetic suspension balance.  The overall sorption into the polymer increased with 

the concentration of monomer in the system.  The results were modeled using the 

Sanchez-Lacombe equation of state.  The model results were in good agreement 

with the data.  The model agreed qualitatively with the fluid-based measurements of 

the partition coefficient.  The model was used to calculate the relative amounts of 

VF2 and CO2 that sorbed into the polymer phase.  Based on the model, the amount 
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of CO2 sorption was greater than the amount of VF2 sorption.  However, the model 

predicted that as the amount of monomer in the system increased the sorption of 

CO2 in the polymer would decrease.  Finally, the results of this research suggest that 

the bimodal molecular weight distribution of PVDF synthesized in CO2 could be due, 

in part, to the sorption of VF2 into the polymer phase and the plasticization of the 

polymer to facilitate propagation of the polymer chains to high molecular weights 

within the polymer particles. 
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Chapter 6 
 

Conclusions 

 

6.1 Conclusions 

The research in this dissertation has focused on characterizing the phase 

equilibria associated with polymerizing vinylidene fluoride (VF2) in supercritical 

carbon dioxide.  Poly(vinylidene fluoride) is the second largest produced 

fluoropolymer after poly(tetrafluoroethylene).  Its current form of production uses 

surfactants that are potentially hazardous to the environment and generates large 

amounts of wastewater.  The precipitation polymerization of VF2 in CO2 has 

generated properties similar to the polymer that is produced commercially.  

However, the polymer produced in scCO2 exhibits a bimodal molecular weight 

distribution that is not characteristic of conventional polymerization techniques.  This 

bimodality may be due, in part, to the phase equilibria in the system. Techniques 

have been developed in this work for measuring the sorption and swelling of 

polymers in the presence of supercritical fluids.  Models based on the Sanchez-

Lacombe equation of state have also been developed for describing the phase 

equilibria. 

The sorption and swelling of poly(vinylidene fluoride) (PVDF) in the presence 

of CO2 was measured.  The polymer did not significantly swell in CO2, probably due 

largely to the highly crystalline nature of the polymer.  However, the polymer sorbed 

up to 10 wt % CO2 at the conditions of the experiments.  The sorption of mixtures of 
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VF2 monomer and CO2 into the polymer also was investigated.  As the 

concentration of monomer increased, the overall sorption increased.  The 

partitioning of VF2 between the polymer and supercritical fluid phases was 

measured as a function of temperature and pressure.  The Sanchez-Lacombe model 

provided a reasonable fit to the data and established binary interaction parameters 

for the system.  Based on the model results, as the monomer concentration in the 

fluid phase increased, the sorption of monomer was found to increase, while the 

sorption of CO2 decreased.  Also, the sorption of VF2 and CO2 increased with the 

pressure. 

There were three main questions which this dissertation attempted to 

address: 1) What effect do the polymerization conditions have on the phase 

equilibria in CO2, 2) Can these phase equilibria be predicted using equation of state 

models, and 3) What are the implications of these phase equilibria on the locus of 

polymerization, polymerization kinetics, and polymer properties in heterogeneous 

polymerizations in scCO2.  The effect of temperature, pressure, and monomer 

concentration on the sorption of monomer and CO2 into the polymer phase were 

measured.  The Sanchez-Lacombe model worked well for describing the phase 

equilibria of VF2-CO2-PVDF.  Based on the phase equilibria experiments and 

modeling, it was concluded that the bimodal character of the PVDF synthesized in 

CO2 might be due, in part, due to the partitioning of the monomer in the polymer 

phase and plasticization of the polymer which permitted the polymerization to 

proceed to higher molecular weights in the polymer particles. 
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The techniques developed in this work for measuring the phase equilibria of 

polymer-supercritical fluid systems have application beyond the system studied in 

this work.  The sorption and swelling of the polymer in the presence of supercritical 

fluids has importance for heterogeneous polymerizations, such as solid state, 

precipitation, and dispersion polymerizations, design of membranes for separation of 

supercritical fluids, polymer processing to modify the polymer properties with 

supercritical fluids, and polymer purification processes, just to name a few.  

Additionally, development of a model for describing the phase equilibria may be 

useful for identifying optimal conditions for operation of these polymer-supercritical 

fluid systems. 

6.2 Recommendations 

The magnetic suspension balance described in this work is a powerful 

technique for measuring mass sorption and diffusion coefficients into solid samples.  

Several recommendations are made for expanding the utility of this technique for 

phase equilibria measurements.  Two-component measurements with the balance 

were very quantitative.  The system can be easily adapted to a variety of polymer-

CO2 systems.  However, there was uncertainty in the quantitative measure of the 

partitioning of monomer between the polymer-rich and CO2-rich phases in the three-

component experiments.  The fluid-phase based measurements of the partition 

coefficients provided only qualitative measures of the partitioning.  The polymer-

phase based measurements with the magnetic suspension balance provided a 

quantitative measure of the total sorption in the polymer phase, but could not directly 
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quantify the relative amounts of VF2 and CO2 in the polymer phase.  The major 

limitation was maintaining a uniform temperature throughout the circulation loop.  

The magnetic suspension balance is very sensitive to the presence of magnetic 

materials close to the instrument and heating materials that were non-magnetic were 

not readily available.  A water bath would provide a better means for heating the 

entire circulation loop, including the jacketed portion of the magnetic suspension 

balance.  This would require a major re-configuration of the balance, but would 

improve the temperature control to make it possible to perform a mass balance on 

the system and solve for the relative amounts of VF2 and CO2 that partition into the 

polymer phase.  Also, diffusion coefficients for the monomer and CO2 from the fluid 

mixture into the polymer phase may be quantified.  Finally, the system could be 

equipped with a “non-invasive” analytical technique, such as FTIR, to use as a 

secondary measure of the monomer concentration in the fluid phase.  This is an 

improvement over the gas chromatographic technique in which samples were taken 

from the fluid phase for analysis. 

Studies of the phase equilibria associated with copolymerizations in CO2 

would be very valuable, and could be carried out using the techniques and models 

developed in this work.  The preferential sorption of one of the monomers in the 

polymer phase could effectively change the reactivity ratios at the reaction site and 

impact the polymer properties produced.  It was demonstrated in this work that 

changing the temperature, pressure, or monomer concentration could effectively 

tune the phase equilibria and thus, may have an impact on tuning the properties of 
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the copolymer synthesized in CO2.  The phase equilibria model could be used to 

identify conditions at which to optimize the partitioning effect in the reaction.  One 

such copolymer that would be interesting to study is that of vinylidene fluoride and 

hexafluoropropylene.   This industrially important copolymer could be readily studied, 

given that the interaction of VF2 with CO2 and its polymer has already been 

established in this work. 
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Appendix A 
 

Experimental details 

 
 
 This section details the experimental procedures for the apparatuses used in 

this dissertation in enough detail to operate the equipment.  Additionally, all data are 

summarized in this section. 

A.1 Rubotherm Magnetic Suspension Balance (ISOSORP) 

A schematic of the experimental setup for the ISOSORP is shown in Figure 

A.1.  The major components include the ISOSORP balance in which the polymer 

sample is weighed during the experiment, a cylinder of calibrated volume located 

within a temperature controlled oven, an HPLC valve to take samples for analysis in 

a gas chromatograph, a circulating pump to circulate the fluid pass the polymer 

sample, and a pressure generator to adjust the volume and pressure of the system. 

A heating jacket surrounding the balance controls temperature within the balance.  

Temperature in the oven is controlled by a microprocessor.  Rope heaters wrapped 

around the tubing control temperature in the lines between the oven and balance.  

The volumes between the valves are summarized in Table A.1. 

The magnetic suspension and weight measurement may be controlled with 

the MessPro software or can be operated from the control unit similar to what is 

shown in Figure A.2.  The suspension control unit consists of a main power switch, a 

dial to control the suspension coupling, and another dial on the rear of the unit to 

check the voltages in the system.  The dial on the front of the unit can be set to “off”, 
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zero point (ZP), measuring point 1 (MP1), or measuring point 2 (MP2).  In zero point, 

the polymer sample is resting on a landing such that the balance only measures the 

weight of the suspension coupling.  In measuring point 1, the balance lifts the basket 

containing the polymer sample.  In measuring point 2, the balance lifts the sample 

basket and a titanium sinker. 

 

Figure A.1 Schematic of Phase Equilibrium Apparatus 
 

 
Table A.1 

Volume of tubing in phase equilibrium apparatus 
 

Section Volume (mL) 
Between V5 & V6, inside oven 
(does not include HPLC valve) 

30.1 

Between V5 & V8, including measuring cell 97.3 
Between V6 & V8, V3 & V7 closed 1.4 
Between V7 and zero volume of pressure generator 12.4 
Pressure generator 60 
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Figure A.2 Illustration of suspension control and balance indicator units 
 

A.1.1 Operating Procedure 

When the suspension coupling is already aligned and deposit screws are in 

place, the following procedure may be followed for conducting sorption experiments.   

1) The polymer sample is added to the sample basket.  If the mesh basket is 

used, extra non-magnetic weight, such as several stainless steel discs, are 

needed to have the required weight.  Typically, one gram of sample is 

sufficient in the solid metal basket and three grams of sample are sufficient in 

the mesh basket with five stainless steel discs.  The weight in the basket is 

sufficient if the balance indicator is stable at the zero point and measuring 

point 1. 

2) Insert an o-ring and then seal the measuring cell by securing the bolts on the 

flange in a star pattern to 90 ft-lb torque.  The star pattern requires tightening 

of the bolts in the following order: 1,4,2,5,3,6, and repeat.  Viton o-rings will 
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only seal a CO2 atmosphere for ~3 days before total failure.  EPR o-rings are 

limited to CO2 pressures less than 1500 psi (gas phase).  However, CO2 will 

extracts oils from EPR, which may contaminate the polymer sample.  Buna-N 

o-rings will hold pressure for at least 7 days.  The polymeric o-rings can only 

be used once before discarding. 

3) Feed ultra high-pressure helium to the measuring cell to leak test the system.  

Verify that the bolts do not protrude outside the diameter of the measuring 

cell.  This is so that the heating jacket will slide on with ease. 

4) Disconnect helium connection and install heating jacket around measuring 

cell. 

5) Connect gas delivery system to measuring cell. 

6) Activate heating in jacket and turn on vacuum pump. 

7) After system has reached temperature equilibrium and has had sufficient time 

under vacuum, software may be initiated (turn off the vacuum pump).  The 

“interval time” is the time between measuring points.  The “settle time” is the 

time that a sample is allowed to settle in each state of the suspension 

coupling before the value is recorded. 

8) For single component sorption experiments, gas is fed to the measuring cell 

and the system is allowed to reach equilibrium before adding additional gas 

and allowing the system to equilibrate again.  Equilibrium is reached when 

MP1 does not change within ± 0.1 mg in five successive measurements. 
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9) For two component sorption experiments, the first gas (in this work, VF2) is 

fed into the section between valves V5 and V6 inside the oven to a given 

temperature and pressure.  The mass is determined based on the density and 

the known volume between valves V5 and V6.  The second gas (in this work, 

CO2) is added between valves V6 and V8 using the pressure generator to 

add a sufficient mass of CO2.  Valves V6, V5 and V8, in that order, are 

opened to allow the fluid mixture to flow into the ISOSORP.  The circulation 

pump is started.  Once the system reaches equilibrium, the pump is stopped 

momentarily to record the mass.  The pressure is adjusted using the pressure 

generator. 

For cases where the temperature is uniform throughout the circulation loop, it 

is possible to perform a mass balance on the system and experimentally 

determine the masses of VF2, , and CO2VFM 2, , that partition into the 

polymer phase. 

2COM

22 VFCOabs MMM +=      (A.1) 

f
ii

feed
i MMM +=  for i=CO2, VF2    (A.2) 

where  is the starting mass of each species in the system and is the 

mass of each species in the fluid phase at equilibrium.  Given the density of 

the mixture at the temperature and pressure of the system, the composition of 

the fluid phase is determined from the Sanchez-Lacombe equation of state.  

The masses of VF2 and CO

feed
iM f

iM

2 in the fluid phase are then 
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i
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i xVM ρ=  for i=CO2, VF2    (A.3) 

where xi is the weight fraction of the component. 

A.1.1.1 Initialization of Suspension Coupling 

The following steps are necessary when the suspension magnet is not 

inserted in the balance or if the system becomes unstable and the coupling needs to 

be reinitialized.  Before beginning, the balance indicator should be turned off or 

indicate “L”. 

1) Check bubble level on rear of Sartorius balance and adjust legs on balance 

accordingly. 

2) Verify indication of temperature, pressure, and balance weight.  If the balance 

indicator is not already on, it can only be turned on when suspension control 

is in “zero point” position (Step 6).  Once the balance indicator is turned on, 

the balance needs 24 hours to warm up before taking sorption 

measurements. 

3) Turn on main power switch with the suspension control switch in the “off” 

position.  Check the voltages with the signal selection switch on rear of 

display rack according to Table A.2.  If Ua indicates –1.4 V, then sensor 

electronics are no longer operational and should be replaced.  If Ur indicates 

a value around 13.7 V, turn the power off momentarily to reinitialize the 

system.  After voltages are checked, the switch should be turned back to Ua. 
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Table A.2* 
Voltages for magnetic suspension balance 

 
Signal Correct Value of Voltage 
+ 15V +15V ± 0.5V 
- 15V - 15V ± 0.5V 

Us ~ 0.0 V 
Ua ~ 8.8 V 
Uag ca. 0 V 
Ur ~ - 0.3 V 
Um 0 V 

UKSH 0 V 
UKSR 0 V 

    *Adapted from page 11 of manual 

 

4) Insert the suspension magnet and screw the deposit screw until you find the 

minimum voltage of Ua (~5.0 V).  Then screw it in further until Ua is ~0.5 V 

greater than the minimum voltage. 

5) Turn off the main power switch momentarily, and then switch suspension to 

“zero point”. 

6) Turn on the balance indicator if it is not already turned on. 

7) Attach the titanium sinker to the hook. 

• If light indicating zero point goes out after adding weight, UR may be 

~13.7V (instead of ~ -0.3 V).  If so, momentarily turn off main power 

switch to reinitialize. 

8) Tare the balance indicator. 

9) Switch between “zero point” and “measuring point 1” three or four times so 

the sensor gets aligned initially.  Verify visually that the measuring load is 

properly raised. 
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10) Switch to “measuring point 1” (MP1).  The weight should be indicated on the 

balance indicator.  (The weight of the titanium sinker is ~22g)  The balance 

indicator should settle after a few moments.  If it does not, check 

troubleshooting actions. 

11) Switch back to “zero point” (ZP). 

12) Screw the adapter into the coupling housing until it is fixed at the bottom of 

the housing. 

13) If the second deposit screw is not already in the adapter, install the deposit 

screw and verify that the titanium sinker remains on the deposit screw when 

in “measuring point 1” and is lifted when in “measuring point 2”.  A weight 

should be added to the hook before changing from ZP to MP1 and MP2.  The 

weight should be non-magnetic.  The solid metal basket has sufficient weight 

for this use. 

14) Verify that the zero point and measuring point are stable (check 

troubleshooting actions). 

15) The system is now ready for conducting sorption experiments (Section A.1.1). 

A.1.1.2 Troubleshooting 

• Upper deposit screw is TOO HIGH if 

o Balance indicates “L” after attempting to measure weight. 

o Zero point and/or measuring is not stable after 30 seconds. 
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o Balance attempts to raise measuring load in MP1, but after a short time 

lowers it onto the deposit screw.  Balance then indicates a zero-point 

value. 

• Upper deposit screw is TOO LOW if 

o Suspension magnet overloads and balance indicates “H” or unreasonably 

high value such as “88.77g”. 

• If the balance indicates load is too high, set knob to “zero point”.  Slightly tug on 

sample basket or hook and watch if the balance resets itself.  If not, momentarily 

cut off the power switch, watching that basket does not fall.  Tug on basket/hook 

again and balance should reset itself. 

• If system is sealed and balance indicates load is too high, by “H” or 79.999g, turn 

off main power and suspension control.  Switch cables for ground “_|_” and Um.  

Turn back on main power.  Balance should now indicate “L”.  Momentarily turn on 

suspension control to “zero point”.  Turn off main power and switch cables back.  

This fix should not be done regularly; otherwise integrity of balance will be 

compromised. 

• If balance indicates “L”, set knob to “zero point” and momentarily turn off main 

power switch. 

A.1.2 Error Analysis 

Rubotherm reports the precision of the ISOSORP to be 0.01 mg.  The 

balance displayed the mass at this precision.  However, the accuracy of the 

measurements at equilibrium was 0.1 mg.  The accuracy of the temperature probe 
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was not reported.  Using a temperature-controlled oil bath, it was possible to control 

the temperature in the measuring cell within ±0.2°C.  The pressure transducer had a 

reproducibility of 0.1%.  The pressure reading had to be adjusted for temperature.  

The pressure adjustment was determined from “blank” experiments in which the 

mass of an empty basket was monitored at a set temperature over a range of 

pressures.  Using the titanium sinker, the density was recorded at the different 

pressures.  The NIST database was used to determine the pressure of CO2 that 

corresponded with the measured density and pressure of the system.  A plot of the 

pressure given by the transducer and that determined from the NIST database was 

plotted.  The correlation at 80°C is shown in Figure A.3.  The pressure from the 

density and the pressure transducer followed a perfectly linear relationship.  A 

similar relationship was obtained at 42, 60 and 75°C.  A summary of the pressure 

corrections based on the linear relationships is shown in Table A.3. 
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Figure A.3 Correlation between pressure from transducer and pressure given by NIST 
database based on density measurement with magnetic suspension balance 
at 80°C 

 
 

Table A.3 
Temperature adjusted correction for pressure transducer 

 
Temperature (°C) m1 m2 

42 5.2188 1.0106 
60 12.336 0.9785 
75 13.277 1.0067 
80 14.569 1.0124 

  Note: Actual pressure in bar = m1 + (m2)×(Pressure transducer reading in bar) 
 
 

The weight gain of the polymer in the presence of CO2 is calculated from the 

following equation (Equation 4.1): 

22
)( COPVDFSCO VVmM ρ++∆=  
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Calculation of the weight gain requires accurate determination of each parameter in 

the equation.  The change in mass is reported with an accuracy of ±0.1 mg.  The 

volume of the polymer is measured by swelling experiments in which the accuracy is 

of the order of 10-6 cm3 (Section A.2.2).  The density of the fluid phase is calculated 

from the weight of a titanium sinker of calibrated volume.  Finally, the volume of the 

sample basket and suspension coupling can be accurately determined from blank 

experiments in the ISOSORP.  Plots of MP1 and the zero point versus the density 

are plotted.  The difference in the slopes of the lines is the volume of the suspension 

coupling and sample basket.  The volumes of the mesh baskets and solid basket 

used in the experiments are reported in Table A.4. 

Finally, based on the error associated with the parameters involved in the 

calculation of the mass, the limitations in the temperature and pressure 

measurement, and the repeatability of the measurements, the error in the reported 

mass sorption is ± 5 mg sorbed/ g polymer. 

 
Table A.4 

Volume of suspension coupling and sample basket, Vs, for different basket configurations 
 

Basket type Volume (cm3) 
Mesh* 1.3414 

Mesh* (after 5/18/03) 1.4657 
Solid metal 1.5572 

        *Includes five SS discs for added weight 
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A.1.3 Experimental Data 

A.1.3.1 PVDF-CO2

 
Table A.5 

Sorption of CO2 into PVDF at 42 °C 
 

Data Set Pressure (bar) ρCO2 (g/mL) mg CO2 / g PVDF 
1* 30.5 

56.8 
126.1 
181.7 
222.0 
156.9 
59.1 
29.8 

0.061 
0.142 
0.727 
0.817 
0.857 
0.273 
0.152 
0.061 

19.0 
31.1 
81.8 
86.1 
92.1 
84.5 
30.0 
18.4 

2* 28.3 
34.8 
56.1 

0.056 
0.088 
0.165 

18.1 
25.9 
36.7 

3 74.2 
123.6 

0.228 
0.705 

45.0 
80.8 

4 40.4 
61.3 
99.8 
148.7 
174.4 

0.088 
0.16 

0.573 
0.757 
0.795 

25.0 
45.9 
73.6 
93.7 
98.3 

*Did not have good temperature control 
 
 

Table A.6 
Sorption of CO2 into PVDF at 60 °C 

 
Data Set Pressure (bar) ρCO2 (g/mL) mg CO2 / g PVDF 

1 61.8 0.134 29.2* 

2 56.1 
110.3 
189.7 
230.7 

0.115 
0.382 
0.712 
0.772 

25.8* 
63.2* 
96.4* 
98.1* 

*Does not account for swelling of the polymer 
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Table A.7 

Sorption of CO2 into PVDF at 75 °C 
 

Data Set Pressure (bar) ρCO2 (g/mL) mg CO2 / g PVDF 
1 67.2 

147.9 
212.0 

0.132 
0.454 
0.649 

26.9 
57.7 
86.0 

 
Table A.8 

Sorption of CO2 into PVDF at 80 °C 
 

Data Set Pressure (bar) ρCO2 (g/mL) mg CO2 / g PVDF 
1* 50.5 

148.2 
0.086 
0.445 

19.2 
68.0 

2* 39.2 
63.6 
86.0 

0.068 
0.115 
0.319 

14.3 
22.8 
30.2 

3 36.8 
51.9 
61.2 
69.2 
83.2 
121.2 
153.7 
231.0 

0.058 
0.089 
0.107 
0.128 
0.165 
0.296 
0.432 
0.652 

12.7 
18.5 
22.7 
28.2 
34.3 
51.9 
68.4 
93.1 

4 42.0 
63.0 
110.9 
141.2 
168.6 
190.7 
211.2 
230.7 

0.069 
0.114 
0.26 

0.387 
0.499 
0.567 
0.616 
0.654 

13.7 
19.5 
32.6 
51.7 
69.5 
81.5 
89.3 
95.5 

*Did not have good temperature control 
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A
.1.3.2 PVD

F-C
O

2 -VF2 

 

Total mass 
sorbed 

(mg / g PVDF) 

29.3 
62.6 
89.5 
99.5 
104.4 

44.7 

26.7 
40.3 
50.1 
62.7 
69.6 
73.2 

26.9 
43.0 
62.9 
70.9 
76.0 

ρfluid 
(g/mL) 

0.243 
0.304 
0.420 
0.522 
0.586 

0.570 

0.213 
0.261 
0.365 
0.428 
0.491 
0.559 

0.235 
0.331 
0.420 
0.478 
0.573 

[VF2]feed 
(mol/L) 

1.1 
1.2 
1.3 
1.5 
1.6 

2.2 

1.1 
1.2 
1.3 
1.4 
1.5 
1.6 

1.7 
1.8 
2.0 
2.1 
2.4 

Total 
system 
volume 

(L) 

0.2012 
0.1862 
0.1661 
0.1511 
0.1412 

0.1412 

0.2012 
0.1912 
0.1712 
0.1612 
0.1512 
0.1412 

0.2012 
0.1812 
0.1662 
0.1562 
0.1412 

Pressure 
(bar) 

76.2 
89.5 

109.2 
127.3 
143.3 

176.6 

78.5 
92.9 

119.6 
134.8 
151.2 
172.9 

83.5 
109.3 
130.6 
145.4 
176.0 

PVDF 
feed 
(g) 

3.7960 

3.1304 

3.2798 

2.5034 

CO2  
feed 
(g) 

70.1 

71.8 

69.9 

71.0 

VF2 
feed 
(g) 

14.3 

19.8 

14.4 

21.3 

Data 
Set 

1 

1 

2 

3 

Table A.9 
Sorption of CO2 and VF2 into PVDF at 60 and 75 °C 

Temperature 
(°C) 

60 

75 
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A.2 LVDT Swelling Apparatus 

A.2.1 Operating Procedure 

The polymer sample is prepared by first melt-pressing the polymer at 220-

225°C using a Carver Model C laboratory press.  A square mold of 38 mm 

dimension was used.  For these experiments, the polymer was heated in the press 

for 30 minutes before flowing cooling water through the press plates for one minute 

to quickly lower the temperature.  The mold was removed from the press and 

allowed to air dry (at least 15 minutes).  The sample used for swelling experiments 

was smooth without any bubbles present.  Samples were cut from the mold into 

rectangular pieces of the approximate dimension shown in Figure A.4. 

 

w = 5 mm

d = 3 mm

l = 10 mm 

 

Figure A.4 Approximate dimensions of polymer samples used in swelling experiments 
 
 
The swelling experiments were conducted in the laboratory of Ken Wynne at 

Virginia Commonwealth University.  A schematic of the LVDT apparatus is shown in 

Figure A.5.  The major components for running experiments include: an LVDT coil, a 

nonmagnetic steel pipe that was surrounded by the LVDT coil whose position could 

be adjusted along the y-axis of the pipe, a follower rod with a magnet attached on 
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the end that affected the voltage in the LVDT coil, a hex nut that is screwed into the 

bottom of the follower rod and stabilizes the weight of the follower rod on the 

polymer sample, an HIP microreactor (sample chamber) in which the polymer 

sample is located, and a heating jacket wrapped around the sample chamber.  The 

LVDT apparatus is connected to a computer.  Labview software records the 

temperature, pressure, and LVDT displacement.  A graph illustrates the change in 

variables with time.  The numeric display updates every 10 seconds. 
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Figure A.5 LVDT Apparatus for measuring swelling of polymers in carbon dioxide 
 
 
Before beginning swelling experiments, the LVDT apparatus was calibrated 

using a micrometer.  The follower rod was placed on top of the central shaft of the 

micrometer.  The micrometer was screwed into the bottom of the sample chamber.  
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The micrometer was adjusted between 0.3” and 0.0” and the corresponding 

displacement, in inches, was displayed in Labview.  The change in displacement of 

the micrometer was plotted versus the displacement output given by Labview.  This 

is plotted in Figure A.6.  The slope of the line was used in subsequent swelling 

experiments to determine the change in dimension of the polymer samples. 
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Figure A.6 Calibration curve for LVDT 
 
 
The procedure for conducting swelling experiments is as follows: 

1) The polymer sample dimensions and weight are recorded.  The dimensions 

are measured at several points on the sample. 
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2) The polymer sample is placed on the sample stand.  The follower rod and hex 

nut are placed on top of the sample.  The sample chamber is closed to 50 ft-

lb torque. 

3) The sample chamber is connected to the steel pipe and tightened to 20 ft-lb 

torque.  Care should be taken to keep the chamber upright so that the sample 

is not disturbed.  It may be necessary to guide the follower rod into the steel 

pipe to maintain stability. 

4) Labview is turned on and the current data file starts recording. 

5) The position of the LVDT coil is adjusted until the LVDT readout is close to 

zero. 

6) The system is pressurized with nitrogen to test for leaks and remove any air 

from the system. 

7) The heating jacket is wrapped around the sample chamber.  The Omega 

temperature controller is set to a given temperature before turning on the 

Variac.  The set point on the temperature controller may be set at a 

temperature greater than the desired system set point because the 

temperature control is for the jacket only, not the system fluid. 

8) The safety shield is placed in front of the apparatus. 

9) The system is allowed to equilibrate at the setpoint (as recorded by Labview) 

before adding CO2.  The LVDT reading just before adding CO2 is the zero 

point for the elongation measurement.  (The system undergoes some thermal 

expansion with heating.) 
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10) The Thar pump is set to constant pressure and CO2 is added to the 

apparatus. 

11) Once equilibrium is reached, the pressure is increased or decreased using 

the Thar pump.  In general, the Thar pump can control pressures in the 

supercritical region of CO2 (>74 bar). 

12) At the end of the experiment, heating is ceased and the pressure vented from 

the apparatus.  The polymer sample is removed from the sample chamber 

and the dimensions and weight are recorded. 

A.2.2 Error Analysis 

The sensitivity of the LVDT apparatus was calculated based on the results of 

the swelling experiments.  The LVDT was capable of detecting changes in 

dimension as small as 10 microns.  The reported accuracy of the temperature probe 

was unknown.  The pressure transducer (Omega PX-602) was rated at ± 0.4% (± 3 

bar).  Using the temperature controlled heating jacket, it was possible to maintain the 

temperature within ± 0.3°C of the system temperature set point.  The Thar pump 

controlled the pressure within ± 1.5 bar of the set point.  If a leak was present in the 

apparatus, the pressure would oscillate between two pressures (< 50 psi difference).  

The reported pressure of the swelling experiment was reported as the average of the 

two pressures. 

Based on the sensitivity of the swelling technique and the accuracy of the 

temperature and pressure control, the error in the swelling experiments is 0.2% of 

the reported elongation. 
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A.2.3 Experimental Data 

A.2.3.1 PVDF-CO2

Table A.10 
PVDF samples used for swelling experiments 

 
Sample 

# 
Description Initial Wt 

(g) 
Initial Length 

(cm) 
Initial Width 

(cm) 
Initial Thickness 

(cm) 
1 Solef 1010 

Melt-pressed 
0.3734 1.270 

1.264 
1.268 
1.270 
1.268 

0.848 
0.88 
0.89 
0.89 
0.896 

0.32 
0.32 
0.318 
0.32 

2 Solef 1010 
Melt-pressed 

0.2345 1.092 
1.140 

0.416 
0.412 
0.412 
0.408 
0.398 

0.314 
0.32 
0.322 
0.324 
0.316 

3 Solef 1010 
Pellet 

0.0501 0.470  0.324 
0.28 
0.288 

4 CSTR #58 0.2048 1.452 
1.464 
1.436 

0.72 
0.688 
0.638 

0.12 
0.12 
0.12 

6 Solef 1010 
Melt-pressed 

0.3008 1.242 
1.230 

0.5 
0.512 

0.5 

0.286 
0.284 
0.286 

7 Solef 1010 
Pellet 

 0.410  0.334 
0.314 
0.314 

8 Solef 1010 
Pellet 

0.0487 0.428  0.334 
0.304 
0.306 
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Table A.11 

PVDF sample characteristics after swelling in the presence of CO2
 

Sample 
# 

Final Wt (g) Final Length (cm) Final Width (cm) Final Thickness (cm)

1 0.3872 1.28 0.61 0.33 
2 0.2393 1.1 

1.13 
0.418 
0.406 
0.38 

0.316 
0.314 
0.326 

3  0.472  0.29 
0.278 
0.294 

4 0.2105 1.460 
1.470 
1.458 

0.712 
0.68 
0.64 

0.122 
0.124 
0.126 

6 0.3134 1.266 
1.266 

  

7 0.0530 0.430  0.332 
0.320 
0.310 

8     
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Table A.12 
PVDF swelling results 

 
Sample 

# 
Initial Length, 

Lo (in) 
Temperature 

(°C) 
Pressure (bar) ∆L (in) 

x 10-3
Elongation, 
∆L/Lo (%) 

1 0.5 80 49.8 
101.3 
151.0 
201.2 
251.7 
176.3 
126.6 

2.45 
5.84 
9.96 
11.3 
12.0 
10.8 
10.1 

0.49 
1.17 
1.99 
2.25 
2.40 
2.15 
2.02 

2 0.4394 75 101.0 
151.0 
200.9 
301.9 
251.9 
175.9 
56.6 

7.07 
8.51 
9.81 
10.5 
10.5 
94.5 
34.6 

1.61 
1.94 
2.23 
2.38 
2.38 
2.15 
0.79 

3 0.185 75 101.0 1.44* 0.78* 
4 0.5711 75 100.5 

252.0 
198.7 
100.7 

10.8 
15.8 
15.0 
11.7 

1.88 
2.77 
2.62 
2.05 

6  42    
7 0.1614 75 101.7 

148.8 
201.4 
276.4 
223.6 
173.1 
127.7 
56.6 

1.08 
1.44 
1.44 
1.80 
1.80 
1.44 
1.08 
0.361 

0.67 
0.89 
0.89 
1.12 
1.12 
0.89 
0.67 
0.22 

8 0.1685 42 101.0 
276.8 
201.0 
48.5 

3.18 
3.46 
3.82 
2.81 

1.88 
2.06 
2.27 
1.67 

 * System was stopped before reaching equilibrium 
 
 

A.3 Partition Coefficient Apparatus 

A schematic of the experimental setup for the partition coefficient apparatus is 

shown in Figure A.7.  The major components include the polymer cylinder (F) in 

which the polymer sample is located during the experiment, an HPLC valve (H) to 

take samples for analysis in a gas chromatograph (G), and a circulating pump (C) to 
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circulate the fluid through the polymer sample and speed the time to equilibrium.  

The entire system is enclosed in an oven whose temperature is controlled by a 

microprocessor. 
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Figure A.7 Schematic of partition coefficient apparatus 
 

 
The gas chromatograph (GC) is equipped with a gas-sampling valve, in 

addition to the HPLC valve external to the system.  Helium at 40 mL/min is used as 

a carrier gas.  When taking samples, the gas-sampling valve is opened for 0.3 

minutes before switching the HPLC valve (0.5 µL) open for 0.2 minutes.  The gas 

sampling valve remains open an additional 0.3 minutes to ensure that the entire 

sample enters the GC column.  The sample is flowed through a 6’ silica gel packed 

column at 55°C and then a thermal conductivity detector (TCD) to determine the 

ratio of VF2 to CO2 in the fluid phase.  A typical chromatogram is shown in Figure 
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A.8.  The ratio of the area counts of VF2 and CO2 correspond with the mass ratios of 

the two species.  A calibration curve may be constructed from systems of known 

amounts of VF2 and CO2 in the absence of polymer.  The calibration curve must be 

constructed every three to six months or after the GC hasn’t been used for an 

extended period of time.  An example of a calibration curve is shown in Figure A.9. 
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Figure A.8 Typical chromatogram for VF2 and CO2 fed to a gas chromatograph at 55 °C 

using a TCD detector and silica gel packed column 
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Figure A.9 Calibration curve for varying amounts of vinylidene fluoride and carbon 
dioxide at 75 °C and ~276 bar using a gas chromatograph 
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A.3.1 Operating Procedure 

The procedure for conducting partition coefficient experiments is as follows: 

1) Prepare polymer cylinder for polymer sample by inserting a small amount of 

glass wool and a frit (0.5µm x ¼”OD) into one end of the cylinder.  Add a 

fitting with 1/8”NPT connector to this end of the cylinder. 

2) Add a weighed amount of polymer powder to the opposite end of the polymer 

cylinder.  Add glass wool, a frit, and a fitting with a 1/16” tubing connector to 

this end. 

3) Connect polymer cylinder to system.  The system is pressurized with nitrogen 

or helium to test for leaks and remove any air from the system. 

4) With the system open to vent (V3 closed), the system is heated to the desired 

temperature. 

5) Close V4 (vent side).  Open valves V1, V3 (VF2 side), and V4 (system side).  

Vinylidene fluoride is added to the desired conditions based on the known 

volume of the system (minus the volume of polymer and glass wool), the 

given temperature and pressure in the system, and the density of VF2 as 

reported by ISCO SF Solver software.  Close V4 (system side) and V3 (VF2 

side).  Vent tubing between these valves before opening V3 (CO2 side) to add 

CO2. 

6) Open V3 (CO2 side) and add CO2 to the desired temperature and pressure 

conditions.  Close V3 and V4. 

7) Start the circulation pump.  Pump should be set to 2877 RPM. 
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8) After the system reaches equilibrium (usually four hours), samples may be 

taken by the HPLC valve to the gas chromatograph.  The lines running from 

the HPLC valve in the oven to the GC should be heated before taking a 

sample.  Open control file VF2CO2.con in the GC software.  Enter specifics 

for the particular run in the comments section.  Press the spacebar on the 

keyboard to take a sample.  Once the chromatogram is complete, another 

sample may be taken.  The average of three or more samples is taken to 

calculate the partition coefficient. 

A.3.1.1 Calculation of Partition Coefficient 

• Gas chromatograph area count ratio at equilibrium (ACRequil) = area count 

for VF2 ÷ area count for CO2 

• The equilibrium mass ratio, MRequil, is determined from a calibration 

curve for the mass ratio versus the area count ratio for known 

amounts of VF2 and CO2 in the absence of polymer 

• Molecular weight of VF2 (MWVF2) = 64.04 

• Volume of polymer (VPVDF) = Mass of polymer (in grams) ÷ Density of 

polymer (1.78 g/mL) 

• Volume of system (VS) = 25 mL 

• Volume of polymer phase (VP) = VPVDF x 1.25 

• The factor 1.25 accounts for the additional volume of the frits and 

glass wool 

• Volume of fluid phase (VF) = VS – VP 
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A.3.2 Error Analysis 

Calculation of the partition coefficient is largely dependent on the area count 

ratio measured by the gas chromatograph.  The composition of the fluid phase is 

determined from a calibration curve for known amounts of VF2 and CO2 and the 

area counts.  As shown in Figure A.9, a good correlation is obtained between the 

ratio of the masses and the area counts.  The data exhibit good repeatability at the 

lower concentrations, but the data do exhibit some scatter at higher concentrations.  
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It is well reported that a linear relationship exists between the mass and area count 

at low concentrations, but begins to deviate at higher concentrations.  A polynomial 

was used to provide a best curve fit the data. 

The average of three to five samples was used for the area count ratio (ACR) 

in the partition coefficient calculations.  Based on the averages, the calculated 

partition coefficients were fairly consistent, as illustrated in Figure A.10.  The effect 

of the initial monomer concentration on the partition coefficient was examined at 66 

°C and 207 bar.  As shown in Figure A.10, in the range of conditions studied, there 

was not a significant effect of the monomer concentration on the partition coefficient.  

However, the error bars demonstrate that the variation between samples measured 

by the gas chromatograph caused the uncertainty of the partition coefficient to be 

very large.  For example, at the lowest concentration, the average ACR was 0.082.  

Using the calibration curve in Figure A.9, the mass ratio equaled 0.126.  Between 

samples, the ACR varied from 0.075 to 0.089.  Although this is a seemingly small 

variation (± 0.007), the resulting variation in the mass ratio produces a large 

variation in the calculated mass of VF2 in the fluid phase (0.2 ± 0.2 g) and finally the 

partition coefficient.  The variation in the ACR for the calibration experiments (in the 

absence of polymer) is significantly less (± 0.002).  It is unclear why the variation 

increases with the presence of the polymer, but it may be due to regions of imperfect 

mixing in the system. 
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Figure A.10 Effect of initial monomer concentration on the partitioning of VF2 between 

PVDF and CO2 phases at 66°C, 207 bar, as determined from fluid-based 
partitioning measurements 

 
 
It is not believed that the variation in the ACR between samples is due to a 

lack of an equilibrium condition.  Figure A.11 shows the change in the VF2 area 

count with time in a system consisting of VF2, CO2, and PVDF.  The system reaches 

equilibrium around 3.5 hours.  In most cases, the partition coefficient experiments 

were allowed to run overnight, allowing sufficient time for the system to be at 

equilibrium. 
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Figure A.11 Plot of change in VF2 area count, as measured by a gas chromatograph, 
with time for a system of 6.8 grams VF2, 7.6 grams CO2 and 2.9 grams 
PVDF 
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A.3.3 Experimental Data 

A.3.3.1 PVDF-CO2-VF2 

Table A.13 
Partitioning of VF2 between CO2 and PVDF phases at 46 °C 

 
Pressure 

(bar) 
VF2 
feed 
(g) 

CO2 
feed 
(g) 

PVDF 
feed 
(g) 

Feed 
mass 
ratio 

in 
fluid 

phase

[VF2]feed
in fluid 
phase 
(mol/L) 

Equilibrium 
mass ratio 

in fluid 
phase 

[VF2]equil 
in fluid 
phase 
(mol/L) 

[VF2]equil 
in 

polymer 
phase 
(mol/L) 

VF2 
sorbed 

in 
polymer 
phase 

(g) 

Kc

155.5 2.7 15.1 0.95 0.176 1.7 0.153 1.5 9.9 0.3 6.7

189.1 2.9 16.0 1.02 0.184 1.9 0.193 2.0 0 0 0 

206.9 2.9 16.6 1.02 0.175 1.9 0.191 2.0 0 0 0 

214.7 3.0 16.7 1.05 0.179 1.9 0.180 1.9 0 0 0 

214.8 3.9 14.6 2.82 0.264 2.6 0.258 2.6 0.84 0.9 0.3

281.2 3.2 17.7 1.1 0.179 2.1 0.194 2.2 0 0 0 

Note: Mass ratio equals grams of VF2 divided by grams of CO2
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Table A.14 
Partitioning of VF2 between CO2 and PVDF phases at 61 °C 

 
Pressure 

(bar) 
VF2 
feed 
(g) 

CO2 
feed 
(g) 

PVDF 
feed 
(g) 

Feed mass 
ratio in 

fluid phase 

[VF2]feed
in fluid 
phase 
(mol/L) 

Equilibrium 
mass ratio 

in fluid 
phase 

[VF2]equil 
in fluid 
phase 
(mol/L) 

[VF2]equil 
in 

polymer 
phase 
(mol/L) 

VF2 
sorbed in 
polymer 
phase 

(g) 

Kc

190.2 2.6 14.0 0.92 0.184 1.7 0.168 1.5 6.5 0.2 4.3

220.1 2.7 15.2 0.95 0.178 1.7 0.170 1.7 3.5 0.1 2.1

220.7 2.6 15.4 0.91 0.170 1.7 0.163 1.6 2.8 0.1 1.7

267.3 2.7 16.8 0.95 0.161 1.7 0.164 1.8 0 0 0 

Note: Mass ratio equals grams of VF2 divided by grams of CO2

 
 

Table A.15 
Partitioning of VF2 between CO2 and PVDF phases at 66 °C 

 
Pressure 

(bar) 
VF2 
feed 
(g) 

CO2 
feed 
(g) 

PVDF 
feed 
(g) 

Feed mass 
ratio in fluid 

phase 

[VF2]feed
in fluid 
phase 
(mol/L) 

Equilibrium 
mass ratio 

in fluid 
phase 

[VF2]equil 
in fluid 
phase 
(mol/L) 

[VF2]equil 
in 

polymer 
phase 
(mol/L) 

VF2 sorbed 
in polymer 
phase (g) 

Kc

204.8 2.1 15.2 0.94 0.141 1.4 0.126 1.2 6.9 0.2 5.6

206.4 3.6 13.6 0.94 0.262 2.3 0.231 2.0 12.5 0.4 6.2

208.9 3.1 14.1 0.94 0.223 2.0 0.200 1.8 9.8 0.3 5.4

Note: Mass ratio equals grams of VF2 divided by grams of CO2
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Table A.16 
Partitioning of VF2 between CO2 and PVDF phases at 75 °C 

 
Pressure 

(bar) 
VF2 
feed 
(g) 

CO2 
feed 
(g) 

PVDF 
feed 
(g) 

Feed 
mass 
ratio 

in 
fluid 

phase

[VF2]feed
in fluid 
phase 
(mol/L) 

Equilibrium 
mass ratio 

in fluid 
phase 

[VF2]equil 
in fluid 
phase 
(mol/L) 

[VF2]equil 
in 

polymer 
phase 
(mol/L) 

VF2 
sorbed 

in 
polymer 
phase 

(g) 

Kc

175.3 2.0 11.4 0.72 0.176 1.3 0.140 1.0 15.5 0.4 15.1

189.5 2.0 12.3 0.72 0.161 1.3 0.141 1.1 9.3 0.3 8.4 

206.4 2.3 12.8 0.80 0.180 1.5 0.164 1.3 6.8 0.2 5.1 

213.8 2.4 13.6 0.85 0.174 1.5 0.166 1.4 3.6 0.1 2.5 

230.5 2.5 13.9 0.88 0.182 1.6 0.178 1.6 1.6 0.1 1.0 

240.4 2.5 14.1 0.87 0.178 1.6 0.177 1.6 0.4 0.0 0.2 

248.6 2.6 14.4 0.90 0.179 1.7 0.188 1.7 0 0 0 

281.2 2.7 15.3 0.96 0.178 1.8 0.188 1.9 0 0 0 

Note: Mass ratio equals grams of VF2 divided by grams of CO2
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Appendix B 
 

Characterization data 

 
 

The poly(vinylidene fluoride) (PVDF) obtained from synthesis of vinylidene 

fluoride in supercritical carbon dioxide [1] was characterized by several techniques.  

These included BET surface area measurements, DSC analysis, and SEM.  The 

results are summarized in Sections B.1, B.2, and B.3.  The polymerization conditions 

of the polymer samples characterized are summarized in Table B.1.  The shaded 

areas highlight the main variable in the experimental conditions. 

 
Table B.1 

Polymerization conditions for polymer samples 
 

Sample 
# 

Polymerization 
Run # (Run # in 

Ref 1) 

Temperature 
(°C) 

Pressure 
(psig) 

[I]in 
(mmol/L) 

[M]in 
(mmol/L) 

τ 
(min) 

Mw x 
104

PDI

1 14 (2) 75 4000 2.79 1.46 20.3 5.95 2.1 
2 63 (4) 75 4000 2.84 2.79 20.5 14.5 2.6 
3 56 (5) 75 4000 3.32 3.53 21.1 44.3 5.6 
4 48 (11) 75 4000 2.67 2.75 11.2 10.3 2.4 
5 58 (15) 75 4000 2.86 2.90 25.5 44.1 6.6 
6 Commercial 

sample 
(Solef 1010) 

       

 
 

In order to determine the characteristic parameters for PVDF needed in the 

Sanchez-Lacombe model, PVT data for the polymer was necessary.  Measurements 

of the specific volume of a commercial sample of PVDF over a range of 

temperatures and pressures are summarized in Section B.4. 
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B.1 BET surface area measurements 

BET surface area measurements were conducted using a Flow Sorb II 2300 

instrument.  The polymer surface area was characterized to determine if a 

correlation existed between the polymerization conditions and the particle 

characteristics.  As shown in Table B.2, no correlation was identified using this 

technique.  The increase in surface area did not correlate with the increase in 

monomer concentration or residence time.  Additionally, as shown for Sample #2, 

the surface area was not consistent between measurements.  This was due to the 

limited polymer sample available for the measurements.  Therefore, this technique 

was not reliable for characterizing the surface area of these polymer samples. 

 
Table B.2 

Surface area measurements 
 

Sample # BET (m2/g) 
 Run 1 Run 2

1 9.8  
2 2.9 24.6 
3 7.3  
4 26.6  
6 13.5  

 
 

B.2 DSC measurements 

The crystallinity of the polymer samples was measured using differential 

scanning calorimetry (DSC).  The DSCs was taken using the following temperature 

program.  Starting at 25 °C, the temperature was ramped from 25 °C to 210 °C at 10 

°C/min.  The temperature was held at 210 °C for 5 minutes.  The temperature was 
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then cooled from 210 °C down to 50 °C at 10 °C/min.  The temperature was held at 

50 °C for 5 minutes before being ramped up to 210 °C at 10 °C/min.  The 

temperature was held at 210 °C for 5 minutes before cooling the system from 210 °C 

to 25 °C at 20 °C/min.  The temperature program ended after holding at 25 °C for 3 

minutes.  The results of the DSC measurements are summarized in Table B.3.  The 

melting enthalpy and temperature after the first and second heating of the polymer 

were measured and the crystallinity calculated in each case.  The crystallinity was 

calculated as the measured enthalpy divided by the heat of fusion for 100% 

crystalline PVDF multiplied by 100%.  The heat of fusion for 100% crystalline PVDF 

is 104.6 J/g [2]. 

 
Table B.3 

DSC measurements 
 

 1st Heat   2nd Heat   
 Melting 

Enthalpy 
(J/g) 

Melting 
Temperature 

(°C) 

% 
Crystallinity 

Melting 
Enthalpy 

(J/g) 

Melting 
Temperature 

(°C) 

% 
Crystallinity 

1 91.6 146.6 
164.3 
171.2 

87.6% 79.5 165.2 
171.2 

76% 

2 75.5 149.4 
170.8 

72.2% 69.9 171.1 66.8% 

3 88.4 150.6 
170.6 

84.5% 77.9 169.7 74.5% 

4 43.2 148.5 
165.5 
170.9 

41.3% 73.3 168.0 
171.5 

70.1% 

5* 69.8 151.8 
171.9 

66.7% 70.2 170.3 67.1% 

6a 
(pellets) 

57.3 177.5 54.8% 67.4 176.4 64.4% 

6b 
(powder) 

64.0 173.8 61.2% 66.8 173.6 63.9% 

*Temperature program was 25/250/50/250 instead of 25/210/50/210/25 
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 Observing the PVDF samples synthesized in CO2 (Samples 1-5) and 

comparing the 1st and 2nd heats, we observe in all cases a melting peak at ~150°C in 

the first heat that does not appear in the second heat.  This temperature is usually 

associated with β crystals, which are less stable than α crystals (melting around 

170°C).  Upon cooling and reheating of the samples, the polymer was able to 

rearrange into the more stable α crystals. 

A double peak was observed in samples 1 and 4.  This double peak may be 

associated with metastable crystallites that melt at the lower of the two 

temperatures.  The samples with double peaks were obtained at either a low 

residence time or a low monomer concentration.  Also, the molecular weight was 

lowest in samples 1 and 4.  It has been reported that increases in molecular weight 

can decrease the rate of crystallization [3].  Conceivably, upon recrystallization of the 

low molecular weight samples, the crystallation rate was sufficiently faster than the 

other samples such that imperfect crystals were formed. 

B.3 SEM results 

Scanning electron microscopy (SEM) was used to characterize the polymer 

particle size and shape after synthesis in carbon dioxide.  Pictures of the polymer 

particles for samples 1 through 4 are shown in Figures B.1 to B.4, respectively.  In 

each case, the polymer particles are irregularly shaped.  As the weight-averaged 

molecular weight of the polymer increased, the agglomeration of the particles 

increased until the particle size was indistinguishable.  Additionally, at low molecular 
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weights, the polymer exhibits an open, fluffy structure that becomes more 

compacted at higher molecular weights. 

 

Figure B.1 Scanning electron micrograph of polymer particles synthesized in carbon 
dioxide, [M]in = 1.5 mol/L, Mw = 5.95x104 g/mol.  Inset is lower magnification 
micrograph 
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Figure B.2 Scanning electron micrograph of polymer particles synthesized in carbon 
dioxide, [M]in = 2.8 mol/L, Mw = 14.5x104 g/mol.  Inset is lower magnification 
micrograph 

 
 

 

Figure B.3 Scanning electron micrograph of polymer particles synthesized in carbon 
dioxide, [M]in = 3.5 mol/L, Mw = 44.3x104 g/mol.  Inset is lower magnification 
micrograph 

 

 181



 

 

Figure B.4 Scanning electron micrograph of polymer particles synthesized in carbon 
dioxide, [M]in = 2.8 mol/L, Mw = 10.3x104 g/mol.  Inset is lower magnification 
micrograph 

 
 

Finally, a powder sample of the commercial polymer used in the phase 

equilibrium experiments was characterized by SEM.  This is shown in Figure B.5. 

The particles are spherical with an even distribution of large (110 µm) and small (30-

70 µm) particle sizes.  Based on the observed particle shape of the commercial 

polymer and the polymer synthesized in CO2, it is expected that the polymer 

synthesized in CO2 would more readily sorb CO2 and monomer due to its open, 

layered structure. 
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Figure B.5 Scanning electron micrograph of commercial PVDF powder (Solef 1010) 
 
 

B.4 PVT results 

The specific volume of Solef 1010 pellets was measured over a range of 

temperatures and pressures using a PVT apparatus located at the University of 

Naples.  The data was used to determine the characteristic parameters of PVDF for 

use in the Sanchez-Lacombe equation of state.  The data are plotted as the change 

in the specific volume versus the pressure at various temperatures (Figure B.6).  

The data are tabulated in Tables B.4 to B.6.  The specific volume of Solef 1010 at 

atmospheric conditions is 0.562 cm3/g. 
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Figure B.6 Pressure-volume-temperature (PVT) data for PVDF (Solef 1010) reported as 
a change in the specific volume from atmospheric conditions (0.562 cm3/g) 
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Table B.4 
PVT data for Solef 1010 at 25, 35, 45, 54, and 58 °C 

reported as the change in specific volume (cm3/g) 
 

Pressure (MPa) 25°C 35°C 45°C 54°C 58°C 
0 0.00146 0.003519 0.005861 0.007907 0.008007 

10 3.31E-05 0.001962 0.004088 0.005962 0.005951 
20 -0.00137 0.000465 0.002333 0.004044 0.00395 
30 -0.00272 -0.00108 0.00061 0.00217 0.00198 
40 -0.00421 -0.00263 -0.00113 0.000344 0.000117 
50 -0.00554 -0.00407 -0.00263 -0.00141 -0.0016 
60 -0.00694 -0.00555 -0.00417 -0.0031 -0.00323 
70 -0.00823 -0.00695 -0.00571 -0.00462 -0.00487 
80 -0.00945 -0.00824 -0.00697 -0.00617 -0.00629 
90 -0.01073 -0.00948 -0.00835 -0.00758 -0.00777 
100 -0.01189 -0.01067 -0.00974 -0.00897 -0.00914 
110 -0.01303 -0.01193 -0.01088 -0.01027 -0.01029 
120 -0.0142 -0.01308 -0.01215 -0.01152 -0.01159 
130 -0.01526 -0.01418 -0.01327 -0.01278 -0.01286 
140 -0.01631 -0.01527 -0.01441 -0.01387 -0.01395 
150 -0.0174 -0.01635 -0.01549 -0.01513 -0.01504 
160 -0.01837 -0.01751 -0.01656 -0.01625 -0.01611 
170 -0.01945 -0.01845 -0.01763 -0.01736 -0.01714 
180 -0.0204 -0.01946 -0.0187 -0.01848 -0.0182 
190 -0.02133 -0.02038 -0.01986 -0.01965 -0.01925 
200 -0.02218 -0.02136 -0.02092 -0.02065 -0.02021 
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Table B.5 
PVT data for Solef 1010 at 63, 68, 73, 78, 82, 89, and 98 °C 

reported as the change in specific volume (cm3/g) 
 

Pressure (MPa) 63°C 68°C 73°C 78°C 82°C 89°C 98°C 
0 0.008686 0.01007 0.010971 0.01239 0.013753 0.015034 0.018988

10 0.006649 0.007844 0.00876 0.010019 0.011253 0.012487 0.016068
20 0.004732 0.005688 0.00659 0.007827 0.008835 0.010049 0.013363
30 0.002715 0.003611 0.004426 0.005599 0.006481 0.007689 0.010678
40 0.000842 0.001635 0.002497 0.003416 0.004344 0.00547 0.008151
50 -0.00102 -0.00023 0.000654 0.001438 0.002408 0.003418 0.005936
60 -0.00269 -0.00205 -0.00125 -0.00044 0.000521 0.001573 0.003849
70 -0.00434 -0.00355 -0.00288 -0.00207 -0.00118 -0.00019 0.00214 
80 -0.0058 -0.00517 -0.00443 -0.00372 -0.00276 -0.0019 0.000455
90 -0.00717 -0.00669 -0.00586 -0.00515 -0.00434 -0.00335 -0.00112
100 -0.00861 -0.00796 -0.00722 -0.00652 -0.00575 -0.00473 -0.00254
110 -0.00998 -0.00931 -0.00869 -0.00782 -0.00705 -0.00612 -0.00391
120 -0.01123 -0.0106 -0.00985 -0.00905 -0.00825 -0.0074 -0.00505
130 -0.01238 -0.01179 -0.01115 -0.01033 -0.00948 -0.00853 -0.00644
140 -0.01349 -0.01297 -0.01224 -0.01148 -0.01061 -0.00977 -0.00761
150 -0.01454 -0.01398 -0.01338 -0.01257 -0.01178 -0.01084 -0.00872
160 -0.01577 -0.01508 -0.01432 -0.01372 -0.01285 -0.01188 -0.00988
170 -0.01672 -0.01608 -0.01536 -0.01465 -0.01378 -0.01295 -0.01081
180 -0.0178 -0.01723 -0.0164 -0.0156 -0.01482 -0.01389 -0.01189
190 -0.01864 -0.01817 -0.01734 -0.01658 -0.01582 -0.0149 -0.01293
200 -0.01973 -0.019 -0.01826 -0.01759 -0.01674 -0.01575 -0.01393
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Table B.6 
PVT data for Solef 1010 at 108, 118, 128, 138, 148, 159, 170, and 180 °C 

reported as the change in specific volume (cm3/g) 
 

Pressure 
(MPa) 108°C 118°C 128°C 138°C 148°C 159°C 170°C 180°C 

0 0.022486 0.025815 0.030155 0.034552 0.039773 0.046626 0.058224 0.094894
10 0.019244 0.022368 0.026389 0.030501 0.035317 0.041624 0.051797 0.088611
20 0.016098 0.01913 0.022793 0.026613 0.031005 0.036749 0.045761 0.08308 
30 0.013306 0.01605 0.019522 0.023209 0.027509 0.032947 0.040764 0.076904
40 0.010731 0.013311 0.016706 0.020374 0.024473 0.029549 0.036266 0.066986
50 0.008409 0.010905 0.014323 0.017759 0.021788 0.026465 0.032272 0.053485
60 0.00636 0.008912 0.012165 0.015478 0.019257 0.023717 0.02889 0.043966
70 0.004454 0.007054 0.010292 0.013413 0.017042 0.02129 0.025713 0.037816
80 0.002921 0.005352 0.008474 0.011447 0.014905 0.018888 0.023049 0.033042
90 0.001256 0.003672 0.006733 0.009762 0.012984 0.016718 0.020425 0.029038
100 -0.00025 0.002313 0.005175 0.008022 0.011205 0.014765 0.018064 0.02575 
110 -0.00156 0.00093 0.003727 0.006497 0.009414 0.012825 0.015811 0.022824
120 -0.00281 -0.00046 0.002217 0.004914 0.007867 0.010985 0.013621 0.020062
130 -0.00421 -0.00168 0.000887 0.003428 0.006124 0.009338 0.011714 0.017554
140 -0.00532 -0.00293 -0.00042 0.00204 0.004537 0.007574 0.00991 0.015354
150 -0.00658 -0.00421 -0.0018 0.000641 0.003205 0.006052 0.008079 0.012999
160 -0.00754 -0.00529 -0.00309 -0.00061 0.001812 0.004454 0.00641 0.010971
170 -0.00873 -0.00655 -0.0042 -0.00186 0.00051 0.002905 0.004829 0.008997
180 -0.00974 -0.00759 -0.00556 -0.00322 -0.00083 0.001575 0.00325 0.007086
190 -0.01079 -0.00866 -0.0066 -0.00435 -0.00214 0.000227 0.001716 0.005327
200 -0.01182 -0.00968 -0.00779 -0.00545 -0.0033 -0.00106 0.000279 0.003667
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Appendix C 
 

Modeling results 

 
 
 This section summarizes the various modeling approaches used in this work 

and supplemental modeling calculations not covered in the major results of this 

dissertation. 

C.1 Modeling approaches with Sanchez-Lacombe Equation of State 

During the early stages of the modeling work, the Sanchez-Lacombe (S-L) 

equation of state was compared to data reported by Briscoe et al [1] for the sorption 

of carbon dioxide into poly(vinylidene fluoride) (PVDF).  There was a systematic 

deviation between the Sanchez-Lacombe model and the experimental data [2].  This 

is illustrated in Figure C.1.  The model over predicted the sorption at low pressures 

and under predicted the sorption at high pressures.  Several approaches were 

attempted in order to improve the model correlation to the data.  These included 1) 

using different characteristic parameters for CO2 and PVDF, 2) “fitting” the PVDF 

characteristic parameters to the sorption data, 3) adding a second adjustable 

parameter to the closed-packed volume, v*, of the mixture of CO2 and PVDF, 4) 

using different mixing rules for v*, 5) combining equations of state to describe the 

fluid phase thermodynamics with the S-L equation of state to describe the polymer 

phase, and 6) modifying the S-L model to account for the presence of crystallites.  A 

discussion of the results of using different CO2 parameters is discussed in Section 

4.2.1.1.  It was found that using PVDF parameters other than what was reported by 
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Briscoe et al resulted in convergence of the model at lower pressures and it was 

unnecessary to use an adjustable interaction parameter (ζ=1).  This was attributed 

to the fact that the other parameters were obtained from PVT data covering a broad 

range of conditions, whereas Briscoe et al determined their parameters from singular 

values of the density, isothermal compressibility, and thermal expansion coefficient 

for PVDF at atmospheric pressure.  However, despite the improvement in the 

convergence of the model with these different parameters, the model correlation with 

the data was not greatly improved.  Similarly, several of the other modeling 

approaches did not greatly improve the model correlation with the data.  These 

included “fitting “ the PVDF parameters to the sorption data, using an additional 

adjustable interaction parameter, and using different mixing rules for v*.  Combining 

the Sanchez-Lacombe equation of state with other equations of state did have an 

impact on the model correlation with the data and will be discussed in the following 

section.  Modifying the S-L model to account for the presence of crystallites worked 

well at 42 °C, but could not adequately describe the system at 80 °C.  Those results 

are detailed in Section C.1.2. 

The final modeling approach involved consideration of ternary and multi-

component systems.  The Sanchez-Lacombe model was used to predict the sorption 

of mixtures into the polymer phase and partition coefficients for the monomer 

between the polymer and supercritical phases.  This work was discussed in Chapter 

5. 

 189



0

5

10

15

20

0 5 10 15 20 25 30

0 5 10 15 20 25 30

Experimental Data, 42C

Sorption at 42C using SL model, z=0.95

Experimental Data, 80C

Sorption at 80C using SL model, z=1.0

∆M
%

Pressure (MPa)

Pressure (MPa)

 

Figure C.1 Comparison of Sanchez-Lacombe model prediction to sorption data reported 
in the literature [1] for the sorption of carbon dioxide into poly(vinylidene 
fluoride)  

 
 

C.1.1 Combined Equations of State 

The Sanchez-Lacombe model has been shown to work very well with 

modeling polymer thermodynamics.  However, it is not always a good predictor of 

the thermodynamics of small molecules.  For this reason, models that describe the 

thermodynamics of small molecule systems were combined with the S-L model to 

describe the polymer phase thermodynamics.  The models selected for the fluid 

phase were the Peng-Robinson [3] and Wagner [4] equations of state.  The Peng-

Robinson equation of state is very successful at describing the thermodynamics of 

small molecule systems and is commonly used to describe supercritical fluid 
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systems [5].  The Wagner equation of state was developed specifically for modeling 

carbon dioxide properties. 

The Peng-Robinson (P-R) equation of state is given by [3], 

)bv(b)bv(v
)T(a

bv
RTP

−++
−

−
=     (C.1) 

where P is the pressure, R is the gas constant, T is the temperature, v is the 

molar volume, a is a measure of the intermolecular attraction force, and b is related 

to the size of the hard sphere molecules.  Equation C.1 may be rewritten as 

( ) ( ) ( ) 0231 32223 =−−−−−+−− BBABZBBAZBZ   (C.2) 

where 

22TR
aPA =       (C.3) 

RT
bPB =       (C.4) 

RT
PvZ =       (C.5) 

Solution of the equation of state requires information about the pure 

component critical properties and acentric factor, and an equation that describes the 

fugacity of the fluid [3].  The properties of CO2 are summarized in Table C.1. 

Table C.1 
Properties of carbon dioxide used in the Peng-Robinson equation of state 

 
Tc (K) Pc (bar) ω 
304.15 73.8 0.22394 

 
 

The Wagner equation of state is given by [4], 
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where ai, ri, and ti are coefficients tabulated in the literature [4], 

MTT ncc ρρτρρδ === ,, , and M is the molar mass of CO2.  The virial equation 

for Equation C.6 is 

( ) ( ) 21 nn TCTBZ ρρ ++=      (C.7) 

The fugacity of the fluid is solved from the virial equation. 

In order to combine the Sanchez-Lacombe equation of state with either the 

Peng-Robinson or Wagner equation of state, it is necessary to choose a reference 

pressure.  The reference pressure  is arbitrary, but must be consistent in both 

EOS.  The reference pressure used in this work was 20 MPa.  The chemical 

potential of pure CO

oP

2 is calculated using either the Wagner or P-R EOS according to 

)Plnf(T,P)lnf(T,P)(T,µ ofluid
CO2 −=     (C.8) 

The chemical potential of CO2 in the polymer phase is calculated using the Sanchez-

Lacombe EOS according to 

)P,T()P,T()P,T( o
2CO2CO

polymer
2CO µµµ −′=    (C.9) 

where µ′  is the chemical potential before the adjustment for the reference pressure. 

The results of using the combined equation of state approach with the 

literature data is shown in Figures C.2 and C.3.  The results using the different 

equations were very similar, particularly the combined Wagner-S-L and S-L models. 

Additionally, the same interaction parameter optimized the fit for each set of 

equations.  It was found that the SSE could be reduced slightly if a different 
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reference pressure was used.  However, the standard S-L model provided the best 

fit to the data.  Thus, using an equation of state that was considered very accurate 

for describing the fluid phase equilibrium did not improve the model fit over that 

obtained with the standard S-L model. 
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Figure C.2 Model prediction for the sorption of CO2 into PVDF at 42 °C using the 
Sanchez-Lacombe equation of state to describe the polymer phase and the 
Sanchez-Lacombe (⎯), Peng-Robinson (− ⎯), and Wagner (- -) equations of 
state to describe the fluid phase.  ζ = 1.01.  Data taken from the literature [1] 

 
 

 193



0

5

10

15

20

0 5 10 15 20 25 30

Briscoe et al
SL Prediction
SL PR Prediction
SL Wagner Prediction

∆M
%

Pressure (MPa)  

Figure C.3 Model prediction for the sorption of CO2 into PVDF at 80 °C using the 
Sanchez-Lacombe equation of state to describe the polymer phase and the 
Sanchez-Lacombe (⎯), Peng-Robinson (− ⎯), and Wagner (- -) equations of 
state to describe the fluid phase.  ζ = 1.09.  Data taken from the literature [1] 

 
 

C.1.2 “Crystalline Correction” Modified Sanchez-Lacombe EOS 

The Sanchez-Lacombe model is limited to describing polymer melts and 

amorphous polymers.  In the previous discussions in Chapters 3 & 4, the sorption 

was calculated based on sorption solely in the amorphous phase of the polymer.  

The model provided a good fit to the experimental data measured in this work.  

However, the model exhibited a systematic deviation from data previously reported 

in the literature [2].  One of the reasons proposed for the deviation between the 

model and the data was due to the possible influence of the crystalline regions on 

the sorption in the amorphous phase.  In the present discussion, the Sanchez-

 194



Lacombe model is modified to account for the presence of crystallites in the polymer.  

The crystallites act to restrict the sorption of CO2 in the amorphous regions.  The S-L 

model is modified to account for the presence of crystallites using an approach 

developed by Michaels and Hausslein for semi-crystalline polymers.  Based on that 

work, it is assumed that sorption occurs only in the amorphous phase.  Also, the 

amorphous phase consists of elastically effective and ineffective chains.  The 

elastically ineffective chains behave similar to the lattice chains in the Sanchez-

Lacombe model.  These chains may be totally amorphous, may loop through the 

crystalline phase, or the chains may terminate in the amorphous phase. The 

elastically effective chains traverse the amorphous phase and are terminated in 

crystalline regions.  The elastically effective chains are limited in their sorption 

capacity because they are restricted between crystalline regions.  This generates 

tension in the chains and increased activity of the solvent. 

The Gibbs free energy for the polymer is given by 

            (C.10) ELLF GGG +=

where GLF is the Gibbs free energy described by the Sanchez-Lacombe model and 

GEL is the energy due to the elastically effective chains.  The chemical potential 

equation for a solvent (component 1) in the polymer is then  

           (C.11) ELLF
111 µµµ +=

where µEL is given by  

          (C.12) e
EL lnRT γµ =1

The enhanced activity coefficient, γe, is defined as  
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where ∆HP is the molar heat of fusion of the polymer, Vs is the molar volume of the 

solvent, VP is molar volume of the polymer, R is the gas constant, T is the 

temperature,  is the melting point of the crystallites in the presence of solvent 

when 

mT ′

1
ELµ = 0, v2 is the volume fraction of amorphous polymer with sorbed solvent 

(1 - φ1), and f is the fraction of non-crystalline polymer that is elastically effective.  

The  parameter may be calculated according to the melting point depression 

equation, 
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where  is the normal melting point of the polymer.  The chemical potential of 

component 1 in a solvent-swollen, semi-crystalline polymer is then 

o
mT
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 where is given by Equation 3.31.  Equation 3.33 gives the chemical potential of 

pure solvent.  The sorption of carbon dioxide into PVDF is calculated as before, 

LF
1µ
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except Equation C.16 is substituted into Equation 3.29 for the chemical potential in 

the polymer phase. 

The crystalline correction approach was applied to the S-L model to 

determine if a certain value of f would predict the sorption behavior of the literature 

data.  The characteristic parameters for PVDF determined in this work were used in 

the current model.  At 42 °C, the interaction parameter (1.009) determined from the 

data presented in this research was used in the model.  The f value was varied to 

optimize the fit to the data.  Figure C.4 illustrates the effect of f, the amount of 

elastically effective chains, on the sorption at 42 °C.  At f equal to 0.000001 (f ≅ 0), 

the model approximates the standard S-L model (Figure C.5).  At an f value of 0.11, 

the model fit is optimized.  Using the modified S-L model at 42 °C, it was possible to 

improve the model fit at lower pressures, but the sorption at higher pressures was 

underestimated.  A similar approach was applied to the 80 °C data using the 

interaction parameter (1.018) determined from the data in this work (Figure C.6).  

Despite varying the f value, the model prediction did not shift greatly from the 

standard S-L model.  Thus, the f value was fixed at 0.11, the value determined at 42 

°C and the interaction parameter was adjusted to optimize the model fit.  This is 

illustrated in Figure C.7.  The interaction parameter was increased from the previous 

investigation in order to optimize the fit.  However, despite the improved qualitative 

agreement, the model could not adequately provide a quantitative description of the 

sorption over the full pressure range. 

 197



In this approach, the f value was used as a fitting parameter.  However, it is 

possible to measure f independently.  The sorption of CO2 into completely 

amorphous polymer would be measured to get  and then the enhanced activity 

in the semi-crystalline polymer could be calculated from Equations C.11 through 

C.13 to determine f experimentally.  Michaels and Hausslein measured the sorption 

of para-xylene in polyethylene of different thermal histories.  They found that the 

thermal history had a strong impact on the f value.  The elastically effective fraction, 

f, increased from 0.25 to 0.35 with the rate at which the polymer was cooled from the 

melt and approached unity for highly oriented, cold-drawn samples. 
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Figure C.4 Model prediction of the sorption of CO2 into PVDF at 42 oC for varying f 

values using a modified Sanchez-Lacombe equation of state.  Experimental 
data were taken from the literature [1].  ζ = 1.009 
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Figure C.5 Comparison of the Sanchez-Lacombe and modified Sanchez-Lacombe 
(f=0.000001) model prediction for the sorption of CO2 into PVDF at 42 °C.  
Experimental data were taken from the literature [1].  ζ = 1.009 
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Figure C.6 Model prediction of the sorption of CO2 into PVDF at 80 oC for varying f 

values using a modified Sanchez-Lacombe equation of state.  Experimental 
data were taken from the literature [1].  ζ = 1.018 
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Figure C.7 Model prediction of the sorption of CO2 into PVDF at 80 oC for varying 

interaction parameters using a modified Sanchez-Lacombe equation of state.  
Experimental data were taken from the literature [1].  f = 0.11 

 
 

C.2 Supplemental Modeling Results 

C.2.1 PVDF Solubility 

The solubility of poly(vinylidene fluoride) in carbon dioxide, vinylidene fluoride, 

and mixtures of vinylidene fluoride and carbon dioxide at 75 °C was modeled using 

the Sanchez-Lacombe EOS.  The pressure at which PVDF became insoluble in a 

given solution, the cloud point pressure, was designated as the pressure at which 

further increases in the pressure caused the model to no longer converge or when 

the weight fraction of fluid in the polymer phase reached a maximum.  The results 

are summarized in Table C.2. 

 
 

 200



Table C.2 
Cloud point pressures for PVDF in various solutions at 75 °C 

 
Solvent PVDF Mw (g/mol) ζ Cloud point Pressure (MPa) 

CO2 150,000 1.0 195 

CO2 20,000 1.0 194 

VF2 150,000 0.88 178 

VF2 20,000 0.88 178 

CO2-VF2 150,000 1.009 121 

CO2-VF2 20,000 1.009 121 

 
 

The cloud point for PVDF with a molecular weight of 150,000 g/mol in CO2 at 

75°C was determined to be 195 MPa.  This value is consistent with the expected 

value for the cloud point based on literature data [6] (see Figure 3.2) extrapolated to 

75°C.  The molecular weight was decreased to 20,000 g/mol to study the effect of 

molecular weight on the cloud point pressure.  This molecular weight was of the 

same order as the unimodal polymer formed by polymerization in CO2.  The cloud 

point pressure decreased to 194 MPa at this lower molecular weight.  The reduction 

in the cloud point pressure was not significant. 

The cloud point pressure for PVDF in the presence of vinylidene fluoride was 

calculated.  A binary interaction parameter of 0.88 was chosen based on values 

determined in Chapter 5.  An enhancement in the solubility was observed.  For the 

low molecular weight polymer, the pressure dropped from 194 MPa to 178 when 

carbon dioxide was replaced with vinylidene fluoride.  The monomer had a more 
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favorable interaction with the polymer such that lower pressures were required to 

solubilize the polymer in the monomer. 

The three-component model was used to determine the cloud point of PVDF 

in a mixture of carbon dioxide and vinylidene fluoride.  The binary interaction 

parameters used to calculate the cloud point pressures in vinylidene fluoride and 

carbon dioxide were used in the three-component model.  An interaction parameter 

equal to 1.009 was used for the CO2-VF2 interaction based on values determined in 

Chapter 5.  The three-component mixture was assumed to have a polymer phase in 

equilibrium with a fluid phase that consisted of 17 wt% VF2 in CO2.  In a mixture of 

VF2 and CO2, the solubility was greatly enhanced over the solubility in the presence 

of either VF2 or CO2.  VF2 enhances the solvating ability of CO2 by increasing the 

density of the fluid and providing favorable interactions with the polymer.  However, 

the solubility was still much greater than the conditions at which polymerizations 

were conducted.  A molecular weight as low as 200 g/mol and a composition of VF2 

in the fluid phase as high as 70 wt% VF2 in CO2 was considered in the model.  The 

solubility was never less than ~100 MPa – significantly greater than the conditions of 

the polymerizations. 

C.2.2 Partition Coefficient Results 

Results were presented in Chapter 5 (Figure 5.16) for the model prediction of 

the partition coefficient for VF2 between PVDF and CO2 phases.  Those results are 

summarized in Table C.3. 
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Table C.3 
Summary of model results for partition coefficient of VF2 between PVDF and CO2 phases at 60 °C 

and 75 °C 
 

 Kc

Pressure (bar) @ 60 °C @ 75 °C

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 

3.1 
2.8 
2.8 
2.6 
2.3 
2.0 
1.9 
1.6 
1.4 
1.0 
0.86 
0.76 
0.70 
0.66 
0.63 
0.62 
0.60 
0.60 
0.59 
0.58 
0.58 
0.57 
0.57 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 

1.6 
1.6 
1.4 
1.2 
1.3 
1.2 
1.0 
1.0 
0.9 
0.8 
0.68 
0.60 
0.54 
0.49 
0.46 
0.44 
0.42 
0.41 
0.40 
0.39 
0.39 
0.38 
0.38 
0.37 
0.37 
0.37 
0.37 
0.37 
0.36 
0.36 

 
 

C.3 MathCad Programs 

MathCad was used to solve the system of equations in the two-component 

and three-component model.  Following are the main functions used in the MathCad 

programs. 
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C.3.1 Sanchez-Lacombe Equation of State for Binary Mixtures 

This section uses the Sanchez-Lacombe equation of state to evaluate the 

sorption of penetrants in a polymer phase.  The program is set up for a two-

component system of carbon dioxide and PVDF.  The algorithm used by Wissinger 

[7] is used for the calculations.  The units for this section are Kelvin for temperature, 

MPa for pressure, g/L for density, and MPa*L/mol/K for the gas constant. 

Characteristic parameters for CO2
T1star 316 
P1star 412.6 
ρ1star 1369 
M1 44.01 
r1 5.11 
 
Characteristic parameters for PVDF (determined from PVT data for Solef 1010) 
T2star 714.6 
P2star 434.8 
ρ2star 1860 
M2 150000 
 
Gas Constant 
R 8314 10 6.  
r2 P2star M2.

R T2star. ρ2star.
 

 
Function ρr_SL calculates the reduced density of a mixture given the 

pressure (MPa), Temperature (K), weight fraction of CO2 dissolved in the polymer 

phase, and the binary interaction parameter. 
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ρr_SL P T, m1, ζ,( ) φ 1

m1
ρ1star

1 m1( )
ρ2star

m1
ρ1star

Pstar φ 1 P1star. 1 φ 1( ) P2star. φ 1 1 φ 1( ). P1star P2star 2 ζ. P1star P2star...

Tstar Pstar
φ 1 P1star.

T1star
1 φ 1( ) P2star.

T2star

r 1
φ 1
r1

1 φ 1( )
r2

Treduced T
Tstar

Preduced P
Pstar

ρr_guess 0.9

root ρr_guess 2 Preduced Treduced ln 1 ρr_guess( ) ρr_guess 1 1
r

.. ρr_guess,

 

 
Function µ1_SL determines the chemical potential of the penetrant carbon 

dioxide given the pressure (MPa), temperature (K), weight fraction of CO2 dissolved 

in the polymer phase, and the binary interaction parameter. 
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µ1_SL P T, m1, ζ,( ) φ 1

m1
ρ1star

1 m1( )
ρ2star

m1
ρ1star

χ
P1star P2star 2 ζ. P1star P2star..

R T.

P1reduced P
P1star

T1reduced T
T1star

ρstar 1
m1

ρ1star
1 m1( )
ρ2star

ρreduced ρr_SL P T, m1, ζ,( )

C ρreduced
T1reduced

P1reduced
T1reduced ρreduced.

1 ρreduced( ) ln 1 ρreduced( )
ρreduced

. ln ρreduced( )
r1

ln φ 1( ) 1 φ 1 ρreduced M1
ρ1star
. χ. 1 φ 1( )2. C r1.

 

 

Function w1_SL determines the solubility of CO2 in a polymer reported as a 

weight fraction.  Inputs to the function are the pressure (MPa), temperature (K), and 

the binary interaction parameter. 

 
w1_SL P T, ζ,( ) m1_guess 0.1 P 10if

m1_guess 0.03 otherwise

µpure µ1_SL P T, 1, 1,( )

root µpure µ1_SL P T, m1_guess, ζ,( ) m1_guess,( )

 

 

Table "Data" is an array of values for pressure.  Function "P" defines the array 

for pressure. 
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DataData 1.00
2.00
3.00
5.00
7.00
9.00

 

 
P Data 0< >  
 

Function Sorption determines the degree of sorption of CO2 in the polymer.  

Inputs to the function are the pressure (MPa) as an array of pressures, temperature 

(K), and the binary interaction parameter.  The output is a matrix, w, in which the first 

column is the pressure, the second column is ∆M%, accounting for the amorphous 

phase of the polymer, the third column is the weight fraction of carbon dioxide, and 

the fourth column is ∆M%, accounting for the entire polymer. 

 
Sorption p t, zeta,( ) j 0

wj 0, pi

wj 1,
1

1 w1_SL pi t, zeta,
1 100.

wj 2, w1_SL pi t, zeta,

wj 3,

wj 2,

1 0.64
1 wj 2,

1 0.64( )
.

100.

j j 1

i 0 rows p( ) 1..∈for

w

 

C.3.2 Combined Equation of State 

This section uses the Sanchez-Lacombe equation of state to describe the 

polymer phase combined with either the Peng-Robinson or Wagner equations of 

state to describe the fluid phase.  The equations of state are combined to evaluate 
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the sorption of penetrants in the polymer phase.  The program is set up for a two-

component system of carbon dioxide and PVDF.  The units for this section are 

Kelvin for temperature, MPa for pressure, g/L for density, and MPa*L/mol/K for the 

gas constant.  The functions ρr_SL, µ1_SL, P, and Sorption and the definitions for 

the characteristic parameters from the previous section are used in the combined 

equation of state. 

Function µ1prime_SL evaluates the chemical potential of the penetrant 

carbon dioxide given the pressure (MPa), temperature (K), weight fraction of CO2 

dissolved in the polymer phase, and the binary interaction parameter.  The reference 

pressure is 20 MPa. 

µ1prime_SL P T, m1, ζ,( ) µ1_SL( )P T, m1, ζ, µ1_SL 20 T, 1, ζ,( )µ1_SL  

 

Function w1_SL determines the solubility of CO2 in a polymer reported as a 

weight fraction.  Inputs to the function are the pressure (MPa), temperature (K), and 

the binary interaction parameter.  The first function for w1_SL is used with the Peng-

Robinson equation of state and the second function is used with the Wagner 

equation of state.  The functions µ_PR and µ_wagner and their associated sub-

functions and parameters are defined in the next sections. 

w1_SL P T, ζ,( ) m1_guess 0.1 P 10if

m1_guess 0.03 otherwise

µpure µ_PR( )P T,

root µpure µ1prime_SL P T, m1_guess, ζ,( ) m1_guess,( )

 

µ_PR
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w1_SL P T, ζ,( ) m1_guess 0.1 P 10if

m1_guess 0.03 otherwise

µpure µ_wagner P T 273.15,( )

root µpure µ1prime_SL P T, m1_guess, ζ,( ) m1_guess,( )

 

µ_wagner

C.3.2.1 Peng-Robinson Equation of State 

This section uses the Peng-Robinson equation of state to evaluate the 

properties of supercritical carbon dioxide.  The units for this section are Kelvin for 

temperature, bar for pressure, g/L for density, and bar*L/mol/K for the gas constant. 

Gas Constant 
R 8314 10 5.  
 
Characteristic parameters for CO2
Tc1 304.15 
Pc1 73.8 
ω 1 0.22394 
M1 44.01 
b1 0.07780 R Tc1.

Pc1
.  

κ1 0.37464 1.54226ω 1. 0.26992ω 12.  

a1_Tc 0.45724 R2 Tc12.

Pc1
.  

a1_Tc 3.962=  
b1 0.027=  
κ1 0.706=  
 

Function Z_PR determines the compressibility factor of CO2 given the 

pressure (MPa) and Temperature (K). 
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Z_PR P T,( ) P P 10.

α1 1 κ1 1 T
Tc1

.
2

a1 a1_Tc α1.

A a1 P.

R2 T2.

B b1 P.

R T.

Z 1

root Z3 1 B( ) Z2. A 3 B2. 2 B. Z. A B. B2 B3 Z,

 

 

Function lnf_PR evaluates the fugacity of CO2 given the pressure (MPa) and 

temperature (K). 

lnf_PR P T,( ) P P 10.

α1 1 κ1 1 T
Tc1

.
2

a1 a1_Tc α1.

A a1 P.

R2 T2.

B b1 P.

R T.

Z Z_PR P
10

T,

Z 1( ) ln Z B( ) A

2 2. B.
ln Z 1 2 B.

Z 1 2 B.
. ln P

10

 

 

Function µ_PR evaluates the chemical potential with input values of pressure 

(MPa) and temperature (K).  The reference pressure is 20 MPa. 

µ_PR P T,( ) lnf_PR P T,( ) lnf_PR 20 T,( )  
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C.3.2.2 Wagner Equation of State 

This section uses the Wagner equation of state to evaluate the properties of 

supercritical carbon dioxide.  This equation of state was designed specifically for 

modeling the properties of carbon dioxide and considered highly accurate.  The units 

for this section are Kelvin for temperature, bar for pressure, g/L for density, and 

cm3*MPa/mol/K for the gas constant. 

Constants for Wagner EOS 
Tc 304.136 
ρc 0.4676 
M 44.0098 
R 8.31451 

t

1

2

5

5.5

2

4

8.5

9.5

10

 r

1

1

1

1

2

2

3

3

3

  a

0.9815871410 1.

0.13329505101.

0.7609609710 1.

0.9056789510 1.

0.71016170

0.18302968

0.78864293101.

0.23562227102.

0.15649249102.  
 

Function P_wagner calculates the pressure (MPa) of CO2 with input values of 

density (g/cm3) and temperature (°C). 
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P_wagner ρ T,( ) T T 273.15

δ
ρ

ρc

τ
Tc
T

Z 1

0

8

i

ai δ
ri. τ

ti.

=

Z ρ. R. T.

M  
 

Function ρ_wagner calculates the density (g/cm3) given the pressure (MPa) 

and temperature (°C).  An initial guess for the density, ρguess, is made to the 

function. 

ρguess 0.01 
ρ_wagner P T,( ) root P P_wagner ρguess T,( ) ρguess,( )  

 

Function lnf evaluates the natural logarithm of fugacity with input values of 

pressure (MPa) and temperature (°C). 

lnf P T,( ) ρ ρ_wagner P T,( )

T T 273.15

τ
Tc
T

Z P M.

ρ R. T.

δ
ρ

ρc

0

8

i

ai δ
ri. τ

ti.

ri=

Z 1( ) ln Z( ) ln P( )
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Function µ_wagner evaluates the chemical potential with input values of 

pressure (MPa) and temperature (°C).  The reference pressure is 20 MPa. 

µ_wagner P T,( ) lnf P T,( ) lnf 20 T,( )  
 

C.3.3 “Crystalline Correction” Modified Sanchez-Lacombe EOS in Binary 
Mixtures 

This section uses the Sanchez-Lacombe equation of state to evaluate the 

sorption of penetrants in a polymer phase.  The equation of state is modified to 

include an extra term to account for the additional activity of the solute in a 

crystalline polymer.  The program is set up for a two-component system of carbon 

dioxide and PVDF.  The algorithm used by Wissinger [7] is used for the calculations.  

The units for this section are Kelvin for temperature, MPa for pressure, g/L for 

density, and MPa*L/mol/K for the gas constant. 

Characteristic parameters for CO2
T1star 316 
P1star 412.6  
ρ1star 1369  
M1 44.01  
r1 5.11  
 
Characteristic parameters for PVDF (determined from PVT data for Solef 1010) 
T2star 714.6  
P2star 434.8  
ρ2star 1860  
M2 150000  
 
Gas Constant 
R 8314 10 6.  
r2 P2star M2.

R T2star. ρ2star.  
 

 213



Function Ccrys is the ratio of the molar heat of fusion (1505 cal/mol) to the 

gas constant (1.987 cal/mol/K) multiplied by the molar volume of the polymer (36.8 

cm3/mol).
 

Ccrys 1505
1.987 36.8.  

 
Function ρr_SL calculates the reduced density of a mixture given the 

pressure (MPa), Temperature (K), weight fraction of CO2 dissolved in the polymer 

phase, and the binary interaction parameter. 

ρr_SL P T, m1, ζ,( ) φ 1

m1
ρ1star

1 m1( )
ρ2star

m1
ρ1star

Pstar φ 1 P1star. 1 φ 1( ) P2star. φ 1 1 φ 1( ). P1star P2star 2 ζ. P1star P2star...

Tstar Pstar
φ 1 P1star.

T1star
1 φ 1( ) P2star.

T2star

r 1
φ 1
r1

1 φ 1( )
r2

Treduced T
Tstar

Preduced P
Pstar

ρr_guess 0.9

root ρr_guess 2 Preduced Treduced ln 1 ρr_guess( ) ρr_guess 1 1
r

.. ρr_guess,

 

 
Function µpure evaluates the chemical potential of pure carbon dioxide given 

the pressure (Pa) and temperature (K) of CO2. 
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µpure P T,( ) P1reduced P
P1star

T1reduced T
T1star

ρreduced ρr_SL P T, 1, 1, M2,( )

C ρreduced
T1reduced

P1reduced
T1reduced ρreduced.

1 ρreduced( ) ln 1 ρreduced( )
ρreduced

. ln ρreduced( )
r1

C r1.

 

Function µ1_SL determines the chemical potential of the penetrant carbon 

dioxide given the pressure (MPa), temperature (K), weight fraction of CO2 dissolved 

in the polymer phase, the binary interaction parameter, and the weight fraction of 

amorphous phase that is elastically effective (f).  The expression Tm_term 

represents '
1
Tm , where Tm' is the melting point of the polymer in the presence of 

solvent.. 
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µ1_SL P T, m1, ζ, f,( ) φ 1

m1
ρ1star

1 m1( )
ρ2star

m1
ρ1star

χ
P1star P2star 2 ζ. P1star P2star..

R T.

P1reduced P
P1star

T1reduced T
T1star

ρstar 1
m1

ρ1star
1 m1( )
ρ2star

ρreduced ρr_SL P T, m1, ζ, M2,( )

Tm_term 1
447.15

ρr_SL P T, 1, 1, M2,( ) ρ1star.

Ccrys 1000. M1.
φ 1 χ φ 1( )2..

C ρreduced
T1reduced

P1reduced
T1reduced ρreduced.

1 ρreduced( ) ln 1 ρreduced( )
ρreduced

. ln ρreduced( )
r1

ln φ 1( ) 1 φ 1 ρreduced M1
ρ1star
. χ. 1 φ 1( )2. C r1.

Ccrys 1000. M1.

ρr_SL P T, 1, 1, M2,( )( ) ρ1star.
1
T

Tm_term.

3
2 f. 1 φ 1( ).

1

 
 

Function w1_SL determines the solubility of CO2 in a polymer reported as a 

weight fraction.  Inputs to the function are the pressure (MPa), temperature (K), the 

binary interaction parameter, and the fraction of amorphous polymer that is 

elastically effective. 

 
w1_SL P T, ζ, f,( ) m1_guess 0.1 P 10if

m1_guess 0.03 otherwise

root µpure P T,( ) µ1_SL P T, m1_guess, ζ, f,( ) m1_guess,( )  
 

Table "Data" is an array of values for pressure.  Function "P" defines the array 

for pressure. 
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DataData 1.00
2.00
3.00
5.00
7.00
9.00

 

 
P Data 0< >  
 

Function Sorption determines the degree of sorption of CO2 in the polymer.  

Inputs to the function are the pressure (MPa) as an array of pressures, temperature 

(K), the binary interaction parameter, and the fraction of amorphous polymer that is 

elastically effective.  The output is a matrix, w, in which the first column is the 

pressure, the second column is ∆M%, accounting for the amorphous phase of the 

polymer, the third column is the weight fraction of carbon dioxide, and the fourth 

column is ∆M%, accounting for the entire polymer. 

 
Sorption p t, zeta, f,( ) j 0

wj 0, pi

wj 1,
1

1 w1_SL pi t, zeta, f,
1 100.

wj 2, w1_SL pi t, zeta, f,

wj 3,
1

1 w1_SL pi t, zeta, f, .47.
1 100.

j j 1

i 0 rows p( ) 1..∈for

w  
 

C.3.4 Sanchez-Lacombe Equation of State for Ternary Mixtures 

This section uses the Sanchez-Lacombe equation of state to evaluate the 

partitioning of species between the fluid phase and polymer phase.  The program is 
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set up for a three-component system of vinylidene fluoride, carbon dioxide, and 

PVDF.  The Levenberg-Marquardt algorithm is used to solve the equations for this 

three-component system.  The units for this section are Kelvin for temperature, MPa 

for pressure, g/L for density, J/mol for the interaction energy (ε*), cm3/mol for the 

molar volume, and MPa*L/mol/K (R1) and J/mol/K (R2) for the gas constant. 

The overall program is broken into several files to easily manage the 

program.  The files include “3 SL EOS constants,” “3 SL EOS fluid phase,” “3 SL 

EOS polymer phase,” “3 SL EOS LevenbergMarquardt,” and “3 SL EOS 

LevenbergMarquardt FLASH”.  The difference between the last two files is whether 

the calculations are based on a set equilibrium fluid phase composition or a set feed 

composition, respectively.  These files calculate the composition of the fluid phase 

and polymer phase at equilibrium and the partition coefficient.  The file “3 SL EOS 

constants” contains all the characteristic parameters and binary interaction 

parameters used in the program.  The file “3 SL EOS fluid phase” calculates the 

reduced density of the fluid phase and the chemical potentials of VF2 and CO2 in the 

fluid phase.  The file “3 SL EOS polymer phase” calculates the reduced density of 

the fluid phase and the chemical potentials of VF2 and CO2 in the polymer phase. 
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C.3.4.1 File – 3 SL EOS constants 

Characteristic parameters for VF2 (1)

P1star 123.4

T1star 431

ε1star R2 T1star. ρ1star 1020.58

M1 64.04
v1star ε1star

P1star ε1star 3.583 103=

r1 P1star M1.

R1 T1star. ρ1star.
v1star 29.038=

r1 2.161=  

Characteristic parameters for CO2 (2)

P2star 412.6

T2star 316

ε2star R2 T2star. ρ2star 1369

r2 5.11v2star ε2star
P2star M2 44.01

ε2star 2.627 103=

v2star 6.367=  

Characteristic parameters for PVDF (3)

T3star 714.6

ε3star R2 T3star.
P3star 434.8

ρ3star 1860v3star ε3star
P3star

M3 150000

r3 P3star M3.

R1 T3star. ρ3star. ε3star 5.941 103=

v3star 13.664=

r3 5.902 103=   

Gas Constant

R1 8314 10 6. R2 8.314 

Interaction parameters

ζ 12 1.009 ζ 13 1.13 ζ 23 1 

The interaction parameters vary with the temperature of the system. 
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C.3.4.2 File – 3 SL EOS fluid phase 

This file references the constants file for input of all the constants and 

parameters (characteristic and interaction) for the model. 

Reference:C:\Documents and Settings\user\My Documents\Modeling\3 SL EOS constants.mcd  

Function ρr_fluid determines the reduced density of a mixture given the 

pressure (MPa), Temperature (K), weight fraction of VF2 dissolved in the fluid 

phase, and binary interaction parameter. 

ρr_fluid P T, m1, ζ 12, φ 1

m1
ρ1star

1 m1( )
ρ2star

m1
ρ1star

v12star
3 v1star 3 v2star

2

3

ε12star ζ 12 ε1star ε2star..

vstar φ 12 v1star. 1 φ 1( )2 v2star. 2 φ 1. 1 φ 1( ). v12star.

ε star φ 1 ε1star. 1 φ 1( ) ε2star. φ 1 1 φ 1( ). ε1star ε2star 2 ε12star.( ).

r 1
φ 1
r1

1 φ 1( )
r2

Treduced T R2.

ε star

Preduced P vstar.

ε star

ρr_guess 0.9

root ρr_guess 2 Preduced Treduced ln 1 ρr_guess( ) ρr_guess 1 1
r

.. ρr_guess,
 

Function µ1_fluid evaluates the chemical potential of vinylidene fluoride given 

the pressure (MPa), temperature (K), weight fraction of VF2 dissolved in the fluid 

phase, and binary interaction parameter. 
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µ1_fluid P T, m1, ζ 12, φ 1

m1
ρ1star

1 m1( )
ρ2star

m1
ρ1star

v12star
3 v1star 3 v2star

2

3

ε12star ζ 12 ε1star ε2star..

vstar φ 12 v1star. 1 φ 1( )2 v2star. 2 φ 1. 1 φ 1( ). v12star.

interact_term ε1star ε2star 2 ε12star.( ) 1 φ 1( )2.

P1reduced P
P1star

T1reduced T
T1star

ρreduced ρr_fluid P T, m1, ζ 12,

C ρreduced
T1reduced

P1reduced
T1reduced ρreduced.

1 ρreduced( ) ln 1 ρreduced( )
ρreduced

. ln ρreduced( )
r1

ln φ 1( ) 1 φ 1( ) 1 r1
r2

. ρreduced r1. interact_term.

R2 T.
C r1.

 

Function µ2_fluid evaluates the chemical potential of carbon dioxide given the 

pressure (MPa), temperature (K), weight fraction of VF2 dissolved in the fluid phase, 

and binary interaction parameter. 
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µ2_fluid P T, m1, ζ 12, φ 2

1 m1
ρ2star

1 m1( )
ρ2star

m1
ρ1star

v12star
3 v1star 3 v2star

2

3

ε12star ζ 12 ε1star ε2star..

vstar φ 22 v2star. 1 φ 2( )2 v1star. 2 φ 2. 1 φ 2( ). v12star.

interact_term ε1star ε2star 2 ε12star.( ) 1 φ 2( )2.

P2reduced P
P2star

T2reduced T
T2star

ρreduced ρr_fluid P T, m1, ζ 12,

C ρreduced
T2reduced

P2reduced
T2reduced ρreduced.

1 ρreduced( ) ln 1 ρreduced( )
ρreduced

. ln ρreduced( )
r2

ln φ 2( ) 1 φ 2( ) 1 r2
r1

. ρreduced r2. interact_term.

R2 T.
C r2.

  

Function ρ_mixture calculates the density of the fluid mixture given the 

pressure (MPa), temperature (K), weight fraction of VF2 in the fluid phase, and the 

interaction parameter. 

ρ_mixture P T, m1, ζ 12, ρstar 1
m1

ρ1star
1 m1( )
ρ2star

ρr_fluid P T, m1, ζ 12, ρstar.
 

 

C.3.4.3 File – 3 SL EOS polymer phase 

This file references the constants file for input of all the constants and 

parameters (characteristic and interaction) for the model. 

Reference:C:\Documents and Settings\user\My Documents\Modeling\3 SL EOS constants.mcd  
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Function ρr_polymer determines the reduced density of a mixture given the 

pressure (MPa), Temperature (K), weight fraction of VF2 dissolved in the polymer 

phase (m1), weight fraction of CO2 dissolved in the polymer phase (m2), and the 

binary interaction parameters. 
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ρr_polymer P T, m1, m2, ζ 12, ζ 13, ζ 23, φ1

m1

ρ1star

m2

ρ2star

m1

ρ1star

1 m1 m2( )

ρ3star

φ2

m2

ρ2star

m2

ρ2star

m1

ρ1star

1 m1 m2( )

ρ3star

φ3 1 φ1 φ2

v12star
3 v1star 3 v2star

2

3

v13star
3 v1star 3 v3star

2

3

v23star
3 v2star 3 v3star

2

3

ε12star ζ 12 ε1star ε2star..

ε13star ζ 13 ε1star ε3star..

ε23star ζ 23 ε2star ε3star..

χ 12 ε1star ε2star 2 ε12star.

χ 13 ε1star ε3star 2 ε13star.

χ 23 ε2star ε3star 2 ε23star.

mix_vstar 2 φ1. φ2. v12star. 2 φ1. φ3. v13star. 2 φ2. φ3. v23star.

vstar φ12 v1star. φ22 v2star. φ32 v3star. mix_vstar

mix_εstar φ1 φ2. χ 12
. φ1 φ3. χ 13

. φ2 φ3. χ 23
.

εstar φ1 ε1star. φ2 ε2star. φ3 ε3star. mix_εstar

Tstar
εstar

R2

r
1

φ1

r1

φ2

r2

φ3

r3

Treduced
T

Tstar

Preduced
P

εstar

vstar

ρr_guess 0.9

root ρr_guess2 Preduced Treduced ln 1 ρr_guess( ) ρr_guess 1 1
r

.. ρr_guess,
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Function µ1_polymer evaluates the chemical potential of vinylidene fluoride 

given the pressure (MPa), temperature (K), weight fraction of VF2 dissolved in the 

polymer phase (m1), weight fraction of CO2 dissolved in the polymer phase (m2), 

and the binary interaction parameters. 

µ1_polymer P T, m1, m2, ζ 12, ζ 13, ζ 23, φ1

m1

ρ1star

m2

ρ2star

m1

ρ1star

1 m1 m2( )

ρ3star

φ2

m2

ρ2star

m2

ρ2star

m1

ρ1star

1 m1 m2( )

ρ3star

φ3 1 φ1 φ2

r
1

φ1

r1

φ2

r2

φ3

r3

ε12star ζ 12 ε1star ε2star..

ε13star ζ 13 ε1star ε3star..

ε23star ζ 23 ε2star ε3star..

χ 12 ε1star ε2star 2 ε12star.

χ 13 ε1star ε3star 2 ε13star.

χ 23 ε2star ε3star 2 ε23star.

interact_term φ2 χ 12
. φ3 χ 13

. φ1 φ2. χ 12
. φ1 φ3. χ 13

. φ2 φ3. χ 23
.

P1reduced
P

P1star

T1reduced
T

T1star

ρreduced ρr_polymer P T, m1, m2, ζ 12, ζ 13, ζ 23,

C
ρreduced

T1reduced

P1reduced

T1reduced ρreduced.
1 ρreduced( )

ln 1 ρreduced( )

ρreduced
. ln ρreduced( )

r1

ln φ1( ) 1 r1

r

ρreduced r1. interact_term.

R2 T.
C r1.

 

Function µ2_polymer evaluates the chemical potential of carbon dioxide given 

the pressure (MPa), temperature (K), weight fraction of VF2 dissolved in the polymer 
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phase (m1), weight fraction of CO2 dissolved in the polymer phase (m2), and the 

binary interaction parameters. 

µ2_polymer P T, m1, m2, ζ 12, ζ 13, ζ 23, φ1

m1

ρ1star

m2

ρ2star

m1

ρ1star

1 m1 m2( )

ρ3star

φ2

m2

ρ2star

m2

ρ2star

m1

ρ1star

1 m1 m2( )

ρ3star

φ3 1 φ1 φ2

r
1

φ1

r1

φ2

r2

φ3

r3

ε12star ζ 12 ε1star ε2star..

ε13star ζ 13 ε1star ε3star..

ε23star ζ 23 ε2star ε3star..

χ 12 ε1star ε2star 2 ε12star.

χ 13 ε1star ε3star 2 ε13star.

χ 23 ε2star ε3star 2 ε23star.

interact_term φ1 χ 12
. φ3 χ 23

. φ1 φ2. χ 12
. φ1 φ3. χ 13

. φ2 φ3. χ 23
.

P2reduced
P

P2star

T2reduced
T

T2star

ρreduced ρr_polymer P T, m1, m2, ζ 12, ζ 13, ζ 23,

C
ρreduced

T2reduced

P2reduced

T2reduced ρreduced.
1 ρreduced( )

ln 1 ρreduced( )

ρreduced
. ln ρreduced( )

r2

ln φ2( ) 1 r2

r

ρreduced r2. interact_term.

R2 T.
C r2.

 

Function ρstar_p determines the characteristic density of the mixture, given 

the weight fraction of VF2 and CO2 in the polymer phase. 

ρstar_p m1 m2,( )
1

m1

ρ1star

m2

ρ2star

1 m1 m2( )

ρ3star  
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C.3.4.4 File – 3 SL EOS LevenbergMarquardt 

This file references the previous three files for the constants, parameters, and 

chemical potential equations. 

 

Reference:C:\Documents and Settings\user\My Documents\Modeling\3 SL EOS constants.mcd  

Reference:C:\Documents and Settings\user\My Documents\Modeling\3 SL EOS fluid phase.mcd  

Reference:C:\Documents and Settings\user\My Documents\Modeling\3 SL EOS polymer phase.mcd  

 

Guess values are input for the unknown composition of the polymer phase 

 

m1p 0.01 m2p 0.001  

 

The solve block for the Levenberg-Marquardt algorithm is set up to equate the 

chemical potential equations and solve for the polymer phase composition, given the 

fluid phase composition at equilibrium. 

Given

µ1_polymer P T, m1p, m2p, ζ 12, ζ 13, ζ 23, µ1_fluid P T, m1f, ζ 12,

µ2_polymer P T, m1p, m2p, ζ 12, ζ 13, ζ 23, µ2_fluid P T, m1f, ζ 12,

Answer P T, m1f,( ) Minerr m1p m2p,( )  

 

Functions m1p and m2p solve for the composition of VF2 and CO2 in the 

polymer phase, respectively, using the solve block. 
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m1p P T, m1f,( ) Answer P T, m1f,( )0

m2p P T, m1f,( ) Answer P T, m1f,( )1  

 

Function Kc_value calculates the partition coefficient of VF2 between the fluid 

and polymer phases given the pressure (MPa), temperature (K), and the weight 

fraction of VF2 in the fluid phase. 

 

Kc_value P T, m1f,( ) m1p P T, m1f,( )
m1f

ρr_polymer P T, m1p P T, m1f,( ), m2p P T, m1f,( ), ζ 12, ζ 13, ζ 23, ρstar_p m1p P T, m1f,( ) m2p P T, m1f,( ),( ).

ρ_mixture P T, m1f, ζ 12,
.

 

 

Functions ConcVF2_II and ConcVF2_I calculate the concentration of VF2 in 

the polymer and fluid phases, respectively, given the pressure (MPa), temperature 

(K), and the weight fraction of VF2 in the fluid phase. 

ConcVF2_II P T, m1f,( ) m1p P T, m1f,( )
M1

ρr_polymer P T, m1p P T, m1f,( ), m2p P T, m1f,( ), ζ 12, ζ 13, ζ 23, ρstar_p m1p P T, m1f,( ) m2p P T, m1f,( ),( )..

ConcVF2_I P T, m1f,( ) m1f
M1

ρ_mixture P T, m1f, ζ 12,.

 

C.3.4.5 File – 3 SL EOS LevenbergMarquardt FLASH 

This file references the previous three files for the constants, parameters, and 

chemical potential equations. 

 

Reference:C:\Documents and Settings\user\My Documents\Modeling\3 SL EOS constants.mcd  
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Reference:C:\Documents and Settings\user\My Documents\Modeling\3 SL EOS fluid phase.mcd  

Reference:C:\Documents and Settings\user\My Documents\Modeling\3 SL EOS polymer phase.mcd  

 

The weight fraction of VF2 and CO2 in the feed is defined. 

m1i 0.1636 m2i 0.79886 

Guess values are input for the unknown weight fractions of VF2 (m1p) and 

CO2 (m2p) in the polymer phase, the weight fraction of VF2 (m1f) in the fluid phase, 

and the fraction of the fluid phase that remins in the fluid phase at equilibrium (ψ). 

 

m1p 0.001 m2p 0.001

ψ 0.9 m1f 0.1  

 

The interaction parameters are redefined as A, B, and C to simplify their use 

in the calculations. 

ζ 13 0.88 ζ 23 1.012 ζ 12 1.009

A ζ 13 B ζ 23 C ζ 12  

 

The solve block for the Levenberg-Marquardt algorithm is set up to equate the 

chemical potential equations, perform a mass balance on the system, and solve for 

the polymer phase composition, given an initial feed composition. 
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Given

µ1_polymer P T, m1p, m2p, C, A, B,( ) µ1_fluid P T, m1f, C,( )

µ2_polymer P T, m1p, m2p, C, A, B,( ) µ2_fluid P T, m1f, C,( )

1 ψ( ) m1p. ψ m1f. m1i 0

1 ψ( ) m2p. ψ 1 m1f( ). m2i 0

Answer P T, m1i, m2i, A,( ) Minerr m1p m2p, m1f, ψ,( )  

 

Functions m1p, m2p, and m1f solve for the composition of VF2 and CO2 in 

the polymer phase and the composition of VF2 in the fluid phase, respectively, using 

the solve block. 

 

m1p P T, m1i, m2i, A,( ) Answer P T, m1i, m2i, A,( )0

m2p P T, m1i, m2i, A,( ) Answer P T, m1i, m2i, A,( )1

m1f P T, m1i, m2i, A,( ) Answer P T, m1i, m2i, A,( )2  

 

Function Yaxis calculates the mg sorbed per gram polymer, as reported by 

the sorption experiments. 

Yaxis P A,( ) m1p P 348.15, m1i, m2i, A,( ) m2p P 348.15, m1i, m2i, A,( )
1 m1p P 348.15, m1i, m2i, A,( ) m2p P 348.15, m1i, m2i, A,( )

1000.
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Function Kc_value calculates the partition coefficient of VF2 between the fluid 

and polymer phases given the pressure (MPa), temperature (K), and the weight 

fraction of VF2 and CO2 in the feed. 

 

Kc_value P T, m1i, m2i,( ) m1p P T, m1i, m2i, A,( )
m1f P T, m1i, m2i, A,( )

ρr_polymer P T, m1p P T, m1i, m2i, A,( ), m2p P T, m1i, m2i, A,( ), ζ 12, ζ 13, ζ 23, ρstar_p m1p P T, m1i, m2i, A,( ) m2p P T, m1i, m2i, A,( ),( ).

ρ_mixture P T, m1f P T, m1i, m2i, A,( ), C,( )
.

 

 

Functions ConcVF2_II and ConcVF2_I calculate the concentration of VF2 in 

the polymer and fluid phases, respectively, given the pressure (MPa), temperature 

(K), and the weight fraction of VF2 and CO2 in the feed. 

ConcVF2_II P T, m1i, m2i,( ) m1p P T, m1i, m2i, A,( )
M1

ρr_polymer P T, m1p P T, m1i, m2i, A,( ), m2p P T, m1i, m2i, A,( ), ζ 12, ζ 13, ζ 23, ρstar_p m1p P T, m1i, m2i, A,( ) m2p P T, m1i, m2i, A,( ),( )..
 

ConcVF2_I P T, m1i, m2i,( ) m1f P T, m1i, m2i, A,( )
M1

ρ_mixture P T, m1f P T, m1i, m2i, A,( ), C,( ).
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