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Abstract The solubility of carbon dioxide (CO;) in poly(acrylic acid) (PAA) at supercritical conditions
was predicted using the Sanchez-Lacombe equation of state. The characteristic parameters of PAA were
determined by fitting density data for the polymer above the glass transition temperature (T,). The
characteristic parameters of CO, were determined by fitting high-pressure pure component density data,
and were compared with previously-determined values. The binary interaction parameter for the
CO,/PAA system was determined by fitting the measured sorption of CO, in PAA. The resulting model
permits the solubility of CO, in PAA to be calculated at any set of conditions, which, in turn, allows
Chow’s Equation to be used to calculate the glass transition temperature. The predicted T,s agree very
well with measured values over a range of pressure from about 5 to 20 MPa of CO,.
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Introduction

Carbon dioxide, especially supercritical CO, (scCO,), has been evaluated as an alternative to many
organic chemicals that are used in synthesis and processing of polymers. The low cost, tunable
properties, and environmentally-benign nature of scCO, have led to its use as a medium for polymer
synthesis [1-4], for polymer precipitation by expansion from supercritical solutions [5-7], for
polymerization reactions within CO,-swollen polymers [8-11], for separations and fractionations [12], for
impregnation of solutes into polymer matrices [13-15], for particle formation [16-18], for foaming
[19-22], and for polymer blending [23-27]. Superecritical fluid technology has made tremendous strides
in the past decade in terms of both commercial application [28, 29] and fundamental understanding of
polymer/CQO, interactions.

Many of the applications referenced above take advantage of the ability of CO, to penetrate into the space
between polymer chains, and alter the chain mobility and free volume characteristics of the polymer
matrix. Such variations in the microenvironment can be detected and evaluated by measurable physical
properties, including CO, solubility, volumetric expansion, glass-transition temperature, viscosity, and
interfacial tension. For example, high-pressure CO, can plasticize amorphous polymers, and
consequently, depress their glass transition temperature, T,, dramatically[30-37]. The reduction of T, is
due primarily to intermolecular interactions between CO, and the polymer.

A number of models have been established to describe fluid-polymer equilibrium. The review
by Kirby and McHugh[38] provides a comprehensive discussion of the thermodynamic behavior of
polymer-CO, systems. The Sanchez-Lacombe equation of state (SL-EOS) is probably the most widely
used model to describe CO,; solubility in various polymer systems [39-48]. In the SL-EOS, there are 4

characteristic parameters for each pure component: the characteristic temperature, T", the characteristic
pressure, P*, and the characteristic density, p*, and the number of lattice sites, I, occupied by a
molecule.  As described in more detail below, these parameters may be determined from
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pure-component experimental PVT data [44]. Characteristic parameters for CO, have been determined
by a number of investigators, e.g., [43, 44, 46, 47].

Interest in understanding the behavior of precipitation polymerizations has been stimulated by use
of supercritical CO, as a polymerization medium [4, 49, 50]. Liu and co-workers studied the
precipitation polymerization of acrylic acid in scCO; to form poly(acrylic acid) (PAA) [4, 51-53]. Three
different types of polymer morphology, and different particle sizes, were obtained, depending on whether
the reaction temperature was below, close to, or above the glass transition temperature of the CO,-PAA
mixture. Particle size is a critical factor in many commercial applications of PAA, which include
dispersants, thickeners, flocculants, and superabsorbent polymers. The authors [4] suggested that
polymer morphology and particle size might be controlled through manipulation of the polymerization
conditions, so as to adjust the relationship between T, and the polymerization conditions. This idea, in
turn, creates the need for a means to quantitatively describe the relationship between T,, reaction
temperature, and CO, pressure.

This paper deals with the solubility of CO, in PAA at supercritical conditions, and with the effect
of the dissolved CO, on the T, of the PAA/CO, mixture. The approach was as follows: (1) the
characteristic parameters of CO, in the SL-EOS were determined over a wide range of temperature and
pressure in the supercritical region by fitting PVT data for pure CO,; (2) the characteristic parameters for
PAA in the SL-EOS were determined by fitting PVT data for pure PAA, which has not been reported in
the literature; (3) the binary interaction parameter for CO, and PAA was determined by fitting
experimental data for the solubility of CO, in PAA; (4) the solubility of CO, in PAA was predicted at
chosen conditions using the SL-EOS for the CO,/PAA mixture, and; (5) the depression of T, for
CO,-PAA mixtures was predicted from the calculated solubilities and compared to the experimental
data[4].

Theory

As noted earlier, Sanchez and Lacombe have formulated a lattice fluid equation of state for pure

fluids [47, 48] and their solutions[54]. The S-L EOS for a pure component is given by:

P+P+T(In(1-p)+(1-1/r)p)=0 (1)
Here, T , P , and p are the reduced temperature, pressure, and density, defined as
T=T/T, P=P/P",and p=p/p . The three parameters T*, P*, and p* can be determined from

experimental PVT data and the equation of the pure components. The parameter, I, is the number of
lattice sites occupied by a molecule, which is related to the other three parameters and the molecular

weight M of the pure component by #=MP" /RT p [55].
For polymers, I — o, and l/ I - 0. For a mixture of a polymer and a penetrant, the characteristic
parameters can be calculated from those for the pure components

r,=é/n+d/r,=¢/n (2)

where ¢ is the volume fraction of component i in the mixture, the subscript i=1 corresponds to the
penetratant, i=2 to the polymer, and i=m to the mixture. The n, the SL-EOS for the mixture is:

P’ +B,+T,(n(1-5,)+ (1~(¢ /1))5,) =0 3)
In eqn(3)., the value of Pm* may be determined from the pure component parameters by
R; = ¢1P1* + 4P, ; - ¢1¢2AP;:1 (4)
AR, =R +P, -2R; (5)
P, =yyP'P, (©)

In Eqn.(6), w is the binary interaction parameter, which is a measure of deviation of the mixture
characteristic pressure from the geometric mean of the pure component characteristic pressures. The
binary interaction parameter is commonly assumed to be unity when components are non-polar[43].



The value of the mixture characteristic temperature, Tp, , is given by:
T; = Pr: (¢, Pl* /Tl* +¢, Pz* /Tz*) (7
In order to determine the amount of penetrant sorbed into the polymer, the chemical potential of

the penetrant in the pure phase is set equal to the chemical potential of the penetrant in the
penetrant-polymer mixture.

Hip = Hip ®)
This equality is based on the assumption that there is no polymer in the fluid phase. This assumption is

generally valid except for certain fluoropolymers and silane polymers.
The chemical potential of penetrant in the pure phase is:

th, =RTG(= 51T, + B UT3) + (- p)In- 3)/ 5 +In 3, /1,) ©)
and that in the penetrant-polymer mixture is,
Ham =RT (g, + s + (5o (M, / )77 +61=Pn /Ty B 1T B) + (1= o) I = By By + 05 /T 0
where, p, is given by eqn.(3). The parameter y is defined as
y=AP |RT (11)
The weight fraction of penetrant, @,, and the close-packed volume fraction of penetrant, ¢, in
the mixture, have the following relationship

o, = ¢ [($ +.(ps/ P) (12)
The solubility of a penetrant, e.g. CO,, in a polymer can be measured through QCM[4].
If experimental solubility data is available, and if the characteristic parameters of the penetrant
and polymer are specified, the binary interaction parameter i can be determined by minimizing the
objective function:

N M
S= 2 (thpy — Himy)’ (13)

j=1
where Ny is the number of data points available. Then, the solubility of CO, in PAA over a wide range of
temperature and pressure can be predicted through S-L EOS, and the depression of Tg of PAA can be
predicted through Chow’s equation[65].
Results and Discussion
Determination of Characteristic Parameters for CO,

Kiszka et al [45] have suggested that the characteristic parameters for a fluid could be determined
by fitting PVT data in the pressure and temperature range where predictions are desired. Table 1 is a brief
summary of previously-determined characteristic parameters for CO,, along with the ranges of
temperature and pressure covered by the data from which these parameters were determined.

Table 1: Literature values of the characteristic parameters for CO,

Ref. T,/ K P ,atm o, g/en’ r T,C P,atm

[43] 316 4126 1.369 5.11 35 5-70
[44] 283 6510 1.62 7.6 25 1-70
[45] 305 5670 1.510 6.60 3568  1-250
[46] 280 7101 1.6177 840 -56.6-31 0.51-73

The values of the parameters in Table 1 are quite different, possibly because of the different
regions of temperature and pressure that were covered, and possibly because of different strategies for
calculating the parameters from experimental data.

In this study of the CO,/PAA equilibrium, the temperature range of interest is 45 to 95°C and the
pressure range is 130 to 285 atm [4]. This region extends well beyond those covered by the studies in
Table 1. Therefore, a re-evaluation of the characteristic parameters for CO, was necessary.

The characteristic parameters of CO, were obtained in this research by fitting the SL—-EOS to



PVT data for CO, in the range of T from 45 to 95°C, and in the range of P from 130 to 285 atm. The
objective function minimized was:

NM
S, =2 (Prexp. — Prmodj) (14)

j=1
Here, Ny is the total number of data points, p, . ; is the experimental value of the CO, density at

temperature T and pressure Pj,; o, 4 ; 18 the value of the CO, density at temperature Tj and pressure P;,

as calculated from the SL-EOS for pure CO,, Eqn.(1), given values of the parameters Tl* Pl* , pl* , and
ri.
Final values of the characteristic parameters, Tl* Pl* , pl* , and ry, determined by this method

are shown in Table 2. The experimental data was obtained from NIST [56].
Table 2: Characteristic parameters of CO, obtained by
non-linear regression of NIST [51] data
(P=130 to 280 atm; T=45 to 95°C)

* E3

T, .K P, atm ,01* , glem’ n
327 4476 1.46 5.19

Figure 1 shows a comparison of the calculated and experimental PVT data for CO,. Visually,
the experimental data agree well with the calculated values. The standard variation of density is:

o,= ,/sp /(N,, —1) =5.25x107 g/em’

This value, a measure of the agreement between the NIST data and the density predicted by the SL-EOS,
is quite small compared to the actual densities of CO, in the experimental region of this study.
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Figure 1 Density of CO, versus CO, pressure at different  range of temperature and pressure. Symbols: density
temperatures. ~ Symbols: density values from NIST valyes from NIST [56]. Lines: densities calculated
[56]. Lines: densities calculated from the SL-EOS  from the SL-EOS using the characteristic parameters in
using the characteristic parameters in Table 2. Table 2.

In order to check whether the characteristic parameters in Table 2 can be used over a wider range
of temperature and pressure, the density of CO, was calculated using these parameters, over a range of
temperature from 50 to 120°C, and a pressure range from 3.4 atm to 340 atm. Figure 2 is a comparison of
the NIST data with calculations using the SL-EOS with the characteristic parameters given in Table 2.
The calculated densities over the wider range of conditions agree well with the NIST data.

Evaluation of Characteristic Parameters for PAA

Characteristic parameters for PAA have not been reported previously. The parameters used in
this paper were determined by fitting the SL-EOS to experimental data for PAA above the glass transition
temperature. Zoller and Walsh[58] have reported experimental PVT data for PAA in the temperature
range from 23.4 to 224.3°C and in the pressure range from 0 to 200 MPa for intervals of 20MPa. The
most relevant pressure range for the present study is 6.5 to 28MPa, making it difficult to use the data



directly. Therefore, the Tait equation[59, 60] was fit to the data, and was used to interpolate with respect
to temperature and pressure.

Different forms of the Tait equation have been used to represent the PVT behavior for a number
of liquids, including polymeric liquids [59, 61-63]. The equation used here is:

P,/ p=1-cln{l+ P /(b exp(-b,T))} (15)

In eqn.(15), p is the density at pressure P and temperature T; p; is the density at P=1 bar and the same
temperature (T); and c, b; and b, are constants. These constants were determined for PAA in the region
above T, by non-linear regression of the data of Zoller and Walsh. The resulting values are shown in
Table 3.

Figure 3 shows the fit of the Tait equation to the experimental data for PAA above T,. The PAA
densities calculated from the Tait equation fit the experimental data quite well.

The “data” that is required to determine the characteristic parameters for PAA in the pressure
range from 6.5 to 30.0MPa was calculated from Eqn.(15). Then, the characteristic parameters in the
SL-EOS were obtained by non-linear regression. Table 4 gives the final values of the characteristic
parameters for pure PAA above T,.

Table 3: Parameters for PAA in the Tait equation (T >T,) Table 4 Characteristic parameters in the SL-EOS
T, °C P,MPa ¢ (x10%) B;(x107), b, for pure PAA above T,
bars (x10°).K" Tz* K Pz* ,atm pz* ,g/cm’
24.3-2243 0-200  7.1138 7.1132 2.7284 859 9250 1.483

Figure 4 shows a comparison of the PAA densities calculated from the SL-EOS using these
parameters with the “experimental” data from the Tait equation. The densities calculated from the
SL-EOS match the “experimental” data quite well. In subsequent calculations, the average values of

Tz* , Pz* , and pz* shown in Table 4 have been used.
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Figure 3 Fit of the Tait equation to density data  Figure 4 Comparison of calculated PAA density with the
for PAA above T,. “experimental” PAA density. Symbol: “experimental” density

from the Tait equation. Line: calculated density from SL-EOS
using the characteristic parameters in Table 6.
The binary interaction parameter for the CO,/PAA mixture

The value of y for CO,-PAA mixtures was obtained by fitting experimental data for the solubility
of CO, in PAA. The experimental solubility data of CO, in PAA were obtained from T. Liu et al.[4].
Twenty data points were available.

The optimal value of the binary interaction parameter,y, was determined to be 1.0299, slightly
larger than 1. Condo et al. [64] have shown that the binary interaction parameter has a major influence
on the solubility of the penetrant in the polymer, and sequentially, on the variation of T, with penetrant
pressure. Figure 5 shows the experimental and calculated solubilities of CO, in PAA over the temperature
range from 50 to 90 °C and the pressure range from 68 to 272 atm. The calculated and experimental
solubilities agree reasonably well.

Figure 6 shows the relationship of the objective function, S, and the binary mixing parameter, .



A small change of the value of i leads to a large change of s in equ(13). In order to investigate how the
predicted solubility of CO, in PAA changes with the value of y, the solubility of CO, in PAA was
calculated at different assumed values of y, except for 1.0299. Figure 7 shows the results. The solubility
of CO, in PAA is very sensitive to the values of binary interaction parameter, and increases significantly
as v is increased, as noted by Condo et al. [64]. Clearly, an accurate value of  is necessary to predict
the solubility correctly.
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Figure 5 Experimental and calculated solubility of CO,
in PAA. (y=1.0299. Points are experimental data[4];
lines are calculations using the SL-EOS)

Predictions of the solubility of CO, in PAA
The solubility of CO, in “rubbery” PAA can be calculated using the characteristic parameters of

Figure 6 The objective function S versus the binary
interaction parameter, i

CO,: Tl*,F’l*, pl*, and r,, the characteristic parameters of PAA: T;, P;, and p;, and the binary

interaction parameter of CO, and PAA, y. The solubility of CO, in PAA was calculated by using the
model over an extended temperature and pressure range, from 60 to 150 °C and 3.4 to 340 atm. The
reported T, of pure PAA is about 120.9°C[4]. Strictly speaking, the characteristic parameters for PAA
in Table 4 are not valid below this temperature, since these parameters were determined from data in the
rubbery region. Nevertheless, the solubility calculations have been extended to temperatures below
120.9°C to allow for the reduction of T, by dissolved CO..

Figure 8 shows the predicted isothermal solubility of CO, in PAA versus pressure. Below the
critical pressure of CO,, i.e., when the fluid phase is a gas, the predicted volume fraction of CO; in the
polymer (¢) increases rapidly with pressure and is relatively linear in pressure. Above the critical
pressure, ¢ still increases with pressure, but the slope of the curve is lower. There is no suggestion of
an asymptote in ¢, with increasing pressure at any of the temperatures investigated.

As temperature increases, the volume fraction of CO, decreases at any given pressure, as
expected. Chow[65] has proposed a means to calculate the depression of T, due to a dissolved component
as follows

ln(Tg,mix /Tg,o) =pf[0Ind+(1-0)In(1-0)] (16)

where,
6=M,/(zM o, /(1-»,) 17)
= ZR/(MUACpp) (18)

In Eqns.(16), (17) and (18), Tymix 1s the glass-transition temperature of the polymer containing a
weight fraction, @, of the penetrant; T,o is the glass-transition temperature of the pure polymer; M, is
the molar mass of the polymer repeat unit; My is the molar mass of the penetrant; R is the gas constant;
AC,, is the excess transition isobaric specific heat of the pure polymer, and; z is the lattice coordination
number, which can be either 1 or 2. For polymers with small repeat units, such as polystyrene and
poly(methyl methacrylate), z =1 gives the best fit of the experimental results. For polymers with larger
repeat units, such as polycarbonate and poly(ethylene terephthalate), z = 2 usually gives a better



description of the data[34, 36, 66-68]. Liu et al.[4] reported that Chow’s equation agreed well with the
experimental data when: z = 1; T, =120.9°C; and; AC,,=0.4J/(g °C).
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Figure 7 The effect of errors in y on the solubility of Figure 8 Predicted solubility of CO, in PAA at various
CO, in PAA ( T =60 °C). temperatures and pressures

The glass-transition temperature of the CO,-PAA mixture was calculated using eqn.(16). The
results are shown in Figure 9. The calculations were performed by choosing a temperature and CO,
pressure, calculating ¢, at these conditions, as described in the previous section, and then calculating @,
from Eqn.(12). Two of the temperatures shown in Figure 9 (60 and 90°C) are well below the
glass-transition temperature of the pure polymer. The polymer is glassy at these conditions if no CO; is
dissolved in it. Therefore, the calculations of @, and T, at these conditions are approximate, since the
characteristic parameters for PAA were derived from data in the rubbery region. However, as the CO,
pressure is increased, the predicted value of T, decreases. At 90 °C and a CO, pressure of about 80 atm,
the value of T, has decreased to 90 °C. Above this CO, pressure, the polymer is rubbery if the
temperature is 90°C.

At 60°C and a CO, pressure of 340 atm, the predicted glass-transition temperature of the polymer
has dropped to about 65 °C. However, the polymer remained “glassy” over this whole range of pressure.
Therefore, the predicted glass-transition temperatures are approximate at this temperature, over the range
of pressure considered.

Another presentation of the effect of CO, pressure on the glass-transition temperature is shown in
Figure 10. The lines labeled with temperatures are the isopleths of Tymix. On one of these lines, the
solubility, ¢, and therefore the glass transition temperature, T, mix, are constant, i.e., at any point on an

isopleth, the temperature and pressure are such that the CO, solubility remains unchanged.

The circular symbols on the isopleths mark the points where the temperature and T, are equal.
These points define the boundary between the rubbery and glassy regions, as shown in Figure 10.
Experimental values of T, mix[4] also are shown in the figure. The experimental data agree well with the
predicted values.

Condo et al.[64] and Kikic et al. [69] defined four types of glass-transition behavior for
CO,-polymer mixtures, depending on the value of the binary interaction parameter, . With increasing
w, the glass-transition behavior type changes from Type I through Types II and III to Type IV. With
Type I behavior, there is a minimum in the T, versus pressure curve. Under certain conditions, two glass
transitions can be observed as the pressure is reduced at constant temperature. This behavior is relevant
to the PAA/CO, system, since T, was measured by decreasing the pressure isothermally [4]. Note also
that Chow’s equation predicts that T, will go through a minimum at = 0.50, which corresponds to o, =
0.23 for PAA.

Calculations with the solubility model developed in the previous section show that the T,
minimum occurs at CO, pressures in excess of 1500atm. for PAA, which is showed in figure 11. The
initial pressure for the experiments of Reference 4 was about 100 atm. This is in the rubbery region for
all of the temperatures that were studied experimentally. Therefore, only one T, would be observed in
the type of experiment that was conducted.
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Conclusions
The Sanchez-Lacombe equation of state

-0 predicted T
A LiuT.'s experimental Tw“
80°C 75°C

0

70C

0

~®6s5'C

0,

60C

-40 T
0 50

100 150 200 250 300 330 400

P.,atm
Figure 10 Theoretical glass transition temperature
isopleths. The solid lines are the T,y isopleths of the
CO,-PAA mixture. The dashed line with hollow round
points is the locus of predicted T, mix values with a PAA
normal Ty =120.9°C. The triangular points are the

(SL-EOS) was demonstrated to be a robust
thermodynamic model for describing the CO,-PAA
120+ system at supercritical conditions. The characteristicparameters
of CO; in the SL-EOS were determined over a wide range of
temperature and pressure in the supercritical region by fitting
density data from NIST. The characteristic parameters for
PAA, above the glass-transition temperature and over a wide
range of pressure, were determined by fitting
previously-measured  densities. The Dbinary interaction
parameter in the SL-EOS was determined by fitting data for the
sorption of CO, in PAA. The CO, solubility in PAA is very
sensitive to the value of the binary interaction parameter.
The resulting model permitted the major
thermodynamic properties of CO,-PAA mixtures, namely the
CO; solubility and the scCO,-induced polymer swelling to be

experimental T,mix values from [4]. The binary
interaction parameter is 1.0299.
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Figure 11 Type 1 Tg of PAA versus
pressure behavior

predicted. Chow’s Equation then could be used to predict the dependence of the glass-transition
temperature of PAA on theCO, pressure. These predictions agreed with measured values of T,. The T,
of CO,-PAA mixtures is predicted to decrease from 121 °C to 65 °C as the CO, pressure is increased from
0to 35 MPa. The glass-transition temperature is predicted to exhibit Type I behavior.

The characteristic parameters for CO,, determined here by fitting high-pressure density data, were
compared with four other published sets of characteristic parameters, determined from lower-pressure
data. The previously-determined parameters did not lead to accurate predictions of CO, behavior at the
higher temperatures and pressures considered here. However, the new characteristic parameters were
able to describe the properties of CO, at lower temperatures and pressures about as well as the existing
parameters.
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	Abstract  The solubility of carbon dioxide (CO2) in poly(acrylic acid) (PAA) at supercritical conditions was predicted using the Sanchez-Lacombe equation of state.  The characteristic parameters of PAA were determined by fitting density data for the polymer above the glass transition temperature (Tg).  The characteristic parameters of CO2 were determined by fitting high-pressure pure component density data, and were compared with previously-determined values.  The binary interaction parameter for the CO2/PAA system was determined by fitting the measured sorption of CO2 in PAA.  The resulting model permits the solubility of CO2 in PAA to be calculated at any set of conditions, which, in turn, allows Chow’s Equation to be used to calculate the glass transition temperature.  The predicted Tgs agree very well with measured values over a range of pressure from about 5 to 20 MPa of CO2.

