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Phase equilibrium data of CO, + molten polymer sys-
tems are of great relevance for chemical engineers
because these are necessary for the optimal design of
polymer final-treatment processes. This kind of proc-
esses needs information about gas solubilities in poly-
mers at several temperatures and pressures. In this
work, CO, solubilities in molten polymers were mod-
eled by the perturbed chain-statistical associating fluid
theory (PC-SAFT) equation of state (EoS). For compari-
son, the solubilities were also calculated by the lattice
gas theory (LGT) EoS, and by the well-known Peng-
Robinson (PR) cubic EoS. To adjust the interactions
between segments of mixtures, there were used classi-
cal mixing rules, with one adjustable temperature-de-
pendent binary parameter for the PC-SAFT and PR
EoS, and two adjustable binary parameters for the LGT
EoS. The results were compared with experimental
data obtained from literature. The results in terms of
solubility pressure deviations indicate that the vapor-
liquid behavior for CO, + polymer systems is better
predicted by the PC-SAFT model than by LGT and PR
models. POLYM. ENG. SCI., 48:1157-1167, 2008. © 2008 Soci-
ety of Plastics Engineers

INTRODUCTION

Solubilities of gases in molten polymers are of consid-
erable importance in chemical engineering. Such data are
of interest especially for the optimal design in polymer
finishing processes, for instance, where the molten poly-
mer is blanketed with inert gas; in certain specialized
operations such as foam extrusion and fluidized-bed coat-
ings; in the manufacture of polyvinyl chloride, etc.; and
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also when unreacted monomers exist in the polymeriza-
tion products that are harmful to the environment and
therefore devolatilization process is needed to remove
them. All these processes need information about gas sol-
ubilities in polymers at various temperatures and pressures
[1, 2]. To find the conditions met in the process design
and operations, molecular thermodynamic models, such as
equations of state, can be used to describe the gas—liquid
equilibria [3].

In this work, two theoretically based equations of state:
the perturbed chain-statistical associating fluid theory
(PC-SAFT) EoS [4, 5] and the lattice gas theory (LGT)
EoS [6, 7] and the well-known cubic PR EoS [8] are used
to correlate gas solubilities in molten polymers. Classical
mixing rules with one adjustable binary parameter, x;;, for
the PC-SAFT and PR EoS, and two adjustable binary pa-
rameters, uy °/R and B™?, for the LGT EoS, are used to
measure the interactions between the segments of the
mixtures. Satisfactory results have been obtained for PC-
SAFT and LGT when compared with experimental data
obtained from literature [1, 3, 9] and with those obtained
by Peng et al. [2], who used their own equation of state.

THERMODYNAMIC MODELS

PC-SAFT EoS

The PC-SAFT EoS [4, 5] is based on a reference hard-
sphere chain term and a perturbation contribution term,

gres = &'hg + apert (1)

where @ = A/NkT, and k is the Boltzmann constant. The
hard-chain contribution [10, 11] is based on the first-order
thermodynamic perturbation theory [12—14]:
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where m is the segment number, x is the mole fraction
and g?}s is the radial pair distribution function which takes
in account the interactions between molecules i and j,
being defined as:
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and m is the arithmetic average of the segment number,
calculated as:
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The hard-sphere contribution, ahs, depends on the aux-
iliary variable &, (k = 0...3) and ¢ depends on tempera-
ture-dependent segment number, d, and the total number
density of molecules, p; thus:
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where d; is calculated as
di = o;[1 —0.12 - exp(—3¢;/kT)) 6)

The perturbation contribution [15] is predicted from
the first (a;) and second-order (a;) perturbation terms:
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where a; and @, depend on the total number density of
molecules, p, the average of the segment number, 77, and
the reduced density, 7, and are expressed by classical van
der Waals one-fluid mixing rules, represented as:
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In the equations above, Z" is the hard-chain compres-
sibility factor, whereas the constants a;; and b;, were fit-
ted with thermophysical properties of pure n-alkanes [5].
Conventional combining rules are used to determine the
Cross parameters:

—_—

O',‘j = (O',' + OCj) 8,’j = 818j(1 — K,'j) (13)

2
where i;; is the parameter that regards the interactions

between molecules i and j and m, ¢ and ¢ are the PC-
SAFT pure-component parameters of each molecule.

LGT EoS

The equation of state used in this work was developed
by Mattedi et al. [6, 7], and is based on the generalized
van der Waals theory. It combines the Staverman-Gug-
genheim combinatorial term with an attractive lattice gas
expression. A given fluid of volume V is represented by a
lattice of coordination number Zc- (usually taken as 10)
containing M cells of fixed volume V*. Expressed as
group contributions, the LGT EoS is given by:

z = mn[ﬁﬁ J 4 chﬁrln[ﬁ‘“;(‘l/r)]
V—VT-E/’q/r ZZ Q" ~_1+(q/),) (14)
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where Z is the compressibility factor, v{ is the number of
groups of type a in a molecule of type i, Q“ is the area pa-
rameter of group @, and ¥ is an universal constant, taken as
1. The average number of segments occupied by a molecule
in the lattice, r, the average number of close neighbors, ¢,
and the reduced volume, v, are calculated by:

= Zv?Ra and r = inr,- (15)
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where R“ and V“ are the group-contribution parameters for
the number of segments and hard-core volume, respec-
tively; v* is the parameter for the molar hard-core volume
for a group of type a, and v* is the cell molar volume, taken
as 5.00 cm3/mol. There are also other definitions:
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where ©™ is the interaction energy between groups m and
a. The fugacity coefficient for the model is:
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As suggested by Chen and Kreglewski [16], u™ is rep-
resented by:

un‘l(l ugza B"‘lll
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Thus, the EoS has four parameters for each group (v“,
0° ui’/R and B““) and two parameters for interactions
between different groups (uy'“/R and B™”). Because the
influence of the temperature on the hard-core volume for
several groups is quite low, a dependence function on
temperature was not used for this parameter.

Peng-Robinson EoS

The Peng-Robinson (PR) EoS [8] can be written with
the following form:

RT a
P=v=p " wvventev-rp

The PR EoS parameters (a and b) are calculated with
the following mixing rules:
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The cross term, a;;, is

ij>
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where k;; is an adjustable parameter. The pure component
parameters (a; and b;) are calculated from pure component
critical properties:

a; = 04572(X<TR) . (RTCA’,')Z/PC,I'; bi = 00778RTC7,/PC1
(28)

where o) = [1 +m(1 — VTR)]> and parameter m are
defined in terms of acentric factor (w), as

m = 0.3746 + 1.5423 o — 0.2699 w»* (29)

In this study, because polymers do not have critical
properties, the energy and co-volume parameters of the
pure polymer for the PR EoS, a and b, respectively, are
obtained by fitting available pure liquid PVT data and
assuming that parameters a/MW and b/MW are independ-
ent of MWs [17].

THERMODYNAMIC RELATIONSHIP TO
DESCRIBE THE GAS-LIQUID EQUILIBRIA

The phase behavior for describing the gas-liquid equi-
librium for gas + polymer mixtures at a fixed temperature
can be modeled using the following equation [2]:

Pt = ¢ (30)

where x, and (Eﬁé are the solubility (mole fraction) and the
fugacity coefficient of the gas in the molten polymer,
respectively, d)ZG is the fugacity coefficient of the pure gas
at the same temperature and pressure of system.

PARAMETER FITTING

Carbon dioxide parameters were obtained by fitting
vapor pressure and molar volume pseudo experimental
data for saturated liquid from DIPPR correlation [18].
The polymer parameters were fitted using liquid volume
pseudo experimental data at different pressures, computed
with the Tait correlation [19]; for PBS and PBSA, the
PVT data were taken from [20] over a pressure range
suitable for engineering calculations. Detailed information
about parameter fitting for each equation is reported in
the following sections.

PC-SAFT EoS

The PC-SAFT pure-component parameters for the car-
bon dioxide were obtained by fitting vapor pressure and
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molar volume data for saturated liquid [18] whereas the
pure-component parameters for each polymer were
obtained by fitting the liquid PVT experimental data [19,
20] over a pressure and temperature range suitable for en-
gineering calculations using the modified maximum likeli-
hood [21, 22] to minimize the objective function

np {P;EXP _ P;:alc| np |V1 »
P7xp + E[ V;exp

exp _ | calc |
1

OF = (€29

i

The fitted characteristic parameters of each thermody-
namic model were then used to calculate the average
deviation of the specific volume,

np €Xp calc

Av ZLZ% (32)

np i vV,

where np is the pseudo-experimental data points, exp rep-
resents the volume values obtained from the Tait equation
[19, 20] and calc represents the volume values obtained
form the thermodynamic model.

The seeking method consisted of using an interval for
each parameter to optimize [23] and, in this way, the
search for the optimal pure-component parameters is per-
formed over a wide interval of feasible solutions, of
which just one satisfies the condition of the objective
function. This method was used to predict the best param-
eters for the CO, and for the molten polymers.

LGT EoS

The carbon dioxide and the monomers were considered
as groups, the co-monomer butylene succinate-co-butylene
adipate was also considered as a group. Parameters for
carbon dioxide were fitted using the Simplex as proposed
by Nelder and Mead [24] to minimize the following
objective function:

. 2
np VP;"—VP‘;"‘C) o )
N T — P calc
K ( VP Pc” —P¢
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np PP

TCXP _ Tcalc 2
+ 10 (CC> (33)
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where VP is the vapor pressure, Pc is the critical pres-
sure, and T¢ is the critical temperature. The subscripts
exp and calc mean experimental and calculated values,
whereas np refers to the number of pure vapor pressure
pseudo-experimental data points calculated with the
DIPPR correlation [18]. In Eq. 33, a large weight was
given to the deviations in critical properties, to better rep-
resent the high-pressure behavior of carbon dioxide. The
critical temperature and pressure were calculated forcing
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the EoS to obey the critical conditions, which can be rep-

resented by:
oP 62P>
— ) =|l=] =0 (34)
(60>T (@p2 T

Polymer properties were computed by group contribu-
tion from their monomers. The polymer parameters were
fitted using liquid volume pseudo experimental data at
different pressures computed with the Tait correlation
[19]; 400 points were used, evenly distributed in the tem-
perature range of the correlation and in the pressure range
from 1 bar to the higher pressure for the binary GLE data.
A specific molecular weight was used for fitting, but the
same group parameters can be used for any chain length
formed by a monomer. As molecular weight, one of the
experimental average molecular weights was used; if it
was not reported, a molecular weight of 100,000 was
used. The binary interaction parameters were fitted using
least square deviation between calculated and experimen-
tal gas-liquid equilibria pressure.

PR EoS

The energy (a) and the co-volume (b) parameters of
the pure polymer in the PR EoS are obtained by fitting
available PVT data with a single set of (a/MW) and (b/
MW) parameters for all MWs. The source of the required
PVT data is the Tait equation, with the parameter values
proposed by Rodgers [19]. These PR pure-component pa-
rameters for polymers were also obtained in a pressure
and temperature range usually used in engineering calcu-
lations by using the minimization function shown in
Eq. (31). The critical properties for CO, were taken form
DIPPR [18].

RESULTS AND DISCUSSIONS

In this work, the modeling of solubilities of CO, in
several molten polymers is studied. Solubility pressure
calculations are carried out for eleven polymers: HPDE,
LDPE, i-PP, PVAc, PS, PMMA, PBMA, PDMS, PC,
PBS, and PBSA in CO, in a range of temperature and at
relatively high pressures, using two non-cubic and one
cubic thermodynamic models, PC-SAFT, LGT, and PR
EoS. The gas-liquid equilibrium experimental data were
taken from literature, as shown in Table 1. This table also
includes number of points, temperature and pressure
ranges of the data and the adopted polymer molecular
weight.

Evaluation of EoS Parameters for Pure Compounds

Pure-component parameters and the deviations from
DIPPR correlation for carbon dioxide for each thermody-
namic model are presented in Table 2. Just for compari-
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TABLE 1. Some physical properties of CO, + polymer systems used in this work.
Binary system: CO, + np T (K) P (MPa) MW polymer References
HDPE 16 293.15-323.15 1.88-4.25 100,000 [25]
17 433.15-473.15 6.608-18.123 111,000 [26]
LDPE 5 423.15 0.655-3.365 250,000 [27]
i-PP 5 453.15 7.083-17.242 220,000 [26]
19 433.15-473.15 5.419-17.529 451,000 [26]
PVAc 49 313.2-353.2 0.294-10.100 100,000 [28]
17 313.2-323.2 0.898-8.755 100,000 [29]
31 313.15-373.15 0.199-17.449 100,000 [30]
PS 26 373.15-453.15 2.472-20.036 187,000 [31]
6 298.15 0.400-0.900 50,000 [32]
35 373.15-473.15 2.068-20.151 330,000 [30]
PMMA 77 263.15-453.15 1.520-9.120 100,000 [33]
PBMA 63 313.2-353.2 0.549-10.200 100,000 [28]
8 298.15 0.200-0.900 13,600 [32]
PDMS 26 308.00 0.271-6.282 100,000 [34]
PC 7 293.15 0.992-5.836 100,000 [35]
9 313.15-333.15 20.00—40.00 64,000 [36]
PBS 39 393.15-453.15 2.133-20.114 140,000 [37]
PBSA 37 393.15-453.15 2.079-20.127 180,000 [37]

son, the vapor pressure (VP) deviations were calculated
using the following criterium:

np CXp calc
QLIRS Sl (35)
VP  np VPP
where np represents the pseudo-experimental data points.
Vapor pressures are better predicted by the LGT EoS
(its deviation is 0.42%) than the other equations; never-
theless, the other two equations predict it accurately:
vapor pressures for CO, are correlated with deviations of
0.49% and 1.56% between DIPPR and PC-SAFT or PR,
respectively. The results for LGT and PC-SAFT EoS are
equivalent; however, the LGT equation has four parame-
ters for each pure compound, whereas PC-SAFT has only
three pure-component parameters and for the PR EoS it is
used two pure-component parameters (Tc and Pc for the
CO; and a/MW and b/MW for the polymer). Parameters

TABLE 2. CO, pure-component parameters for the LGT and PC-SAFT
EoS and critical properties for the PR EoS.

LGT EoS
v (107° m*/mol) 0 B (K)  ul“/R (K) AVP/VP (%)
22.256 37609  80.2794  —292.885 0.42

PC-SAFT EoS

m/MW (102 kg/mol) ™! o (10" m) ek (K) AVP/VP (%)
0.0482 2.7352 166.21 0.49

PR EoS
T. (K) P. (MPa) ) AVP/VP (%)
304.21 7.383 0.2236 1.56

for pure polymers and deviations from liquid PVT data
obtained with the PC-SAFT, LGT, and PR models are
presented in Tables 3-5, respectively. Liquid deviations
from Tait pseudo-experimental data were calculated in a
similar form of Eg. (32). Liquid specific volumes were
correlated by LGT with less than 0.47% deviation from
Tait values for all polymers. This was the best results
among the studied equations. However, PC-SAFT also
correlates very well the liquid specific volume, with less
than 1% deviation for all polymers, and PR EOS also sat-
isfactorily correlates it, with less than 4% deviation for all
polymers. The LGT equation is a lattice equation and cor-
relate pure polymer liquid properties better than the other
equations, because it is able to contabilize the structural
characteristics in a best way for high molecular com-
pounds.

Correlation of GLE Data

Table 6 presents the LGT, PC-SAFT and PR binary
interaction parameters and the solubility pressure devia-

TABLE 3. Polymer pure-component parameters for LGT EoS.

v Avlv
Polymer  (10® m*mol) 0 B (K)  ulRXK) (%)
HDPE 26.388 5.9511 719326  —585.115 0.028
LDPE 28.275 3.6613 430.459 —341.343  0.003
i-PP 38.334 77735  —34.7381 —728.592 0.067
PVAc 62.104 6.8088 534.043 —166.976  0.120
PS 87.004 9.2526  284.698 —284.711 0.034
PMMA 72.895 7.9554 308.326 —279.546  0.059
PBMA 99.329 21.641 888.962 —127.968  0.470
PDMS 59.942 9.8876  465.133 —262.826  0.040
PC 179.90 53.607 1109.24 —125.707  0.050
PBS 107.59 22.758 —30.4945 —644.193 0.034
PBSA 115.77 22.125 —32.7200 —676.791 0.043
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TABLE 4. Polymer pure-component parameters for PC-SAFT EoS. TABLE 5. Polymer pure-component parameters for PR EoS.

Polymer m/MW (1072 kg/mol) ™' & (10'"°m) &k (K) Av/v (%) a/MW b/MW

Polymer (10~* m® MPa/kg mol) (107 m*/mol) Avv (%)
HDPE 0.02819 4.0125 320.24 0.1879
LDPE 0.03391 3.7508 300.41 0.1704 HDPE 1.2795 1.2046 29512
i-PP 0.02453 4.2412 371.33 0.5967 LDPE 1.3698 1.1842 2.5845
PVAc 0.02991 3.5086 310.14 0.1298 i-PP 1.2875 1.2386 3.4256
PS 0.03324 3.5022 320.14 0.2845 PVAc 1.8412 0.8412 1.3341
PMMA 0.03408 3.3412 330.43 0.3542 PS 1.3052 0.9415 1.2548
PBMA 0.02616 4.0215 435.25 0.3815 PMMA 1.2647 0.8413 1.5236
PDMS 0.03252 3.5321 205.32 0.2812 PBMA 1.0215 0.9315 1.5635
PC 0.03719 3.1824 290.41 0.4215 PDMS 1.0148 0.9911 1.3841
PBS 0.05070 1.4932 411.37 0.5054 PC 1.2815 0.5318 2.0153
PBSA 0.02163 1.9911 399.36 0.9812 PBS 1.4856 0.4842 3.9845

PBSA 0.2450 1.2817 3.4815

tions obtained in modeling CO, + polymer systems. In
each case examined, the average absolute deviation in sol-
ubility pressure is reported, calculated from:

-5

where np represents of GLE experimental data points.

The PC-SAFT EoS is able to calculate satisfactorily
the gas—liquid behavior for these systems, because the
pressure deviations vary between 0.65 and 3.15%. For the
LGT EoS, the deviations vary from 3.23 to 24.74%,
whereas the deviations obtained with the PR EoS vary
between 2.16 and 11.48%. In general, when higher pres-
sures data (>15.0 MPa) are not used, a better fit is
obtained.

The following comments summarize our observations
on the obtained results. In general, the solubility of CO,
in molten polymers usually decreases with increasing

eXp Pcalc
P (36)

temperatures at constant pressure for many CO, + poly-
mer systems, as it is shown through Figs. 1-10.
Correlated results and experimental data [25, 26] for
the solubilities of CO, in molten HDPE at 433.15,
453.15, and 473.15 K are shown in Fig. 1. The isotherms
have practically the same slope and the PC-SAFT and PR
EoS are able to represent the fluid phase behavior of this
binary system, while LGT EoS shows less accuracy. On
the other hand, the fluid phase behavior of the LDPE
MW = 250,000) + CO, system was also modeled at
423.15 K using the PC-SAFT, LGT and PR EoS, and
these results were compared with experimental data [27].
Lowest pressure solubility deviations correspond to
PC-SAFT EoS (0.85%) whereas those obtained with the
PR and LGT Eos were 2.16% and 3.23%, respectively.
Figure 2 shows the comparisons between calculated
solubilities obtained by the three models and experimental
data [26] at three temperatures for the CO, + i-PP sys-
tems. These three isotherms also have almost the same

TABLE 6. Binary interaction parameters for CO, + polymer systems using LGT, PC-SAFT, and PR EoS.

LGTY PC-SAFT PR
Binary
system: CO, + MW polymer ~ BCO—»om (K)  y¢% PM™/R (K)  AP/P (%)  KCO,—polym  APIP (%)  KCO,—polym  APIP (%)
HDPE 100,000 —139.465 —706.379 24.74 0.0151 2.89 0.0186 6.15
111,000 17.30 0.0103 3.15 0.0173 7.43
LDPE 250,000 295.062 —270.102 3.23 0.0084 0.85 0.0113 2.16
i-PP 220,000 69.623 —395.007 14.12 —0.0012 1.25 0.0215 6.18
451,000 10.92 0.0008 1.38 0.0153 5.26
PVAc 100,000 115.878 —315.623 5.48 0.0035 0.89 0.0150 4.18
100,000 9.99 1.02 3.16
100,000 13.48 1.08 5.12
PS 187,000 74.823 —367.399 9.48 0.0063 0.78 0.0193 6.18
50,000 13.43 0.0028 0.89 0.0216 8.11
330,000 11.81 0.0065 0.85 0.0157 7.15
PMMA 100,000 170.621 —309.888 8.79 0.0103 0.85 0.0215 4.23
PBMA 100,000 380.242 —187.259 8.02 0.0084 0.95 —0.0099 4.83
13,600 4.67 0.0025 0.92 0.0218 3.05
PDMS 100,000 261.946 —240.547 16.95 0.0153 1.06 —0.0118 743
PC 100,000 170.590 —361.489 17.35 0.0120 1.13 0.0126 11.48
64,000 14.68 0.0138 1.05 0.0225 9.41
PBS 140,000 44.125 —397.228 3.54 0.0161 0.72 —0.0078 3.58
PBSA 180,000 60.468 —374.158 3.98 0.0183 1.25 —0.0107 6.40
Overall pressure deviations 11.16 1.21 5.87
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FIG. 1. Solubilities of CO, in molten HDPE (Experimental data were
taken from Ref. 26).

slope, and PC-SAFT is able to correlate the data with
more accuracy than LGT and PR EoS in terms of pressure
solubility deviations. These pressure solubility deviations
are 1.25% and 1.38% for PC-SAFT, 10.92% and 14.12%
for LGT, and 8.18% and 10.26% for PR.

Correlated pressure solubilities obtained with the three
thermodynamic models and the experimental data [28-30]
at 313.2, 323.2, 333.2 and 353.2 K for the of CO, +
PVAc system are shown in Fig. 3. These four isotherms
join at lower CO, mass fractions, but at higher CO, mass
fractions they seem to have the same slope. From this fig-
ure, it is clear that satisfactory results can be obtained
with only one adjustable parameter for the PC-SAFT
EoS; in the meantime, the LGT EoS obtains good accu-
racy at lower pressures, but when a pressure increased, its
accuracy decreases. The same can be applied for the PR
EoS, but with lower pressure solubility deviations than
those obtained with the LGT EoS.

0
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o
=
w 101
S
o
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FIG. 2. Solubilities of CO, in molten i-PP (Experimental data were
taken from Ref. 26).
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FIG. 3. Solubilities of CO, in molten PVAc (Experimental data were
taken from Ref. 28).

Figure 4 shows comparisons between calculated pres-
sure solubilities and experimental data [30-32] at four
temperatures for CO, + PS system. These four isotherms
have different slopes. For instance, when temperature
increases, the slope changes its inclination from horizontal
to vertical. The PC-SAFT EoS can be able to correlate
this binary system with higher accuracy than the LGT
and PR EoS (0.78% to 0.89% in pressure solubility devia-
tions for PC-SAFT against 9.48-13.4% for LGT and
6.18-8.11% for PR).

Correlated pressure solubilities of CO, in PMMA and
experimental data [33] at seven temperatures are shown
and compared in Fig. 5. From this figure, it can be
noticed that at higher temperatures, the slopes of iso-
therms become more vertical and that the three models
correlate this binary system with different accuracy. The
LGT and PR EoS are less accurate at lower temperatures,
whereas this accuracy increases at higher temperatures.

25

20 4

Lit (T=373.16K)
Lit. (T = 413.15K)
Lit (T= 45315 K)
Lit (T = 473.15K)
PC-SAFT EoS

. «LGT E0S

sueves PR EOS

Pressure (MPa)

4 F e w

T T T T T
0.00 0.02 0.04 0.08 n.og 0.10 012
Mass fraction CO,

FIG. 4. Solubilities of CO, in molten PS (experimental data were taken
from Ref. 30, 31).
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Mass fraction CO,

FIG. 5. Solubilities of CO, in molten PMMA (experimental data were
taken from Ref. 33).

The PC-SAFT EoS can correlate this system with higher
accuracy in terms of pressure solubility deviations
(0.85%), whereas the deviations obtained with the LGT
and PR EoS are 8.79% and 4.27%, respectively.

Figure 6 shows comparisons between calculated pres-
sure solubilities and experimental data [28, 32] for CO,
+ PBMA system at 313.2, 333.2, and 353.2 K. These
three isotherms join at lower CO, mass fractions and have
different slopes at higher CO, mass fractions. Relative
pressure deviations obtained for the PC-SAFT EoS are
between 0.92 and 0.95%. Deviation values between
4.67% and 8.02% were obtained for the LGT EoS,
whereas these values were between 3.05 and 4.87% for
the PR EoS.

Figure 7 compares the calculated pressure solubilities
obtained with the PC-SAFT, LGT and PR EoS with the
experimental data for CO, in PDMS at 308.0 K [34].
From this figure, PC-SAFT has a better performance than
the other two models. In terms of relative pressure devia-

12

Pressure (MPa)

s LL(T=313.2K)
+ LL(T=3332K)
& L (T=3532K)
PC-SAFT EoS

~ LGT Eo§
------ PR E0S

T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Mass fraction CO,

FIG. 6. Solubilities of CO, in molten PBMA (experimental data were
taken from Ref. 28).
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s LIL(T=3080K)
6 ——FC-BAFT E08
- - LGT E03 A

Pressure (MPa)

T T L
0.00 0.05 010 0.15 0.20

Mass fraction CO,
FIG. 7. Solubilities of CO, in molten PDMS (experimental data were

taken from Ref. 34).

tions, the performance of each thermodynamic model was
1.06%, 16.95%, and 10.43% for PC-SAFT, LGT, and PR,
respectively.

Correlated values and experimental data of the CO, +
PC system [35, 36] at 313.15, 323.15, and 333.15 K are
shown in Fig. 8. From this figure, it can be noticed that
PC-SAFT is able to correlate the experimental data with
higher accuracy, whereas LGT has a good performance
just for 323.15 K; meantime, the PR EoS is also able to
accompany the trajectory of the experimental data with
less accuracy. In general, the relative pressure deviations
obtained with the PC-SAFT, LGT, and PR EoS are 1.05%
and 1.13%; 14.68% and 17.35%; and 9.41% and 11.48%,
respectively.

Solubilities for CO, in PBS were studied in terms of
pressure against CO, mass fraction at 393.15, 423.15, and
473.15 K. Experimental data [37] were modeled with the
PC-SAFT, LGT and PR EoS. CO, mass fractions vary in

Lit. (T = 31315 K)
s Lit (T=32315K)
40 4 & LiL(T=33315K)
PC-SAFT EoS
LGT EoB
e PR E0S

Pressure (MPa)

20 S

T
0100 0125 0.150
Mass fraction CO,

FIG. 8. Solubilities of CO, in molten PC (experimental data were taken
from Ref. 36).
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almost linear form with the pressure at a given tempera-
ture, with the slope changing when temperature increases
(see Fig. 9). The three models have a good performance
in modeling this binary system; pressure solubility devia-
tions obtained with PC-SAFT, LGT, and PR are 0.75%,
3.54%, and 3.68%, respectively.

Three isotherms originated for modeling the experi-
mental data [37] of solubilities of CO, in PBSA with the
three models are shown in Fig. 10. At all temperatures,
the PC-SAFT EoS is able to model the fluid phase behav-
ior of this binary system with more accuracy than the
LGT and PR EoS. Pressure solubility deviations obtained
with PC-SAFT, LGT, and PR are 0.65%, 3.98%, and
4.52%, respectively.

In a general way, the PC-SAFT EoS gives the best
overall pressure deviation results, which is not surprising
for polymer systems, because this thermodynamic model
regards the monomer + monomer, monomer -+ solvent
and solvent + solvent interactions in a rigorous form.
Overall pressure deviations obtained by the LGT and PR
EoS (11.16% and 5.87%, respectively) are higher than
that obtained by the PC-SAFT EoS (1.21%). Surprisingly,
the PR EoS predicts the vapor—liquid equilibria behavior
for carbon dioxide + polymer systems better than the
LGT EoS, although the latter predicts the pure polymer
VLE behavior better. For mixtures, PR is much simpler
than LGT and requires only one interaction parameter.
These results indicate that, although LGT is able to corre-
late very well pure polymer systems, the mixture effects
are not correctly predicted for highly asymmetric mix-
tures, such as CO, + polymer systems.

CONCLUSIONS

In this work, the pressure solubility of CO, in 11 mol-
ten polymers (HPDE, LDPE, i-PP, PVAc, PS, PMMA,
PBMA, PDMS, PC, PBS, and PBSA) with different mo-
lecular weights was studied. For CO, + polymer systems,

24

20 4

16 o

= LiL(T=39315K)

Pressure (MPa)

ey o Lt (T=42315K)
& LIL(T=453315K)
4 PC-SAFT EoS
i LGT EoS
wew-PREDS
u T T T
0.00 n.o4 0.08 o1z 016

Mass fraction CO,

FIG. 9. Solubilities of CO, in molten PBS (experimental data were
taken from Ref. 37).
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FIG. 10. Solubilities of CO, in molten PBSA (experimental data were
taken from Ref. 37).

the solubility of CO, decreases when temperature
increases at constant pressure. In terms of relative pres-
sure deviations, the PC-SAFT EoS is able to model the
phase behavior with highest accuracy than the LGT and
PR EoS, even when it was used just one adjustable binary
interaction parameter for the PC-SAFT and PR EoS and
two adjustable interaction parameters for the LGT EoS.

NOMENCLATURE

a energy parameter for the PR EoS

a Helmholtz free energy (dimensionless)

A Helmbholtz free energy

b co-volume parameter for the PR EoS

B adjust binary interaction parameter for the

LGT EoS

d temperature-dependent segment diameter

g radial pair distribution function

k Boltzmann constant

m segment number, auxiliary parameter

m average segment number

MW molecular weight

n mole number

ne component number

Tg number of segments

np experimental point data

N total number of molecules

P system pressure

Pc critical pressure

q average number of close neighbors

0] area parameter

r average number of segments occupied by a
molecule

R ideal gas constant, group contribution parameter

T absolute temperature

Tc critical temperature
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v molar volume, number of groups, parameter
for the molar hard-core volume, cell molar

volume

v reduced volume

Vv volume, group contribution parameter

VP vapor pressure

g adjust binary interaction parameter for the
LGT EoS

X mole fraction

Z compressibility factor

Zc coordination number

Greek Letters

A pressure deviations

o auxiliary parameter

€ interaction energy parameter

qAS fugacity coefficient

n reduced density

K adjustable binary interaction parameter for the
PC-SAFT EoS.

T constant

0 total number density of molecules; system
density

o segment diameter

w acentric factor

¢ auxiliary factor

v universal constant

Superscripts

a segment group

calc calculated

exp experimental

G gas phase

he hard chain

hs hard sphere

L liquid phase

pert perturbation

res residual

u segment group

Subscripts

C critical property

i,j component

Lk species

R reduced property

Abbreviations

EoS equation of state

GLE gas-liquid equilibria

HDPE high-density polyethylene

i-PP i-polypropylene

LDPE low-density polyethylene

LGT lattice gas theory

PBMA poly(buthylmethacrylate)
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PBS poly(butylene succinate)
PBSA poly(butylene succinate-co-butylene adipate)

PC

polycarbonate bisphenol-A

PC-SAFT perturbed chain-statistical associating fluid

theory

PDMS poly(dimethylsiloxane)
PMMA  poly(methylmethacrylate)

PR Peng-Robinson

PS polystyrene

PVAc poly(vinyl acetate)

PVT pressure - volume — temperature
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