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ABSTRACT: Polymers containing poly(ethylene glycol) (PEG) have been investigated for CO; removal
from mixtures with light gases such as CHy, N3, and Hz because of the good affinity of PEG for COs. In
this study, the solubilities of CO2 and several hydrocarbons (CHy, CoH4, CoHg, CsHg, and C3Hs) were
determined as a function of gas fugacity (i.e., pressure) at temperatures ranging from —20 °C to 35 °C in
cross-linked amorphous poly(ethylene glycol) diacrylate (XLPEGDA), which was prepared by UV
photopolymerization of poly(ethylene glycol) diacrylate and contains about 82 wt % PEG. Sorption
isotherms were described using the Flory—Huggins model. Unlike sorption in nonpolar rubbery polymers,
solubility of gases such as COy and olefins in polar XLPEGDA do not vary systematically based on
parameters used conventionally to characterize gas condensability such as critical temperature (7.) or
(TJT)?, so a new model is proposed to correlate the data. COz exhibits the lowest Flory—Huggins interaction
parameter (i.e., y) values among all of the penetrants considered, indicating favorable interactions with
XLPEGDA. Although gas solubility at a given pressure generally increases as temperature decreases, y
values increase with decreasing temperature for all penetrants except COq. These results reflect the
interplay between increases in penetrant condensability as temperature decreases, which tend to increase
solubility, and increases in the unfavorable interactions between the gas and polymer segments (reflected
in the increased y values) as temperature decreases, which tend to reduce solubility. y values for CO; in
XLPEGDA decrease with decreasing temperature, which is another indication of the affinity between
COz and XLPEGDA. The following example illustrates the effect of temperature on intermolecular
interactions: COs/CsHg solubility selectivity at infinite dilution increases from 2.7 to 6.6 as temperature
decreases from 35 °C to —20 °C, even though these two penetrants have almost the same condensability
as characterized by T.. Furthermore, gas solubility values in XLPEGDA are very similar to those in
amorphous PEG at infinite dilution and 35 °C, suggesting that the PEG linkages in XLPEGDA dominate
its sorption properties.

the solubility selectivity. Diffusivity selectivity favors
transport of smaller penetrants and becomes more

Introduction

Gas separation using polymeric membranes has grown

significantly since the 1980s, and polymer membranes
now compete successfully with conventional gas separa-
tion technologies, such as cryogenic distillation, absorp-
tion, and pressure-swing adsorption (PSA) in certain
applications, such as hydrogen recovery from nitrogen
in ammonia purge gas streams, hydrogen separation
from methane in refinery off-gases and hydrogen re-
moval from carbon monoxide in synthesis gas, nitrogen
enrichment from air, and removal of acid gases (e.g.,
COgy) from natural gas.1-2

Gas transport through a nonporous membrane can
be characterized as a solution—diffusion process, and
the fugacity and thickness normalized flux, or perme-
ability (P,), is often expressed as follows?

PA:DASA (1)

where Dy is the average effective diffusivity of the gas
in the film, and Sy is the gas solubility coefficient. The
ideal selectivity of a membrane for gas A over gas B is
the ratio of their pure gas permeabilities*

Py [Dya] [Sa

=P, T Dy |8, @

where Da/Dsy is the diffusivity selectivity and Sa/Ss, is
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significant as the size-sieving ability of the polymer
matrix increases and as the size difference between the
gases increases. In contrast, solubility selectivity favors
more condensable (often larger) penetrants and is
affected by the relative affinity between the penetrants
and the polymer matrix and the condensability differ-
ence between the gases.*

In general, solubility selectivity is often observed to
be relatively insensitive to polymer structure because
it typically depends most strongly on relative penetrant
condensability, which is independent of the polymer.?
In contrast, diffusivity selectivity changes substantially
from polymer to polymer and depends sensitively on
polymer-dependent parameters such as the polymer
fractional free volume and the glass transition temper-
ature.’® Commercially used membranes achieve high
separation factors mainly from diffusivity selectivity,
and they are generally glassy polymers with high glass
transition temperatures (T%), such as polysulfone (T ~
190 °C)7 and polyimides (T ~ 300 °C).8 The resulting
rigid polymer chains, coupled with the relatively low
free volume of these materials, sieve gas molecules
based strongly on size differences among the gas
molecules.®

Recently, some applications began to require the
removal of larger molecules from mixtures with smaller
molecules.® For example, volatile organic compounds
(e.g., vinyl chloride monomer, propylene, ethylene,
gasoline, Freons) need to be recovered from mixtures
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with air or nitrogen.? Of particular interest to this study
is the removal of carbon dioxide from mixtures with
hydrogen, an important basic chemical and a potential
energy carrier for fuel cells.!® Currently, Hy is produced
by steam reforming of hydrocarbons followed by the
water gas shift reaction.? Such Hy always contains CO2
as a byproduct, and often the CO2 must be removed to
increase the purity of the hydrogen product. In these
separations, larger molecules (e.g., propylene in propy-
lene/nitrogen separations! and COs in COy/H; separa-
tions!!) are often the minor components in the feed and,
therefore, separation using membranes that are more
permeable to larger molecules (so-called reverse-selec-
tive membranes) could require less membrane area and,
in turn, lower capital cost than conventional mem-
branes.!? Additionally, some product gases, such as
hydrogen, are required at high pressure for further use,
and reverse-selective membranes can provide significant
economic benefits because they keep the Hy at high
pressure while removing the COg contaminant. Reverse-
selective membrane materials separate molecules based
strongly on solubility selectivity because larger mol-
ecules are often more condensable and, thus, more
soluble in polymers than smaller molecules. Further-
more, because gas sorption in polymers depends sensi-
tively on temperature, it is critical to understand the
effect of temperature on gas solubility to achieve the
best separation performance using reverse-selective
membranes.

Solubility selectivity of COy over light gases can be
improved by introducing polar groups into the polymer
matrix because COy has a quadrupolar moment that
interacts favorably with polar groups.!® On the basis
of a recent review of interactions between liquids
containing various polar groups and COg, polar ether
oxygens were identified as exhibiting highly favorable
interactions with COg, and poly(ethylene oxide) (PEO)
(or, equivalently, poly(ethylene glycol) (PEG)) based
materials appear to be attractive candidates for separa-
tions involving CO3.13 Many PEO-containing materials
have been studied for CO5 removal from light gases such
as Hy.11.14721 Previously, gas solubility, diffusivity, and
permeability have been reported in PEO, which is a
semicrystalline polymer that is reverse-selective, at
least with respect to COg transport over H..1 PEO
exhibits relatively high CO«/Hy and COs/CH4 perme-
ability selectivity because of solubility selectivity favor-
ing COgq in these gas pairs. Additionally, COy/Hs and
CO9/CH,4 permeability selectivities increase as temper-
ature decreases.!® However, because of the high crystal-
linity in PEO (71 vol %), PEO exhibits rather low gas
permeability and solubility.!® Therefore, it would be
useful to prepare amorphous materials that contain
high concentrations of ethylene oxide units. We have
reported calorimetry data for cross-linked poly(ethylene
glycol diacrylate) (XLPEGDA); this material contains
about 82 wt % EO and does not crystallize at temper-
atures as low as —20 °C.22 This paper discusses the
effect of temperature and pressure on gas solubilities
of CO2 and several hydrocarbons (CH4, CoHg, CoHy,
CsHsg, and CsHg) in XLPEGDA, and it compares solubil-
ity behavior in amorphous XLPEGDA with that in
semicrystalline PEO at 35 °C. A companion paper
reports the effect of temperature and pressure on gas
permeability and diffusivity in XLPEGDA. 23
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Figure 1. Effect of pressure and temperature on the ratio of
pure gas (CHy, COq, and C3Hs) fugacity to the corresponding
pressure.

Background. Gas solubility, Sa, is given by3424

Sa=7 (3)

where C is the concentration of gas dissolved in the
polymer when the fugacity of the gas phase in contact
with the polymer is f. Instead of pressure, fugacity is
used in this study to appropriately account for gas-phase
nonidealities,?* which can become significant at low
temperature (e.g., —20 °C) for penetrants such as COs.
For example, Figure 1 presents the ratio of pure gas
fugacity to pressure for CHy, COy, and C3Hg as a
function of pressure at 35 °C and —20 °C. The gas is
ideal if f/p = 1 and becomes more nonideal as f/p
deviates further from unity. The equation used to
calculate fugacity is presented in the Appendix. As
temperature decreases, the gas-phase becomes more
nonideal. Nonideal behavior is more significant for COq
and CsHg than for gases such as CHy. For example, COq
exhibits an f/p value of 0.91 at —20 °C and 12 atm,
whereas CHy4 exhibits a value of 0.96 at similar condi-
tions. CoH4 and CoHg exhibit nonideal behavior similar
to that of COg, and CsHg behaves similar to CsHsg.

Gas sorption isotherms were fit to the Flory—Huggins
model3

lnfi= ng,+ (1) +y1—a) (@
sat

where fi¢ is the penetrant saturation fugacity at the
temperature of interest, y is the Flory—Huggins interac-
tion parameter, and ¢y is the volume fraction of pen-
etrant dissolved in the polymer matrix. fs,¢ is calculated
using eq A3 from the Appendix and saturation vapor
pressure data from the DIPPR database.?> Other factors,
such as the influence of cross-link density or the amount
of water in the prepolymer solutions, were shown to
have a negligible impact on gas sorption, so they are
not included in this analysis.?2 The gas volume fraction,
¢2, can be written as26

(C/22 414)V,
¢y = = (5)
1+ (C/22 414)V,
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Table 1. Physical Properties of Penetrants Including
Critical Volume (V.), Estimated Partial Molar Volume at
35 °C (Vy), Critical Temperature (T.), and Saturation
Vapor Fugacity at 35 °C ( fsat)

size condensability®
gas V.72 (cm3mol) V32 (cm3mol) T."2(K) fias2® (atm)

COq 93.9 45 304 53¢
CH,4 99.2 46 191 351¢
CoHy 130.4 57 282 51¢
CqoHg 148.3 61 305 34¢
CsHg 181.0 73 365 12
CsHg 203.0 80 370 10

@ fsat values are estimated using saturation vapor pressure
values from the DIPPR database.25 The fiat values of COg2, CHy,
CyoHy4, and CoHg are hypothetical because the values of saturation
vapor pressure for these penetrants were extrapolated using
empirical equations provided by the DIPPR database.

where V; is the penetrant partial molar volume (cm3/
mol) in the polymer.

Experimental Section

Materials. Chemical purity (99%) cylinders of methane,
ethane, ethylene, propane, and propylene were received from
Air Liquide America Corporation (Houston, TX), and 99.9%
carbon dioxide was received from Air Gas Southwest Inc.
(Corpus Christi, TX). All gases were used as received. Table 1
records the physical properties of the gases of interest. Poly-
(ethylene glycol) diacrylate (CHy=CHCOO(CH2CH20)14-
OCCH=CHgy; MW = 743), poly(propylene glycol) diacrylate
(CHy=CHCOO(CH2CHCH30)130CCH=CHz; MW = 900), hex-
ane, dodecane, chloroform, and 1-hydroxylcyclohexyl phenyl
ketone (HCPK) were purchased from Aldrich Chemical Co.
(Milwaukee, WI). All solvents had a purity of at least 99%.
All chemicals were used as received unless otherwise indicated.
Ultrapure water was produced by a Milli-Q water purification
system (Millipore Corporation, Bedford, MA).

Polymer Synthesis and Film Preparation. The prepoly-
mer solution to prepare XLPEGDA was prepared by adding
0.1 wt % initiator (i.e., HCPK) to PEGDA. After stirring, the
solution was mixed with ultrapure water to form a solution
containing 80 wt % PEGDA. The solution was sandwiched
between two quartz plates equipped with spacers of uniform
thickness to control film thickness. The solution was polym-
erized by exposure to UV light in a UV cross-linker (Model
FB-UVXL-1000, Fisher Scientific) for 90 s at 312 nm and 3.0
mw/cm?. The resulting solid films were three-dimensional
networks (i.e., gels) and contained a negligible amount of low
molecular weight polymer (i.e., sol) that was not bound to the
network.?? Any sol or unreacted cross-linker was removed by
immersing the films in a large amount of ultrapure water for
at least 5 days. The water was replaced with fresh ultrapure
water daily. The final film thicknesses ranged from 200 to 500
um. Cross-linked poly(propylene glycol) diacrylate films were
prepared using conditions similar to those of XLPEGDA,
except that 20 wt % chloroform was used (instead of water) in
the prepolymer solution.

Sorption Measurements. Gas solubility was determined
using a dual-volume, dual-transducer apparatus based on the
barometric, pressure-decay method.?” A general procedure for
this experiment has been described elsewhere.?$?° Blank
experiments were performed for all of the gases at the
temperatures of interest, with nonsorbing volumes (e.g., stain-
less steel spheres) added to the sample cell. Ideally, the gas
solubility estimated from these experiments should be zero
because these nonporous spheres sorb a negligible amount of
gas. However, because of uncertainties in the pressure read-
ings and the sorption cell volume, a small nonzero value was
typically obtained. In these gas sorption studies, the polymer
sample had a volume similar to that of the nonsorbing
calibration spheres, and the pressure increase sequence in the
experiments with polymer samples was similar to that used
in the blank experiments for different gases at different

Macromolecules, Vol. 38, No. 20, 2005

Table 2. Physical Properties of XLPEGDA22

density Tyt water uptake cross-link density
(g/lem®) FFVe (°C) (g H2O/g polymer) (mol/cm?)°
1.188 0.117 —42 0.72 1.9 x 1073

@ Fractional free volume was estimated using density and group
contribution theory.*? ® Glass transition temperature from dif-
ferential scanning calorimetry. ¢ Estimated using the Peppas—
Lucht model and equilibrium water uptake results.22

temperatures. The solubility values obtained in this way were
compared to those obtained from the blank experiments. The
differences between these two series of results are reported
as the true gas sorption in the polymer. A general rule of
thumb used to judge the validity of the data is that the gas
solubility values obtained using the polymer samples should
be at least 10 times the values from the blank experiments.
In this study, the criterion was met for all penetrants except
CHy,4, which exhibited the lowest solubility. For example, at 0
°C, the hypothetical COs solubility from the blank experiments
was —0.06 cm?(STP)/(cm?® atm), whereas the measured CO
solubility in polymer samples was about 3.2 ¢cm3(STP)/(cm?
atm). In contrast, the hypothetical CHy4 solubility was —0.04
c¢cm?(STP)/(cm? atm), and the measured CH, solubility was 0.13
c¢cm3(STP)/(cm? atm). This situation was particularly severe for
Hs, and because its solubility was so low in these polymers, it
was not possible to obtain reliable estimates of Hy solubility.
Similarly, the solubility of Ny was also too low to be measured
accurately.

Results and Discussion

Characterization of Polymer Samples. Table 2
provides the physical properties of the XLPEGDA films
used in this study. These results have been reported
elsewhere, along with the measurement or calculation
method.?2 The polymer is amorphous at room temper-
ature, and it does not show any crystallization or
melting peaks in the temperature range from —90 to 0
°C as characterized by differential scanning calorimetry
(DSC).22 Therefore, over the temperature range consid-
ered (i.e., from —20 °C to 35 °C), the polymer sample is
considered to be amorphous.

Gas Sorption, Solubility, and Interaction Pa-
rameter. Sorption isotherms for CHy, CoHy, CoHg, COso,
CsHsg, and CsHg in XLPEO are presented as a function
of temperature in Figure 2a—f. The detailed values are
summarized in Table 3. For low sorbing penetrants,
such as CHy at all temperatures studied and CyHg at
35 °C, the isotherms are linear. For highly sorbing
penetrants, such as COq, CoHy, CsHg, and CsHg at any
temperature studied and CoHg at temperatures lower
than 35 °C, the isotherms are slightly convex to the
fugacity axis.

Figure 3a and b presents COs and CoHy4 solubility as
a function of temperature and fugacity, respectively. At
higher temperatures, such as 298 and 308 K, the COq
and CoHy solubility coefficients are essentially indepen-
dent of fugacity. However, at lower temperatures, such
as 253 K, their solubility increases with increasing
fugacity. For example, at 253 K, the COgy solubility
coefficient increases by 30%, from 5.6 to 7.3 cm3(STP)/
(cm3 atm), as CO; fugacity increases from 0.8 to 9.9 atm.

All of these isotherms can be described by the Flory—
Huggins model (i.e., eq 4) with appropriate values of
the Flory—Huggins interaction parameter, . In general,
x depends on penetrant volume fraction and tempera-
ture, as described by the following empirical model3031

2

X:X0+T+X2(1_¢2) (6)
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Figure 2. Effect of temperature on sorption isotherms in XLPEGDA. T'= 308 K (a), 298 K (v), 273 K (@), 263 K (O), and 253
K (#). The lines and curves through the data are based on eqs 4—6. The best-fit values of the adjustable constants, yo, x1, and ya,

are recorded in Table 4.

where yo, x1, and y2 are adjustable constants. By
adjusting these constants, the sorption data in Table 3
can be described using eqs 4—6, as illustrated by the
solid lines and curves in Figure 2a—f. To fit the data to
this model, we obtain the saturation pressures for the
penetrants, used to calculate fi,t, from the literature,?>
and the penetrant partial molar volumes in the polymer
are the average values obtained in various polymer/gas
systems by Kamiya and co-workers;3? these values are
recorded in Table 1. The Vy values are taken to be
independent of temperature. Additionally, the effect of
temperature and penetrant fugacity on the polymer

sample volume was neglected, and this assumption is
evaluated as follows. Typically, the sorbed penetrant
swells the polymer sample, and, thus, increases the
sample volume and decreases the volume of the gas
phase in the sorption experiments. The maximum
penetrant volume fraction (i.e., ¢2 max , Which is obtained
at the lowest temperature and highest fugacity) is less
than 0.010, except for CoH4 at —20 °C (which is 0.03)
and COg at —20 °C (which is 0.12). If such an effect is
included in analyzing the sorption data, then the
calculated sorption values are very close to the values
reported in Table 3, and the difference is typically less
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Table 3. Gas Concentration in XLPEGDA as a Function
of Temperature and Fugacity®

308 K 298 K 273 K 263K 253K
gas f C f C f € f € f ¢

36 047 36 046 3.7 062 36 052 3.7 051
59 078 71 088 7.1 123 7.0 105 6.9 0.92
7.2 091 103 128 104 1.81 10.2 150 10.3 1.31

CH:s g6 111135 170 135 241 134 202 134 1.80
104 1.31
140 1.85
16 1.04 29 213 24 249 15 151 1.7 201
32 213 53 397 48 516 3.7 418 39 493
48 322 79 599 71 779 62 17.09 6.3 841
cp, 65 485102 781 92 102 89 106 89 131
2480 530
95 6.55
11.0 7.61
125 8.78
17 0.83 29 158 16 120 26 198 3.0 243
33 169 56 311 35 255 87 1728 59 514
49 249 84 471 56 4.35
cog. 65 332110 626 82 6.48
24681 4.16
95 4.93
109 5.64
12.3  6.44
13 18 13 22 11 36 093 40 083 46
28 39 34 59 22 73 24 107 16 93
44 61 51 89 36 120 39 17.7 22 126
co, B9 82 69122 50 170 59 276 36 219
2 74 105 92165 65 225 83 407 38 239
8.9 127 8.1 288 10.1 51.2 53 343
10.0 14.4 10.0 36.6 7.3 494
11.2 162 9.9 1725
093 192 12 28 095 41 054 245
19 411 21 55 1.7 7.7 098 4.70
CH 8 624 30 82 24 116
3% 36 826 4.1 119
44 104 52156
49 119
14 165 1.1 16 098 2.03 0.84 188 0.61 1.46
C.H. 25 305 23 33 14 303 14 325 093 254
38 36 464 33 50 19 4.15 12  3.62
46 612 49 75 24 534
6.0 94

@ Note: fis expressed in atm and C is expressed in cm3(STP)/
cm?® polymer.

than 10% (which is a typical uncertainty value for
gas solubility, cf. Table 8), even for COz at ¢2max.
Furthermore, this swelling effect could be offset par-
tially by the decrease in the polymer sample volume
as temperature decreases. For example, the thermal
expansion coefficient of XLPEGDA was estimated to
be 8.4 x 107* K 113 and, thus, as temperature de-
creases from 25 °C to —20 °C, sample volume decreases
by about 4%. Therefore, to simplify the analysis, these
effects are neglected, that is, the polymer sample density
is assumed to be constant in the temperature range
studied, and the swelling effect on sorption results is
neglected.

The detailed values of yo, y1, and y2 are recorded in
Table 4. The uncertainty in these parameters was
estimated by a standard propagation of error analysis.33
Because the CHy isotherms are essentially linear, the
solubility and Flory—Huggins ) parameter of CH4 do
not depend on the penetrant volume fraction. Figure 4
presents the effect of temperature and penetrant volume
fraction on y in XLPEGDA. The points are experimental
data calculated using eqs 4—5, and the lines are based
on eq 6 using the adjustable parameters yo, x1, and ya.
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In general, the empirical equation, eq 6, describes the
data satisfactorily, and y is a weak function of the
penetrant volume fraction in the polymer, ¢o.

(xo + x2) has been added to the original Flory—
Huggins model in an empirical fashion to account for
the concentration dependence of y and to account for
noncombinatorial contributions to the entropy of mixing;
the value of (3¢ + x2) in the original theory is 0.3 For
CzH4, CQHG, and CgHG in XLPEGDA, (X() + %2) values
are near zero (cf., Table 4). However, this is not true
for CHy, COq, and C3Hg in XLPEGDA. For example, CHy
has a value of —3.8 for (yo + x2). For all penetrants
except COq, y1 values are positive, so increasing tem-
perature decreases y. This trend has been observed in
many systems, such as COy sorption in 1,2-polybutadi-
ene, poly(ethylene-co-vinyl acetate) and PDMS,32 and
methoxyflurane sorption in PDMS.35 However, for COg
in XLPEGDA, y; is negative and, therefore, the y value
decreases as temperature decreases, which suggests
that the interaction between CO2 and XLPEGDA be-
comes stronger and more favorable at lower tempera-
tures.

Historically, y1 has been related to solubility param-
eters as follows36

V.
1= 30— 0, (1)
where 61 and o2 are the solubility parameters of
XLPEGDA and the penetrant of interest, respectively.
Because XLPEGDA contains 82% PEO, 6, is presumed
to be similar to that of pure PEO, that is, 19.8 MPa%5,19
Because the value of (yo + y2) in the original theory is
0, y11n eq 7 is often replaced by xT in the literature.3738
Using this approach and 19.8 MPa®% for the solubility
parameter of XLPEGDA, we estimated the solubility
parameters of the penetrants at 25 °C. The resulting
solubility parameters (i.e., Ogexp) are listed in Table 4.25
The literature values of penetrant solubility parameters,
Jalit, are also included in the table for comparison; these
values are calculated from gas solubility in liquids,
where y1 is assumed to be equal to ¥7T.37 Except for COs,
O2exp Values are near but slightly lower than dg;. This
agreement is considered satisfactory given the assump-
tions involved in making this comparison.

Solubility Correlations. Infinite dilution solubility
coefficients, S}, were estimated using eqs 3—6 in the
limit as gas fugacity approaches zero

22 4_14 exp(—1 — 1) (8)

sat’ 2

w_ 1. C
S° = lim = =
AT T

where y* is the Flory—Huggins interaction parameter,
%, at infinite dilution and at the temperature of interest.
Figure 5 presents penetrant infinite dilution solubility
at various temperatures. S} increases in the following
order at most of the temperatures considered:

CH, < C,H, < C,H, < C,H, < CO, < C;H,

Olefins (e.g., CoaH4 and C3Hg) are more soluble than their
paraffin analogues, even though olefins have lower
critical temperatures (as shown in Table 1) and are,
therefore, less condensable (and, in turn, often less
soluble in polymers) than the corresponding paraffins.3?
The higher sorption of olefins probably derives from
favorable interactions between the double bonds in the
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Figure 3. Effect of penetrant fugacity (f) and temperature on gas solubility in XLPEGDA. (a) COq; (b) CoHa.

Table 4. Fitting Constants Used to Describe Experimental Solubility Data®

6Zexp 62]it
penetrant %0 71 (K) 22 20+ %2 (MPa%5) (MPa%5)

CH4 -3.8+0.2 1590 + 50 0 —3.8 10.7+ 0.5 11.6
CoHy —0.33 £ 0.10 485 + 25 0.24 £ 0.1 —0.09 11.6 £ 0.2 12.4
CqoHg 1.5+0.1 750 £+ 30 -1.9+0.1 —0.4 104 + 0.2 124
COq 3.7+ 0.2 —360 + 30 -1.6£0.1 2.1 26.8 £ 0.5 21.813
CsHg —0.86 + 0.10 490 + 30 0.84 £0.10 —0.02 12.4 + 0.3 13.2
CsHg —-0.89+0.1 980 + 30 —-0.13+0.1 -1.0 114+ 0.2 13.1

@ Note: The solubility parameter of XLPEGDA is 19.8 MPa®5.19 §g., is the value of penetrant solubility parameter estimated from eq
7 using the y value at infinite dilution, instead of yi. daiit is the value of the penetrant solubility parameter at 25 °C from the DIPPR

database.?5

olefins and the polar ether oxygen in the polymer; a
similar phenomenon is observed in poly(ethylene ox-
ide).! On the basis of their similar critical tempera-
tures, COy and CqoHg have essentially the same con-
densability. In nonpolar rubbery polymers such as
polyethylene (PE)?*° and poly(dimethylsiloxane) (PDMS),40
CoHg has higher solubility than CO,. However, polar
XLPEGDA exhibits much higher CO; solubility than
CsHg solubility, which is ascribed to specific interactions
between quadrupolar CO2 and polar ether oxygens in
XLPEGDA. In general, the increasing order of penetrant
solubility in XLPEGDA is quite different from that
observed in nonpolar polymers, such as PE3° and
PDMS,*° where gas solubility often increases systemati-
cally with increasing condensability (as characterized
by T.). For example, gas solubility in low-density PE
increases in the following order:*!

CH, < CO, < C,H, < C,H, < C;H, < C;H,

Because of the lack of specific interactions between PE
and these penetrants, solubility selectivity is dominated
mainly by relative penetrant condensability.

It is customary to relate S} to penetrant condens-
ability,*2 which could be characterized by critical tem-
perature, T. (K). The following equation has been used
widely*2—44

InSy=a' +0'T, 9
where @' and b’ are constants depending on the polymer
and the temperature. Figure 6 presents a fit of eq 9 to
gas solubility data at 298 and 263 K. Clearly, the model
does not describe the experimental data well, especially
for COg and CsHg. Equation 9 assumes that gas solubil-

ity is determined only by its condensability (as charac-
terized by T.), so the effect of interactions between the
polymer and a specific gas on solubility is neglected.
However, this is not the case in polar XLPEGDA.
Additionally, eq 9 does not allow gas solubility to vary
with temperature, and this feature is clearly not con-
sistent with the experimental data. For this reason, a
different set of @' and &' values are required for each
temperature considered. Gee developed an expression
relating In S} to penetrant normal boiling point (i.e.,
T},) using rather straightforward thermodynamic argu-
ments.*® Empirically, T}, can be related to T, by the
Guldberg—Guye rule:*6 T}, = 0.6T.. Using this approach,
Barrer and Skirrow obtained*6

In Sy = —(a +x°) + bT, (10)
where a = 4.5 and b = 6/T), in the original theory when
solubility has units of cm3(STP)/(cm? atm). Often in the
literature, (¢ + x*) and b are treated as adjustable
parameters to fit eq 10 to experimental data. The value
of b varies from 0.016 to 0.019 K1 at 25 °C or 35 °C for
polymer/penetrant systems without specific interac-
tions.?? In our case, to account for the differences in x*
parameters among different penetrants, we present the
values of (In S ® + y®) as a function of 7. at various
temperatures in Figure 7. The lines in the figure are
drawn on the basis of eq 10. The values of ¢ and b are
recorded in Table 5, and they are roughly similar to the
theoretical values. However, the temperature depen-
dence of @ and b are not captured by this simple model
(i.e., eq 10). Qualitatively, the trend in infinite dilution
solubility is well described by eq 10 at each temperature.
The success in describing the data using eq 10, com-
pared to eq 9, is due to inclusion of the Flory—Huggins
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Figure 4. Effect of temperature and penetrant volume fraction, ¢», on polymer/penetrant interaction parameters, y, in XLPEGDA.
T =308 K (a),298 K (v), 273 K (@), 263 K (O), and 253 K (®). The points are calculated using eqs 4—5, and the lines are based
on eq 6 using the adjustable parameters, yo, 1, and y», which are recorded in Table 4.

interaction parameter in eq 10, which accounts for the
effect of polymer/gas interactions on solubility. In
contrast, eq 9 assumes either a negligible effect of
interactions on gas solubility or equivalent interactions
between the polymer and various penetrants. This
assumption may be valid in some cases.*® However, for
polar polymers such as XLPEGDA, these interactions
contribute significantly to the sorption and, therefore,
cannot be ignored.

It is of interest to examine other correlations between
solubility and penetrant condensability. Stern reported

the following empirical equation?*

T \2
InS§ =M+ N(?) (11)

where M and N are adjustable constants. Bondar et al.
derived an expression similar to eq 11.47 Unlike eq 9 or
10, this relation accounts explicitly for the effect of
temperature on solubility and, thus, it offers the pos-
sibility of describing all of the XLPEGDA sorption data
using only one set of adjustable constants (e.g., M and



Macromolecules, Vol. 38, No. 20, 2005

253 263 273 208 308 T I[K]
10 T T T T ]
E
©
nE CJHe
2 co
EoqE .
3 E‘--v--v~\§\\\§_§’\§~' caHa E
" r CH, 1
= CH |
s I ]
w( 2 6
O O
o —O—  CH,
0.1 1 1 1 1
4 3.8 3.6 3.4 3.2 3

1000/T [1/K]
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Figure 6. Infinite dilution solubility of various penetrants
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represented by the penetrant critical temperature (T,).

4

T T T T -
2 L ]
8
=
+ -5 -
8
0" 308K
[
= 208K
0 |- 273k .
263K
253K
co, CH,
CH, CH, CH, CH,
2 ! 1 1 [ [
150 200 250 300 350 400

T K]

Figure 7. The values of (In S § + x®) as a function of 7. at
308 K (#), 298 K (O), 273 K (@), 263 K (v), and 253 K (a).

N), instead of 5 different sets of parameter values. This
empirical equation has been used successfully to de-
scribe the solubility of a wide range of noninteracting
penetrants in rubbery polymers such as polyethylene,2*
polyisobutylene,*® PDMS, 3540 polystyrene**50 and glassy
polymers such as poly(5,6-bis(trimethylsily)norbornene)>!
and poly(2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-diox-
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Table 5. Model Parameters Describing Solubility as a
Function of Temperature and Penetrant Critical

Temperature?®
T (K) Qtheory Qexp btheory =6/T bexp
308 4.5 39+04 0.019 0.017 £ 0.001
298 4.5 3.7+£04 0.020 0.017 £ 0.001
273 4.5 32+04 0.022 0.017 £ 0.001
263 4.5 29+04 0.023 0.017 £ 0.001
253 4.5 27+04 0.024 0.017 £ 0.001

@ Note: @exp and bexp values are obtained by fitting eq 10 to
estimates of S  from eq 8.
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T

0.1
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Figure 8. Penetrant infinite dilution solubility in XLPEGDA
as a function of (T/T)2.

ole-co-tetrafluoroethylene) (AF240052 and AF160053).
Figure 8 presents S} as a function of (T/T)%. Three
trendlines are observed: one for normal paraffins (e.g.,
CH,4, CsHg, and C3Hsg) that do not interact specifically
with the polymer; one for olefins (e.g., CoH4 and CsHg)
that interact somewhat favorably with the polymer; and
the last one for COy, which interacts strongly and
favorably with XLPEGDA. The fitting parameters (i.e.,
M and N) are presented in Table 6 for these three
different lines, and they are compared to those in other
polymers. The satisfactory modeling of paraffins is
consistent with results obtained using this relation to
describe sorption in nonpolar polymers such as PE and
PDMS.? For paraffins, differences in the critical tem-
peratures among the penetrants provide the dominant
contribution to their solubility in XLPEGDA. The posi-
tive deviation of olefins and COg solubility from the
paraffin line could be ascribed to favorable interactions
between the polymer and these gases. The more positive
deviation of COgy solubility is consistent with more
favorable interactions between COg2 and the polymer,
which is also manifested in lower y values. These
phenomena have also been observed for other polar
polymers.?455 Tseng et al. reviewed gas solubility in
polar poly(vinyl acetate) and reported different fitting
parameters for different categories of penetrants, such
as polar and nonpolar penetrants, as shown in Table
6.5¢ Interestingly, the N value for COy in XLPEGDA is
quite close to the value for the sorption of polar
penetrants in poly(vinyl acetate). Sanchez and Rogers
estimated gas solubility coefficients in three nonpolar
or weakly polar polymers (i.e., polystyrene, poly(1-
butene) and atactic-polypropylene) and two polar poly-
mers (i.e., poly(vinyl acetate) and poly(methyl acrylate))
using a lattice fluid model and the geometric mean
approximation for interactions between the polymer
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Table 6. Comparison of Adjustable Parameters in the Correlation between In S} and (T/T.)?

polymer penetrant N M ref
glassy AF1600 hydrocarbons 2.19 -0.99 53
AF2400 all 2.56 —0.81 52
polyethylene all 2.63 —-2.97 24
PDMS all 2.48 -1.70 35
polystyrene fluoro/hydrocarbons 2.71 —2.35 50
nonpolar; nonaromatic 2.17 —2.49
rubbery poly(vinyl acetate) aromatic 2.20 —1.58 54
polar 2.69 —2.01
CH,4, CoHs, CsHsg 1.8+0.1 —-2.8+0.1
XLPEGDA CoHy, C3Hg 1.9+0.1 -2.1+0.1 this study
CO, 3.0+0.1 —-2.6 +0.1

Table 7. Enthalpies of Sorption, Condensation, and Mixing for Gas Sorption in Rubbery XLPEGDA, Polyethylene
(Grex),*® and Glassy AF2400°2 at Infinite Dilution®

polymer CH4 COZ CzH4 CZHG CgHe CgHs
PE AHg -2.9 5.4 —9.6 —13.0 —12.6
AF2400 AHg —13.2 —14.8 —14.2 —20.9
XLPEGDA Sao 95+ 15 1.8+£0.1 34+4 41 +3 14 £ 2 29+ 4
AHg -1+2 -17+1 -75+14 —6.4+14 —13£2 —-94+14
AH cona —10.2 54 -9.1 —15.8 —16.5
AH mix —-68=+1 —21+14 27+14 28+2 71+14

@ Note: Sao has units of 1073 cm3/(cm? atm) and enthalpies are reported in kJ/mol. AH g is evaluated at 273 K.

segments and gases.?® In general, excellent agreement
between the estimated and experimental solubility was
observed for gas sorption in the three nonpolar poly-
mers, although the solubility of oxygen-containing
penetrants (ethers, esters, and ketones) were overesti-
mated. For the two polar polymers, the solubility
coefficients of the nonaromatic hydrocarbons were over-
estimated systematically, whereas solubility coefficients
of polar and aromatic penetrants were well correlated.5?
They claimed that the deviations were caused by
interactions between polymers and penetrants that were
not accounted for by the geometric mean approxima-
tion.%®

Enthalpy of Sorption. In general, S} increases
with decreasing temperature, as illustrated in Figure
5, and the temperature dependence is usually described
as follows*2

AHS

S% =S40 exp(— ﬁ) (12)

where Sao is a preexponential factor, and AHg is the
enthalpy of sorption. The lines in Figure 5 are best fits
of the data to eq 12. The values of Syo and AHg are
recorded in Table 7. Based on the two hypothetical
thermodynamic steps for gas sorption discussed before,
AHs is given by?®

AL[S = AI{cond + AI{mix (13)
where AH,,nq is the enthalpy change due to gas con-
densation and AHx is the enthalpy change in the
mixing step. Equation 13 is often used qualitatively to
explain AHg differences for various penetrants. AHong
depends on temperature for a given penetrant. We use
AH g values at 273 K (i.e., the median of the temper-
ature range explored in this study) to qualitatively
understand the changes in AH,;x from one penetrant
to another.?® The results are recorded in Table 7. Values
of AHg for all of the penetrants are negative since

solubility increases as temperature decreases. AHpx
values for COy and CoHy4 in XLPEGDA are negative,

which is not expected on the basis of the Flory—Huggins
model or regular solution theory.?” Nevertheless, nega-
tive AHnix values for penetrant sorption in rubbery
polymers have been reported. For example, in poly-
(dimethylsiloxane) (PDMS), AHpnix is —3 kdJ/mol for
propane,®® —2.72 kJ/mol for trichloromethane,® and
—3.97 kd/mol for trichloroethylene.?” A detailed, molec-
ular level explanation of negative AHpnix values is
beyond the scope of the simple model (e.g., the Flory—
Huggins model) often used to interpret such measure-
ments. In this study, the slightly negative AHix value
for CoHy sorption in XLPEGDA is consistent with weak,
favorable interactions between olefins and polar ether
oxygens, and the more negative value of AH,x for COg
can be interpreted as another sign of significant favor-
able interactions between COy and the polymer.

Favorable interactions lead to lower AHix and,
therefore, lower AHgs. Olefins such as CoHy and C3Hg
have lower AH,ix values than their paraffin analogues,
and COg has the lowest AHp,x value among all of the
penetrants studied. Except for COs, which strongly
interacts with the polymer and has a very low AHpix
value, AHg is dominated by AHn4, and, therefore, AHg
decreases with increasing 7.

Table 7 also compares the AHg values in XLPEGDA
with those in nonpolar PE (Grex with a crystallinity of
69—78 vol %)* and glassy AF2400.52 All of the pen-
etrants exhibit less negative values of AHg in polar
XLPEGDA than those in the other two polymers, except
for CO,. Because penetrant condensability is indepen-
dent of the polymer, this difference must be ascribed to
differences in AHpix. In general, paraffins have less
favorable interactions with polar polymers than with
nonpolar polymers such as PE, resulting in more posi-
tive values of AHix for these gases in polar polymers.
These differences decrease for olefins, probably because
of the affinity between the double bonds in the olefins
and the polar groups in XLPEGDA. The AHg value of
COq is more negative in XLPEGDA than in the other
polymers because of the favorable interactions between
polar XLPEGDA and CO,. Glassy polymers such as
AF2400 have nonequilibrium excess volume (or Lang-
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Figure 9. Correlation of the pre-exponential factor, Sao, with
AHgs in XLPEGDA. The line is drawn based on eq 14 using
literature values of u and v.4?

muir sorption sites) that significantly decreases AHg.5?
However, because of the lack of specific interactions with
COqy, the AHg value of COy is still higher in AF2400 than
in XLPEGDA.

Figure 9 presents a correlation between the solubility
preexponential factor, Ss9, and AHs. The following
empirical relation is often observed between these two
parameters*’

InS,,=u+vAHg (14)

where ¢ and v are —2.27 and 0.138 when Sao has units
of cm3(STP)/(cm? atm) and AHs has units of kJ/mol, for
the sorption of nonpolar penetrants in rubbery poly-
mers.*2 As illustrated in Figure 9, the experimental data
obey this correlation in XLPEGDA, with the exception
of COs. The Sag value of COs is much lower than the
line shown in Figure 9. In Sy is proportional to the
entropy change of solution.*” Presumably, the favorable
interactions between a polymer and a penetrant might
lead to a certain degree of order when the penetrant is
sorbed in the polymer.5® This behavior has also been
observed in liquid mixtures such as the chloroform/
acetone system in which unlike molecules form hydro-
gen bonds but the like molecules cannot, and, therefore,
there is a strong tendency to form chloroform—acetone
pairs, which decreases the entropy of mixing.?8 In this
case, COg enjoys a strong and favorable interaction with
XLPEGDA and, therefore, this interaction could de-
crease the COg entropy in the polymer, the entropy
change upon mixing and, thus, Sao.

Solubility Selectivity. The effect of temperature on
pure gas COg/paraffin (i.e., COy/CH4 and COy/CoHg)
solubility selectivity in XLPEGDA is presented in Figure
10. The detailed values are also recorded in Table 8.
Selectivity increases as temperature decreases, prima-
rily because COq solubility increases more with decreas-
ing temperature than that of the other gases because
of the favorable interactions between CO2 and polar
XLPEGDA. In particular, COy and C;Hg have similar
critical temperature (i.e., condensability). However, COo/
CqoHg solubility selectivity increases from 2.7 to 6.6 as
temperature decreases from 35 °C to —20 °C. COo/CHy
solubility selectivity increases from 11 at 35 °C to 41 at
—20 °C, which could potentially be useful for designing
membrane materials for COy removal from natural gas
or other light gases. Figure 10 also presents olefin/
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paraffin (CoH4/CoHg and C3Hg/CsHsg) solubility selectiv-
ity as a function of temperature. These selectivities
increase slightly with decreasing temperature, which is
consistent with the slightly more negative AHg values
for olefins than the corresponding paraffins.

Table 9 compares COg solubility and COo/CH4 and
COy/CyHg solubility selectivity in XLPEGDA with those
in rubbery polar cross-linked poly(propylene glycol)
diacrylate (XLPPGDA), nonpolar PE3° and PDMS,*
nonpolar liquid hexane,'®5° and polar liquid tetra-
hydrofuran (THF).13.59.60 X, PEGDA exhibits higher CO,
solubility and much higher COy/CHs and COs/CoHg
solubility selectivity than nonpolar PE and PDMS.
Interestingly, XLPPGDA exhibits similar COg solubility
but lower COo/CHy4 solubility selectivity. XLPPGDA
contains 86 wt % propylene oxide units and, there-
fore, can be regarded crudely as amorphous poly-
(propylene oxide). It has much higher fractional free
volume (0.165, which is calculated based on its density,
1.059 4 0.004 g/cm?®) than XLPEGDA, which increases
gas solubility.!® Additionally, XLPPGDA has a lower
content of ether oxygens than XLPEGDA, and they are
probably less sterically accessible for interaction than
those in XLPEGDA. Therefore, interactions with COq
in XLPPGDA would not be as favorable as in XLPEG-
DA, which could contribute to lower COo/CHy4 solubility
selectivity. The effect of the decreased ether oxygen
concentration (which would tend to make COg less
soluble in XLPPGDA than in XLPEGDA) appears to be
offset by the effect of increased fractional free volume
in XLPPGDA (which would tend to increase the solubil-
ity of all gases). As a result, COy solubility remains
similar in these two polymers, but COs/CH4 solubility
selectivity is lower in XLPPGDA than in XLPEGDA.
Liquids usually exhibit higher gas solubility than the
corresponding polymers with similar chemistry.!® Be-
cause of the lack of specific interactions with COsg,
nonpolar hexane exhibits much lower solubility selectiv-
ity than XLPEGDA. Polar THF, which has one ether
linkage for every four —CHy— linkages, has higher CO9
solubility than XLPEGDA. However, THF has lower
CO9/CH4 and COo/C3Hg solubility selectivity than
XLPEGDA, presumably because of the lower concentra-
tion of ether oxygens in THF than in XLPEGDA.

Figure 11a—b presents the effect of fugacity on pure
gas COo/CH4 and COo/CeHg solubility selectivities in
XLPEGDA at 35 °C and —20 °C. The points are
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Table 8. Effect of Temperature on Infinite Dilution Solubility and Solubility Selectivity in XLPEGDA

solubility (cm3(STP)/(cm? atm))

solubility selectivity

T

(K) COq CoHy CsHs CO2/CH4 CO2/C2oHg CoH4/CoHs C3Hg/C3Hg
308 14+0.1 0.64 + 0.05 2.0+0.2 11 2.7 1.3 1.7
298 1.7+£0.2 0.70 £ 0.07 2.3+0.2 12 3.1 1.3 1.8
273 3.1+£03 0.93 +£0.10 3.7+04 20 4.6 1.4 2.0
263 41+04 1.0+£0.1 4.6+04 28 5.5 1.4 2.1
253 5.7+0.6 1.2+0.1 41 6.6 1.4

Table 9. Comparison of CO2 and CH4 Solubility and Solubility Selectivity in XLPEGDA, XLPPGDA, Polyethylene (PE),
Poly(dimethylsiloxane) (PDMS), Hexane (at 1 atm), and Tetrahydrofuran (THF at 1 atm)“

XLPEGDA XLPEGDA XLPPGDA PE®® PDMS# Hexane!359 THF!3.59,60
T(°C) 25 35 35 25 25 25 25
Sco, 1.7 14 1.3 0.45 1.29 2.06 6.22
Sco,/ScH, 12 11 6.2 2.2 3.1 2.4 10
Sco/Sc,u, 3.1 2.7 0.35 0.59 0.36 1.6

@ Note: Gas solubility coefficients have units of cm3(STP)/(cm?® atm). Gas solubility coefficients in polyethylene have been adjusted to
amorphous phase values using eq 15.3% All properties are at infinite dilution, unless otherwise indicated.
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Figure 11. Effect of fugacity on (a) pure gas COo/CH,4 solubility selectivity and (b) pure gas COo/CoHs solubility selectivity in
XLPEGDA at 35 °C and —20 °C. The points are calculated using experimental data, from Table 3. The lines are drawn using eqs

3—6.

calculated on the basis of the experimental data, which
are recorded in Table 3. The lines are drawn using eqs
3—6 and the fitting parameters yo, y1, and y2. These
selectivities are essentially independent of fugacity at
35 °C and increase with increasing fugacity at —20 °C.
For example, as fugacity increases from 2 to 10 atm at
—20 °C, CO9/CH,4 selectivity increases by 25%, from 42
to 53, and CO9/CeHg increases by 10%, from 6.8 to 7.7.
These increases are mainly due to the increase of COg
solubility with increasing fugacity, as shown in Figure
3.

Test of the Two-Phase Model. Previously, gas
sorption has been measured in pure PEO, which con-
tains 71 vol % crystallinity.!® In a rubbery polymer, the
effect of crystallinity on penetrant sorption is often
represented as follows39-61

Sa=Spa0a (15)

where Sy is the observed solubility coefficient, S , is
the solubility coefficient in the wholly amorphous
polymer, and ¢, is the amorphous phase volume fraction
in the semicrystalline polymer. This model (i.e., the two-
phase model) was used to fit gas solubility data in a
series of semicrystalline polyethylene samples with
crystallinity values ranging from 41 to 78 vol %.%°
However, when gas solubility values were extrapolated
to the wholly amorphous phase, the resulting solubility

values were often not consistent with those measured
in a completely amorphous polymer of similar chemical
structure. For example, Michaels and Bixler estimated
a value of 3.97 cm3(STP)/(cm? atm) for C3Hg solubility
in wholly amorphous polyethylene at 25 °C. They did
not have access to wholly amorphous polyethylene, so
they compared this extrapolated value to the CsHsg
solubility in natural rubber, which is 6.2 cm3(STP)/(cm?
atm) at 25 °C.%? In general, natural rubber is chemically
similar to polyethylene, so Michaels and Bixler argued
that these two polymers should exhibit similar solubil-
ity, especially for noninteracting penetrants such as
CsHg. However, it is not clear that natural rubber is a
very good analogue for amorphous polyethylene, so this
result should be interpreted with caution. Mogri and
Paul measured COy and CHy solubility in poly(alkyl
acrylates) at temperatures above and below their melt-
ing temperatures, Ty,.%2 They obtained the wholly
amorphous phase solubility (e.g., Sa.) at Tm by extrapo-
lating solubility from temperatures well above Ty, to T,
using eq 12. The solubility in the semicrystalline phase
(e.g., Sa) at T\, was obtained by extrapolating data from
temperatures well below T4, to Th,. The amorphous
phase volume fraction (e.g., ¢.) was calculated as the
ratio of Sa to Saa., and the value obtained was about
0.30. However, the value of ¢, estimated from dif-
ferential scanning calorimetry was 0.60. Discrepancies
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Table 10. Gas Infinite Dilution Solubility, S}, and Solubility Selectivity in Semicrystalline Poly(ethylene oxide) (S-C
PEO), Amorphous PEO (Am-PEO) and Cross-Linked PEO (XLPEGDA) at 35 °C*

s3 S%0,/S%

gas S-C PEO" Am-PEO?® XLPEGDA Am-PEO" XLPEGDA
CH, 0.078 + 0.037 0.28 + 0.14 0.13 + 0.02 5+3 11+2
CoH, 0.17 + 0.02 0.62 + 0.07 0.64 + 0.05 2.1+0.3 2.2+ 0.2
C-Hg 0.12 + 0.02 0.41 + 0.04 0.50 + 0.05 3.2+ 0.4 2.8 + 0.4
CO» 0.37 + 0.02 1.3+0.1 14+0.1 1 1

CsHg 0.58 + 0.02 2.2+0.1 2.0 + 0.2 0.59 + 0.05 0.7+0.1
CsHs 0.34 + 0.01 1.3+0.1 12401 1.0+0.1 12401

@ Note: Solubility values have units of cm3(STP)/(cm?3 atm).

between experimental results and the model prediction
based on eq 15 have also been reported in other
semicrystalline polymers, such as rubbery 1,4-poly-
butadiene.®® The failure of eq 15 to describe such data
has led to the conclusion that the interphase between
an amorphous phase and a crystal phase might sorb
gas.%* Some polymer crystals, such as those in poly(4-
methyl-1-pentene) (PMP), are less dense than their
amorphous phase, and they are able to sorb gas.6
Nevertheless, the two-phase model has been validated
by other researchers in polymers such as polyeth-
ylene®-68 and copolyesters.®® Therefore, the crystal
morphology and processing conditions probably have a
significant effect on gas solubility in semicrystalline
polymers.

On the basis of conflicting reports in prior work as
described above, it is interesting to explore the ap-
plicability of the two-phase model to PEO. XLPEGDA
contains 82 wt % PEO, and thus could be roughly
regarded as a model of amorphous PEO. Table 10
compares the solubility values of a variety of gases and
solubility selectivity of COy over the other penetrants
in XLPEGDA, semicrystalline PEO at 35 °C, and the
estimated amorphous phase solubility in PEO, which
was calculated using eq 15 from solubility coefficients
measured in semicrystalline PEO.1°. The CHy solubility
values in XLPEGDA and amorphous PEO differ slightly
because of the low gas sorption in semicrystalline PEO
(which has 71 vol % crystallinity) and the high uncer-
tainty associated with measuring the CHy sorption in
semicrystalline PEO.1® The excellent agreement be-
tween the solubility values in XLPEGDA and those in
wholly amorphous PEO suggests that the two-phase
model for solubility is valid for this system and that the
sorption properties of XLPEGDA are dominated by the
ethylene oxide units in the materials.

Conclusions

Sorption isotherms of COs and hydrocarbons (i.e.,
CHy, CoHy, CoHg, CsHg, and CsHg) in polar XLPEGDA
are described satisfactorily using the Flory—Huggins
model with y parameter values that depend on the
temperature and weakly on penetrant volume fraction.
For all penetrants except COy, as temperature de-
creases, y values increase, indicating more unfavorable
interactions between penetrants and XLPEGDA at
lower temperatures. In contrast, y values for COg in
XLPEGDA decrease with decreasing temperature, in-
dicating more favorable interactions between COy and
XLPEGDA. Linear correlations between In S} versus
T, or (T/T)?, which often provide good models for gas
sorption in nonpolar rubbery polymers, fail to correlate
quantitatively the sorption of quadrupolar COy and
olefins in polar XLPEGDA. The following model, which

considers the effect of polymer/penetrant interactions
on gas solubility, provides a satisfactory description of
the data: In S *(cm? STP)(cm?® atm)) + ¥ = —a +
0.017T(K).

For highly sorbing penetrants such as CO2 and C3Hg,
gas solubility increases as fugacity increases. Gas
solubility increases with decreasing temperature, so
AHg values are negative. |AHg| generally increases as
penetrant critical temperature increases, and COz ex-
hibits the largest value of |AHg|, mainly because of
negative values of AHyix. Compared to nonpolar rubbery
polymers such as polyethylene and glassy polymers such
as AF2400, XLPEGDA generally exhibits lower |AHg|
values, except for COs.
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Appendix

Pure gas fugacity can be calculated using the viral
equation of state, which is given by3870

Z=BY—14Bp+Cpt--s  (AD

where Z is the compressibility factor, p is the pressure,
V is the molar volume, R is the gas constant, T is the
temperature of interest, and B' and C' are the second
and third virial coefficients, respectively. The above
expression, truncated after the C'p? term, is sufficient
for describing the gas behavior in this study. The
constants (i.e., B' and C'), which are functions of
temperature, are available in the literature’® and are
recorded in Table 11 for the penetrants and tempera-
tures of interest to this study.

Pure gas fugacity (i.e., /) is related to gas pressure
as follows38.70

1n£=f”z—; Lap=Bp+icpy @2
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Table 11. The Second and Third Virial Coefficients of Penetrants at Temperatures of Interest’! ¢

308 K 298 K 273 K 263 K 253 K
gas B' x 103 C' x 108 B' x 103 C' x 108 B' x 103 C' x 108 B' x 103 C' x 108 B' x 103 C' x 108
CHy4 —1.58 1.49 =1.77 1.24 —2.40 —0.06 —2.74 —-1.23 -3.08 —2.65
CoHy —5.21 —16.0 —5.74 —20.4 —7.49 —40.0 —8.28 —50.7 —9.44 —67.7
CqoHs —6.88 —-31.2 —7.64 —-39.9 —9.88 —76.5 —-11.0 —95.2 —-12.3 —-132
COq —4.54 —-12.9 —5.05 —-17 —6.74 —34.3 —7.38 —45.2 —8.24 —58.0
CsHg —-12.8 —-141 —14.2 =177 —-18.4 —358 —20.1 —471
CsHsg —-13.4 —293 —15.8 0 —21.0 0 —23.8 0 —26.2 0
@ Note: B’ has units of atm~! and C' has units of atm=2.
which can be written as follows: (26) Freeman, B. D. In Comprehensive Polymer Science: First
Supplement; Aggarwal, S. L., Russo, S., Eds.; Pergamon
1 Press: New York, 1992; pp 167—98.
f: pexp|Bp += C'p2 (A3) (27) Bondar, V. L.; Freeman, B. D.; Pinnau, L. J. Polym. Sci., Part
2 B: Polym. Phys. 1999, 37, 2463—75.

Equation A3 was used to calculate fugacity in this study.
As shown in Table 11, the absolute values of B' and C'
are very low, and thus in the pressure range considered
in this study, the f/p values are a linear function of
pressure, as shown in Figure 1, so eq A3 can be
simplified as follows:

f=pd+ B'p) (A4)
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