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Abstract

"This review discusses a macroscopic thermodynamic procedure to calculate
the solubility of gases, vapors, and liquids in glassy polymers that is based on
the general procedure provided by the nonequilibrium thermodynamics for
glassy polymers (NET-GP) method. Several examples are presented using
various nonequilibrium (NE) models including lattice fluid (NELF), statis-
tical associating fluid theory (NE-SAFT), and perturbed hard sphere chain
(NE-PHSC). Particular applications illustrate the calculation of infinite-
dilution solubility coefficients in different glassy polymers and the predic-
tion of solubility isotherms for different gases and vapors in pure polymers
as well as in polymer blends. The determination of model parameters is
discussed, and the predictive abilities of the models are illustrated. Atten-
tion is also given to the solubility of gas mixtures and solubility isotherms in
nanocomposite mixed matrices. The fractional free volume determined from
solubility data can be used to correlate solute diffusivities in mixed matrices.
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INTRODUCTION

The sorption of low-molecular-weight species in glassy polymers is a process of considerable
interest in industrial practice in several applications such as membrane separations, solvent ex-
traction, packaging, volatile organic compound detection, thin film coating, and environmental
stress cracking.

In addition to the practical need for fluid sorption and desorption data in glassy polymer
phases, a more fundamental issue arises from the nonequilibrium nature of glassy systems, which,
ata given temperature, pressure, and external penetrant activity, absorb different amounts of fluid
depending on their thermal, solvation, and mechanical history (1-4).

Therefore, the usual well-established tools based on equilibrium thermodynamics become in-
appropriate to describe the behavior of such systems. In rubbery polymers, true thermodynamic
equilibrium is locally reached immediately, and one simply has to choose the proper equilibrium
thermodynamic constitutive equation to represent the penetrant chemical potential in the poly-
meric phase, selecting between the activity coefficient approach (5-9) or equation-of-state (EoS)
method (10-16) and using the most appropriate expression for the particular system.

Glassy polymers, however, are different insofar as the matrix is under nonequilibrium condi-
tions and the usual thermodynamic results do not hold. Therefore, a different description must
be used.

We review here some reliable methods to obtain solubility isotherms in glassy polymeric
phases, with particular attention to the conditions needed for predictive calculations. In particular,
we list briefly the methods based on molecular simulations and then present the main features
of the empirical dual mode model, which is the most commonly used at present. Subsequently,
we show in detail the main features of the nonequilibrium thermodynamics for glassy polymers
(NET-GP) approach (17), namely, the general assumptions and results of the model, the procedure
to calculate solubility isotherms of glassy phases, the EoS models that have been implemented to
describe the behavior of mixtures, the significance and determination of the model parameters,
the special cases of infinite-dilution solubility and solubility of liquid solutes, and finally several
examples that illustrate the application of this method.

MODELS FOR THE SOLUBILITY OF GASES AND LIQUIDS
IN GLASSY POLYMERS

Molecular Simulation-Based Approaches

A short description of molecular simulation-based approaches is given here; more details can be
found elsewhere (18). In molecular simulations, the calculation of solubility in a glassy polymer
phase relies on the same computational methods available for the evaluation of properties above
the glass transition temperature, 7, namely, the grand canonical Monte Carlo (GCMC) (19),
Gibbs ensemble Monte Carlo (GEMC) (20), Widom test particle insertion (21), staged particle
deletion (SPD) (22), and direct particle deletion (DPD) (23-25) methods. The simulation of any
glassy polymer property is, however, restricted because the characteristic relaxation times exceed
by far the longest time and length scales that current computers can simulate. It is thus difficult
to generate a realistic configuration of the polymer glass (26). At high pressures, one also must
consider that the sorption of gas molecules is accompanied by swelling of the polymer matrix,
which is due in part to relaxation and requires slow rearrangement of the polymer chains. Some
authors have introduced the use of preswollen or preloaded packing models to represent high-
concentration states of polymer/penetrant systems (24, 27, 28).
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Despite the great advances made in the past decade in the development of algorithms, the
computational time required to evaluate gas or liquid solubility in a glassy polymer is not yet com-
parable with that required by macroscopic approaches such as EoS models. Interesting synergies,
however, can be envisioned by combining microscopic and macroscopic methods, as molecular
simulations can provide information on the structure of the polymer and on macroscopic proper-
ties that are otherwise unavailable to macroscopic models or experimentally inaccessible (29).

Dual-Mode Sorption Model

The most widespread description of fluid solubility in glassy polymers is the dual-mode sorption
(DMS) model (30, 31); the straightforwardness of its use for data fitting apparently makes it difficult
to replace. The DMS picture has a phenomenological basis, as it assumes that two populations of
penetrant molecules are sorbed in the polymeric solid. The first one is dissolved in the bulk polymer
matrix and is linear with pressure through Henry’s law, whereas the second one, described by a
Langmuir adsorption isotherm, is adsorbed onto the surface of the microvoids that are considered
to be present in the polymer as a consequence of the excess free volume frozen into the glassy
matrix. The resulting overall concentration of the penetrant, C, as a function of the external gas
pressure, p, is

Cibp
1+bp’

C=KDP+

The parameters C}; and & are the Langmuir capacity and hole affinity parameter, respectively. Cy;
can be related to the nonequilibrium properties of the mixture through the excess free volume
distribution (32), whereas the equilibrium parameter Kp, (Henry’s constant) can be related to the
dilation of the polymer owing to the sorption process (33) and calculated by an EoS procedure
(32).

The DMS model exhibits the typical limitations of empirical models: The parameters must be
evaluated for each polymer-penetrant system at each temperature by best fitting Equation 1 to
experimental solubility isotherms, the parameters used for sorption differ from those needed to
describe desorption, and the values of the dual mode parameters are strongly dependent on the
pressure range of the sorption data (34).

Nonequilibrium Thermodynamics of Glassy Polymers

The main features of the macroscopic nonequilibrium approach for the solubility in glassy poly-
mers are described below.

General considerations. In the early 1990s, several studies aimed to develop a more fundamental
approach than that of the DMS model (35-38) by using suitable statistical thermodynamic expres-
sions for the Gibbs free energy of the glassy mixture (39). The nonequilibrium properties of the
glassy state are accounted for by making use of an appropriate order parameter: the fractional free
volume (FFV) of the polymer at 7T, which is frozen into the system for all temperatures below
Ty, or the number of holes per polymer mass (36, 37).

In the NET-GP approach a relationship is derived between the thermodynamic properties
above and below T, i.e., between equilibrium and pseudoequilibrium conditions (17). The latter
are asymptotically reached by the glassy phase when the temperature, pressure, and stress as well
as the fugacity of all components in the external phase are kept constant; however, owing to the
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departure from equilibrium, the pseudoequilibrium conditions depend on the thermomechanical
history of the material.

In NET-GP analysis, the glassy polymer—penetrant phases are assumed homogeneous and
amorphous, and their state is characterized by the classical macroscopic variables, i.e., temperature
T, pressure p, and composition, with the addition of order parameters accounting for the departure
from equilibrium. In isotropic conditions, the density of the polymer species, py, is sufficient
to determine the departure from equilibrium and is chosen as the proper order parameter. The
hindered mobility of the glassy polymer chains freezes the material into a nonequilibrium state that
can be described by the difference between the observed polymer density p,, and its equilibrium
value at the given 7, p, and mixture composition pEOQl. As a result, all thermodynamic functions,
for example the Helmholtz free energy density #~F, are given by an equation of the type (17)

aNt = aNY(T p, Ppol)s 2.

where Q; is the mass ratio of solute i to polymer. Considering the order parameter p,, as an
internal state variable for the system, and application of the theory of materials endowed with
internal state variables (40) the nonequilibrium Helmholtz free energy density of the glassy phase,
AT was shown to depend only on temperature, polymer mass density, and composition, and is
independent of pressure (17):

9 NE
( . ) —o. 3.
ap T.0i.Ppol
The chemical potential per unit mass of penetrant / dissolved in the glassy phase is given by
N <8GNE> _ <8dNF,> N
dm,; T, p.mjzi ol 9p; T.p.p ji-Ppol

where GNP is the total Gibbs free energy of the mixture; 7z, and 7z; are the masses of polymer
and of penetrant 7, respectively; and p; is the density of the i-th penetrant.

As a direct consequence of Equation 3, 2NF, in a general nonequilibrium state, coincides with
the corresponding property #*? obtained from the equilibrium curve at the same 7T} pyo1, and ;:

ﬂNE(T» p7 Qis plml) = ﬂEQ(T’ Q/’ pl"’l)' >
Similarly, the chemical potential per unit mass of solute 7 in the glassy phase is given by
Hi\IE(T, P, Q, ppol) = H?Q(T’ Qi pPOI)' 6.

Therefore, once an expression for 259 is selected for the polymer-penetrant mixture, the cor-
responding nonequilibrium equation is readily obtained through the simple relationships in
Equations 5 and 6. Such results are derived in general terms and are independent of the par-
ticular EoS model used to evaluate the free energy.

Free energy functions are given by different EoS models such as lattice fluid (LF) (12, 41, 42),
statistical associating fluid theory (SAFT) (13, 43, 44), and perturbed hard sphere chain (PHSC)
(14-16, 45). These models give rise to corresponding nonequilibrium (NE) models known as
NELF (46), NE-SAFT (17, 47), and NE-PHSC (48), respectively. The nonequilibrium informa-
tion is represented by the value of p,,|, which must be measured experimentally and cannot be
calculated from the equilibrium EoS.

Gas and liquid solubility calculation. In the case of true thermodynamic phase equilibrium,
solubility is evaluated by equating the equilibrium chemical potential of the j-th penetrant in the
polymer phase (4;729) to that in the external fluid phase (11;"?®), using the equilibrium polymer
density given by the EoS at that 7, p, and composition.

De Angelis o Sarti



Annu. Rev. Chem. Biomol. Eng. 2011.2:97-120. Downloaded from www.annualreviews.org

by Rowan University on 01/03/12. For personal use only.

For solubility in a glassy phase, the polymer density does not match its equilibrium value, p* Pol ;
however, NET-GP results show that a pseudoequilibrium condition is reached when the chemical
potential of the penetrant in the glassy mixture, at 7, p, and a fixed polymer density, equals the
corresponding chemical potential of the penetrant in the external phase (17):

W T, . Q. ) = 1 2T, p). 7.

In Equation 7 the nonequilibrium solute chemical potential is calculated using Equation 4 after
an appropriate EoS for the polymer-penetrant system has been selected.

The pseudoequilibrium content of penetrant j in the polymer, ©;, can be calculated if the
pseudoequilibrium polymer density, pyol, is known; that value represents a crucial input for the
nonequilibrium approach, as usually all nonequilibrium models are sensitive to polymer density.

The polymer density value during sorption is normally not available at all penetrant activities,
which is a constraint for the application of the NET-GP approach as a completely predictive tool.
In several cases of practical interest, such as for low values of activity with respect to saturated
liquid, or for solutes with extremely low solubility, the density of the pure glass, pgol, provides a
good estimate of the polymer density, p,. In such cases, the NET-GP approach can be applied
in a predictive way.

When swelling agents or high gas pressures are used, the NET-GP approach needs some
further consideration. In particular the polymer density during gas sorption varies linearly with
penetrant pressure (32, 33, 50),

ppol(p) = pgo[(l - kswp)v 8.

where the swelling coefficient, ks, represents the effect of gas pressure on glassy polymer density.
This coefficientis a nonequilibrium parameter that depends on the thermomechanical and sorption
history of the sample. The value of the swelling coefficient, ks, can be obtained, in principle, from
a single experimental solubility datum at high pressure for the system under consideration, using
Equations 7 and 8 (50).

At infinite dilution, the phase equilibrium condition represented by Equation 7 can be solved
for the solubility coefficient using the LF model. The infinite dilution solubility coefficient, So,
expressed in [cm® of gas (STP)]/[(cm® of polymer) (atm)], is the initial slope of the solubility

isotherm:
P00 p
The explicit expression for Sy of a penetrant (labeled by subscript 1) in a polymer (labeled by

subscript 2) as a function of 7, p? , pure polymer and pure penetrant characteristic parameters,

pol’
and the binary interaction parameter k;,, which enters the model mixing rule and accounts for

deviations of the binary interaction energy from the geometric mean rule, is given by (50)

* * 0 N
InS = ln< Tsre ) +r0 01+ (% _ ) pgol ml1— pinl N <1% 3 1)
psteT Y2 Ppol Ppol )
pol T*
7( _kIZ)\/m 10.

pp()l
where Tsrp and psrp are the standard temperature and pressure. In the expression between braces,

the first two terms derive from the excess entropy term of the Gibbs free energy of the mixture
and represent the entropic contribution to solubility, ®© (51), whereas the last term represents
the enthalpic contribution, ®*” (51), and contains the binary interaction parameter &;, between
polymer 1 and penetrant 2. The entropic contribution is essentially related to fractional free
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volume with respect to the close-packed state, (1 —pgol / p;ol), whereas the energetic contribution is
directly related to the solubility parameter! of polymer and penetrant in equilibrium conditions,
according to the usual relationships (51). The enthalpic and entropic contributions may also be
associated directly with the enthalpy and entropy of solvation of the penetrant in the polymer at
infinite dilution.

A different insight into the role of the different physical mechanisms is gained by considering
that the dissolution is composed of three steps as follows: (#) condensation of the pure gas to the
hypothetical liquid state with a molar volume equal to the partial molar volume existing in the
equilibrium condensed mixture at infinite dilution, 7} pq, at the same 7T and p; (4) dissolution
of the condensed gas into the polymer, which leads to an equilibrium rubbery mixture; and (c)
evolution from a rubbery equilibrium mixture to a nonequilibrium glassy phase characterized by
the same 7, p, and composition but with a different density equal to the density measured in the
glass (52).

According to that three-step path, it is possible to elucidate the contributions of condensation,
®cong; equilibrium mixing, ®E2; and departure from equilibrium, ®N, to the infinite dilution
solubility value:

In(Sy) = In (&> + ONF 4 OFQ 4 @y 11.
psteT

The various contributions can be evaluated using the LF and NELF models, as described in more
detail elsewhere (52).

The solubility of liquid molecules in glassy polymers also can be evaluated using the gen-
eral results of the NET-GP model without any adaptation of the method or of the parameters.
Recently, this method has been applied to some mixtures of liquids in glassy polymers (53). The
model can be used in a straightforward way for the cases in which volume swelling is negligible;
if the liquid penetrant gives rise to a non-negligible swelling, however, one can adjust the value
of ks, based on experimental sorption data in the high pressure range, or use the assumption of
volume additivity between pure glassy polymer and pure liquid penetrant to obtain a possibly
overestimated prediction.

EoS models. Different EoS, in particular the LF (12, 41, 42), SAFT (13, 43, 44), and PHSC
(14-16, 45) models, have been profitably used for solubility calculations. Such models have been
employed owing to their sound theoretical basis and their ability to represent the equilibrium
properties of pure substances and fluid mixtures in the condensed phase. The solubility isotherms
of fluids in glassy polymeric phases were obtained by using their extensions to nonequilibrium
phases (NELF, NE-SAFT, NE-PHSC) for the glassy state (17). Detailed descriptions of the
various parameters used in the models can be found in the references of the original papers.

Determination of the pure component parameters. The pure component parameters for the
EoS model chosen are obtained by fitting the EoS calculations to the pure component equilibrium
data. For the penetrant, volumetric and/or vapor pressure values are frequently available to that
aim. For the polymer, one can use volumetric data as a function of temperature and pressure above
T,, data that are frequently available in the open literature and in some compilations (54), for the
common case in which the rubbery phase can be reached experimentally. An example of such a
procedure is shown in Figure 1a: Volumetric data above and below 7, are given for polycarbonate

Tndeed, in the LF model the solubility parameter of a pure component is §; = %‘ /pi (51).
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(@) Volumetric data for polycarbonate and comparison with statistical associating fluid theory (SAFT) equation-of-state (EoS)
predictions. Experimental data are taken from Zoller & Walsh (54). STP, standard temperature and pressure. (5) Comparison between
experimental (56) and nonequilibrium lattice fluid (NELF)-calculated values of the infinite dilution solubility coefficient Sy of z-alkanes
(from 7-C;3 to n-C;3) at 35°C in poly[(trimethylsilyl) norbornene] (PTMSN)), as a function of penetrant 7. The calculated values were
obtained with the LF parameters listed in Table 1 and &;; = 0.0 for all penetrants. Adapted from Reference 57.

(PC), and the SAFT model is used to fit the data above T,. The resulting parameters for the SAFT
model are o = 3.043 A, M /m = 25.00 g mol~", and u/k = 371 K.

There are, however, many polymers of particular interest for application in membrane sepa-
rations, such as certain polyimides, polyacetylenes, and polynorbornenes, for which the polymer
cannot reach 7, without chemical degradation or 7T} is too high to investigate the rubbery re-
gion experimentally. In such cases, one can conduct a molecular simulation of the equilibrium
polymeric phase above Ty, a technique whose general applicability is still under study (29), or
use mixture rather than pure polymer data. One reliable method to evaluate polymer parameters
when T, cannot be reached is to use solubility coefficients in the polymer at infinite dilution for
at least three gaseous penetrants, and fit them with Equation 10.

An example is given in Figure 15, which shows the fitting of the characteristic LF EoS pa-
rameters of the addition polymer poly[(trimethylsilyl) norbornene] (PTMSN) (55-57) using the
experimental infinite dilution solubility values of various alkane penetrants (from Cs to #-Cy3) at
35°C in order to retrieve the pure polymer parameters for PTMSN. The binary interaction pa-
rameter, k;, was kept fixed at its first-order estimate (0.00), the pure polymer density was 0.883 kg
liter™!, and the characteristic parameters obtained are listed in Table 1 (57).

Determination of the model binary interaction parameters. All mixture models for free en-
ergy also have one k;; associated with each pair 7; of chemical species. This parameter can be
obtained separately, e.g., from gas-polymer equilibrium data in the rubbery phase, when avail-
able. In the absence of any direct experimental information, the first-order approximation can
be used for k; or, alternatively, it can be treated as an adjustable parameter, as is often done in
thermodynamic studies of liquid-vapor equilibria. For mixtures formed by components of sim-
ilar chemical structure, k;; is essentially equal to 0.0 (regular solution behavior). For a homolo-
gous series of penetrants in the same polymeric phase, ; is often the same for all penetrants;
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Table 1 Pure component equation-of-state (EoS) characteristic parameters

Lattice fluid EoS pure component parameters

Polymer p* (MPa) T* (K) p* (kg liter™!) | Penetrant p* (MPa) T (K) p* (kg liter™!)
PC (46) 534 755 1.275 CH4 (59) 250 215 0.500
TMPC (47) 446 762 1.174 C,Hy (47) 345 295 0.680
BCPC (47) 531 794 1.480 n-Cy (84) 290 430 0.720
PMMA (51) 560 695 1.270 n-Cs (84) 305 451 0.749
PS (51) 360 750 1.099 CO; (46) 630 300 1.515
PSE(51) 600 830 1.310 H,O (51) 2400 670 1.050
PPO (51) 479 739 1.177 CH;0OH 1080 510 0.900
PTMSN (57) 360 406 1.345 C,H;0H (51) 880 470 0.915
PTMSP (84) 416 405 1.250
AF1600 (59) 280 575 2.16
AF2400 (59) 250 624 2.13
Statistical associating fluid theory EoS pure component parameters (47)
Polymer a@) MW m™! ug k=1 (K) Penetrant o @) MW m™! ug k=1 (K)
(g mol™) (g mol™)
PSt 3.049 25.67 410.0 CO, 3.171 31.05 216.08
PPO 3.043 24.01 320.0 N, 3.575 28.01 123.53
PEMA 3.049 22.98 320.0 CH4 3.700 16.01 190.29
Perturbed hard sphere chain-square well EoS pure component parameters (47)
Polymer o) MW m™! up k=1 (K) Penetrant o @) MW m™! uo k=1 (K)
(g mol~1) (g mol~1)
PMMA 3.583 37.6 366.9 N, 3.520 27.62 108
PEMA 3.450 32.78 290.5 CH4 3.672 16.01 164.9
PSf 3.484 37.45 352 CO, 2.484 16.26 145.11
PPO 3.600 37.73 293.0

Abbreviations: PC, polycarbonate; TMPC, tetramethyl polycarbonate; BCPC, (bisphenol-chloral) polycarbonate; PMMA, poly(methyl methacrylate);

PS, polystyrene; PSf, polysulfone; PPO, poly(phenylene oxide); PTMSN, poly|[(trimethylsilyl) norbornene]; PTMSP, poly[1-(trimethylsilyl)-1-propyne];
PEMA, poly(ethyl methacrylate).
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examples include the solubility of #-alkanes in fluorinated polymers and the solubility of fluori-
nated penetrants in hydrocarbon polymers, for which &; is in all cases close to 0.10 (58-60).

COMPARISON BETWEEN NONEQUILIBRIUM THERMODYNAMICS
OF GLASSY POLYMERS MODEL RESULTS AND SOLUBILITY DATA

This section reviews the predictive ability of the procedure presented above using the PHSC,
SAFT, and LF EoS as reference equilibrium models. To this aim, gas and liquid solubility data
in different polymers are compared with the model predictions, following the pure predictive or
correlative mode. In the case of glassy mixtures, the dry polymer density that has been used in the
simulation is also specified. To test the behavior of the model in a variety of conditions, different
mixtures and types of miscibility data are examined, including ternary solutions formed by a single
gasin a polymer blend or by mixed gases in a single polymer. The data relative to the glassy systems
are classified based on the swelling behavior of the penetrant, treating separately the nonswelling
solutes such as N, O, and CHy, and the swelling penetrants for which the calculation procedure
is substantially different in nonequilibrium conditions. The case of mixed matrix membranes based
on glassy polymers is also considered.
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Figure 2

Solubility coefficient of CO; in polysulfone (PSf) at infinite dilution reported as a function of reciprocal
temperature. The correlation with the statistical associating fluid theory (SAFT) equation of state (EoS) in
the equilibrium range and with the nonequilibrium NE-SAFT model in nonequilibrium conditions are
reported using the same binary interaction parameter k;; = 0.045; the dotted line indicates equilibrium
SAFT EoS calculations with &;; = 0.0. STP, standard temperature and pressure.

Infinite Dilution Solubility Coefficient Above and Below the Glass
Transition Temperature

The behavior of the NET-GP procedure is tested on a gas-polymer mixture whose solubility
has been measured in both equilibrium (above 7,) and nonequilibrium (below 7) conditions. In
Figure 2 the infinite dilution solubility coefficient of CO; in polysulfone (PSf) is plotted as a
function of the inverse absolute temperature. Because the polymer dilation is negligible at low
pressure, the polymer density is constant and equal to pgol. In a semilog plot, the experimental
sorption data above and below 7, lie on two lines characterized by different slopes; the glassy
phase is characterized by a stronger temperature dependency of the gas solubility. In Figure 2,
the predictions of both the SAFT EoS and the corresponding NE-SAFT model are presented and
compared with experimental data for CO, in PSf. The same value of ;; (0.045) fits the experimental
data above T, using SAFT and, using NE- SAFT, below T,, where the equilibrium model would
provide a large underestimation.

The value of pg ., Was obtained at each temperature by considering the experimental density at
T, (=180°C) to be 1.195 kg liter™ and adopting a cubic thermal expansion coefficient equal to
2.0 x 10~* K=, All the parameters used are listed in Table 1.

Infinite Dilution Solubility in Glassy Polymers and Correlations
with Penetrant Parameters

Gas solubility in liquids and in rubbery polymers is often correlated with measures of gas con-
densability such as T using relations of the type (61, 62):

In(S)) =a +bTc. 12.

The intercept # and the slope 4 in Equation 12 are used empirically as adjustable constants; the
values of & are similar for all liquid solvents and vary between 14 and 19 x 107> K~! for different
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organic liquids (63). The use of such a linear relationship in correlating gas solubility in rubbers
(64, 65) and glasses (66-68) has yielded values of parameter 4 similar to those observed in liquids.
Gee (69) provided a simple theoretical framework for the observed correlation in rubbery polymers
but none for glassy polymers.

For glassy polymers such as PC, poly(methyl methacrylate) (PMMA), poly(phenylene oxide)
(PPO) and PSf, Equation 10 correctly describes the experimental infinite-dilution solubility data
of many gases and vapors (51). In Figure 34 we compare NELF predictions and experimental data
for the solubility coefficient in PC of a series of solutes (Ar, N,, O,, He, CO,, CH,, C;Hg, and
C3H4O at 35°C; SO, at 25°C; and #-CsHy,, C;Hs OH, and H,O at 30°C) (51). The default value
of k;j = 0.0 was used in all cases. Similar good agreement was observed for PSf, PMMA, and PPO.
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Further insight was obtained by calculating the contributions of condensation, ®co,4; equilibrium
mixing, ®*9; and nonequilibrium degree, ®NF, using a series of gas and vapor penetrants (Ar, N,
0,, CO,, CHy4, C,H4, C,Hg, C3Hg, n-CsH,, n-CsH 4, SO,, and benzene) at 35°C, in the above-
mentioned polymers. The results obtained by plotting ®.na, ®EL, and ®NF for the selected list
of penetrants in PC as a function of T¢ are shown in Figure 3b. For any solute, @4 is the same
for all polymers because the reduced liquid density of each penetrant is the same for all matrices;
the only polymer-dependent term is the liquid molar density that is taken from the partial molar

volume. In particular, for the penetrants considered in PC, one finds that (52)
Deond = —2.73 +0.0175T¢  (R*> =0.982). 13.

Clearly, the slope of the straight line interpolating ®,nq and 7¢ is close to the value of 0.019 K~!
estimated by Gee (69). The intercept has a negative value, which indicates that the condensation
term lowers the solubility of poorly condensable penetrants (e.g., ¢ < 156 K) in the polymer.

As shown in Figure 3b, the equilibrium mixing term, ®EQ is always negative and has the
effect of lowering the solubility; its value is essentially constant with penetrant type. Because
the nonequilibrium term, ®E, is always positive, it increases the solubility with respect to the
value obtained in the corresponding hypothetical rubbery polymer. In general, the value of ®N®
increases with increasing penetrant 7¢ much more weakly than does the condensation term, and
its intercept seems to be related to the FFV of the polymer. For the less condensable penetrants,
ONE > @4, i.€., the solubility enhancement produced by the excess FFV of the glassy polymer
is greater than the solubility reduction associated with the unfavorable condensation term (52).

A similar analysis allows us to inspect the possible effect on the infinite-dilution solubility
coefficient of molecular size as embodied by the critical molar volume V'¢. The values of @4,
®FQ "and ®NF for the various penetrants in PC versus V¢ at 35°C are plotted in Figure 3¢
(52).

An alternative description is also obtained by considering the infinite dilution solubility as the
sum of an energetic and an entropic contribution directly derived from the Gibbs free energy of the
polymer-penetrant mixture. In particular, in Figure 3d one can see that the enthalpic term, ™,
increases with 7¢ because the sorption enthalpy is mainly due to solute condensation; the entropic
term, ®©, however, decreases with increasing 7T owing to the larger size of more condensable
penetrants that have a lower number of possible configurations available. Moreover, ®® is in
general higher than ®®, which gives rise to the observed linear positive correlation between InSy
and T¢ (51).

Solubility Isotherms of Nonswelling Gases in Glassy Polymers

The sorption isotherms of CHy4 in PPO and PSf, as well as the sorption isotherm of N; in poly(ethyl
methacrylate) (PEMA) at 35°C (70), were considered as typical examples of nonswelling penetrants
in glassy polymers. In the practical absence of polymer dilation, beyond the pure component
parameters and k;;, only the unpenetrated polymer density is required for a complete description
of the solubility isotherms through the NET-GP approach. The pure component parameters for
the different models used are listed in Table 1. The dry polymer density for PEMA at 35°C
extrapolated from volumetric data is pgol = 1.120 kg liter~!, whereas for PPO the dry polymer
density is 1.063 kg liter ™! and for PSf1.230 kg liter~!. The k; values that best fit the low-pressure
solubility data for the N,-PEMA system are 0.020, —0.018, and 0.030 when using the SAFT,
PHSC-SW, and LF models, respectively. For the CH4-PSf system, k; is —0.015, —0.085, and
—0.030 for the three different models, whereas for CHy in PPO £;; is 0.00, —0.085, and —0.060
(47). The experimental data and the model calculations are shown in Figure 44.
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(b) CO3 solubility in poly(methyl methacrylate) (PMMA) at 33°C; the corresponding polymer dilation isotherms are reported as a
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47). (¢©) CO; solubility in Teflon® AF1600 at 35°C; the corresponding polymer dilation isotherms are reported as a function of
pressure. The results of the NELF model are reported for different values of the swelling coefficient (adapted from 47). (d) Solubility of
CH;OH and C,HsOH in poly[1-(trimethylsilyl)-1-propyne] (PTMSP) at 25°C (71) and comparison with the NELF model
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The solubility isotherms obtained from the nonequilibrium models for all of these systems are
always satisfactory, and all models used give similar results. The worst case is represented by the
PSf-CHy systems in which the NELF model slightly underestimates the experimental sorption
data, especially at higher pressures; however, the error does not exceed 15% (47).

Solubility Isotherms of Swelling Gases and Vapors in Glassy Polymers

Application of NET-GP results to the solubility of swelling penetrants in glassy polymers is
analyzed by considering the sorption of CO, in PMMA at 33°C (Figure 4b) and in a perflu-
orinated matrix, Teflon® AF1600, at 35°C (Figure 4c) (47). For both systems polymer dila-
tion data are available from independent experimental measurements, and thus an experimen-
tal value of the swelling coefficient can be calculated. The swelling coefficient has also been
estimated from the solubility data using the solubility model and a single, high-pressure sol-
ubility datum. As in the previous case, the model results obtained with a constant polymer
density value have been included in Figure 4b,c and are represented by a dashed line. Based
on these results, one can appreciate the importance of a correct estimation of volume dilation
to account for the sorptive capacity of glassy polymers, especially at high pressure. The pure
polymer density is 1.181 kg liter™! for PMMA and 1.840 kg liter™!' for AF1600. The pure
component characteristic parameters used in the calculation are reported in Table 1. From
Figure 4b,c, we conclude that the models used provide a good representation of the experi-
mental data regardless of the procedure used to estimate the swelling coefficient and when using,
atmost, two experimental data points to retrieve the parameter values. In particular, the agreement
is good between the value of the swelling coefficient obtained directly from the dilation data and
that estimated from the model on the basis of one solubility datum: Such values are equal, respec-
tively, to 0.026 and 0.027 MPa~! for the CO,-PMMA system and to 0.019 and 0.020 MPa~! for
the CO,-AF1600 mixtures. For the CO,-PMMA mixtures, k; was adjusted using a low-pressure
solubility datum to obtain k;; = 0.075, whereas for the CO,-AF1600 mixture the default value
kij = 0.0 was used (47).

In some hydrophobic, high free volume glassy polymers, the solubility isotherm of n-alkyl
alcohol vapors is rather different from that of other gases and hydrocarbon vapors, as it has a
sigmoidal shape with rather low values of mass uptake and positive concavity at low activity,
followed by an inflection point after which the typical concavity of sorption in glassy polymers is
recovered. This behavior was observed, for example, for methanol, ethanol, and propanol sorption
in poly[1-(trimethylsilyl)-1-propyne] (PTMSP) (71-73) and PTMSN (74). In the most frequent
cases, a positive concavity is observed in the rubbery phases at higher penetrant contents, whereas
at lower penetrant activities, when the matrix is still a glass, downward concavity is typical. This
unusual behavior is related to the unfavorable binary interactions between nonpolar polymers
and polar solutes, which are more relevant at low penetrant content and attenuated by increasing
the molecular weight of the n-alkyl alcohol, which leads to a stronger affinity between polymer
and penetrant (71, 73). Interestingly, the S-shaped isotherms observed for alcohols cannot be
explained, even qualitatively, by the DMS model (30), for which the sorption contribution of
the excess free volume, C};, which is experimentally obtained by subtracting the Henry’s law
contribution from the actual isotherm, would be negative in the pressure range of the solubility
isotherm that has positive concavity.

However, the qualitative difference observed between the solubility isotherms of alcohols and
of other penetrants in PTMSP is an artifact associated with the representation of the solubility
isotherms as penetrant concentration versus penetrant pressure. Indeed, by reporting the dimen-
sionless, penetrant chemical potential In(p/p.f) versus penetrant concentration, the qualitative
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differences among the different penetrants vanish, and the effects of attractive or repulsive inter-
actions between polymer and solutes become clearly apparent (72, 73).

The alcohol sorption behavior is well described by the NET-GP approach using the same
procedure used for all other penetrants. The solubility isotherms of CH;OH and C,H;OH in
PTMSP at 25°C are plotted in Figure 4d (71). The density of pure PTMSP is 0.74 kg liter ! (71).
For the alcohols, the LF characteristic parameters were taken from previous studies, as were those
for PTMSP, which were obtained by best fitting the Sy value obtained from the NELF model
(Equation 10) to a set of data for Ar, CO,, H,, N,, O,, CHy, C,Hg, C;Hg, CF4, C,Fg, and C;Fg
in PTMSP at 35°C (75), with k; = 0.0 and pj fixed at 1.250 kg liter ™", as suggested by previous
studies including molecular simulations (76). All characteristic parameters are listed in Table 1.

One can thus use the NELF model to evaluate the solubility isotherms of CH;OH and
C,H;0H and then compare them with the experimental data. In such calculations, use has been
made of k; = 0.0 for both penetrants, and k,, in PTMSP was adjusted to 3 MPa~! for CH;OH and
to 4 MPa~! for C;HsOH. As Figure 4d shows, the NELF model qualitatively represents the sig-
moidal shape of the solubility isotherm in both cases; for C;HsOH, the model also quantitatively
represents with reasonable accuracy the experimental data.

Solubility of Liquids in Glassy Polymers

The NET-GP procedure is also applicable to liquid solutes. Examples are presented for water
sorption in PC and PSf at different temperatures.

For the PC-water pair, the solubility isotherm from the vapor phase is available at 25°C (77).
Application of the NELF model, using the pure component parameters reported in Table 1,
gives a good representation of the observed behavior. The swelling coefficient is equal to zero,
consistent with the rather limited solubilities, and k;; = 0.022. Because Reference 77 does not
report the densities of the glassy PC samples, we used the common pure glassy PC density value
of 1.200 g cm . The NELF model prediction can be calculated up to the pure liquid conditions
using the same parameters and binary interaction parameter required to fit the low-pressure vapor

;;1 at37.4°C (78). The
PC density variation between 25°C and 37.4°C was considered negligible, and the pure polymer
density was 1.200 g cm~* for both cases. The same k;; = 0.022 was used for the NELF prediction
at both temperatures, and the model is able to represent both the solubility data from the vapor
phase at 25°C and those from the liquid phase at 37.4°C, as shown in Figure 5a.

By using the same model parameters as above, we can calculate in a completely predictive
way the temperature dependence of the solubility of liquid water in PC from 25°C to 130°C and
compare the results with the experimental data (79). To that aim, the variation with temperature

solubility isotherm. Experimentally, the liquid water solubility is 0.0042 g g

of the pure polymer density is accounted for by using a volume thermal expansion coefficient of
19.5 x 107> K~! (80). In the absence of a precise indication of the pure polymer density, we show
in Figure 5b,c the results of NELF model calculations obtained by using for the pure polymer
density at 25°C the values 1.20 and 1.21 g cm™?, respectively, and &;; = 0.022 (53). The NELF
model offers a satisfactory estimation of the temperature dependence of the solubility of liquid
water in PC in a rather broad temperature range.

Gas Solubility in Glassy Polymer Blends and Mixed-Gas Solubility
in Glassy Polymers

More complex systems are frequently encountered in gas separations with polymeric membranes
and in barrier polymer applications. The approach used above for binary mixtures also applies to
polymer blends and mixed gases.
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(@) Solubility of H,O in polycarbonate (PC); orange circles indicate the vapor phase, purple circles indicate the liquid phase.

Experimental data were taken at 25°C and 37.4°C (77, 78). (b,c) The solubility of liquid water in PC versus temperature, with a

comparison between experimental data (79) and nonequilibrium lattice fluid (NELF) predictions with the pure polymer density at 25°C

equal to 1.20 g cm™ (¥) and 1.21 g cm ™ (¢). Figure adapted from Reference 53.

The solubility in two glassy polymer blends is reported in Figure 6, which shows the solubility
isotherms of CHy in polystyrene-tetramethyl polycarbonate (PS-TMPC) blends of different com-
positions (0-20-40-60-100% PS) at 35°C (Figure 64), and the solubility isotherms of CO, in five
blends of (bisphenol-chloral) polycarbonate (BCPC) and PMMA (0-25-50-75% PMMA) at 35°C
(Figure 6b) (47). The NELF estimation of the solubility is also reported on the basis of only the
pure component characteristic parameters and the pure polymer sorption isotherm. This allows
the calculation of the k; values for the systems considered, which are —0.010 and —0.059 for CH4
in TMPC and PS, respectively, and —0.016 and —0.028 for CO; in BCPC and PMMA, respec-
tively (47). In all cases k;; = 0.0 was used for the polymer-polymer pairs. The pure component
parameters used are reported in Table 1, whereas the parameters for the blends were calculated
from those of the pure homopolymers through the model mixing rules (81). The swelling coeffi-
cient of the blend is calculated as the volumetric average of the pure polymer swelling coefficients,
on the basis of the volume fractions in the unpenetrated blends (81). Using the swelling and binary
interaction parameters obtained from the sorption isotherms in pure polymers means that calcu-
lation of solubility in the blends is entirely predictive, and agreement with the experimental data is
quite good. Thus, the model accurately predicts the solubility isotherms of the glassy blends when
the pure polymer sorption isotherm for the solvent under investigation is known. The results are
more than satisfactory, with average errors that seldom exceed 10% for PS-TMPC blends and
are generally lower for the other blends considered.
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(@) Experimental CHjy solubility in polystyrene-tetramethyl polycarbonate (PS-TMPC) blends and (b)) CO; solubility in
BCPC-PMMA [(bisphenol-chloral) polycarbonate—poly(methyl methacrylate)] blends at 35°C as well as nonequilibrium lattice fluid
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as a function of CO, partial pressure, with constant C, Hy4 fugacity in the vapor phase. The solid line represents the NELF prediction
based on the binary mixture data. STP, standard temperature and pressure. Figure adapted from Reference 47.

The same procedure applies to mixed gas sorption in a single glassy polymer, for example, the
system PMMA-CO,-C,Hy at 35°C (50); Figure 6c,d compares experimental and NELF model
predictions for this system (47). In this case, the binary interaction parameters for both polymer-

penetrant pairs were set to the default values (k1; = k13 = 0.0), and swelling was neglected in view

of the relatively low pressure range inspected. Vapor-liquid equilibrium data for the penetrant
mixture were used for the evaluation of the C;H4-CO; binary interaction parameter to obtain

k3 = 0.024. Therefore, extension of NELF to the ternary system does not require any additional
adjustable parameters, and the model is completely predictive (47). In Figure 6¢,d, CO, and C,H,
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concentrations in the polymer are reported as a function of CO, partial pressure in the external
gaseous phase when the ethylene partial pressure is held constant at 2.06 £ 0.08 atm.

For the mixed gases considered, the nonequilibrium model predicts the experimental data quite
well; the ethylene content is well calculated, and the slight underestimation of the CO, content at
the higher penetrant partial pressure can be attributed to polymer swelling that probably occurs
in such conditions and has been neglected in the calculation.

Gas Solubility in Mixed Matrix Membranes Based on Glassy Polymers

In the field of membranes for gas separation, great attention has been paid to nanocomposite glassy
phases in view of their unusual and interesting behavior; indeed, the performance of membranes
composed of polymer materials can be improved by the addition of inorganic fillers. The NET-
GP model is useful to evaluate the sorption and transport properties of gases and vapors in mixed
matrix membranes, whose characterization would otherwise require extensive experimental work.

In particular, the systems examined in detail are the nanocomposites formed by adding hy-
drophobic, impermeable fumed silica (FS) nanoparticles to high free volume glassy polymers such
as PTMSP and amorphous Teflon® AF. These nanocomposite materials exhibit a general and
significant enhancement of gas solubility, diffusivity, and permeability with respect to the unloaded
polymers, whereas the effects on gas selectivity may be different from each other (82). Despite nu-
merous experimental studies, the interpretation of mixed matrix behavior is not reached through
traditional procedures, as solubility is not additive in these composites and permeability does not
obey classical theories for composites such as the Maxwell model (83).

Both positron annihilation lifetime spectroscopy (PALS) and density measurements have in-
dicated that such matrices have higher FFV with respect to the pure unloaded glassy polymeric
phase (82). However, those measurements are often not accurate enough to estimate the FFV
variation induced by the addition of filler in the polymer.

The NET-GP procedure is a successful method for estimating the accessible free volume
variation in such materials (84). It assumes that the density and sorption capacity of the solid filler
remain unchanged upon mixing, whereas the polymer density changes, which causes the observed
variation in sorption and transport properties. That reasonable assumption requires the use of a
single parameter to describe the composite behavior, namely the polymer density, and does not
invoke the presence of a third interfacial region with distinct properties.

The procedure used estimates the polymer density variation owing to filler loading from the
experimental sorption data of one, nonswelling test gas (T'G) (e.g., CH,) in the filler, C}; ; (should
it not be negligible, as it is frequently), and in composite matrix, Crg v, with filler volume fraction
®y. By assuming that the filler sorption capacity does not change upon mixing with the polymer,
one obtains the sorption in the polymeric phase of the composite, Cr p, as (84):

Crem — PrClq p
(1-op)

This quantity is then used in the NELF model, which relates the sorption capacity in the glassy

Crgp = 14.

polymer to the pure polymer density, pg .1~ Calculation of pg ., for the polymer phase allows us to
estimate the FFV of the polymer in the mixed matrix state, FFV'y;, with respect to the occupied
volume as usual,

vdW 0

prel — 1.3p

0 _ "po po.

FFVM—W, 15.
po
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where p;‘;}” is the van der Waals density of the polymer, which is available from the literature.

In the above expression the occupied volume is considered equal to 1.3 times the van der Waals
volume (85).

The FFV values thus calculated for each filler are then used to estimate a priori the solubility
of other gases in the various composite materials using the same NELF model. For swelling
penetrants one also has to fit the swelling parameter, k.

The FFV value can also be used to estimate, with two adjustable parameters A and B, the
infinite dilution diffusivity of gases in mixed matrix membranes by means of calculation based on
free volume theory (84),

1 B
Dly=-ep(d-——3 ], 16.
M7 FFVY,

where the tortuosity, 7, is given by T = 1 + 2 as per Maxwell’s model (83).

As an example, we review mixed matrices based on amorphous Teflon® AF1600 and AF2400
and variable amounts of FS. To evaluate the FFV variation of the polymeric phase induced
by filler addition, the polymer density in the mixed matrix state was estimated by fitting the
NELF model to the solubility isotherms of CHjy, a nonswelling penetrant suitable as a test
probe. The densities of the polymer phase calculated from methane sorption data decrease
with increasing FS content, as expected: in particular they have the values 1.740 kg liter~!
for pure AF2400, 1.714 kg liter™' for AF2400 with 25 wt% of FS, and 1.690 kg liter™!
for AF2400 with 40 wt% FS. Similar behavior is observed for AF1600-based mixed matrices
(84).

Moreover, the density values estimated with the NELF model can be used to predict the
solubility of all the other penetrants examined (CO,, n-Cy, 7-Cs) in the same mixed matrices,
as shown in Figure 7 for AF2400-based materials. To describe the sorption isotherms of these
penetrants over the entire pressure range examined, one needs to adjust another parameter, kg,
to the experimental high pressure solubility data of each penetrant. Indeed, kg, is not merely
an empirical fitting parameter because it has a precise physical meaning and represents the ex-
tent of swelling induced by each penetrant, as shown by comparing the calculated and exper-
imental values for z-butane and z-pentane sorption-induced dilation. The ks, values obtained
experimentally for 7-C4 in AF2400-based matrices are 0.34, 0.49, and 0.97 MPa~! for AF2400,
AF2400-25FS, and AF2400-40FS, respectively, similar to those obtained by modeling sorption
isotherms with NELF (i.e., 0.40, 0.40, and 0.48 MPa~! for the three matrices). Swelling coef-
ficients of 7-Cs in AF2400-based mixed matrices increase from 0.68 to 0.98 to 1.35 MPa~! for
AF2400, AF2400-25FS, and AF2400-40FS, respectively; these values are qualitatively consistent
with those obtained with the NELF model (0.91, 1.23, and 1.99 MPa~!). Similar agreement
is observed for the swelling coefficients of #-C4 sorption in AF1600- and AF2400-based mixed
matrices. Use of the experimentally obtained kg, in place of the adjusted ones yields a maxi-
mum deviation from the actual solubility value of approximately —20% in AF2400-based matrices
(84).

As shown in Figure 84 for the diffusion of #-pentane in both AF2400 and AF1600, there is
a strong correlation between DYt and 1/FFV, as expected from Equation 16. Furthermore, the
same exponential correlation can be used for mixed matrix membranes based on both Teflon®
AF1600 and AF2400. That behavior likely occurs because both polymeric matrices have the same
chemical structure; the main difference between them is the amount of free volume present in the
matrix, which is the key parameter governing penetrant diffusion. Similar behavior is observed for
n-butane diffusion (84).
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Figure 7

Experimental solubility of () CHy and (b)) CO; at 35°C as well as (¢) n-C4 and (d) n-Cs at 25°C in the polymeric phase of amorphous
Teflon® AF2400-based mixed matrix membranes containing fumed silica (FS) and comparisons with nonequilibrium lattice fluid
(NELF) model calculations. Open symbols indicate the solubility data points used to estimate k. Figure adapted from Reference 84.

Finally, by considering the dependence of the diffusion coefficient on the penetrant concen-
tration, which is well represented by the equation

Dip = DYy exp(BCip), 17.

the behavior of the adjustable coefficient 3, which represents the dependence of diffusivity on the
concentration in the polymer phase, was also studied. In most polymer-penetrant systems, the
vapor diffusivity increases with penetrant concentration, especially for swelling penetrants and for
polymers characterized by moderate FFV values. This behavior occurs because diffusive jumps of
penetrants in polymers become more frequent if the presence of a penetrant plasticizes the matrix.
Also, the penetrant-induced swelling increases the FFV available for diffusion. Interestingly, the
(3 values for the materials examined in this work are also related to the FFV obtained from the
solubility data of CHy (Figure 8b) through an exponential law (84),

B=E - exp(—F -FFVYy). 18.
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(4) Infinite dilution diffusion coefficient of #-Cs in the polymeric phase of mixed matrices based on Teflon®
AF2400 and AF1600 as a function of reciprocal fractional free volume (1/FFV). (5) 3 coefficient for diffusion
of #-Cs in mixed matrices based on AF2400 and AF1600 as a function of FFV. Figure adapted from
Reference 84.

The above correlation is rather novel and implies that the higher the initial FFV in the matrix,
the lower the value of B, i.e., the less important the effect of penetrant concentration on diffusion.
Furthermore, a single master curve can be drawn for both AF1600 and AF2400, and the parameters
E and F are both positive and depend, reasonably, on the penetrant type (84).

That behavior can be explained by the fact that if the initial free volume is larger, the diffusivity
is already relatively high, and consequently its dependency on FFV variations induced by swelling
is lower. Therefore, the diffusion-enhancing effect that accompanies an increase in penetrant con-
centration, through swelling and plasticization, is lower for matrices with higher FEV. The above
correlation also implies that § decreases with increasing silica content in the matrix. Although
apparently this behavior could be explained by silica-induced rigidification of the polymeric ma-
trices, the direct swelling data shown above do not confirm this explanation, at least in the case of
AF2400, because the measured volume dilation does not decrease with increasing silica content.
Silica loading mainly increases the free volume of the polymer, rather than affects its rigidity, as
is consistent with the observed independence from silica content of 7, which is a measure of the
chain mobility (84).

CONCLUSIONS

The solubility of low-molecular-weight solutes in glassy polymeric phases can be satisfactorily
calculated via proper use of EoS models such as LF, SAFT, and PHSC if they are suitably adapted
via NET-GP for the nonequilibrium conditions into the corresponding NELF, NE-SAFT, and
NE-PHSC models. For all isotropic phases including single polymers as well as polymer blends,
the actual polymer density is the only nonequilibrium property that is required to account for
the departure from equilibrium frozen into the glass. The pure-component parameters of the
models can be obtained from independent information, and the only other parameters needed are
the binary interaction parameter for each pair of chemical species and, for swelling solutes, the
swelling coefficient of each swelling penetrant. In many ways, the procedure followed is parallel
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to the one using an EoS in the calculation of usual fluid-phase equilibria, with the difference that
the nonequilibrium density of the polymer must be used.

As for the traditional application of an EoS, in general this approach requires a more limited
number of adjustable parameters and in many cases is entirely predictive using pure component
parameters and the default value of the binary interaction parameter. The predictive ability of
the model has been shown in several cases for the solubility isotherms of nonswelling solutes
in pure polymers as well as, more importantly, for the solubility isotherms of polymer blends
or mixed gases, using binary parameters for all the pairs formed by the species present in the
multicomponent mixture.
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