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The permeability of light gases in a series of different glassy polymers is analyzed through a thermodynamic-based
approach for solubility and diffusivity. The nonequilibrium thermodynamic model for glassy polymers describes the solu-
bility of the different penetrants; diffusivity is given as the product of a mobility factor and a thermodynamic factor.
The latter is predicted by the nonequilibrium lattice fluid thermodynamic model, while the mobility coefficient is deter-
mined using the experimental permeability data. For rather soluble penetrants (e.g., CO;), a plasticization factor is also
accounted for, considering the mobility to depend exponentially on penetrant concentration, as often observed experi-
mentally. The model is able to describe accurately the experimental behavior in a simple and effective way, considering
only two adjustable parameters. The mobility coefficient is found to depend on the penetrant size (critical volume) and
on the fractional free volume of the polymer matrix, following rather general and reasonable correlations. © 2015
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Introduction

The mechanism of sorption and diffusion of gaseous,
vapor, or liquid penetrants in polymers of different nature is
of great importance for many practical purposes in a variety
of industrial applications, such as those based on membranes
and barrier polymeric films,'™ among others. The complete
knowledge of such phenomena and their mathematical
description through appropriate models are fundamental for a
proper understanding and for design purposes.

The permeability P, of a low molecular weight penetrant,
species 1, through a polymeric membrane provides the rate
of transport of the permeating molecules at steady state, and
is defined as

Ny !
pi—pi

P ey

in which N, is the molar flux of species 1, through a poly-
mer film of thickness /, under the driving force given by the
difference in partial pressures between the upstream and
downstream phases, p{ —p?.

The characterization of penetrant permeability, together
with solubility, is widely employed to evaluate the perform-
ance of different membranes in gas separation, and to com-
pare the behavior of the different gaseous species. Under the
usual conditions in which p{ > p‘ll, the separation factor o;

Correspondence concerning this article should be addressed to G. C. Sarti at
giulio.sarti@unibo.it.

© 2015 American Institute of Chemical Engineers

2776 September 2015 Vol. 61, No. 9

turns out to be the ratio between the permeability of species
i and species j, and represents the membrane selectivity.

In the case of rubbery polymers, gas permeability is
often invariant with upstream pressure: no significant varia-
tions are indeed registered for both solubility and diffusivity
coefficients, unless very high values of pressure and
concentrations are reached. On the contrary, polymer systems
below T, present very peculiar behaviors, in which permeabil-
ity P, shows a significant dependence on upstream pressure,
following different trends as it can be constant with pressure,
as is common for light gases and penetrants scarcely soluble
in the polymer, it can also be a decreasing function of p{, as
frequently encountered for different penetrants in many
glasses, or else it can be an increasing function of p{, as in
the case of highly soluble penetrants, able to produce a rele-
vant swelling of the polymer matrix. A nonmonotonous
behavior of permeability can also be observed, initially
decreasing then increasing with upstream pressure, reaching a
minimum value which is the so-called plasticization point.

Therefore, a proper description of transport behavior is of
remarkable importance to adequately represent the experi-
mental results, and a suitable (and possibly simple) model is
required to account for all the different behaviors encoun-
tered, using the same framework.

Earlier approach described the transport of gases in glassy
polymers based on the Dual Mode Sorption (DMS) model,®
assuming the existence of two separate populations of pene-
trant molecules, one dissolved and one adsorbed in the
microvoids thought to be present in the glassy phase,
referred to as Henry and Langmuir sorption modes, respec-
tively. The overall permeability is then obtained by assuming
that both populations diffuse in parallel, with two diffusivity
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values independent of concentration, and allowing for
different possible exchange mechanisms between the two
populations.7’8

The DMS model proved to be effective in the representa-
tion of permeability for a variety of different polymer and
penetrant pairs,””'% but only for the cases in which perme-
ability is never increasing with penetrant pressure. Indeed,
the model expression is not suitable to describe the transport
behavior in which permeability is always increasing with
pressure or the so-called plasticization behavior often
observed at higher pressures when a minimum value of per-
meability is present followed by an increasing trend. For
such cases, the DMS model would require the introduction
of at least two further ad hoc parameters.'*!'*

The main limitations of the DMS approach are on one
side in the failure to represent complex behaviors of pene-
trant solubility, such as sigmoidal-shaped isotherms'>'® and,
on the other side, in the resulting dependence of apparent
penetrant diffusivity, obtained from the parallel diffusion of
the two different populations of molecules considered. In
addition, the use of DMS model often leads to a poor predic-
tion of the time lag of diffusion, to the point that improve-
ments to time lag description have been pursued even
considering that the species adsorbed onto the surfaces of
the holes can diffuse as such without any exchanges with the
bulk, as if the holes were communicating with one other as
in a continuous interconnected void phase.'’

Alternative models have been developed over the past
decades for the interpretation of the gas transport in glassy
polymers. Petropoulos developed a different approach based
on chemical potential gradient, within the same DMS frame-
work,"® but still considering the mobility value constant with
concentration; similarly Islam and Buschatz'® followed the
same idea considering a pressure gradient inside the mem-
brane, leading however to contradictory results.”® Barbari
developed a new model for the permeability of swelling pen-
etrants, considering the dilation of a glassy polymer matrix
within the dual mode model, and utilizing a free-volume
model for the representation of the diffusion coefficient,?!
aiming at the description of the behavior of highly soluble
penetrants. A different approach has been considered by Lee
et al., who developed a thermodynamic model on the basis
of configurational entropy and Flory—Huggins theory to eval-
uate the concentration dependence of gas permeability; but
that can hardly be utilized for the study of polymeric sys-
tems with a significant fraction of free volume.*

All the mentioned models can provide a good description
of the experimental results in certain limited ranges of oper-
ating conditions, but their validity is actually confined to
special intervals and cannot be used to represent all possible
behaviors, unless further additional terms and parameters are
specifically introduced. Indeed, none of the models listed
above is able to describe all the four different features usu-
ally encountered in penetrant transport in glassy polymers.

In this work, the permeability behavior of light gases in sev-
eral glassy polymers is considered and analyzed by means of
an approach recently proposed.”” The simple and effective
model introduced by Minelli and Sarti*® for the evaluation of
the permeability of gases in glassy polymers, based on only
two adjustable parameters, has been already employed to
model the different permeability behaviors of CO, in various
glassy polymers,23 as well as in polymer blends and copoly-
mers,>* describing with a very good accuracy all different per-
meability dependencies on upstream penetrant pressure. The
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case of different penetrants, as organic vapors, hydrocarbons
and alcohols in glassy ethyl cellulose has also been success-
fully considered at different temperatures.zs’26 Furthermore,
the model also represents accurately the temperature depend-
ence of permeability and solubility of CO, in semicrystalline
poly(ethylene terephthalate) (PET), below and above its Tg.27
Such an approach, whose details are illustrated in our previ-
ous work,” calculates the gas permeability in glassy polymers
determining separately the two contributions, given by the aver-
age value of the diffusion coefficient <D,>, in the concentra-
tion range of interest i.e., between the values at the upstream and
downstream polymer interfaces, ¢! and c{, respectively, and the
average solubility coefficient <S;> defined as
i

<§ >= u q
P1— P

(@3]

From the average solubility and diffusivity coefficients,
the determination of the steady-state permeability is straight-
forward, and in case the downstream pressure is negligibly
small with respect to the upstream value (i.e., p‘f ~ (0 and
consequently c‘f ~ (), the following equation holds true

N ll - P 1 pl]J o P 1

lim <Dy >= lim —- =
]7?4»0 17?4»0 Cl Cl <Sl >

3

The model considers the diffusion coefficient as the prod-
uct of a purely kinetic factor, the mobility coefficient L, and
a thermodynamic factor o = ma[f‘ul)], with @; the mass fraction
of penetrant species 1. The latter factor is associated to the
concentration dependence of the chemical potential of
the permeating species, and can be evaluated directly from
the experimental solubility isotherm, or from a specific
model for the penetrant solubility.

The mobility coefficient is in general depending on pene-
trant concentration, and an exponential dependence on w; is
found appropriate for quite soluble penetrants, such as CO,
or hydrocarbons.

Conversely, the description of the solubility isotherms of
the different penetrants is provided by the use of nonequili-
brium thermodynamic theory for glassy polymerszg’29 which
gives rise to the nonequilibrium lattice fluid (NELF)
model,*>*" when applied to the Sanchez Lacombe equation
of state (EoS).>>#

The resulting transport model® contains overall only two
adjustable parameters, required to describe the dependence
of penetrant mobility on penetrant concentration, and it is
suitable to represent any kind of permeability behavior
observed experimentally, even in case of strong plasticiza-
tion phenomena.

The approach introduced in Ref. 23 represents a compre-
hensive framework for the description of gas permeability,
which can be implemented also using any other solubility
and mobility model. It offers a simple and solid model with
strong theoretical basis, able to evaluate and possibly to
predict the penetrant permeability, exploiting the thermody-
namics of glassy polymer mixtures and a convenient repre-
sentation of the penetrant mobility in that mixture. The
model is not a mere correlation tool for an accurate fit of
experimental data, but it rather provides a deeper understand-
ing of mass transport in glassy polymers, valid in a broad
range of operating conditions, and it is also able to provide
useful information on the effect of polymer properties on
membrane behaviors.
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Table 1. Definition of the Different Properties as Well as Main Correlations for the Sanchez—Lacombe/NELF Framework

Symbol Name
State Variables w; Mass fraction of solute i
T Temperature
)4 Pressure
02 Polymer mass density
Model Parameters pi Characteristic density of pure component i
D; Characteristic pressure of pure component i
T Characteristic temperature of pure component i
M; Molar mass component i
k1o Binary interaction parameter for penetrant, polymer (1,2) pair
Eq. Calculation
Model Variables vy Lattice site molar volume for pure component i 1 Vi = [;1
p* Characteristic density of the mixture I ﬂl = ’;’—‘ j‘j—z
1 2
D Reduce mixture density m p= 1—?02:) 5
oy Volume fraction of component 7 in the mixture v ¢, = w;%
V¥ Average close-packed per molar volume in the v ‘l =4t “’5—2
mixture b
Ap;- Interaction characteristic pressure for (1,2) pair VI Api, = pi+pi—2(1—ki2)\/P} - P

in the mixture

NE,res

polymeric mixture

Residual chemical potential of solute 7 in the glassy VI

NEres
H _

RT

Iy . L=yt
ol {1—V—1—1n(1—f;){1——‘}/v }
V¥ P

—pvi [(1+¢1)p’1‘+¢z (PZ*AI’TZ)] }

In the present work, we inspect the application of that
model to describe the permeation data of light gases, such as
nitrogen, argon, or helium, which were not yet considered so
far. Such penetrants induce a very limited swelling in the
polymer matrix in view of their moderate solubility, and
thus they are not able to produce any significant plasticiza-
tion in the polymer matrix. Therefore, the values of mobility
coefficient for light gases are expected to be approximately
constant throughout the whole pressure range usually
considered.

Theoretical Background

The transport model developed by Minelli and Sarti has
been already widely described in previous publications,?>**
and only its main features are here recalled for clarity sake.

The penetrant permeability in glassy polymers requires the
determination of both solubility and diffusivity coefficients.
The first, Sy, is readily obtained from EoS-based model spe-
cifically devoted to the case of glassy phases (e.g., NELF
model), while the second coefficient D, is considered as the
product of two factors, and for the case of binary penetrant/
polymer mixtures, the following relation holds

O /RT

Dl— 'LIEO('Ll (4)

Olnw,
in which w, is the penetrant mass fraction, L; is the kinetic
mobility of penetrant 1, and the thermodynamic factor o is
defined in Eq. 4.

The thermodynamic factor can be determined from the
specific expression of chemical potential in binary mixtures
provided by the NELF model, whose relevant physical quan-
tities and equations are summarized in Table 1. The NELF
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model requires the use of pure polymer and penetrant char-
acteristic parameters, a binary interaction coefficient k,, and
the value of the specific volume of the glassy polymer at the
various penetrant pressures. The description of the volumet-
ric dilation of the polymer, when present, is provided in a
predictive fashion by the approach by Minelli and Dog-
hieri.>* Therefore, the thermodynamic factor « is obtained in
purely predictive manner, once the only binary factor ky, is
retrieved from the analysis of a limited set of experimental
solubility data.

Conversely, also the mobility coefficient often reveals
a non-negligible dependence on penetrant concentration,
especially for highly plasticizing penetrants, so that in the
previous works an exponential relationship has been
considered** %’

Li(w;) = Lyg - e/ &)

in which L( is the infinite dilution mobility coefficient and
p is the plasticization factor, associated to the penetrant/
polymer pair under consideration. Other more elaborate
expressions are clearly available for the penetrant mobility,
such as those derived within the free volume theory by
Vrentas and Duda®; if necessary, they could also be easily
implemented in the present modeling procedure. However, in
all the cases considered thus far Eq. 5 was found sufficient
for all purposes and, therefore, this expression will be con-
sidered also in the present work, in which the attention is
focused in particular on the permeability of light gases.

The model then requires an accurate and reliable represen-
tation of the thermodynamic properties of the penetrant/poly-
mer mixture below T, to calculate the thermodynamic factor
and the penetrant solubility at the various pressures. The
NELF model is thus employed to that aim, in view of its
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Table 2. Characteristic Parameters of Pure Polymer and Penetrant Substances of the Sanchez Lacombe/NELF Model

T* (K) p* (MPa) p* (gfem®) Source
CO, 300 630 1.515 28
CH, 215 250 0.500 31
C,Hy 295 345 0.680 31
Ar 190 180 1.400 36
N, 145 160 0.943 31
He 9.3 4.0 0.148 36
PC 755 534 1.275 28
PSf 820 560 1.318 28
PMMA 695 560 1.270 31
PVC 680 620 1.487 This work, data from Ref. 37
PEMA 602 567 1.221 38
PPO 739 479 1.177 38

recognized ability to provide the full thermodynamic repre-
sentation of polymer solutions in the glassy state. The
detailed description of this model can be found in previous
papers®®>%3!: its main features and final results are here
briefly recalled for the sake of clarity.

It was shown®®**3! that the use of the actual value of the
nonequilibrium polymer density, pIZ‘IE, as a measure of the
departure from equilibrium of the glassy phase, provides a
good and general description of the thermodynamic state of
the system, together with the usual set of state variables
(temperature, pressure, and mass fraction). The NELF model
adopts the lattice fluid framework (LF) given by Sanchez
and Lacombe,*>** and thus represents the pertinent extension
of the EoS approach to the glassy region. The definition of
the model parameters and the equations used in the NELF
model (and in the Sanchez Lacombe theory) are summarized
in Table 1. The properties of the pure polymers and pure
penetrants are determined on the basis of the three character-
istic parameters (T}, p;, and p;) of the EoS, whose values
are obtained from the best fit of pressure-volume-
temperature (pVT) data or from vapor-liquid-equilibrium
data. In the present case, the polymers and the penetrants
investigated have been already analyzed either by the San-
chez Lacombe EoS or by the NELF model, and thus their
characteristic parameters, reported in Table 2, are already
available in the literature.

The properties of the penetrant/polymer mixtures are
obtained by the mixing rules for the LF theory,**** which
are also reported in Table 1.

The behavior of penetrant solubility at various solute pres-
sures or activities can thus be obtained from phase equilib-
rium calculations, in which the chemical potential of the
penetrant sorbed in the polymer phase, ,uII‘IE, is equal to that

in the external fluid phase g%

W= (T, p, o1, p3%) = Wy (T, p, 1) (6)

As input parameter, the NELF model requires the knowl-
edge of the glassy polymer density, p)E, which must be
obtained at all the different conditions inspected, that is, at
the different temperatures, pressures, and solute fugacities.
Conversely, the volume of a glassy polymer exposed to light
gases is practically constant, at least in the usual limited pres-
sure ranges, as the very small penetrant uptake does not pro-
duce any significant dilation of the penetrated matrix.
However, Minelli and Doghieri have recently developed a
specific method for the determination of the penetrant induced
swelling,*** which can be effectively evaluated in a purely
predictive way by means of a simplified rheological approach.

AIChE Journal September 2015 Vol. 61, No. 9

Published on behalf of the AIChE

This method is based on a bimodal distribution of the
characteristic polymer relaxation times, considering only the
short-term and long-term relaxation modes, associated to
“soft” and “hard” elements, respectively; their mass frac-
tions, y and 1 — y, respectively, are intrinsic characteristic
property of the polymeric glass. The core of this approach is
the assumption that only short-term relaxation phenomena
are involved during sorption well below T,, so that only the
soft elements contribute to polymer swelling. Once pseudoe-
quilibrium conditions are reached, the volume of the hard
element remains unchanged, while the volume of the soft
portion has reached the value corresponding to its hypotheti-
cal equilibrium state at that temperature, pressure, and solute
mass fraction or fugacity. The y factor thus represents the
swelle314ble polymer mass fraction, and the following equation
holds

1 1 1 1
P _ 7
PSE(T,p.f1) (05’§> X(p?‘*(T,p,fl) pgq(T,p,0)> ?

in which the density of the polymer phase in the glassy state,
pXE, at temperature T, pressure p, and solute fugacity fi, is
evaluated based on the y factor, the density of the polymer
in the unpenetrated state p)F, and the equilibrium density
pgq, conveniently evaluated by suitable EoS.

The model parameter y is estimated on the basis of the
volumetric data for pure polymer in both rubbery and glassy
state; the following relation is thus derived®

_ma(ny)
1= m 3

in which x,5 and Ky, indicate the isothermal compressibil-
ity of the polymer below and above the glass transition
temperature, respectively, evaluated at the glass transition
temperature for the polymer of interest.

Table 3. Characteristic Parameters of the Different
Polymers: Initial Unpenetrated Polymer Density and y Factor

Polymer OOF (g/em?) 1

PC 1.194 0.69
PPO 1.063 0.46
PEMA 1.122 0.83
PSt 1.235 0.56
pPVvC 1.367 0.81
PMMA 1.175 0.69
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Table 4. Penetrant/Polymer Binary Interaction Coefficients
for the Sanchez Lacombe/NELF Model

Polymer  Penetrant ki Polymer  Penetrant ki
PC CO, 0.022 PSf CO, 0.013
CH4 0.035 CH4 0.015
C,Hy 0.009 Ar 0.045
Ar 0.030 N, —0.020
N, —0.018 He —1.00
He —-1.010 PVC CO, 0.080
PPO CO, —0.007 CHy4 0.142
CH,4 —0.057 Ar 0.206
Ar 0.052 N, 0.210
N, 0.020 He —0.531
PEMA CO, 0.025 PMMA  CO, 0.006
CH4 0.017 CH,4 0.055
Ar 0.061 Ar 0.100
N, 0.032 N, 0.055
He —2.94

The estimation of solute induced swelling is fundamental
for the proper description of the solubility in glassy polymers
of highly swelling penetrants, such as CO, or C,H; among
those here considered, while in case of light gases as N, or
He, almost negligible dilations are predicted by the present
model; intermediate behaviors are often found for CH, or
Ar. For the sake of consistency, in this work all different
cases will be equally treated by the same approach illustrated
above: accordingly, polymer swelling will be determined
predictively and used as input to the NELF model to
describe the thermodynamic behavior below T,.

The final expression for penetrant permeability can then
be derived by taking advantage of Eq. 4 for diffusivity, of
Eq. 5 for mobility, and of the results of the NELF model for
the thermodynamic factor « and for the solubility coefficient,
S| = ;‘,’—l‘ In the case of negligible penetrant pressure in the
downstream side of the membrane, the following relationship
holds™

17 w
P, :WL 02 Lipexp (fwy) p—ll 7y dp; )
where M, is the penetrant molecular weight, pY is the penetrant
upstream pressure, and z; is its compressibility factor, which
can be evaluated through the Peng—Robinson EoS, for the sake
of convenience. Of course, any other suitable model, including
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. 0020 [ £
o J 00005 &
2 2
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S — 0.0004 g
]
@ 0.010 @
-3 I
CH‘ - 0.0002
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N,
0.000A2EETE = i, Y iR RN PP R Y1)
0 5 10 15 20 25 30

gas pressure (bar)
Figure 1. Gas solubility isotherms in glassy polycar-
bonate at 35°C: experimental data after
Koros et al.*° and Jordan and Koros,*
together with the NELF model results.
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the same lattice fluid EoS, can be used for this purpose observ-
ing only very minor differences in the final results.

Results

The approach described above has been applied to a vari-
ety of different cases to represent the permeability behavior
of the different light penetrants in glassy polymers. Particular
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gas permeability (Barrer)
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Figure 2. Gas permeability isotherms in glassy polycar-
bonate at 35°C: experimental data after Koros
et al.*® and Barbari,?' together with the trans-
port model results.
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attention has been here devoted to the permeation of light
gases such as N,, CHy, and also Ar, He, or C,H,, whenever
the experimental data are available. CO, solubility and per-
meability curves, already analyzed in a previous work, >
have also been reported for the sake of comparison.

The NELF model can provide the solubility isotherms in a
simple and straightforward way, once the equilibrium and
nonequilibrium parameters pNt and y are properly deter-
mined. The polymer density in dry conditions, pgge, is deter-
mined from specific volumetric data collection,®” while the x
factor is obtained from previous analyses’**%; such values
are reported in Table 3.

The binary interaction parameters, k;, of the Sanchez
Lacombe EoS can be evaluated from independent equilib-
rium data above T,. Alternatively, as in most cases that
information is not experimentally available, ki, can also be
estimated from the best fit of the NELF model to the solubil-
ity behavior of the penetrant in the glassy polymer phase. In
this work, this latter procedure was used for most penetrants
but CO,, whose parameters, on the contrary, were retrieved
from equilibrium data above T,, as reported in a previous
publication.34 The resulting values of binary interaction
parameters are included in Table 4.

Gas solubility and transport in polycarbonate

The transport model has been first applied to the case of
different gases in glassy polycarbonate, analyzing the experi-
mental data of solubility and permeability obtained by Koros
et al.* for CO,, Ar, He, CHy, and N, as well as by Jordan
and Koros,*! for C,Hy.

Figure 1 reports the experimental solubility data of the
different light gases in polycarbonate (PC) at 35°C, together
with the NELF model curves; the behavior of CO,, already
analyzed in a previous work,> is also partially included for
comparison. Clearly, the model gives an accurate description
of the experimental data for all penetrants inspected, allow-
ing thus the correct representation of the thermodynamic
properties of the solute/polymer mixtures required by the
transport model. The values of initial polymer density and
compressibility factor, required as input parameter by the
model, are obtained from the volumetric data reported by
Zoller and Walsh®’ and from a previous work,* respec-
tively; they are both reported in Table 3.

Interestingly, the experimental isotherms show the typical
behavior for gases in glassy polymers, concave toward the
pressure axis, with a solubility coefficient ‘Ij—l' decreasing with

pressure: this trend is apparent for CO, and C,Hy, and less
pronounced for Ar and CHy, while, on the other hand, for
N, and He the isotherms are practically linear. All such fea-
tures are well described by the NELF model, by means of
one binary parameter only, the equilibrium interaction coeffi-
cient kjp, with no need of additional nonequilibrium
information.

The gas permeabilities in glassy PC are also significantly
pressure dependent, and the experimental data report P
trends clearly decreasing with pressure, at least in the range
investigated, approximately up to 30 bar,"*° as illustrated in
Figures 2a—c. The decreasing slope is rather different for the
different penetrants considered: strong decrements of P; are
observed for CO,, C,H,;, and CH4, whereas limited reduc-
tions in the range of only 10% or less are reported for Ar,
N,, and He.

All such features are well represented by the present trans-
port model, which is able to accurately describe the experi-
mental behaviors of all penetrants, based only on the two
adjustable parameters retrieved from the best fit of the exper-
imental data. The resulting values of infinite dilution mobil-
ity coefficient, Lo, and plasticization factor, f§, are reported
in Table 5.

Interestingly, a zero value of f§ is obtained for all the less
condensable penetrants, N,, Ar, and He, so that the whole
permeability isotherms can be described simply by a con-
stant mobility coefficient. That is consistent with the scarce
solubility of these penetrants in glassy polycarbonate, which
is not able to produce any significant plasticization of the
polymer matrix. A small plasticization factor f§ was used for
the case of CHy, although that leads to a very small increase
in L, from approximately 3.9 X 10~° cm?/s at infinite dilu-
tion, to 4.1 X 107° cm?/s at the maximum pressure
inspected (30 bar), corresponding to a CH, content in the
polymer phase of 0.6 % g/gp.

Gas solubility and transport in polysulfone

The same procedure is applied to the solubility and per-
meability behavior of different penetrants, CO,, CHy, N,
Ar, and He, in glassy polysulfone (PSf) at 35°C, considering
the experimental data reported by Erb and Paul.*?

The solubility data are first analyzed by the NELF model,
accounting for the prediction of the penetrant-induced swel-
ling. Figure 3 compares the model results with the experi-
mental solubility isotherms at 35°C in glassy polysulfone of
Ar, CHy, and N, by Erb and Paul,** and He by Smith

Table 5. Infinite Dilution Mobility Coefficients and Plasticization Factors for the Different Penetrant/Polymer Systems

Polymer Penetrant Lio (cm?/s) p Polymer Penetrant Lio (cm?/s) p
PC CO, 13 x 1078 16.2 PSf CO, 9.0 X 107° 17.5
CH, 3.9 x 107° 9.0 CH, 2.1 % 10?7 0
C,H, 13 X 107° 28.0 Ar 1.1 X 1078 0
Ar 20 % 1078 0 N, 6.4 X 107° 0
N, 12 x 1078 0 He 34 %x10°° 0
He 52 %X 10°° 0 PVC CO, 14 % 107° 28.0
PPO CO, 78 x 1078 12.8 CH, 47 x 10710 0
CH,4 19 x 1078 8.0 Ar 3.1x107° 0
Ar 12 x 1077 3.0 N, 1.8 X 107° 0
N, 9.4 x 1078 0 He 3.0 X 10°¢ 0
PEMA CO, 23%x 1078 40.0 PMMA CO, 72 % 1071 425
CH, 1.1 x 108 10.0 CH, 8.1 x 107" 0
Ar 6.0 x 1078 5.0 Ar 9.8 x 10710 0
N, 42 x 1078 0 N, 6.5 x 10710 0
He 2.4 %X 1077 0
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Figure 3. Gas solubility isotherms in glassy polysulfone
at 35°C: experimental data after Erb and
Paul*? and Smith et al.,*® together with the
NELF model results.

et al.43; the curve obtained for CO,, already analyzed in a

previous work,>* has been included for the sake of
comparison.

No specific value of initial polymer density was reported
in the original papers, so the value of 1.235 g/cm® has been
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Figure 4. (a, b) Gas permeability isotherms in glassy
polysulfone at 35°C: experimental data after
Erb and Paul,*? together with the transport
model results.
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Figure 5. Gas solubility isotherms in glassy poly(me-
thylmethacrylate) at 35°C: experimental data
after Chiou and Paul,*>*¢ together with the
NELF model results.

considered for glassy polysulfone, according to what often
reported in the literature.** The unpenetrated polymer density
is reported in Table 3, together with the factor y obtained in
a previous work.>* The binary interaction coefficients, ki,
for the different penetrants have been retrieved from the best
fit of the experimental solubility data, and the resulting val-
ues are reported in Table 4. As apparent in Figure 3, the
NELF model is able to represent very accurately the experi-
mental solubility data.

The permeability isotherms of the different penetrants in
glassy polysulfone are illustrated in Figures 4a, b, in which
the experimental data by Erb and Paul** are reported
together with the curves obtained by the present transport
model.

The permeability isotherms of all penetrants show the
decreasing trends with upstream pressure typical of many
glassy polymers; furthermore, as in the case of polycarbon-
ate, the extent of decrease is more pronounced for CO, and
CH,, than for N, or Ar, while helium permeability is practi-
cally constant up to 30 bar. The transport model applied is
able to describe all the behaviors with a very good accuracy,
using only one adjustable parameter, that is, the mobility
Ly, throughout the whole pressure range, whose values are
reported in Table 4. In all cases but CO,, the experimental
data can be represented by neglecting any effect of the pene-
trant concentration on the mobility coefficient, namely a zero
plasticization factor is sufficient for CHy, N,, Ar, and He.

Gas solubility and transport in poly(methylmethacrylate)

The case of gas solubility and permeability in glassy pol-
y(methylmethacrylate) (PMMA) is considered analyzing the
sets of experimental data at 35°C reported by Chiou and
Paul,45’46 using CO,, Ar, CHy, N,, and He as penetrants.

The experimental solubility isotherms of the different sol-
utes are reported in Figure 5 together with the results of the
NELF calculations, which show the very good accuracy of
the model predictions, using kj, as the only adjustable
parameter for each penetrant/polymer couple. The solubility
of CO, is reported only for the sake of comparison. The
NELF model provides the thermodynamic description of the
solute/polymer systems below T, and the values of both dry
polymer density and y factor (reported in Table 3) are the
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Figure 6. Gas permeability isotherms in glassy poly
(methylmethacrylate) at 35°C: experimental
data after Chiou and Paul,****¢ together with
the transport model results.

only input parameters required. The factor y is obtained
from a previous Work,39 while the value of pgoE is deter-
mined from the density measurement at 30°C included in the
original paper,46 and from the isothermal dilation coefficient
resulting from Zoller and Walsh.?’

As no experimental characterization of helium solubility
has been found in the literature, the model analysis of the
thermodynamic properties of He/PMMA system has been
obtained by retrieving the binary interaction coefficient
k1o = —2.94 from the single data point of solubility coeffi-
cient of He in PMMA above T, reported by Durill and Gris-
key at 188°C.*

The experimental transport properties of the different
gases in PMMA at 35°C reported by Chiou and Paul*>*¢
(Figure 6) showed a nearly constant light gas permeability
with upstream penetrant pressure, and only a very slight
decrease as penetrant pressure increases. Conversely, a clear
increasing trend with penetrant pressure was observed for
CO,, as already discussed in a previous work.”’

Such features are accurately represented by the transport
model considered, which is able to provide a precise descrip-
tion of the permeability at the various penetrant pressures,
on the basis of the solubility behavior of the different
probes, and of the kinetic parameters considered. In view of
the very limited solubility of the light gases examined,
always well below 1 wt %, no plasticization of the polymer
matrix takes place, and the whole permeability isotherms can
be described by the same mobility coefficient, that is, the
value of the plasticization factor f§ is zero for the light gases.
The complete set of transport parameters for light gases in
PMMA is reported in Table 5, together with those for CO,,
for the sake of comparison.

As expected, the resulting mobility coefficients are consider-
ably lower than those in polycarbonate or in polysulfone, due
to the more compact structure of PMMA in the glassy state,
which results in the low gas solubility and mobility coeffi-
cients, particularly low for incondensable gases such as N, or
Ar.*® Conversely, CO, is quite soluble in PMMA in view of its
positive interaction with the polymer, and it is thus able to
induce a significant swelling of the matrix, eventually leading
to a strong enhancement of the penetrant mobility, that is, to a
large value of the plasticization factor f5.%
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Gas solubility and transport in poly(vinyl chloride)

Solubility and transport of various gases in poly(vinyl
chloride) (PVC) are examined based on the experimental
results obtained by EI-Hibri and Paul,** who reported the
solubility and permeability isotherms at 35°C of different
gases, in the pressure range between O and 25 bar.

The experimental solubility isotherms of CO,, Ar, CHy,
and N, illustrated in Figure 7 are first analyzed using the
NELF model; the density of the pure unpenetrated glassy
polymer is retrieved from the original paper by El-Hibri and
Paul, while the y factor is calculated from the pVT data col-
lection by Zoller and Walsh®’; the corresponding values are
reported in Table 3. In the absence of specific equilibrium
solubility data, the determination of the binary interaction
parameters ki, is obtained by the best fit of the experimental
solubility data at 35°C; the resulting values are reported in
Table 4. As clearly shown in Figure 7, the NELF model
accurately describes the experimental solubility data for all
the penetrants considered. Interestingly, in the range of pres-
sure investigated, the model predicts zero dilation of the
glassy PVC matrix with N, and Ar, whereas rather low but
nonzero swelling is obtained with more soluble penetrants as
CH,4 and CO,. The very limited solubility of light gases as
N, and Ar (below 0.2 wt %) is not able to alter appreciably
the polymeric matrix, and the system can be considered to
be in the limit of infinite solute dilution. Unfortunately, no
helium solubility data were included in the original work,
and the only information about He solubility in PVC present
in the literature is, to the best of our knowledge, the solubil-
ity coefficient reported by Tikhomirov et al. at various tem-
peratures.”® Such values were used to calculate the binary
interaction parameter for He/PVC mixtures, equal to
ki = —0.531 (Table 4).

Figure 8 illustrates the experimental permeability behav-
iors of the different penetrants reported by El-Hibri and
Paul,* including also the results of the permeability model
calculations. Interestingly, in this case practically horizontal
permeability lines are obtained for the different penetrants,
and slightly decreasing trends are observed only for CO, and
CH,, albeit with a very limited variation (below 10%). This
is a direct consequence of the small excess of free volume
of PVC, which leads to very small solubilities and approxi-
mately constant % values.
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Figure 7. Gas solubility isotherms in glassy poly(vinyl
chloride) at 35°C: experimental data after El-
Hibri and Paul,”® together with the NELF
model results.
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The parameters of the transport model here considered are
determined from the best fit of the experimental data and, as
expected, zero values of plasticization factor § are obtained
for all penetrants but CO,, which is the only gas able to be
significantly absorbed in the polymer and consequently to
produce appreciable matrix alterations. The resulting parame-
ter values Ly and f§ are reported in Table 5.

Gas solubility and transport in poly(ethylmethacrylate)

The thermodynamic and transport properties in poly(ethyl-
methacrylate) (PEMA) are investigated with different pene-
trants, N,, CHy, Ar, and CO, for proper comparison. The
experimental solubility data of N,, CH,, and Ar in glassy
PEMA, obtained at 35°C by Chiou and Paul,’! are reported
in Figure 9, which also includes the NELF model calcula-
tions, as well as CO, isotherm. The application of the model
is obtained using the pure polymer density indicated in the
original paper,51 and the factor y calculated in a previous
work®* (Table 3). The binary interaction parameters for the
polymer and each penetrant, k,, are obtained from the best
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Figure 9. Gas solubility isotherms in glassy poly(ethyl-
methacrylate) at 35°C: experimental data
after Chiou and Paul,®' together with the
NELF model results.
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Figure 10. Gas permeability isotherms in glassy poly(e-
thylmethacrylate) at 35°C: experimental data
after Chiou and Paul,® together with the
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fit of the experimental data; the resulting values are reported
in Table 4.

Clearly, the model provides a very accurate description of
the experimental data in the broad range of pressures consid-
ered (Figure 9), which is indeed rather wide (up to 40 bar).
Noticeably, the model calculations indicate that a non-
negligible swelling is associated to CH, and Ar sorption.

The permeability behavior of the same light gases is ana-
lyzed through the experimental data reported in the same
work,”" and illustrated in Figure 10 together with the curves
obtained by the transport model calculations. Interestingly, in
this case, the frequent behavior of gas permeability in glassy
polymers, decreasing with increasing upstream penetrant
pressures, is not observed: approximately constant values of
P, are indeed observed for Ar, CH4;, and N,, whereas a
strongly increasing dependence is observed for CO, perme-
ability, as already discussed in a previous work.? The trans-
port model provides an accurate description of the
experimental permeability behavior, and the parameters L,
and f3, obtained from the best fit of the experimental data,
are reported in Table 5.

It is noteworthy that not only CO,, but also Ar and CHy,
seem able to produce a non-negligible effect on the polymer
matrix, as suggested by the nonzero values of f5. However,
the increases in mobility coefficient are always rather limited
in view of the small penetrant solubility, always below 1 wt
% in the range of pressures inspected. This result is in accord-
ance with the relevant swelling predicted by the NELF model
for sorption of Ar and CH, in glassy PEMA. Conversely, the
rather scarce interaction of N, with PEMA and its limited
uptake even at high pressure do not allow any modification of
the polymer matrix. Therefore, both solubility and mobility
coefficient do not change with increasing penetrant pressure,
thus leading to constant permeability values.

Gas solubility and transport in poly(phenylene oxide)

Finally, the permeation in poly(phenylene oxide) (PPO) is
inspected considering the experimental data reported by Toi
et al.'? The solubility isotherms of Ar, CHy, and N, at 35°C
in glassy PPO are illustrated in Figure 11, which includes
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Figure 11. Gas solubility isotherms in glassy poly(phe-
nylene oxide) at 35°C: experimental data
after Toi et al.,'? together with the NELF
model results.

also the curves obtained by the NELF model calculations.
The results of CO, uptake are also reported for the sake of
comparison, showing the remarkable difference between CO,
and light gases uptake.

Also in the present case, the experimental behavior is
accurately represented by the NELF model; the resulting
values of the binary parameters k;,, obtained from the best
fit of the data in the whole pressure range, are reported in
Table 4.

The description of the thermodynamic behavior of these
light gases in glassy PPO allows the application of the trans-
port model considered to calculate the permeability iso-
therms of the different penetrants. Figure 12 compares the
experimental data by Toi et al.'? with the permeability
results obtained by the model calculations, for Ar, CHy, N,
and CO,. The permeability of all gases decreases with
increasing upstream pressure, as is most frequent for glassy
polymers.
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Figure 12. Gas permeability isotherms in glassy poly(-
phenylene oxide) at 35°C: experimental data
after Toi et al.,'? together with the transport
model results.
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Table 6. Critical Volumes of the Different Penetrants

Investigated>”
V, (cm®/mol)
He 57.5
Ar 75.0
N, 89.3
CO, 91.9
CH, 98.6
C,H, 131.1

The values of the mobility parameters L, and f3, retrieved
from the analysis of the experimental data, are reported in
Table 5, and show a zero plasticization factor for N,, which
is not inducing any modification of the polymer matrix, as
well as no polymer swelling, as also confirmed by the NELF
model. Conversely, besides the case of CO, already dis-
cussed in a previous work,” increasing values of mobility
coefficient with penetrant content in PPO are obtained for Ar
and CHy, resulting in a nonzero plasticization factor f3, equal
to 3 and 8, respectively. However, due to its rather limited
solubility, the mobility coefficient of Ar in PPO shows only
very minor changes with concentration, from 1.2 X 1077 to
1.3 X 1077 cm?%/s, and the plasticization effect is thus very
limited. More significant enhancement of mobility coefficient
is obtained for CHy4, whose f§ factor has intermediate values
between those of Ar and CO,; consequently, increasing val-
ues of mobility from 1.9 X 10® to 2.2 X 10~® cm?/s are
obtained in the range of pressure investigated.

Clearly, our model is able to provide very good descrip-
tions of the experimental trend, with average errors below
5%, which are in the same order of typical experimental
errors in permeation tests. As the parameters Lo and § were
obtained from the analysis of experimental permeability
data, it is of interest to inspect how errors in their determina-
tion affect the value calculated for permeability.>* Errors in
the determination of the infinite dilution mobility propagate
linearly into the deviations in the final permeability values.
Conversely, for those cases in which non-negligible plastici-
zation is observed (mainly for CO, and C,Hy, but also for
CH,4 and Ar to a lesser extent), errors in the plasticization
factor f# have in general a nonlinear effect on the resulting
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Figure 13. Correlation of infinite dilution mobility coeffi-
cient L;p in PMMA and PC, with penetrant
critical volume.
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Table 7. Fractional Free Volume (FFV) Values for the
Different Glassy Polymers Considered*

FFV
PMMA 0.116
PC 0.152
PPO 0.177
PSt 0.142
PVC 0.125
PEMA 0.151

permeability. However, when the penetrant content in the
polymer matrix is rather low, as is the case of light gases,
the error on f# produces small deviation in the resulting per-
meability, while much larger error on P are produced as the
gas concentration increases. More specifically, a *1% error
on Ljq results in a £1% error in Py, while a =1% error in f§
results in a smaller or higher error on Py if fw; > 1 or if
Py < 1, respectively.

Model parameter correlations

The analysis performed on the permeability of light gas in
various glassy polymers led to mobility parameter values
that describe the experimental permeability behaviors (Table
5), accounting also for the cases in which mobility L; is
increasing with penetrant concentration, which require non-
zero values of the plasticization factor f3.

It is now interesting to inspect what correlations, if any,
hold true between the two main parameters, pre-exponential
factor, Lo, and plasticization factor, f, and the relevant
physical properties of both penetrant and polymer. It has
been shown that in a single polymer the infinite dilution
mobility coefficient Ly, is strictly related to the size of the
probe molecule, represented by penetrant critical volume or
kinetic diameter.”® Conversely, significant differences are
observed for the values of L, of the same penetrant in vari-
ous polymers, mainly depending on the excess free volume
of the matrix, estimated, for example, by the fractional free
volume FFV.**

The plasticization factor, in turn, accounts for the
enhancement in mobility of the penetrating molecules due to
the presence of the penetrant absorbed in the polymer

Infinite dilution mobility coefficient L, (cm?ls)

1/FFV
Figure 14. Correlation of infinite dilution mobility coeffi-
cient Lo, with polymer free volume FFV, for
the different penetrants.
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matrix. For this reason, the values of f§ can be well corre-
lated to the polymer swelling induced by the solutes, which
can be accurately described in a quantitative manner through
the NELF model analysis of solubility isotherm.?**® How-
ever, the light gases, such as N,, He, or Ar considered in the
present work, induce very limited or even negligible plastici-
zation in the polymer matrix, in view of their very small sol-
ubility, so that no appreciable value of f is actually
applicable; consequently, no correlation for f is in order.

The mobility coefficients L, obtained by the analysis per-
formed on all experimental permeability data examined
(Table 5) show a broad range of values, spanning over five
orders of magnitude, as very different penetrant and polymer
systems are considered. Small penetrant molecules as helium
are characterized by the highest mobility, while much lower
values are obtained for larger probes, such as methane or
ethylene, as expected intuitively and also on the basis of the
correlation recalled above. Table 6 reports the values of criti-
cal volume of the different penetrants here considered, for
clarity sake.

Figure 13 reports the infinite dilution mobility coefficients
for the different penetrants, showing a clear monotonous
decrease as penetrant critical volume increases. Only the
cases of PC and PMMA are presented in Figure 13, and the
values obtained for the other polymers are omitted to
improve the readability of the chart. The same qualitative
behavior is also observed for all the other polymers
inspected, as is also apparent from the data reported in
Table 5. PC and PMMA are selected as they are character-
ized by rather different excess free volume, resulting in
more than one order of magnitude difference in the mobility
coefficients.

The mobility coefficients calculated for each gas in differ-
ent polymers span over 2-3 orders of magnitude, from the
lowest value in PMMA to the highest in PPO, among the
polymers here analyzed. In fact, the mobility coefficient
depends significantly on the polymer free volume, available
to the penetrant molecule to diffuse, as it was already
observed for the case of C02.24 The fractional free volume,
FFV, is often used to that aim, following the common
approach indicated by Bondi™®

X0
Vo— .
FRV =12 Bsipy (13 V3 (10)
2

in which the volume occupied by the polymer macrogl\%l\%—
cules is calculated from the van der Waals volume, V, .
For the polymers here considered, the FFV values used were
calculated in a previous work®* and are reported in Table 7.

Figure 14 reports the resulting L, values for Ar, N,, and
CH, as function of the polymer FFV, similarly to what was
already discussed for the mobility of CO,.**

Clearly, the mobility coefficient scales exponentially with
the reciprocal FFV, and the strong correlation is apparent for
all the light gases considered; the three curves are well sepa-
rated from one another as a consequence of the different
penetrant size.

Conclusions

The permeabilities of low molecular weight species, He,
Ar, N,, and CHy, in various glassy polymers have been ana-
lyzed by means of the thermodynamic approach recently
proposed by Minelli and Sarti.® The model describes the
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penetrant diffusivity in polymer phases as the product of the
mobility L, a purely kinetic parameter, and a thermody-
namic factor o, related to the dependence of chemical poten-
tial on the concentration of the diffusant. The latter factor is
readily calculated for glassy polymers by the NELF model,
which in turn provides also, at all pressures, the appropriate
penetrant solubility coefficient required for the calculation of
permeability. It has been shown that the simple expression
developed is able to describe accurately the permeability
behaviors of different gases in various polymer systems,
accounting for the various different types of behaviors
observed as upstream pressure increases, namely constant or
decreasing or also increasing with penetrant pressure. Most
of the experimental curves have been described by means of
a single adjustable parameter, the mobility coefficient, which
is assumed to remain constant at all concentrations for the
light gases considered, in view of their small solubility. Only
in some specific cases, an exponential dependence on pene-
trant concentration is necessary to account for a certain soft-
ening or plasticization occurring in the polymer matrix.

The values of L, obtained by the model analysis show that
the mobility is significantly affected by the penetrant size,
and the larger is the molecular size the smaller is mobility,
following a clear correlation with penetrant critical volume.
Conversely, the infinite dilution mobility coefficient of each
penetrants considered correlates well with the polymer frac-
tional free volume, FFV, similarly to what was already found
for CO, **
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