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A B S T R A C T

Glassy polymers are among the materials of choice for membrane -based separations of gas and vapor mixtures. 
Sorption thermodynamics plays an important role in determining the separation performances of these materials. 
In this context, a general model which can deal with multicomponent sorption thermodynamics in glassy 
polymer/penetrants systems represents a theoretical challenge due to the possible complex interactional scenario 
characterized by the occurrence of cross and self- hydrogen bonds and/or by penetrant induced dilation of the 
glassy matrix. To this aim, the Dry Glassy Reference Perturbation Theory (DGRPT) framework has been 
implemented here, for the first time, in conjunction with the standard Perturbed Chain Statistical Associating 
Fluid Theory (PC-SAFT) model incorporating an association term that accounts for possible specific interactions. 
In particular, a modification of the standard DGRPT framework, based upon a self-consistent estimation of the 
free volume, is proposed to minimize the number of adjustable parameters of the DGRPT-PC-SAFT model.

In the present contribution we first validate the theoretical approach by addressing the modelling of sorption 
thermodynamics of Poly(1-trimethylsilyl-1-propyne) (PTMSP), a high glass transition temperature polymer, with 
the aim of elucidating the solubility data of CO2/CH4 binary gas mixtures at high pressure, available in literature. 
In addition, the capability of the model to predict penetrant induced dilation has been tested against literature 
volumetric data of PTMSP/ CH3OH and PTMSP/DMC binary mixtures.

Then, the case of polyimides, a class of materials of interest for applications in the field of dehydration of 
alcohols and separation of polar/non-polar azeotropic mixtures, is considered. In this case, the theoretical 
approach has been used to interpret not only the overall sorption thermodynamics but also to provide quanti
tative predictions of different populations of interacting penetrant sorbed into the polymers. Experimental 
outcomes of in situ FT-IR, previously obtained by our research group for two binary polyimides/CH3OH systems 
of technological interest, have been analyzed: polyetherimide (PEI)/CH3OH and 6FDA-ODA/CH3OH. The pro
posed case studies provide evidence for the efficacy of the DGRPT-PC-SAFT approach in describing the multi
component sorption thermodynamics of gases mixtures at high pressures as well as of interacting vapor 
penetrants within amorphous glassy polymers.

1. Introduction

Polyimides and poly(1-trimethylsilyl-1-propyne) (PTMSP) represent 
materials of relevant interest for several applications ranging from 
membrane-based fluid separation processes to vapor barrier films for 

electronic devices. These materials exhibit high mechanical properties 
due to their high glass transition temperature and a remarkable chem
ical resistance up to elevated operative temperatures [1].

Glassy PTMSP shows one of the best performing capabilities in sep
aration of CO2/CH4 and n-C4/CH4 mixtures [2]. In particular, since the 
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diffusivity-selectivity for CO2/CH4 mixtures is close to unity, separation 
performances are essentially driven by the solubility of the penetrant in 
the glassy membrane [3]. On this respect, the modelling of the real 
solubility-selectivity behaviour within high free volume PTMSP repre
sents a fundamental tool to properly design PTMSP membrane separa
tion modules.

Also, the investigation of methanol sorption in polyimides [4–6] is of 
relevant interest since this class of materials finds application in natural 
gas separation [7–9], in the dehydration of alcohols and for removal of 
methanol from azeotropic mixtures containing organic compounds 
[10–13].

In view of self and cross hydrogen bonding, the detailed under
standing of the interactional scenario occurring within a polymide/ 
methanol mixture in a glassy state is fundamental to properly interpret 
the penetrant permeation properties [14,15] since interactions could 
modify the mechanical and mass transport properties as compared to the 
case of pure polymer [16–18]. To this regard, in our previous papers 
[19,20], we developed an experimental procedure based upon in-situ 
FTIR spectroscopy, which provides a clear quantitative picture of 
different kinds of interacting populations in the case of polyimides/ 
water or polyimides/methanol systems.

Modelling sorption thermodynamics in glassy polymers is rather 
challenging since one should properly account for the non-equilibrium 
nature of the glassy state as well as for the possible occurrence of self- 
and cross-hydrogen bonding. An approach that successfully deals with 
the glassy nature of the polymer is the Non-Equilibrium Theory for 
Glassy Polymers (NETGP) proposed by Doghieri and Sarti [21,22] that it 
is rooted on the thermodynamics endowed with internal state variables 
[23,24]. It consists in the extension to the case of glassy systems of 
equilibrium models, based on Equations of State (EoS), originally 
developed to deal with sorption thermodynamics in rubbery polymers. 
To cope with systems displaying Hydrogen Bonding and other specific 
interactions, these equilibrium EoS models should also account for the 
association contributions. Statistical Associating Fluid Theory (SAFT) 
[25,26] is a class of EoS models characterized by a modular structure 
that can also include associative terms. In particular, the Perturbed- 
Chain SAFT (PC-SAFT) [27,28] model has been successfully employed 
to describe sorption thermodynamics in rubbery polymers in the pres
ence of specific interactions [29–31].

The PC-SAFT model has been extended to interpret sorption ther
modynamics in glassy polymers by using the NETGP procedure (NETGP- 
PC-SAFT theory) [32], that relies on the assumptions that the polymer 
mass density within the polymer/penetrant glassy mixture is kinetically 
locked at an out-of-equilibrium value and that the polymer is not soluble 
within the external penetrant phase. Under these assumptions, in the 
case of pure mean-field versions of EoS models, the pseudo − phase 
equilibrium established between the polymer/penetrant mixture and 
the penetrant(s) phase in contact with it is dictated by imposing, for each 
penetrant, the equality between the equilibrium chemical potential in 
the external penetrant phase and the non-equilibrium chemical poten
tial within the glassy polymer phase provided in turn by the NETGP 
framework [21,22] (henceforth, this equality will be referred to as 
condition I). Notably, Sarti has further shown that the non-equilibrium 
expression for penetrant chemical potential is the same as the equilib
rium one but calculated at the out-of-equilibrium value of the glassy 
polymer density within the mixture [21,22] (henceforth, this equality 
will be referred to as condition II). These results were proven, in the 
original NETGP formulation, in the case where only mean field in
teractions occur for which the sole internal state variable for the glassy 
mixture is the polymer mass density, that plays the role of an order 
parameter. If one considers the extension of equilibrium EoS models to 
account for specific interactions, beside the mean field ones, in general 
one must consider a higher number of internal state variables. This is the 
case of the NETGP extension of the equilibrium PC-SAFT model con
taining the associative term. Indeed, such an extension would require a 
re-examination of the NETGP procedure to demonstrate whether 

conditions I and II still hold.
The NETGP extension of the equilibrium PC-SAFT model containing 

the association term requires to consider additional internal state vari
ables along with the corresponding expressions for their evolution ki
netics. A way to cope with this complexity is by adopting an 
‘instantaneous equilibrium’ (IE) hypothesis with reference to this addi
tional set. In fact, this hypothesis remarkably simplifies the matter by 
considering that the associative interactions evolve with an instanta
neous kinetics so that the associative contacts are assumed to be still 
provided by the related minimization conditions holding at equilibrium 
but evaluated in correspondence of the fixed non-equilibrium polymer 
density [33,34]. If this simplifying assumption is adopted, one has, 
however, to prove that in this case the two pseudo-equilibrium condi
tions (conditions I and II recalled above) still hold. In the SI file (see 
section S.1) we provide proof of that.

Indeed, Davis et al. [35] and Liu et al. [36] have already imple
mented the NETGP extension of the PC-SAFT containing the associative 
term to the aim of describing water sorption in a glassy PMMA matrix. 
The authors implicitly assumed the IE hypothesis for the association 
interactions variables but without demonstrating that conditions I and II 
were still applicable.

This IE hypothesis has been already successfully implemented by our 
group [15,34,37] in the NETGP extension of a lattice fluid EoS model 
accounting for Hydrogen Bonding, namely the Non-Random Hydrogen 
Bonding theory (NRHB) originally formulated by Panayiotou et al. 
[38,39].

More recently, Marshall et al. [40,41] used the NETGP protocol to 
extend to the non-equilibrium glassy state a simplified version of the PC- 
SAFT, again including specific interactions implicitly assuming the IE 
hypothesis. The relevant novelty consists in the fact that the method 
proposed by Marshall addresses also the swelling of polymeric matrix, 
occurring in the glassy state because of penetrant sorption, through a 
new thermodynamically self-consistent approach referred to as Dry 
Glass Reference Perturbation Theory (DGRPT). This approach, without 
introducing new parameters, realizes a significant improvement as 
compared to previous applications of the original NETGP theory in that 
the polymer density is neither assumed to be constant nor to be dictated 
by an empirical relationship [42–44] but is self-consistently provided by 
a series expansion around the polymer dry state of the polymer chemical 
potential calculated at actual penetrants concentration. The approach 
proposed by Marshall and its formal derivation is briefly described in 
section 2.

Penetrant induced swelling of the glassy polymer/penetrant mixture 
is generally observed in the case of sorption of light gases at high 
pressure, of vapors at high activities or of liquid compounds [1,45,46], 
so that the assumption that the polymer mass density within the mixture 
maintains the value that the pure polymer has right before the sorption 
test starts does not hold. Such volume dilation is commonly assumed to 
be an increasing function of penetrant composition at fixed pressure and 
temperature [1,42–46] and is considered to occur instantaneously as 
compared to the time scale of sorption kinetics in the glassy phase [47]. 
In this respect, Doghieri et al. [21] and Sarti et al. [22] inferred that the 
pseudo-equilibrium condition consisting in the equality of chemical 
potentials, rigorously obtained in the case of polymer matrix locked in a 
glassy state, is still valid but assuming now that at each sorption equi
librium condition the polymer density is fixed at the corresponding 
dilated value in the glassy mixture. Hence, any solubility calculation is 
formally brought back to the corresponding NETGP calculation per
formed in correspondence of such hypothetical fixed polymer mass 
density. Such operative assumption can be still implemented (under the 
IE hypothesis) also in the case of EoS models accounting for specific 
interactions. Indeed, this latter approach has been implicitly followed by 
Marshall in dealing with sorption of several vapor compounds in glassy 
polymers adopting the simplified version of PC-SAFT [40,41].

We remark that DGRPT model requires, for any penetrant, the esti
mation of the derivative of the polymer mass density with respect to the 
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corresponding penetrant mass concentration in the limit of dilute con
dition. In the case of polymers with high free volume such derivatives 
are reasonably taken equal to zero [40], alternatively, an empiric linear 
relationship is assumed in the case of “dense” (low free volume) poly
mers [41]. To deal with intermediate cases, Marshall proposed an 
approach specifically addressing the case of binary systems which in
troduces a further adjustable parameter (0 ≤ λi,p ≤ 1) to “weight” the 
empiric linear relationship; however, the author did not test such 
assumption and did not develop a possible extension of this approach to 
the multicomponent case [41].

In the present contribution we have implemented the DGRPT 
framework using the original version of PC-SAFT, containing the asso
ciation term. To deal with the whole range of polymer/penetrant free 
volume, we have proposed here a self-consistent PC-SAFT procedure for 
multicomponent systems to estimate λi,p as a function of the system 
concentrations, and, for the binary cases, we have compared the model 
performances in the case of λi,p is calculated according to our procedure 
with the ones in the case of λi,p is estimated as an adjustable parameter.

To validate the proposed DGRPT-PC-SAFT framework, in the case of 
high free volume polymers, we have investigated the prediction capa
bilities in terms of solubility-based separation of CO2/CH4 in PTMSP at 
typical operative conditions (35 ◦C and up to 35 bar) at several gas 
mixture concentrations. Moreover, we have also tested the prediction of 
penetrant induced dilation for PTMSP/CH3OH and PTMSP/dime
thylcarbonate (DMC) binary systems. Regarding “dense” polymers, we 
focused on methanol sorption in two amorphous glassy polymers 
namely, polyetherimide (PEI) and 6FDA-ODA, which are of interest in 
the dehydration of alcohols. These two binary systems have been pre
viously investigated experimentally by our group [48] and are of rele
vant interest for the modelling assessment of the IE assumption referred 
to hydrogen-bonding interactions. In fact, these two systems display 
quite complex interactional scenario with two different methanol pop
ulations, including also a possible onset of methanol clustering at very 
high penetrant activity in the vapor phase. Previous investigations by in 
situ FT-IR have allowed us to determine quantitatively the self and cross 
specific interactions as a function of the penetrant concentration [48]. It 
is worth noting that, due to the affinity between methanol and the 
polymer matrix, one cannot exclude a priori possible swelling of the 
glassy polymeric matrix induced by the penetrant. Indeed, such an issue 
has been confirmed indirectly in the present contribution by comparing 
the implementation of the model without dilation effect, i.e., the orig
inal NETGP-PC-SAFT model, with the DGRPT-PC-SAFT model, both 
containing the association term. To this aim, we have first retrieved the 
binary model parameters by correlation of gravimetric solubility data 
and finally, the predictive capability of DGRPT-PC-SAFT model has been 
successfully validated in a full predictive fashion against the amount of 
cross and self-specific interactions established within the polymer glassy 
mixtures as measured by in situ FTIR spectroscopy.

2. Theoretical background

2.1. NETGP-PC-SAFT

PC-SAFT is an EoS model based on a perturbation of a model con
sisting of a chain of hard spherical segments taken as the reference fluid 
[27,28,49,50]. According to this model, the reduced Helmholtz energy 
of a single component fluid phase, ã, can be expressed as the sum of 
different contributions: 

ã =
A

NkT
= ãid

+ ãhc
+ ãdisp

+ ãassoc
+ ãdp (1) 

where N is the total number of molecules, T the temperature and k the 
Boltzmann constant. ãid, ãhc, ãdisp, ãassoc and ãdp represent the ideal gas, 
the hard sphere chain reference, the dispersion, the associative and the 
dipolar contribution, respectively. Beside the parameters present in the 

associating and dipolar terms, each component, being intrinsically 
described as a hard sphere chain, displays three pure mean-field pa
rameters: the segment diameter at T = 0 K, σi, the number of segment 
diameters, mi and the depth of the mean-field potential well, εi

k.
In a multicomponent phase the pairwise Berthelot–Lorentz 

combining rules are assumed: 

σij =
σi + σj

2
(2) 

εij =
̅̅̅̅̅̅̅εiεj

√
(1 − kij) (3) 

Equation (3) introduces, for each couple of components i-j, the cor
responding binary mean-field interaction parameter kij, usually assumed 
as adjustable parameters of the model.

The associative contribution, proposed by Chapman [25,26], in
troduces for any kind of specific interaction between an associative site 
of kind A on molecules i, Ai, and a dual associative site of kind B on 
molecules of species j, Bj, two corresponding additional parameters: εAiBj 

and kAiBj which represent the corresponding specific association energy 
and the so-called association volume, respectively. We remark that the 
Chapman scheme intrinsically assumes that any associative site is 
univocally associated to a species of the system of interest; conversely, 
any species can in principle display several kinds of associative sites. 
Moreover, only dual associative sites (i.e. proton donor/proton acceptor 
or Lewis acid/base) can establish specific interactions. Such associative 
parameters can be, in principle, obtained by a non-linear regression of 
equilibrium data for mixtures involving the associated specific in
teractions. In particular, in the case of associative interactions exhibited 
by a pure component (i = j in the adopted notation), the related asso
ciative parameters can be obtained, along with the three pure mean-field 
parameters described above, by a fitting procedure of liquid–vapor (LV) 
equilibrium data in the case of low molecular weight compounds or of 
equilibrium dilatometric data in the case of polymeric species. To 
minimize the number of adjustable parameters, the values of cross- 
interactions (i ∕= j in the adopted notation) parameters can be calcu
lated using combining rules that have been proposed in literature [51]: 

εAiBj =
1
2
(
εAiBi + εAjBj

)
(4) 

kAiBj =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
kAiBi • kAjBj

√ ( ̅̅̅̅̅̅̅̅σiσj
√

1/2(σi + σj)

)3

(5) 

Actually, equations (4) and (5) require that the i-th and j-th com
ponents are both self-associating (SA) substances, so that the two couple 
of corresponding parameters (namely, εAiBi , kAiBi and εAjBj , kAjBj ) are 
defined and they can be retrieved from the pure PC-SAFT parameters.

In presence of non-self-associating (NSA) species (e.g., carbonyl and 
ether groups), SA parameters are not defined, since these components 
can make only cross hydrogen bonds. Therefore, equations (4) and (5)
can no longer be used directly. Several operative strategies have been 
proposed in literature to circumvent this problem, which still remains an 
open question. For instance, Kleiner et al. [50] proposed an operative 
extension of the use of equations (4) and (5) to the case that one SA and 
one NSA species are involved in the cross hydrogen-bonding. The au
thors propose to use Eq. (4) for the cross-association energy, setting the 
fictive self-interaction energy of the NSA site equal to zero. Moreover, 
the fictive self-interacting volume parameter of the NSA site is set equal 
to the corresponding one of the SA sites involved in the cross hydrogen- 
bonding. On this basis Eq. (5) can be finally applied to obtain the cross 
association kAiBj . Of course, this approach cannot be applied to model 
cross-associations in presence of two NSA substances.

Very recently, Marshall et al. [51], in order to extend the use of 
equations (4) and (5) to the case of NSA species, proposed to estimate 
fictive εAiBi and kAiBi of the NSA species (e.g., aldehydes, ketones and 
ethers) as adjusting parameters to accurately reproduce the phase 
behaviour with compounds which induce cross association, and to this 
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regard Eqs. (4) and (5) were consistently adopted to calculate the cross- 
association parameters. We remark that, in such scheme, the fictive self- 
association parameters of the NSA species are only used in Eqs. (4) and 
(5) for the prediction of the cross-association parameters. In other 
words, no self-interaction contributions are ascribed to such groups in 
the implementation of the model. In the present paper, the parameters 
obtained through the latter approach for ketones have been used to fully 
predict the cross hydrogen-bonding involving the carbonyl groups of the 
polyimides. Indeed, such assumption is reasonable in view of the local 
scale of the association interaction.

The dipolar contribution introduces a parameter (namely the dipolar 
moment) associated to any kind of dipole involved in the system. The 
dipolar moments can be retrieved by ab-initio calculations or are taken 
as additional adjustable parameters to be determined by non-linear 
regression of equilibrium data. In the present investigation, the FT-IR 
analysis [48] indicates the occurrence of strong specific interactions, 

thus making reasonable to disregard the dipolar contribution and 
allowing, at the same time, to minimize the number of adjustable pa
rameters. Hence, in the following we only focus on the PC-SAFT model 
with associative contribution term.

As anticipated in the introduction section, in the case of NETGP-PC- 
SAFT model the pseudo- phase equilibrium condition, under the IE 
assumption for the associative internal state variables, is dictated by 
imposing, simultaneously for each penetrant, the equivalence of the 
equilibrium chemical potential in the external fluid phase and of the 
non-equilibrium chemical potential (calculated under IE hypothesis) 
within the polymer-penetrant phase. The polymer mass density, ρp, is 
imposed to be “kinetically” locked at an out-of-equilibrium value (See 
section S.1 of SI file).

As extensively discussed in the section S.1 of the SI file the calcula
tion of the equilibrium chemical potential of the i-th penetrant in the 
external phase is performed by coupling the corresponding general non 
equilibrium expressions of the chemical potential with the EoS equation 
and the minimizations conditions with respect to the set of associative 
internal state variables. Conversely, the expression of the chemical po
tential of the i-th penetrant (under the IE assumption) within the glassy 
phase is obtained by coupling the corresponding non equilibrium 
chemical potential with the minimization conditions with respect only 
to the associative internal state variables set but in correspondence of a 
fixed out-of-equilibrium value of the volume of the mixture and so of the 
fixed associated polymer mass density for a given polymer mass in the 
polymer-penetrant mixture (in view of the assumption that the polymer 
is not soluble in the external phase). Therefore, to calculate the pene
trant solubility in a glassy polymer-penetrant phase under IE condition, 
one needs the general expression of the non-equilibrium chemical po
tentials along with the minimization conditions with respect to the 
associative internal state variable and, for the external fluid phase, to the 
phase volume (i.e., the EoS equation). In particular, the minimization 
conditions with respect to the set of associative internal state variables 
are [25,26]: 

xAi =

⎛

⎝1 +
∑

j

ρj

Mwj

∑

Bj

xBj ΔAiBj

⎞

⎠

− 1

(6) 

Hereafter, ΔAiBj represents the molecular association strength of the AiBj 
interaction (in turn calculated by the two corresponding associative 
parameters), ρj represents the mass density of species j and xAi indicates 

the fraction (with respect to their total number) of the association sites 
of kind A (located on the species i) that are not involved in any possible 
association interaction. Finally, Mwj represents the molecular mass of 
the j-th species.

Regarding the chemical potential, its general non-equilibrium 
expression can be obtained in our case as the sum of the ideal, hard- 
chain, dispersion and associative contributions. We refer to the orig
inal literature [27,28,49,50] for the expressions of the first three terms. 
As for the associative contribution, we have adopted the general 
expression introduced by Michelsen et al. [33], since, as detailed in 
section S.1 of the SI file, using Chapman’s original expression would 
require solving an additional set of nonlinear equations, which increases 
the computational costs of the calculations. In particular, the general 
non-equilibrium expression adopted for the associative contribution, 
μi

NE,assoc, to the chemical potential μi
NE is the following:  

2.2. Dry Glass Reference Perturbation Theory (DGRPT)

According to the described NETGP model framework, to account for 
polymer/matrix dilation induced by the penetrant when modelling 
sorption thermodynamics in glassy polymers, in principle one should 
know the out-of-equilibrium relationship between polymer mass density 
and the set of penetrant concentrations. To this aim, in the literature 
phenomenological expressions have been proposed, such as [1]: 

ρp = ρ0
p

(

1 −
∑

i
biρi

)

(8) 

where ρp is the mass density of polymer in the polymer/penetrants 
mixture, ρ0

p is the pure polymer mass density right before the sorption 
test, ρi is the mass density of the i-th penetrant and bi is the phenome
nological swelling parameter associated to the polymer/i-th component 
pair. Such relationship, as well as any other similar empirical law 
[42–44], introduces in the NETGP framework an additional set of 
phenomenological adjustable parameters. To overcome this drawback, 
Marshall has proposed a procedure, referred to as Dry Glass Reference 
Perturbation Theory (DGRPT) [40,41], to self-consistently calculate ρp 

through the EoS model adopted within the NETGP framework. In the 
following, we briefly report the operative equation of the model refer
ring the reader to the original literature for full details [40,41]. In line 
with the NETGP formalism, in the following we express the DGRPT 
equations in terms of the mass densities set, ρs, whereas the original 
Marshall formalism adopts the number densities set, ρmol

s , according to 
the PC-SAFT literature. The i-th component of ρs and ρmol

s represent, 
respectively, the mass density and the number density of i-th penetrant 
(subscript s stands for solute used here as synonymous of penetrant).

Moreover, when dealing with models including an additional set of 
state variables provided by the associative contacts, as is the case at 
hand, the IE assumption is implicitly adopted in the calculation of the 
expression of the whole set of chemical potentials. including the one of 
polymer. Thus, in the case of the PC-SAFT containing the associative 
term, it can be shown that the proper expression of the arbitrary μi 
(including also the polymeric component) can be written as (see section 
S.2 of the SI file for details): 

μi
NE,assoc

kT
=
∑

Ai

(logXAi − XAi + 1) −
∑

j

ρj

Mwj

∑

Ai

∑

Bj

XAi XBj ΔAiBj −
1
2
∑

k

∑

j

ρk

Mwk

ρj

Mwj

∑

Ak

∑

Bj

XAk XBj Mwi
∂ΔAkBj

∂ρi
(7) 
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μIE
i
(
T, ρp, ρs

)
≡ μNE

i
(
T, ρp, ρs,x

(
T, ρp, ρs

) )
(9) 

where μNE
i represents the general non-equilibrium expression of the 

chemical potential of the i-th component and xIE ( T, ρp, ρs
)
= xEQ( T, ρp,

ρs
)

is the function that provides the minimization condition of the as
sociation internal variables set x of the PC-SAFT model, whose generic k- 
th component represents the number of unbonded associative site of 
kind k per number of molecules containing the site [25,26] (see also 
section S.1 of supporting information file for details on the IE 
assumption).

The starting point of the DGRPT is a Taylor expansion around the dry 
state, i.e., ρs = 0, of the chemical potential of the polymer, μp, provided 
by the adopted EoS model under the underlining assumption that a 
function ρp(T, ρs) does exist for any given ρ0

p . Such a function is required 
to satisfy the limit “dry” condition, i.e., ρp(T, ρs = 0) = ρ0

p . ρ0
p repre

sents, according to the NETGP framework, a parameter, dependent upon 
the viscoelastic sample history, that should be measured right before the 
sorption test at the given temperature. We recall that the NE as well as 
the IE expressions of the chemical potential are, in principle, not a 
function of the pressure P (see section S.1 of supporting information file) 
and, in this respect, the underlying functional dependence ρp(T, ρs) at 
given ρ0

p is consistent with such formal dependence, since ρ0
p is reason

ably assumed independent on the pressure in the case of sorption ther
modynamics of gas as well as vapor mixtures in glassy polymer 
membranes.

Therefore, the DGRPT model accounts in principle only for sorption 
in glassy polymers with penetrant induced swelling in which the me
chanical effect of pressure P is neglected.

More in detail, the composite function μIE
p (T, ρs) ≡ μIE

p
(
T, ρp(T, ρs), ρs

)

is expressed in terms of a Taylor series expansion around ρs = 0, 
truncated at the first order term. In such calculation the ρp(T, ρs) rep
resents the unknown function, whose value at ρs = 0, i.e., the dry 
polymer mass density, ρ0

p , should be known experimentally or be 
considered as a parameter.

As it will be detailed in the following, in the expression of the Taylor 
expansion one only needs to know the values of the partial derivative of 
ρp(T, ρs), with respect to the set of variables ρs, evaluated at ρs = 0. To 
this aim, it is useful to make some physical assumptions, in the DGRPT 
framework [40], on the components of ∇ρp(T, ρs) at given T and ρs = 0. 
These assumptions make the first order term of the Taylor expansion to 
depend upon the unknown function ρp(T, ρs) only through its assigned 
value in the “dry” limit ρ0

p . Once the described first order Taylor 
expression is calculated, the determination of the unknown value of 
ρp(T, ρs) (at specific values of the set ρs and for the assigned ρ0

p) is ob
tained by equating the value of the approximate expression of the 
chemical potential calculated as a Taylor expansion truncated to the first 
order to the exact value of μIE

p
(
T, ρp(T, ρs), ρs

)
.

In the DGRPT framework, Marshall proposed a more general (im
plicit) expression of the equation (8), which assures that the polymer 
mass density is positive for any physically admissible value of T, ρs and 
ρ0

p , namely: 

ρp = ρ0
pexp

f
(
T, ρp, ρs

)

RT
(10) 

where the function f
(
T, ρp, ρs

)
plays therefore the role of the actual 

unknown function and it is defined by the equation (10). Such function 
must be equal to 0 at ρs = 0(so that ρp consistently coincides with ρ0

p in 
such “dry” limit condition). The underlying additional assumption is 
that for any physically admissible ρ0

p , Eq. (10) provides a unique solution 
ρp(T,ρs).

In particular, based on the previous discussion, the DGRPT numerical 

procedure, to the first order, consists in calculating the value of f at 
given T, ρs and ρ0

p , that is the solution of the following equation: 

μIE
p (T, ρs) ≡ μIE

p
(
T, ρp(T, ρs), ρs

)
= μIE

p

(
T, ρ0

p , ρs

= 0
)
+
∑

j

[(
∂μIE

p

∂ρs,j
+

∂μIE
p

∂ρp

∂ρp

∂ρs,j

)

ρs,j

]

(11) 

On the R.H.S of Eq. (11) chain rules of derivatives have been adopted 
on the basis of the μIE

p (T, ρs) = μIE
p
(
T, ρp(T, ρs), ρs

)
relationship. Conse

quently, any ∂μIE
p

∂ρs,j 
as well as any ∂μIE

p
∂ρp 

is evaluated at (T, ρp(T, ρs = 0), ρs =

0), i.e., at (T, ρ0
p , ρs = 0) and any ∂ρp

∂ρs,j 
is evaluated at T and ρs = 0. 

Hereafter the subscript j refers to the j-th component of the set ρs.
Finally Eq. (10) is adopted at L.H.S of Eq. (11) to express at the given 

T and ρs the value of ρp in terms of the unknown f and of the assigned 
value of the parameter ρ0

p . Incidentally, it is worth remarking that, on the 
basis of the imposed value of the first term on R.H.S of Eq. (11), the Eq. 

(11) at ρs = 0 is expressed as μIE
p (T, ρs = 0) ≡ μIE

p
(
T, ρp(T, ρs = 0), ρs =

0
)
= μIE

p

(
T, ρ0

p , ρs = 0
)

which trivially admits, as required, ρp(T, ρs =

0) = ρ0
p as a solution of Eq. (11) so that f = 0 is equivalently obtained in 

such “dry” limit condition.
Once the solution value of f is obtained by solving Eq. (11) for a given 

T, ρs, and ρ0
p , the corresponding, ρp is provided by the equation (10). In 

this way, one can numerically obtain the expression of ρp as a function of 
T, ρs for the assigned ρ0

p .
In the present discussion, following Marshall’s approach [40], we 

deal with μIE
p
(
T, ρp(T, ρs), ρs

)
in which the minimization conditions with 

respect to x have been implicitly already substituted (see Eq. (9)).
So far, purposedly, we have presented a rather simplified discussion 

that is sufficiently detailed to introduce the fundamental aspects of the 
DGRPT procedure. However, it should be considered that, since x

(
T, ρp,

ρs
)

is, in general, not available in closed form, the operative imple
mentation of the DGRPT approach requires a more in-depth description 
which is the subject of section S.3 of the SI file.

In particular, referring to the L.H.S. of equation (11), one recognizes 
that, according to equation (9), the calculation of x

(
T, ρp, ρs

)
has to be 

performed at the current values of ρs and of ρp, the latter, in turn, being a 
function of the guessed value of f and of the given ρ0

p through the 
equation (10). As for the first term on R.H.S of Eq. (11), the calculation 

of x
(

T, ρ0
p , ρs = 0

)
is required. A less trivial calculation involves the 

determination of the derivative terms of the IE chemical potential 
appearing on the R.H.S. of the equation (11). To this regard, a numerical 
procedure is, in general, required, as described in section S.3 of the SI 
file. However, considering the case of the systems under analysis in the 
present investigation, the structure of the associative equations resulting 
from the chemical association scenario is such that these derivatives are 
available in closed form and such expressions can be found in section S.3 
of the SI file.

In the case of a polymer displaying high free volume, the swelling 
response is small and very weakly dependent on sorption at low con
centration of sorbate [40]. This assumption is formulated mathemati
cally as: 

∂ρp

∂ρs,j
(T, ρs = 0) = 0 j = 1, 2⋯t (12) 

By coupling equations (11) and (12), we obtain the original DGRPT 
closure equation: 
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μIE
p (T, ρs) ≡ μIE

p
(
T, ρp(T, ρs), ρs

)
= μIE

p

(
T, ρ0

p , ρs = 0
)
+
∑

j

(
∂μIE

p

∂ρs,j
ρs,j

)

(13) 

where again any ∂μIE
p

∂ρs,j 
is evaluated at (T,ρp(T, ρs = 0),ρs = 0), i.e. at (T,ρ0

p ,

ρs = 0).
However, under the assumption of equation (12), DGRPT shows very 

poor capability of reproducing the behaviour of “dense” polymer/ 
penetrant systems which exhibit continuous volume expansion even at 
low sorbate loading. To address this issue, very recently Marshall [41] 
proposed a modification of the original DGRPT approach to deal with 
“dense” polymer/penetrant binary systems. In particular, equation (12) 
in the binary case is substituted by the following relation: 

∂ρp

∂ρs,1
(T, ρ1 = 0) =

ρp − ρ0
p

ρ1
(14.a) 

where subscript 1 indicates the unique penetrant and, on the R.H.S of 
Eq. (14), ρp is intended to be a function of T and ρ1. In the present 
contribution, we propose a natural extension of Eq. (14) to the multi
component case which reads: 

∂ρp

∂ρs,j
(T, ρs = 0) =

ρp − ρ0
p

∑
jρs,j

(14.b) 

Consequently, after substitution in equation (11) one obtains: 

μIE
p (T, ρs) ≡ μIE

p
(
T, ρp(T, ρs), ρs

)
= μIE

p

(
T, ρ0

p , ρs = 0
)
+

+
∑

j

(
∂μIE

p

∂ρs,j
ρs,j

)

+
∑

j

[
∂μIE

p

ρp

(
ρp − ρ0

p

)
]

(15) 

where any ∂μIE
p

∂ρs,j 
and ∂μIE

p
∂ρp 

are evaluated at 
(
T, ρp(T, ρs = 0), ρs = 0

)
, i.e., at 

(
T, ρ0

p , ρs = 0
)

.

Marshall observed that equation (13) is able, as expected, to repro
duce the behaviour of glassy mixtures with very high excess free volume 
with respect to the molecular size of the penetrant (e.g., PTMSTP/ 
CH3OH system), while equation (15) can satisfactorily describe the 
behaviour of very low excess free volume with respect to the molecular 
penetrant size (e.g., PMMA/CO2). On this basis, starting with Eq. (15)
for the binary case, Marshall introduced [41], without testing its per
formances, an adjustable binary parameter, λ1,p, whose value ranges 
between 0 and 1 to account for intermediate cases. In particular, lower 
values of λ1,p indicate lower polymer swelling induced by the penetrant 
at low activity, which can be attributed to either a high available free 
volume within the polymer matrix or the small size of the penetrant. The 
proposed modification of Eq. (15) for the binary sub-case reads: 

μIE
p (T, ρ1) ≡ μIE

p
(
T, ρp(T, ρ1), ρ1

)
= μIE

p

(
T, ρ0

p , ρ1 = 0
)
+

+
∂μIE

p

∂ρ1
ρ1 + λ1,p

∂μIE
p

∂ρp

(
ρp − ρ0

p

) (16.a) 

where ∂μIE
p

∂ρ1 
and ∂μIE

p
∂ρp 

are evaluated at the given T, ρ0
p and at ρ1 = 0.

Consistently with Eq. (14.b), we also propose an implementation of λj,p 

for each j-th penetrant in the general multicomponent extension of the 
equation (16.a) which reads: 

μIE
p (T, ρs) ≡ μIE

p
(
T, ρp(T, ρs), ρs

)
= μIE

p

(
T, ρ0

p , ρs = 0
)
+

+
∂μIE

p

∂ρp

(
ρp − ρ0

p

)∑

j

(

λj,p
ωj

1 − ωp

)

(16.b) 

where, ωj is the mass fraction of the j-th penetrant.

2.3. Self-consistent PC-SAFT estimation of λj,p

As discussed, the parameter λj,p is related to the induced dilation 
capability of the penetrant, which in turn decreases when the available 
free volume in the polymer/penetrants mixture is higher. According to 
this free-volume picture, we propose to estimate λj,p in the framework of 
PC-SAFT model by the following equation: 

λj,p =
vmol

cp

vmol (17) 

where vmol
cp and vmol represent the close-packed molecular volume and the 

actual molecular volume of the mixture, respectively, and, according to 
Eq. (17), 1 − λj,p represents the system fractional free-volume of the bi
nary mixture. vmol

cp is calculated self-consistently using the PC-SAFT 
model as: 

vmol
cp =

π
6ηcp

(

mpxpd3
p +
∑

j
mjxjd3

j

)

(18) 

In Eq. (18) xj, mj and dj are the molar fraction, the number of seg
ments per chain and the actual diameter of the segment at given tem
perature [27] of the j-th penetrant, respectively. xp, mp and dp are the 
molar fraction, the number of segments per chain and the actual 
diameter of the segment at given temperature [27] of the polymer 
species, respectively, finally, ηcp is the highest value of the packing 
fraction, η, calculated in correspondence of the closest packing of seg
ments and it is equal to π

3
̅̅
2

√ [27].
Notably, Eqs. (17)-(18) provide a unique multicomponent 

concentration-dependent function λj,p (with 0 ≤ λj,p ≤ 1) for the whole 
mixture, which accounts for the actual free volume available in the 
mixture as a function of the concentration, whereas the determination of 
it as a pairwise adjustable parameter could depend on the experimental 
range of data used in the regression. In particular, such issues can 
compromise the reliability of using the value of λj,p obtained by a 
regression of binary data in the multicomponent mixture. Therefore, the 
proposed self-consistent approach not only allows to minimize the 
number of adjustable parameters, but it is also better suited to predict 
separation of multicomponent penetrant mixture, once the binary and 
pure component parameters of the DGRPT-PC-SAFT model are avail
able.

By substituting Eqs. (17) and (18) in Eq. (16.b), we obtain: 

μIE
p (T, ρs) ≡ μIE

p
(
T, ρp(T, ρs), ρs

)
= μIE

p

(
T, ρ0

p , ρs = 0
)
+

+
∑

j

(
∂μIE

p

∂ρs,j
ρs,j

)

+ λ
∂μIE

p

∂ρp

(
ρp − ρ0

p

)
(19) 

In Eq. (19), λ is the multicomponent value of λj,p calculated according 
to Eq. (18). In the present contribution, we investigate the reliability of 
Eqs. (16) and (19). In the following, we will refer to the DGRPT-PC-SAFT 
model with λj,p estimated with a fitting procedure as ‘model ‘v1′ and to 
the version with λj,p (or equivalently λ) calculated by Eqs. (17) and (18)
as ‘model ‘v2′.

3. Results and discussion

3.1. Pure component parameters

In the framework of NETGP procedure, including the DGRPT 
extension, the pure component parameters, the association parameters 
and the related mixing rules are coincident with the ones of the corre
sponding equilibrium thermodynamics model adopted, i.e., PC-SAFT 
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model in the case at the hand.
The pure component parameters of methanol have been obtained 

here by fitting simultaneously data for saturation pressures and for the 
corresponding densities of the liquid and vapor phases at LV equilib
rium. We remark that the obtained values of the methanol parameters 
are slightly different from the ones calculated by Marshall [40], since he 
did not include saturation liquid densities in the fitting procedure. Since 
methanol is a self-associating species, five parameters have been 
adjusted to the experimental data. To this aim, the 2:1 association 
scheme has been used to represent its self-interaction scenario, i.e., two 
proton acceptor sites (on the oxygen atom) and one proton donor site 
(on the hydrogen atom on the OH group) have been assumed for each 
methanol molecule. The experimental data were taken from National 
Institute of Standards and Technology (NIST) Standard Reference 
Database 69 [53].

In Fig. 1, we report the comparison between the experimental data 
and the optimized model curves. For the sake of comparison, we also 
report the predicted curves calculated in correspondence of the pa
rameters retrieved from [40], which, as expected, are close to our fitting 
results.

In the case of pure polyimides only the mean-field parameters were 
considered in the PC-SAFT model since no self-interactions occur (more 
on this later). The values of the parameters for each polyimide have been 
obtained by a non-linear regression of high pressure dilatometric data 
taken from the literature [34,54]. The comparison between the opti
mized model predictions and the experimental data of pure PEI and 
6FDA-ODA are reported in Fig. 2.

Based on the molecular structure and on the outcomes of the FT-IR 
investigation [48], one can reasonably assume that for both the poly
imides, each of the four C=O groups, located on a repeating unit, carry 
two proton acceptor sites, so that the total number of proton acceptor 
groups for repeating unit is 8. Consequently, no self-association is ex
pected to occur, and no association parameters are then required in the 
non-linear regression of the polymer dilatometric data. However, in the 
polymer-penetrant binary systems of interest, cross-associations among 
the methanol proton donor site (hydrogen atom located on the OH 
groups) and the polymeric proton acceptor sites (two for each oxygen 
atom of the carbonyl groups) may occur. Since both the polymers 
considered here are NSA species, to adopt a predictive procedure for the 
association interactions, one can follow the procedure developed by 
Marshall et al. [52] described previously, by which one can calculate the 
cross-interaction parameters starting from the related self-association 
ones according to Eqs. (4–5). To this aim the use of “fictive” self- 
association parameters, εAiBi and kAiBi , regarding the C=O groups is 
required. The so-called association scheme 2:0 has been selected for 
each carbonyl group consistently with the fact that no association 
contribution for the pure polyimide has to be introduced. In particular, 
Marshall et al. [52] have estimated such “fictive” self-association pa
rameters for the C=O groups of ketones, as adjustable parameters in the 
simultaneous prediction of LV equilibrium data of several binary 

ketones-alcohols systems (adopting consistently Eqs. (4–5) for cross- 
association parameters). We took advantage from these previous eval
uations using Eqs. (4–5) to predict the cross-association parameters for 
the two polyimide-methanol systems investigated, where we have 
assumed that the required “fictive” parameters of the C=O groups of the 
two polymers are equal to the ones determined in ref. [52] for the C=O 
groups of ketones.

Regarding the PTMSP, rubber density data are unavailable due to its 
very high glass transition temperature, which is a common feature of the 
high free volume polymers. In such a case, the values of PTMSP PC-SAFT 
parameters can be determined from the simultaneous fitting of sorption 
data in PTMSP of a series of pure penetrants whose PC-SAFT parameters 
are known. This procedure will be described in section 3.2.

The list of PC-SAFT parameters for pure components used in this 
investigation are reported in Table 1.

In Table 1, NAi and NBi represent the total number of proton accep
tors (PA) and proton donors (PD) sites per molecule of type i, 
respectively.

3.2. Solubility separation of CO2/CH4 in PTMSP

Since PTMSP repeating units do not display any association sites, 
only the three pure mean-field parameters of the polymer need to be 
determined. Such parameters have been retrieved by the simultaneous 
regression of solubility data of five binary PTMSP/penetrants systems, 
namely: PTMSP/CH3OH, PTMSP/DMC (experimental data taken from 
[46]) and PTMSP/CH4, PTMSP/CO2 and PTMSP/n-C4H10 (experimental 
data taken from [3]). Notably, the specific interactions need to be 
considered only in the case PTMSP/CH3OH (in particular, self- 
association of methanol).

As a consequence, in the case of DGRPT-PC-SAFT model v2, the 
whole set of adjustable parameters is given by the three pure mean-field 
parameters of PTMSP (σi, mi and εi

k) along with a binary mean-field 
interaction parameter kij for each polymer/penetrant system. 
Regarding the DGRPT-PC-SAFT model v1, one needs to add λj,p as 
adjustable parameter, one for each binary polymer/penetrant system, 
thus making the simultaneous fitting procedure not feasible in view of 
the limited number of data points in the available set of experimental 
data. Moreover, since PTMSP is a high free volume polymer, we also 
performed the same simultaneous fitting procedure with the “original” 
version of DGRPT-PC-SAFT (i.e., λj,p = 0 for each binary system) in order 
to compare the full predictive capabilities of the two approaches for the 
CO2/CH4 separation. Fig. 3 reports the comparison between the exper
imental data and the best fitting curves obtained with the two methods. 
In the case of vapors, the penetrant uptake is reported as a function of P/ 
P0, where P is the pressure of the vapor of phase in contact with the 
polymer and P0 is the saturation pressure at the test temperature. The 
pure components parameters for the whole set of species considered are 
those reported in Table 1and the value of the density of pure PTMSP, ρ0

p , 

Fig. 1. Liquid-vapor equilibrium data for pure methanol [53] (empty circles) and results of best fitting by the PC-SAFT model calculated in this work (black solid 
lines) and predicted with the parameters retrieved from [40] (red solid lines). Left: saturation pressures. Right: saturation densities.
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is equal to 0.77 g/cm3 [3,46]. Table 2 reports the optimized values of 
binary interaction parameters as determined from the two fitting 
procedures.

As expected for the case of PTMSP in the presence of low molecular 
weight penetrants, the two approaches exhibit similar satisfactory cor
relation capabilities, as also confirmed by the values reported in Tables 1 
and 2. In particular, the DGRPT-PC-SAFT v2 model reproduces better 
the DMC solubility data at the highest activities. In fact, as highlighted 
by Marshall [41], the “original” DGRPT-PC-SAFT model (i.e., with λj,p =

0) can lose accuracy when the polymer/penetrant matrix acts as a 
“dense” system, which is reasonable the case for PTMSP/DMC system as 
compared to the PTMSP-methanol case, in view of the larger molecular 

Fig. 2. Equilibrium dilatometric data [34,54] (empty circles) and results of best fitting by the PC-SAFT model (continuous lines). Left: PEI. Right: 6FDA-ODA.

Table 1 
PC-SAFT parameters for pure components.

σi(Å) εi

k
(K) mi εAiBi

k
(K)

kAiBi NAi NBi Ref.

CH3OH 2.746 175.00 2.498 2258 0.055 2 1 This work
DMC 3.255 242.51 3.504 1000 0.1 2 0 [40]
CO2 2.7852 169.21 2.0729 0 0 0 0 [27]
CH4 3.7039 150.03 1.0000 0 0 0 0 [27]
n-C4H10 3.7086 222.88 2.3316 0 0 0 0 [27]
PTMSP 

(DGRPT λj,p = 0)
3.190 181.41 0.04465 × Mwa 0 0 0 0 This work

PTMSP 
(DGRPT v2)

3.215 190.55 0.04500 × Mwa 0 0 0 0 This work

PEI 3.385 365.73 0.02957 × Mwa 1000b 0.1b
8

Mw
Mwru

0 This work

6FDA-ODA 3.057 269.05 0.03076 × Mwa 1000b 0.1b
8

Mw
Mwru

0 This work

Mwru is the molecular mass of the repeating unit.
a Molecular weight of PTMSP, PEI and 6FDA-ODA have been assumed to be 100000 g/mol, 80000 g/mol and 100000 g/mol, respectively.
b Values taken from Marshall et al. [52] estimation for ketones systems.

Fig. 3. Comparison of the experimental data and results of optimized fitting of two versions of DGRPT-PC-SAFT model for the sorption of: pure CH3OH and DMC at 
313.15 K (data taken from [46]) (left) and CH4, CO2 and n-C4H10 at 308.15 K (data taken from [3]) (right) in PTMSP.

Table 2 
Binary interaction parameters of PTMSP/penetrant systems.

kij DGRPT v2 model kij DGRPT model (λj,p = 0)

PTMSP/CH3OH − 0.029 − 0.034
PTMSP/DMC 0.040 0.032
PTMSP/CO2 0.042 0.050
PTMSP/CH4 − 0.070 − 0.062
PTMSP/n-C4H10 0.003 − 0.004
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size of the DMC.
Once the model parameters have been retrieved, the model perfor

mances in terms of swelling have been tested against experimental data 
available in literature. To this aim, Fig. 4 reports the comparison be
tween the predictions of the two implementations of DGRPT-PC-SAFT 
and the isothermal swelling data at 313.15 K [46]. The two ap
proaches are able to reproduce the qualitative behaviour of dilation 
data, including the peculiar shape of the methanol at low activities, 
which is reasonably ascribed to the high free volume available in the 
polymer matrix. However, the two models display a quantitative 
mismatch with experimental volumetric data for both the penetrants. 
Indeed, similar quantitative overestimation in the case of the model with 
λj,p = 0 was found in the ref. [40] by Marshall et al. when implementing 
the same version of DGRPT but with the simplified PC-SAFT. The two 
DGRPT versions implemented in the present contribution predict 
quantitatively close values in the whole range of activities of methanol 
vapor investigated. Conversely, a quantitative discrepancy is observed 
for such two models in the case of DMC at increasing penetrant activ
ities. We remark that the swelling measurement tests considered have 
been performed by optical equipment which requires the use of a gas 
carrier (hydrogen) to control the vapor activity, and the swelling 
determination assumes implicitly that the shape of the sample (mem
brane) is not affected by the penetrant (homothetic deformation). As a 
consequence, volumetric measurements are likely to be affected by 

greater uncertainty as compared to the well-established sorption tests 
[46].

A more robust validation of the performances of the theoretical 
approach is provided by comparing model prediction for the solubility 
related separation of binary penetrant mixtures in PTMSP when signif
icant penetrant dilation occurs. To this aim, we focused here on system 
of technological interest, namely, PTMSP/CO2/CH4, at 308.15 K and at a 
total pressure up to 3.5 MPa. In Fig. 5, we report the predictions of the 
sorption of each component of the binary gas mixture provided by two 
versions of DGRPT model as a function of the total pressure and at 
different CO2 molar concentrations in the external gas mixture.

Both models display excellent predictive capability overall the range 
of pressures and external concentrations considered. As already dis
cussed, the high free volume of PTMSP, in combination with the small 
size of the two penetrants, results reasonably in similar predictive per
formance of the two approaches.

3.3. Polyimides/CH3OH binary systems: hydrogen bonding estimation

Concerning polyimides/CH3OH binary systems, once self-association 
parameters for pure components have been determined from fitting 
procedure on experimental data and the cross-association parameters 
have been obtained using Eqs. (4–5), only mean-field binary interaction 

Fig. 4. Comparison of the experimental data [46] and the full model pre
dictions of both approaches for dilation isotherms at 313.15 K of CH3OH and 
DMC in PTMSP.

Fig. 5. Comparison of the experimental data [3] and the full predictions of both DGRPT-PC-SAFT approaches for sorption isotherms at 308.15 K of CO2/CH4 binary 
mixtures at different external molar fractions of CO2 in PTMSP. The value of the pairwise interaction parameter of CO2/CH4, kij, is taken from [27] and it is equal to 
0.065 (dimensionless).

Fig. 6. Comparison of the experimental data [48] and results of optimized 
fitting of the three versions of DGRPT-PC-SAFT model and of NETGP-PC-SAFT 
model for the sorption of pure methanol in PEI at 303.15 K. The correlation 
parameters are k1p = 0.04899 and λ1,p = 0.606 for DGRPT-PC-SAFT model v1, 
k1p = 0.04962 for DGRPT-PC-SAFT model v2, k1p = 0.04015 for DGRPT-PC- 
SAFT with λ1,p = 0 and k1p = 0.03166 for NEGTP-PC-SAFT model.
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parameters, kij, remain to be determined.
In interpreting experimental pseudo-equilibrium sorption isotherms 

of methanol in the two polyimides [48], we have adopted both DGRPT- 
PC-SAFT v1 and v2 models. The values of the dry polymer mass density, 
ρ0

p , used in the model calculations are 1.260 g/cm3 and 1.488 g/cm3, 
respectively, for PEI and 6FDA-ODA, and have been taken from the 
literature [48].

Figs. 6 and 7 report the experimental solubility data taken from [48] 
along with the results of data fitting performed with the two versions 
(DRGPT-PC-SAFT model v1 and DRGPT-PC-SAFT model v2).

No swelling data are available for these two systems in literature, 
however, on the basis of FT-IR estimation, one cannot rule out that 
swelling induced by the penetrant occurs below a threshold around 5 %. 
For these reasons, in Figs. 6 and 7 we report the correlation capability of 
the original NETGP-PC-SAFT model in which the polymer mass density 
is fixed to its initial value ρ0

p . Finally, for the sake of comparison, Figs. 6 
and 7 also show the results of the optimized data fitting using the 
“original” DGRPT-PC-SAFT approach with λ1,p = 0.

It is evident that neglecting the volume dilation induced by the 
penetrant (original NETGP-PC-SAFT model) does not allow a satisfac
tory correlation capability of the solubility data. Only a slight 
improvement is provided by the use of the “original” DGRPT-PC-SAFT 
model which indicates that both polymers behave as “dense” systems, 
and the penetrant induced swelling can occur even at low penetrant 
concentration. Conversely, the versions v1 and v2 of DGRPT-PC-SAFT 
models provide a satisfactory correlation capability for both binary 
polyimides/CH3OH systems displaying similar values of k1p. Such a 
result is consistent with the fact that Eq. (17) and (18) provide a range of 
values of λ1,p close to the optimized value of λ1,p obtained from the v1 
model version. It is worth noting that the predicted swelling with the 
two versions of DGRPT model (v1 and v2 models) up to the maximum 
activity investigated is around 2 % and 4 % for PEI and 6FDA-ODA, 
respectively, which is as expected below the minimum value detect
able by FT-IR spectroscopy.

Once the optimized set of parameters of the DGRPT models has been 
determined, one can predict the number of self and cross hydrogen 
bonds for each polymer/penetrant system investigated at a given tem
perature and penetrant concentration. In fact, from minimization con
ditions with respect to x, i.e., Eq. (6), one can calculate the vector of 
contacts x under the IE assumption at the given T, penetrant concen
tration and polymer mass density obtained by DGRPT approach.

In turn, such values of x allow to calculate the corresponding moles 
of self and cross hydrogen bonds (n11

mp 
and n12

mp
, respectively) expressed per 

mass of polymer according to the following equation: 

n11

mp
=

NA1 (1 − xA1 )

Mw1NA

ρ1

ρp
(20.a) 

n12

mp
=

NAp (1 − xAp )

MwpNA
(20.b) 

where NA represents Avogadro’s number. The oxygen atom of any 
methanol molecule exhibits two equivalent kinds of PA sites (which are 
here consistently described by assuming that both have the same couple 
of association parameters). Based on the “structure” of Eq. (6), once such 
equivalent sites are consistently described by a unique couple of asso
ciative parameters, as expected the two corresponding components of 
the set x present the same value, here indicated as xA1 . Similarly, xAp 

takes the same value for all the corresponding components of x for all 
the equivalent PA sites of the oxygen atoms of carbonyl groups of the 
polymer backbone. Such equivalent PA sites are here consistently 
described by adopting for them a unique couple of association 
parameters.

In particular, in the PC-SAFT framework (and hence also in the 
DGRPT closure) any kind of association site is intrinsically located only 
onto one species of the system, hence the i-th component of x expresses 
equivalently both the number of association sites of kind i not involved 
in association with respect to its total number and the total number of 
the unique species displaying such kind of association site [25,26].

Therefore, here, the terms NA1
(
1 − xA1

)
and NAp

(
1 − xAp

)
express, 

respectively, the total number of methanol PA groups involved in spe
cific interactions per total number of methanol molecules and the total 
number of PA groups of the polymer of interest which are involved in 
specific interactions per total number of polymeric molecules. Finally, 
since the two polyimides investigated do not display PD groups the Eq. 
(20) is trivially obtained.

Figs. 8 and 9 show the comparison of model prediction and experi
mental data taken from [48].

Consistently with the good correlation results obtained for the sol
ubility data, both model v1 and model v2 exhibit a very satisfactory 
predictive capability of the associative contacts of the two investigated 
systems. In particular, for 6FDA-ODA/methanol, the model is able to 
reproduce quantitatively the trade-off between self and cross in
teractions that can be ascribed to the onset of methanol clustering within 
the system [48].

Fig. 7. Comparison of the experimental data [48] and results of optimized 
fitting of the three versions of DGRPT-PC-SAFT model and of NETGP-PC-SAFT 
model for the sorption of pure methanol in 6FDA-ODA at 303.15 K. The cor
relation parameters are k1p = 0.04731 and λ1,p = 0.666 for DGRPT-PC-SAFT 
model v1, k1p = 0.04050 for DGRPT-PC-SAFT model v2, k1p = 0.01921 for 
DGRPT-PC-SAFT with λ1,p = 0 and k1p = − 0.01561 for NEGTP-PC-SAFT model.

Fig. 8. Comparison of the experimental data [48] and the full predictions of 
both model versions for the self and cross hydrogen bonds of pure methanol 
in PEI.
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4. Conclusions

The proposed version of DGRPT-PC-SAFT (v2) model, which is based 
on free volume inspired self-consistent estimation of the λj,p parameters, 
has shown versatile model capability in dealing with multicomponent 
systems which span “continuously” from high free volume to “dense” 
polymer/penetrants phase. The v2 model allowed filling the gap be
tween the two versions of the DGRPT proposed by Marshall in literature 
to address the low and high free volume limiting cases (λj,p = 0 andλj,p =

1 respectively) without introducing any additional pairwise adjustable 
parameter. Notably, v2 model exhibits in the case of high free volume or 
“dense” polymer/penetrant systems, similar model performances with 
respect to the corresponding DGRPT versions specifically developed in 
literature.

In particular, DGRPT-PC-SAFT v2 model shows full satisfactorily 
performances in terms of solubility correlation of several penetrants 
ranging from non-interacting gases to associating alcohols in three 
polymeric matrices exhibiting different level of free volume such as 
PTMSP and two polyimides (PEI and 6FDA-ODA). Remarkably, the 
model implementation proved to be successful in predicting solubility 
separation in a system of technological interest, i.e., CO2/CH4 in PTMSP 
at 308 K and total pressure up to 3.5 MPa in a wide range of concen
tration of the binary gas mixture. In addition, in the case of PTMSP 
matrix, the model has been also able to reproduce the qualitative 
behaviour of the penetrant induced swelling of PTMSP/CH3OH and 
PTMSP/DMC binary systems.

To further test the model capability, we have also investigated two 
“dense” polymer/penetrant systems of technological interest exhibiting 
complex interactional scenario, i.e., PEI/CH3OH and 6FDA-ODA/ 
CH3OH at 303 K and vapor activity up to 0.7.

The proposed DGRPT-PC-SAFT model provided, also in these cases, a 
satisfactory fitting of previously determined experimental sorption iso
therms of methanol and a description of self- and cross-hydrogen 
bonding established within the polymer phases that is in very good 
qualitative and quantitative agreement with the outcomes of in-situ 
FTIR analysis performed previously, thus providing a detailed picture 
of the complex interactional scenario occurring in the glassy polymer/ 
penetrant phase. Notably, model predictions were also able to reproduce 
quantitatively the occurrence of self/cross interactional crossover 
observed for the 6FDA-ODA/methanol system, as the activity of meth
anol vapor increases, marking the onset of methanol clustering. Overall, 
the polyimides-methanol results presented validate the proposed 
multidisciplinary procedure, (implemented for the first time in the 
general framework of PC-SAFT), supporting, in particular, the 

legitimacy of the IE hypothesis for the set of variables related to the 
association term, which has been, in general, implicitly assumed to be 
valid in the literature when applying the NETGP-PC-SAFT to interacting 
systems.
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