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A B S T R A C T

Two distinct approaches proposed in the literature for the description of sorption induced volume dilation in 
glassy polymers are discussed and compared with respect to their predictive capability. Both Non-Equilibrium 
Restrained Swelling model (NE-RS) and Dry Glass Reference Perturbation Theory (DGRPT) have been pro
posed to address this problem within the framework of Non-Equilibrium Theory for Glassy Polymers (NET-GP). 
Both qualitative and quantitative characteristics of results from the two models are considered and corre
sponding predictions are compared with experimental data available in the literature, for the case of sorption of 
gas or vapor penetrants in conventional glassy polymers. Conclusions are drawn about the crucial role of correct 
description of induced volume swelling in prediction of high-pressure gas solubility in glassy polymers through 
NET-GP approach, as well as about different abilities and limits of the two models so far proposed to this aim.

1. Introduction

The capability of predicting mass uptake and volume change of 
polymeric materials exposed to fluid phase at assigned fugacity of 
penetrant components is of paramount importance in a number of 
different processes and applications, from membrane optimization for 
gas separation or organic solvent nanofiltration, to the design of gas 
sensors or drug delivery systems. Understanding fundamental thermo
dynamic characteristics of swollen polymeric phases, in turn, is a 
necessary prerequisite to identify the proper model approach to the 
discussion of phase equilibrium problems in polymeric systems. It can be 
easily recognized that well established tools for the description of 
equilibrium properties can be confidently used in this respect for the 
case of polymeric materials above the glass transition temperature. 
Indeed, several equations of state (EoS) approaches proposed in the 
literature [1–4] proved to be effective in predicting both volume change 
and mass uptake in melt or rubbery polymers exposed to gas or vapor 
phase, from infinite dilution condition to the case of high fugaci
ty/activity for the penetrant components. Among Equation of State 
models specifically developed to describe thermodynamic properties of 
polymeric phases, one of the first to appear is the Perturbed Hard Sphere 
Chain Theory, proposed by Prausnitz [5], to which Fermeglia signifi
cantly contributed, also through the set-up of molecular dynamic tools 
for the retrieval of corresponding parameters [6].

To the scope of this work, it is useful to put in evidence that for the 
case of polymer-solute mixtures at low or medium solute content, when 
specific interactions are absent, substantially composition independent 
values are measured for solute partial specific volume in the mixture, as 
well as for the solubility coefficient. The same condition holds, conse
quently for volume swelling coefficient, meant as the ratio between 
relative volume change of the system and solute fugacity in the mixture. 
The latter case is, for example, well documented in a work by Freeman 
[7], in which both mass change and volume change of PDMS samples 
have been measured at different temperatures, for samples exposed 
either to methane and to n-butane at low and medium pressure values.

In fact, when approaching the same analysis for polymeric systems 
below the glass transition temperature, the problem is faced that the 
equilibrium tools cannot be applied directly, in view of the non- 
equilibrium nature of glassy systems. In addition to that, we deal with 
sensitivity of sorption coefficient and swelling coefficient to solute 
concentration which are qualitatively different from those observed for 
the same kind of systems above Tg.

Several models have been considered in the past forty years to 
address the question of proper thermodynamic description of out-of- 
equilibrium glassy systems, among which are polymeric mixtures 
below the glass transition temperature [8–13]. On the other hand, one is 
the approach which proved to be successful in extending the description 
established for equilibrium states in polymer-solute mixtures to the 

* Corresponding author.
E-mail address: ferruccio.doghieri@unibo.it (F. Doghieri). 

Contents lists available at ScienceDirect

Fluid Phase Equilibria

journal homepage: www.journals.elsevier.com/fluid-phase-equilibria

https://doi.org/10.1016/j.fluid.2026.114740
Received 1 February 2026; Received in revised form 11 April 2026; Accepted 15 April 2026  

Fluid Phase Equilibria 609 (2026) 114740 

Available online 16 April 2026 
0378-3812/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0002-6140-2324
https://orcid.org/0000-0002-6140-2324
mailto:ferruccio.doghieri@unibo.it
www.sciencedirect.com/science/journal/03783812
https://www.journals.elsevier.com/fluid-phase-equilibria
https://doi.org/10.1016/j.fluid.2026.114740
https://doi.org/10.1016/j.fluid.2026.114740
http://creativecommons.org/licenses/by/4.0/


non-equilibrium conditions below the glass transition temperature. This 
is the Non-Equilibrium Theory for Glassy Polymers (NET-GP) [14]. The 
latter assumes that the polymer mass density can be regarded as a 
suitable order parameter to describe out-of-equilibrium conditions, and 
that it can be treated as an internal state variable of the system. Once an 
appropriate expression for the equilibrium Helmholtz free energy den
sity is formulated as a function of temperature and of mass densities of 
all components, the solute chemical potential can be evaluated within 
the NET-GP framework, provided that independent information on the 
polymer mass density at the relevant pseudo-equilibrium states is 
available. The NET-GP methodology was initially applied to Sanchez 
and Lacombe’s compressible lattice fluid theory [1,2], leading to the 
development of the Nonequilibrium Lattice Fluid (NE-LF) model [14,
15]. Subsequently, this approach was extended and connected to several 
equations of state, including those belonging to the class of Statistical 
Associating Fluid Theory (SAFT) [3,16,17].

Different from the straightforward application of the corresponding 
equilibrium model, the NET-GP framework requires the additional 
knowledge of polymer density under pseudo-equilibrium conditions. 
This specific information, when not available from direct measurement, 
can be only derived after a detailed characterization of the volumetric 
behaviour of the polymeric mixture of interest. In the typical condition 
of interest here, the dry polymer mass density at the process temperature 
can be measured directly or estimated from glass transition temperature 
and thermal expansion coefficient at glassy state. After the information 
about dry polymer mass density, the application of NET-GP approach 
allows to reliably calculate the solubility coefficient of gases and va
pours at infinite dilution conditions [18]. In order to extend the analysis 
to medium and high solute concentration values, a link between poly
mer mass density to either solute mass fraction or solute fugacity is 
required. Two approaches have been effectively proposed so far in the 
literature to provide the closure of this specific problem: the 
Non-Equilibrium Restrained-Swelling (NE-RS) [19] model and the Dry 
Glassy Reference Perturbation Theory (DGRPT) [20]. They offer two 
different routes to relate volume swelling of polymeric systems below 
the glass transition temperature to the corresponding mass uptake for 
samples exposed to fluid phase at assigned fugacity of gas or vapor 
penetrant components.

Their assumptions are briefly presented in the following sections and 
the results of their application to the description of gas and vapor 
sorption/dilation isotherms is discussed with reference to the case of 
conventional glassy polymer, for which pure polymer equilibrium 
volumetric data are known, so that the pertinent equation of state is 
defined in specific term, and EoS model can be ultimately applied in 
effective predictive terms.

While any equation of state for compressible polymer solute mixtures 
can be considered for the application of NET-GP approach, the Per
turbed Chain Statistical Associating Fluid Theory (PC-SAFT) is here 
adopted, consistently with the choice taken in most recent examples of 
application of the two models presented in the literature.

Discussion of the calculation routes proposed within NE-RS and 
DGRPT is preceded, in what follows, by a brief presentation of experi
mental evidence about the relation between volume dilation coefficient 
and solute content and solute fugacity. Indeed, the two models move 
from alternative interpretation of these kinds of data.

2. Experimental evidence for sorption induced volume swelling 
in glassy polymers

In situ direct measurement of volume swelling for polymer samples 
induced by gas or sorption are difficult to take and only a limited amount 
of data of this kind is reported in the literature. In addition to that, re
sults from this kind of measurement are typically affected by larger 
uncertainty with respect to mass uptake and, for what refers to glassy 
polymeric systems, the possible effect of preparation protocol of the 
sample should be kept in mind, as well as that of different constraint, 

such as for free film with respect to supported coatings.
Notwithstanding all limitations mentioned above, few elements can 

be recognized in features of sorption induced volume swelling in glassy 
polymers from the available experimental data [21–28]. Figures below 
illustrate examples of experimental evidence, reported in the literature, 
for gas sorption induced volume change, as function of gas fugacity 
(Fig. 1), and for relative volume change induced by vapor sorption, as 
function of vapor activity (Fig. 2). For the sake of simplicity of the 
analysis and the discussions, collection of examples presented in the two 
figures is limited to the case of systems in which specific interactions, 
such as those resulting from H-bonds, are absent. Data in Figs. 1 and 2
include the cases of conventional glassy polymers (PC, PMMA, PEMA), 
characterized by relatively low glass transition temperature and excess 
free volume, and those of super-glassy polymers (PIM-1 and PTMSP) 
which are endowed with very high excess free volume at room tem
perature, as result of their extremely high Tg values. Data in Fig. 1 re
veals that volume dilation induced by sorption of light gases is typically 
proportional to gas fugacity, both for conventional and super glassy 
polymers, thus producing a swelling coefficient, calculated as ratio be
tween relative volume change and solute fugacity substantially inde
pendent on solute concentration. The significance of the latter 
observation is made clear when it is considered that, on the opposite, the 
solubility coefficient is largely decreasing with solute content in the 
same concentration range. Data in Fig. 2 reveals that it is difficult to 
recognize a similar trend for the general case of vapor sorption in glassy 
polymers, although the rule is obeyed by data measured for volume 
change of PC sample induced by sorption of acetonitrile vapor up to 
significant activity value. Data of volume change for most of the systems 
considered for Figs. 1 and 2 are finally reported in Fig. 3 as function of 
relative mass uptake of polymer samples in the gas or vapor sorption 
experiment. Analysis of data in Fig. 3 put in evidence that the partial 
specific volume of gas or vapor component in the glassy polymer phase 
significantly increases, in all cases, when solute concentration increases. 
The latter feature is particularly evident for the case of vapor sorption in 
super glassy polymers, for which the infinite dilution partial specific 
volume of the solute component appears to be negligible. In more spe
cific terms, it can be observed that partial specific volume of vapors in 
glassy system at high vapor activity is of the same order of pure 
component specific volume in condensed state, while the infinite dilu
tion partial specific volume results to be orders of magnitude lower. For 
the case of gas sorption in conventional glassy polymers, on the other 
hand, while the qualitative trend is similar, an appreciable value of the 
partial specific volume of the gas is derived at infinite dilution condition, 
still much lower than the expected value for specific volume of corre
sponding pure component in condensed state.

3. Modelling gas and vapor sorption in glassy polymers

The Nonequilibrium Theory for Glassy Polymers (NET-GP) assumes 
that the chemical potential of a solute in a glassy state is equivalent to 
the chemical potential in a hypothetical equilibrium (μEQ

s ) state at the 

same temperature (T), composition (ω), and polymer density 

⎛

⎜
⎝ρ

pol

⎞

⎟
⎠

[14]: 

μNE
s
(
T, p,ω, ρpol

)
= μEQ

s
(
T,ω, ρpol

)
(1) 

Because the equilibrium volumetric equation of state does not apply 
to glasses, an additional relation for the polymer density (or specific 
volume) is required to solve for the pseudo equilibrium condition.

To this aim, either equations which correlate pseudo-equilibrium 
volume per polymer mass 

(
Vtot /mp

)
in the system to the solute mass 

ratio Ωsor the solute fugacity fscould be used. The first kins of relations 
refers to expressions for the solute partial specific VS in the polymeric 
mixtures, while the second kind directly points at representing the 
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swelling coefficient ksw. Both terms can be easily calculated after the 
dependence of polymer density over solute density at pseudo- 
equilibrium conditions: 

VS ≡

(
d
(
Vtot
/
mp
)

d Ωs

)

T,p
= −

1
ρp

(
dρp
/
dρs
)

T,p

1 −
(
dρp
/
dρs
)

T,p

(2) 

ksw ≡

(
1

Vtot

dVtot

dfs

)

T,p
=

(
dρp
/
dρs
)

T,p
(
dρp
/
dρs
)

T,p − 1

(
d Ωs

d fs

)

T,p
(3) 

In next sections strategies are described for the closure of phase 
equilibrium in NET-GP approach as suggested by DGRPT model, in 
which a relation of VSis considered, and by NE-RS model, which rather 
relies on assumptions about ksw.

Fig. 1. experimental data from technical literature for gas sorption induced volume change in glassy polymer samples as function of gas fugacity.

Fig. 2. experimental data from technical literature for vapor sorption induced volume change in glassy polymer samples as function of vapor activity.
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3.1. The fundamental NE-RS equations

The non-equilibrium restrained swelling (NE-RS) model simplifies 
the spectrum of polymer relaxation times into a bimodal distribution of 
"soft" (short-term) and "hard" (long-term) elements. In a standard sorp
tion experiment, only the short-term modes reach equilibrium with the 
environment, while the long-term modes remain "frozen" [19]. The total 
specific volume per unit polymer mass Vpol is expressed as a weighted 
average: 

Vpol = χVEQ
pol(T, p, f) + (1 − χ)Vg (4) 

Where χ is a weighting factor representing the fraction of "soft" ele
ments. VEQ

pol(T, p, f)is the specific volume the polymer would reach if it 
were in full thermodynamic equilibrium at the given temperature, 
pressure, and solute fugacity. Vgis a constant term representing the 
specific volume of the long-term relaxation elements, which depends on 
the thermal history of the sample.

The parameters required for this predictive model can be retrieved 
from the pure polymer’s pressure-volume-temperature (pVT) properties. 
The weighting factor χ is determined by comparing the low-pressure 
apparent compressibility of the glassy polymer κg(T) to its equilibrium 
compressibility κEQ(T) over the glass transition point: 

χ(T) = κg(T)
κEQ(Tg)

(5) 

Note that χ(T) is temperature dependent because compressibility 
varies with temperature; its value is reasonably higher the closer the 
considered temperature is to Tg. However, for simplicity, it has always 
been used as a constant in previous works [18–32].

Once χ is known, Vg is calculated from the specific volume of the dry 
glassy polymer at low pressure V0

pol(T,p→0)

Vg(T) =
V0

pol(T, p→0) − χVEQ0

pol (T, p→0)
1 − χ (6) 

To find the pseudo equilibrium solute content (ω) and the resulting 
polymer volume (Vpol), the set of equations (5) is solved simultaneously, 
with the second equation being necessary when the temperature of dry 
polymer density obtained from an experimental measure 

(
Tref
)

is 
different from the temperature of the system (T) using the glassy poly
mer thermal expansion coefficient 

(
αg
)
: 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

μNE
s
(
T, p,ω, ρpol

)
= μEQ

s
(
T,ω, ρpol

)

V0
pol(T) = V0

pol
(
Tref
)
⋅
[
1 + αg

(
T − Tref

)]

Vpol = χVEQ
pol(T, p, f) + (1 − χ)Vg

(7) 

This combined approach allows for the prediction of volume swelling 
across the entire glassy range up to the plasticization point (the glass- 
rubber transition), without relying on adjustable parameters from 
sorption experiments. This method showed satisfying results for con
ventional glassy polymers [19,29,30], where all the thermodynamic 
parameters can be retrieved from equilibrium data in the rubber region 
of polymers. However, it has been little explored for the case of super 
glassy polymers, that degrade before reaching their glass transition 
temperature and are therefore not observable in an equilibrium condi
tion. In this case, also the parameter χ can be only guessed as a fitting 
parameter, since the equilibrium compressibility of the material is un
known [18].

It should also be observed that the last equation in set (5) returns a 
volume change for the polymer sample which is just proportional to the 
volume change expected for the corresponding equilibrium condition of 
the system. As for systems in which there are no specific interactions, the 
latter is proportional to solute fugacity in a significant range of solute 
concentration, the same trend is predicted, for the glassy state, by the 
NE-RS model, in qualitative accordance with the experimental data 
presented in the previous section.

Fig. 3. experimental data from technical literature for gas/vapor sorption induced volume change in glassy polymer samples as function of mass uptake.
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3.2. The fundamental of DGRPT

This model focuses on the chemical potential of the polymer in the 
glassy phase as a function of temperature, glass density, and penetrant 
concentration. Indeed, it extends the NET-GP concept by claiming that 
also the polymer chemical potential can be estimated, at pseudo- 
equilibrium conditions, as the derivative of the Helmholtz free energy 
density with respect to polymer mass density, at constant temperature 
and solute concentration.

Different from the case of NE-RS model, which links the pseudo- 
equilibrium polymer density to temperature and solute fugacity, 
DGRPT model works on expression of partial specific volume for solute 
component as function of temperature and species density, so that the 
value of system volume per polymer mass is finally obtained through the 
solution of the following problem: 
⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(
d
(
Vtot
/
mp
)

d Ωs

)PE

T,p
= VS

(
T, ρp,Ωs

)

(
Vtot
/
mp
)⃒
⃒

Ωs=0 =
1

ρp
0

(8) 

In order to discuss the expression proposed for solute partial specific 
volume within DGRPT it is useful to remind here the corresponding 
expression which holds for polymer solute phases at equilibrium con
ditions. Indeed, accounting for the relation between polymer mass 
density and solute mass density in an isothermal isobaric path at 
equilibrium: 

dρp

dρs

⃒
⃒
⃒
⃒

EQ

T,p
= −

ρs(∂μs
EoS/∂ρs) + ρp

(
∂μp

EoS
/

∂ρs

)

ρs
(
∂μs

EoS
/

∂ρp
)
+ ρp

(
∂μp

EoS
/

∂ρp

) (9) 

The following relation is derived, after Eq.(2), for equilibrium solute 
partial specific volume: 

VS =
1
ρp

Ωs

(
∂μs

EoS

∂ρs

)

+

(
∂μp

EoS

∂ρs

)

(
∂μp

EoS

∂ρp

)

+ Ωs

(
∂μs

EoS

∂ρs

)

+ (1 + Ωs)

(
∂μs

EoS

∂ρp

) (10) 

For the case of glassy phases, different expressions of the partial 
specific volume were proposed in subsequent refinements of original 
DGRPT model.

In the so-called “linear” version of DGRPT model, on the other hand, 
a relation for polymer mass density and solute mass density at pseudo 
equilibrium condition is proposed, on a purely empirical basis, accord
ing to the constraint described by the following equation [20]:  

Where ρp
0indicates mass density of dry polymer, while 

(
∂μp

EoS

∂ρs

)0

and 

(
∂μp

EoS

∂ρp

)0

represent derivatives of chemical polymer of polymer species in 

the mixture at dry conditions.
Parameter λ in the above equation was actually set to value zero in 

the first version proposed for DGRPT model (hereafter referred to as 

“DGRPT v1”), while it was considered as variable in the range from 0 to 
1 in the second version of the model (hereafter referred to as “DGRPT 
v2”) [33].

Indeed, DGRPT v1 provides a route for a pure prediction of the solute 
induced volume swelling in glassy polymers, in which the only out-of- 
equilibrium order parameter is the dry polymer mass density of the 
glassy sample, while DGRPT v2 introduces the additional order 
parameter λ, which, in particular, proved to be essential to represent the 
sweeling in glassy systems endowed with limited free volume [33].

The closure condition for NET-GP provided by “linear” version of 
DGRPT model can be finally expressed as represented in the following 
relation 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
d
(
Vtot
/
mp
)

d Ωs

)PE

T,p
=

1
ρp

(
∂μp

EoS

∂ρs

)0

−

(∂μp
EoS

∂ρs

)

(
∂μp

EoS

∂ρs

)0

−

(∂μp
EoS

∂ρs

)

+ λ
(

∂μp
EoS

∂ρp

)0

−

(∂μp
EoS

∂ρp

)

(
Vtot
/
mp
)⃒
⃒

Ωs=0 =
1

ρp
0

(12) 

Eq.(12) should be actually preferred to Eq.(11) in the representation 
of closure problem for the case of a swelling induced in a glassy polymer 
sample by the gradual increase of solute content. Indeed, multiple values 
solutions exist of actually non-linear Eq.(11) and not all them, of course, 
allow for continuous relation of polymer mass density as function of 
solute content.

A further version of DGRPT model was recently proposed in which 
condition for pseudo-equilibrium polymer density is re-formulated as 
follows [34]: 

ρp
PE(T,ρs) :

μp
EoS( T,ρs,ρp

PE) − μp
EoS( T,0,ρp

0) −

(∂μp
EoS

∂ρs

)0

ρs −
γ
2

(
∂2μp

EoS

∂ρs
2

)0

ρs
2 = 0

(13) 

In which γ is an adjustable model parameter, which is typically 
characterized negative sign

The latter model will be hereafter indicated as “DGRPT v3” and the 
corresponding closure condition for NET-GP finally results as indicated 
in what follows 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(
d
(
Vtot
/
mp
)

d Ωs

)PE

T,p
=

1
ρp

(
∂μp

EoS

∂ρs

)0

−

(∂μp
EoS

∂ρs

)

+ γ ρs

(
∂2μp

EoS

∂ρs
2

)0

(
∂μp

EoS

∂ρs

)0

−

(∂μp
EoS

∂ρs

)

+ γ ρs

(
∂2μp

EoS

∂ρs
2

)0

−

(∂μp
EoS

∂ρp

)

(
Vtot
/
mp
)⃒
⃒

Ωs=0 =
1

ρp
0

(14) 

ρp
PE(T, ρs) :

μp
EoS( T, ρs, ρp

PE) − μp
EoS( T,0, ρp

0) −

(∂μp
EoS

∂ρs

)0

ρs − λ
(∂μp

EoS

∂ρp

)0
(
ρp

PE − ρp
0) = 0

(11) 

F. Doghieri et al.                                                                                                                                                                                                                                Fluid Phase Equilibria 609 (2026) 114740 

5 



It should be noted that the pseudo equilibrium partial specific vol
ume predicted by all versions of DGRPT model described above results 
to be null when evaluated in the limit of infinite dilution for solute. The 
latter characteristic, together with positive value resulting for the same 
variable at finite solute concentration is indeed what inspired the 
empirical relations in Eq.(11) and (13), in the attempt to mimic the 
qualitative characteristic of experimental evidences represented in the 
previous section.

In what follows, both NE-RS and DGRPT methods are utilized to 
model gas sorption in conventional glassy polymers using the PC-SAFT 
EoS. For the DGRPT approach, the original formulation was selected. 
This choice is predicated on the primary objective of this study: rather 
than identifying which model yields the most accurate numerical pre
dictions, we aim to examine the fundamental nature of the phenomenon 
and identify the essential theoretical foundations required to address the 
problem. Consequently, efforts were made to minimize empirical data 
fitting unrelated to pure components, with the notable exception of the 
binary interaction parameter. The specific role and physical significance 
of this parameter are discussed in detail in subsequent sections.

4. Comparison with experimental data

In this section a direct comparison for the solubility and swelling 
predictions of the two analysed models is presented. Until now the 
comparisons between the two approaches were shown only for PIM-1 
[18]. On the other hand, DGRPT has been used to calculate sorption 
in a conventional glassy polymer in only one case [33]. To fully un
derstand the power of this model, and have a fair comparison with 
NE-RS, only conventional glassy materials are considered in the present 
work. Indeed, only for these materials the equation of state parameters 
of the polymer, that are necessary for both the applications, can be 
independently determined by fitting equilibrium data over Tg. For super 
glassy materials instead, these parameters must be retrieved with other 

techniques: such as the fitting directly to lower pressure absorption data 
[15,32]. Moreover, only cases where a not negligible swelling is induced 
in the matrix are considered, since both models collapse in basic 
no-swelling NET-GP when solute sorbed is not sufficient to substantially 
change volume per polymer mass in the matrix.

In the discussion which follows the original version of DGRPT model 
will be considered (DGRPT v1) at first, as it can be applied through a 
pure predictive procedure for the case of conventional glassy polymers, 
just as it happens for the case of the NE-RS model.

The sorption of CO₂ in polycarbonate (PC) is examined first. For this 
system, the binary interaction parameter (ksp), the Eos parameters and 
the isothermal compressibility had already been determined in a pre
vious work [19] through the analysis of true thermodynamic equilib
rium solubility data. Subsequently, the model parameter χis evaluated as 
the ratio between the compressibilities of the glassy and melt polymer 
phases at the transition point and the corresponding estimate of the 
model parameter χfor PC is reported in Table 2.

The high-pressure CO₂ uptake in PC, as predicted by the (NE-RS) PC- 
SAFT and DGRPT models at 35 ◦C, is then compared with experimental 
measurements reported by Wissinger and Paulaitis [23]. This compari
son is presented in Fig. 4. The strong agreement between the model 
predictions and the experimental high-pressure data demonstrates the 
effectiveness of both the equilibrium and non-equilibrium modelling 
frameworks for NE-RS model.

To highlight the importance and implications of the assumptions 
adopted for volume swelling within the NE-RS framework, Fig. 4 also 
presents model predictions obtained by neglecting sorption-induced 
swelling of the glassy polymer matrix. Under this simplifying hypothe
sis the phase equilibrium calculations are performed by assuming that 
the pseudo-equilibrium polymer density, ρPE

pol, remains equal to the dry 
polymer density at the same temperature, regardless of the gas pressure.

Inspection of the results shown in Fig. 4 indicates that an explicit 
treatment of sorption-induced volume swelling does not influence the 

Fig. 4. NE-RS and DGRPT and constant density NET-GP model predictions (continuous lines) of CO₂ sorption in PC as function of pressure. Blue dots are experi
mental data from [23].
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infinite-dilution solubility coefficient, in agreement with the discussion 
presented in a previous work [18]. Moreover, the impact of swelling on 
the predicted penetrant uptake in glassy PC is negligible up to a solute 
mass fraction of approximately 2 %. At higher concentrations, however, 
the role of swelling becomes significant.

These findings clearly indicate that incorporating sorption-induced 
volume swelling is essential for an accurate description of vapor sorp
tion at moderate to high activities.

On the other hand, DGRPT fails to accurately predict CO₂ sorption at 
pressures above 20 bar. In this case as well, the infinite-dilution 
parameter remains unaffected by the model, since polymer dilation is 
negligible. The predicted sorption isotherm closely follows the non- 
swelling case up to approximately 18 bars, beyond which a slight de
viation appears due to the onset of minor polymer dilation. This 
behaviour is very similar to the case reported by Marshall [33] for 
PMMA, another dense, conventional polymer. These results confirm that 
the first and simplest formulation of DGRPT struggles to describe sorp
tion in dense polymeric materials, whereas it provides improved pre
dictions for less dense polymers such as PTMSP [20].

To better understand the differences between DGRPT and NE-RS 
predictions, it is useful to analyse the effect of the solute-polymer bi
nary interaction parameter ksp. Figs. 5 and 6 report the model pre
dictions obtained at different values of ksp. In the Marshall model, the 
binary interaction parameter significantly influences only the low- 
pressure solubility S0, while it has a negligible effect on the predicted 
solubility at high pressures. In contrast, within the NE-RS framework, 
kspaffects not only S0 but also the slope of gas uptake as pressure in
creases, allowing the model to accurately reproduce the experimentally 
observed linear growth. However, in a consistent thermodynamic 
framework, when the exact dry density of a polymer is known, the ksp 

parameter should be fitted to infinite dilution solubility (S0) rather than 
the high-pressure sorption range [15]. Under this approach, the swelling 
model is responsible for accurately reproducing high-pressure data, 
without any need to adjust the thermodynamic binary interaction 

parameter.
In Fig. 7 results are compared for volume swelling as predicted by 

NE-RS and DGRPT models with data directly measured by Wissinger and 
Paulaitis for the sorption of CO2 in PC at 35 ◦C up to 100 bar. It can be 
observed that the good job NE-RS does in predicting the solubility 
isotherm is the result of a prediction of volume swelling phenomena 
which captures the experimental trend in the whole pressure range, 
while it underestimates the value by roughly 20 %. On the other side, 
data in Fig. 7 clarify the difficulties shown by DGRPT model predictions 
in representing medium and high-pressure solubility data are originate 
by a too poor prediction of induced volume swelling.

Similar conclusion can be drawn when the sorption of CO₂ in PMMA 
is analysed. This system allows for the comparison with a different 
conventional glassy polymer and enables evaluation of NE-RS pre
dictions against those previously proposed by Marshall [20]. The PMMA 
EOS parameters were taken from[33], while kspwas treated as the only 
adjustable parameter. The parameter χwas obtained from [19]. Exper
imental data, shown as blue symbols, are taken from the measurements 
of Wissinger and Paulaitis. As illustrated in Fig. 8, conclusions like those 
drawn for the previous case studies can be reached.

A further illustrative example of how crucial is representing volume 
swelling in the description of vapor sorption into glassy polymers is 
provided by the fitting of acetonitrile solubility data in PC using the (NE- 
RS) PC-SAFT and DGRPT models, as shown in Fig. 9. The experimental 
measurements, displayed as symbols, were reported by Giacinti 
Baschetti and co-workers [22], while the calculated isotherms, repre
sented by continuous lines, were obtained using PC-SAFT parameters for 
acetonitrile taken from the literature, with the binary interaction 
parameter ksptreated as the sole adjustable parameter. The 
pure-component PC-SAFT parameters adopted in the calculations and 
the optimized value of the binary interaction coefficient are listed in 
Tables 1 and 2, respectively. Results for predicted volume sweeling in PC 
as induced by C2H3N sorption are reported in Figs. 10 and 11 and 
compared with experimental data measured by Giacinti et al. [35]. In 

Fig. 5. NE-RS model prediction of CO₂ sorption in PC as function of pressure. Blue dots are experimental data from [23] and the 3 continuous lines are model 
prediction at different ksp.
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this case, NE-RS capture the trend of volume swelling, both when considered as function of solute fugacity and as function of solute 

Fig. 6. DGRPT model prediction of CO₂ sorption in PC as function of pressure. Blue dots are experimental data from [23] and the 3 continuous lines are model 
prediction at different ksp.

Fig. 7. PC volume dilatation at 35 ◦C due to CO₂ sorption at different pressures. Experimental data from [23] compared with NE-RS and DGRPT prediction.
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concentration, while it overestimates the value by roughly 30 %. On the other side, DGPRT prediction largely underestimates polymer swelling 

Fig. 8. PMMA CO₂ sorption as function of pressure at 32.7 ◦C. Experimental data from Wissinger and Paulantis et al. [23] compared with NE-RS and DGRPT.

Fig. 9. DGRPT (green line) and NE-RS (blue line) model prediction of acetonitrile sorption in PC as function of pressure compared with experimental data (blue dots) 
from [22] and constant imposed density NET-GP (red line).
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and fails to capture, in qualitative terms, its trend with solute fugacity.
As mentioned in the previous section, updated versions of DGRPT 

model have been recently proposed to improve the capability in repre
senting vapor induced volume dilation in glassy polymers, in which 
additional model parameters are considered.

Different from the case of χ parameter in NE-RS, which is both 
measurable from experimental data and intrinsic to the specific poly
mer, the λ parameter in DGRPT v2 introduced in the previous section is 
specific to each polymer–penetrant pair and must be fitted, with the 
similar concept that is applied when NET-GP is coupled with an 
empirical linear swelling [15,32,36]. To overcome this limitation, Bal
danza et al. [37] proposed a method to determine λdirectly from the 
properties of the polymer–gas mixture, eliminating the need for fitting. 
If this approach proves successful, it could be interesting to extend it also 
to NE-RS model for super-glassy polymers, where the isothermal 
compressibility over Tg cannot be obtained from equilibrium data.

Similar considerations apply to the most recent version of DGRPT 
[34], indicated as DGRPT v3 in the previous section, in which the 
parameter γis fitted for each polymer–penetrant pair, leading to a 
significantly improved capability to describe the sorption behavior of a 
wide range of gases and vapors in super-glassy polymers.

Example of application of both DGRPT v2 and DGRPT v3 are offered 
in Fig. 12, with respect to the analysis of the same set of data considered 
above for volume dilation of PC as induced by sorption of acetonitrile. 
Rather than attempting the best fit of sorption data, model results from 
DGRPT v2 for a limiting value of the parameter (λ =0.96), together with 
those from DGRPT v3 (γ = − 2.2) are compared with that of original 
DGRPT model (DGRPT v1, corresponding the case λ = 0 and γ = 0). For 
the sake of comparison, in the same figure results are also reported for 
the case in which the partial specific volume of the solute is interpreted 
through the equilibrium model [see Eqs.]. It can be observed that all 
versions of DGRPT model returns solute partial specific volume which 
are negligible in the limit of infinite dilution. On the other hand, only 
model versions endowed with adjustable parameters allow for the rep
resentation of increase in partial specific volume in the order of equi
librium value when solute concentration increases, in accordance with 
experimental data.

The above results allow several general considerations to be drawn. 

Table 1 
PC-SAFT parameters used in this work.

M (g/mol) ε/k (K) σ (Å) m/M Ref

PC ∞ 275.00 3.0630 0.04100 [18]
PMMA ∞ 286.92 3.0210 0.04420 [33]
CO2 44.000 169.21 2.7852 0.04711 [4]
C₂H₃N 41.050 311.31 3.1898 0.05674 [40]

Table 2 
Polymers pure and binary parameters.

Ref 
[41]

χ Tg 
( 
◦C)

ρ0
g (Trif) 

[g/cm3]
αg [K− 1] ksp 

CO2

ksp 

C₂H₃N
ksp 

C₂H4

PC 0.69 150 1.194 
(35 ◦C)

2.0 ×
10− 4

0.03 
(PC- 
SAFT)

0.02 
(PC- 
SAFT)

/

PMMA 0.69 105 1.178 
(32.7 
◦C)

1.7 ×
10− 4

− 0.22 
(PC- 
SAFT)

/ − 0.08(PC- 
SAFT this 
work) 
− 0.0372 
(DGRPT v2 
PC-SAFT) 
− 0.07 (PC- 
SAFT) 
DGRPT v1 
[33]

PEMA 0.83 61 1.124 
(15 ◦C)

2.8 ×
10− 4

0.02 
(SL)

/ /

Fig. 10. PC density changes due to Acetonitrile sorption at different solute uptakes. Experimental data from [22] compared with NE-RS and DGRPT prediction at 40 
◦C .
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Fig. 11. PC volume increase with Acetonitrile sorption as function of pressure. Experimental data from Giacinti Baschetti et al. [22] compared with NE-RS and 
DGRPT prediction at 40 ◦C.

Fig. 12. PC volume changes due to Acetonitrile sorption at different solute uptakes. Experimental data from [22] compared with all DGRPT different versions and 
equilibrium predictions at 40 ◦C .
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In particular, they indicated that an accurate description of sorption at 
high gas and vapor activities in glassy polymers requires the incorpo
ration of glass compressibility effects within the modelling framework, 
either through empirical correlations or physically based formulations. 
Accordingly, all models rooted in the NET-GP theory require, in addition 
to the equation-of-state parameters of both the polymer and the pene
trant and the initial density of the glass, an additional parameter that 
effectively accounts for the compressibility of the polymeric matrix.

In the same respect, it must be noted that only the cases of direct gas/ 
vapor sorption in conventional glassy polymers prepared according to 
standard protocols have been considered in this work. While the analysis 
was here limited to those cases for the sake of a more significant com
parison between model predictions, it must be stressed that non- 
equilibrium solubility in glassy systems strongly depends of specific 
thermal and sorption history of the sample, leading to clear hysteresis 
phenomena [38,39]. Indeed, hysteresis phenomena can be represented 
within NE-RS model, when the compressibility parameter χ is consid
ered to be sensitive to previous sorption history, while only updated 
versions of the DGRPT mentioned above can be similarly used by 
assuming the specific model parameters are, as well, dependent on past 
history.

It should be finally noted that when additional specific model pa
rameters, required to represent the complexity of solvent induced vol
ume dilation in polymer glasses, have precise physical significance for 
the dry matrix, as for the case of compressibility ratio χ in NE-RS model, 
options are available for their evaluation through molecular dynamics 
approaches which have been specific tailored to address structural 
properties of polymeric phases below the glass transition temperature 
[40].

5. Conclusions

Features of sorption induced volume dilation in glassy polymers 
were here examined, as they result from experimental data and repre
sented by the two distinct models proposed within the NET-GP 
framework.

The analysis of sorption-induced swelling in glassy polymers pre
sented in this study underscores the critical necessity of explicitly 
incorporating matrix dilation into thermodynamic modelling frame
works. It should be stressed that, while infinite dilution solubility co
efficient can be determined based on information about dry polymer 
mass density only, the accurate prediction of penetrant uptake at mod
erate to high activities is fundamentally dependent on the ability to 
model the concurrent swelling of the polymer matrix. This conclusion is 
robustly supported by the comparative evaluation of the Non- 
Equilibrium Restrained Swelling (NE-RS) model and the Dry Glass 
Reference Perturbation Theory (DGRPT), both rooted in the Non- 
Equilibrium Thermodynamics for Glassy Polymers (NET-GP) theory.

The application of the NE-RS model to conventional glassy polymers, 
such as Polycarbonate (PC) and Poly (methyl methacrylate) (PMMA), 
demonstrated solid predictive capabilities, particularly in describing the 
linear increase of gas uptake with pressure. The success of the NE-RS 
framework is attributed to its utilization of the χ parameter, a charac
teristic of out-of-equilibrium state of the polymer, representing the ratio 
of the glassy polymer's apparent compressibility to its equilibrium 
compressibility at the glass transition temperature. Because this 
parameter is intrinsic to the material and measurable from experimental 
pressure-volume-temperature (pVT) data, NE-RS provides a physically 
grounded description of the system without relying heavily on arbitrary 
fitting parameters for the swelling behaviour. The model’s ability to 
reproduce high-pressure experimental data for CO₂ and acetonitrile 
sorption in PC confirms that accounting for the "restrained" nature of 
swelling in dense glasses is essential for capturing the thermodynamics 
of the system accurately.

On the other hand, the evaluation of the DGRPT model highlights 
both the theoretical innovation and the practical limitations of the 

perturbation approach. The original first order formulation of DGRPT, 
which seeks to eliminate the need for independent calculation of non- 
equilibrium polymer density, by trying to estimate it from the polymer 
chemical potential analysis, was found to struggle with dense, conven
tional polymers. Specifically, it tends to underestimate the swelling and 
consequent sorption capacity at pressures exceeding 20 bar, as evi
denced by the deviations observed in the CO₂-PC and CO₂-PMMA sys
tems. This limitation, as suggested by Marshall, stems from the 
truncation of the Taylor series expansion at the first order, which ap
pears to underestimate the effect of the thermodynamic perturbation on 
the polymer chemical potential by the sorbent penetration at high 
pressures. While the updated versions of DGRPT incorporating the linear 
or a second-order term with additional adjustable parameters show 
improved accuracy, they inevitably introduce a dependence on empir
ical fitting specific to each polymer-penetrant pair, thereby diminishing 
the model's purely predictive advantage.

Ultimately, this work establishes that a robust thermodynamic model 
for glassy polymers must account for the compressibility of the glassy 
matrix, either through the structural parameters of the NE-RS model or 
the perturbation terms of the DGRPT. For conventional glasses where 
equilibrium data is available, NE-RS remains the more reliable tool, 
since al parameters can be estimated “objectively”. However, for super- 
glassy polymers like PIM-1, where equilibrium states are inaccessible, 
this parameter holds a physical meaning, but at the moment must be 
fitted as well as the gamma term of the third version of DGRPT.

Eventually, the continued development of these physically based 
models is indispensable for advancing the design and application of 
polymeric materials in membrane separation and barrier technologies.

Notation

αg: Thermal expansion coefficient of the glassy polymer
γ: Second-order interaction parameter (DGRPT v3)
λ: Adjustable parameter (DGRPT v2) to modulate the linear swelling 
term
ε/k: characteristic interaction energy (PC-SAFT parameter)
κg: glassy polymer isothermal compressibility glassy polymer
κEQ: Equilibrium isothermal compressibility of the polymer
μs

NE: Chemical potential of the solute in the non-equilibrium glassy 
state
μs

EQ: Chemical potential of the solute in a equilibrium state
μp: Chemical potential of the polymer
ρpol: Polymer mass density
ρpol

PE : Pseudo-equilibrium polymer density
ρg: Glassy polymer density
ρg

0: Dry glassy polymer density
ρs: Solute mass density / concentration
σ: hard sphere diameter (PC-SAFT model parameter)
χ: Weighting factor representing the fraction of "soft" elements (NE- 
RS model)
Ωs: Solute mass ratio
fs: Solute Fugacity
ksp: Binary interaction parameter
mp: total polymer mass
M: Molecular weight
m/M: Segment number per unit of molecular mass (PC-SAFT 
parameter)
p: Pressure
S0: Infinite dilution solubility
T: Temperature
Tg: Glass Transition Temperature
Tref: Reference Temperature
Vpol: Total specific volume per unit polymer mass
Vpol

EQ : Specific volume of the polymer at full thermodynamic 
equilibrium
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Vg: Specific volume of the "hard" (frozen) relaxation elements (NE-RS 
model)
Vpol

0 : Specific volume of the dry glassy polymer at low pressure
VS: Partial specific volume of solute component
Vtot: Total volume in polymer-solute system
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