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A B S T R A C T

In this work, the PC-SAFT equation of state and the NET-GP approach have been considered for the description of 
the thermodynamic equilibrium between liquid acetone-methanol mixture and Matrimid glassy polymer. Pure 
component parameters of the PC-SAFT EoS for the system under consideration were retrieved from literature and 
checked by predicting the vapor pressure and saturated molar volumes of both Methanol and Acetone. 
Considering the binary mixture, isothermal VLE data at 35◦C were fitted by using PC-SAFT, in order to derive 
binary interaction coefficients, the latter then proved to be able to correctly describe also the volume of the liquid 
mixture at 35◦C and 1 bar. Considering the binary Acetone-Matrimid and Methanol-Matrimid systems, binary 
interaction and swelling coefficients needed for the description of the glassy phase were retrieved by fitting pure 
component vapor sorption isotherms at 35◦C through the NET-GP approach coupled with PC-SAFT equation of 
state. Finally, based on the parameters obtained from the binary mixtures, the ternary Acetone-Methanol- 
Matrimid system at 35◦C and 1 bar was predicted, without using additional parameters. The results were 
compared with experimental data related to liquid sorption in the polymer as obtained by coupling FTIR-ATR 
analysis and gravimetric methods. The agreement was remarkable testifying to the ability of the proposed 
approach to describe sorption of binary mixtures involving hydrogen bonding compounds in glassy polymers.

1. Introduction

Glassy polymer films are widely used for different technical appli
cations like membrane separation processes [1,2], sensors [3,4], pack
aging [5,6] and medical devices [7]. In most of these applications, the 
polymeric matrix interacts with different chemical species, and such 
interactions may affect thermo-mechanical properties and stability of 
the polymer. For this reason, it is important to have a tool able to 
evaluate these kinds of interactions and their effects on the polymer 
properties, in order to increase the lifetime of the products. The main 
physical properties which allow to characterize the interactions between 
polymer and environment, are the solubility and the diffusivity of the 
different penetrants in the polymer phase, considering also possible 
swelling effects caused by the stress distribution associated with mass 
transport [8,9]. Polyimides are synthetic glassy polymers characterized 
by high chemical, mechanical, and thermal stability, due to the high 
glass transition temperature [10,11,12,13,14]. Being solvent resistant 
and providing good selectivity, nanoporous polyimide membranes can 
be used for organic solvent nanofiltration (OSN) processes [15,16]. 

However, in some kinds of polyimides, the organic solvents induce 
swelling phenomena in the polymer matrix, leading to density reduction 
and structure deformation, with respect to the dry material. In partic
ular, the glass transition temperature and the density can be reduced by 
the presence of highly soluble penetrants. As a result, the structural 
conformation of the polymer can change, from a glassy to a rubbery 
state, affecting all the properties (mechanical, thermal and barrier) of 
the material [17,18]. These changes are often deeply connected by the 
amount of solvent which is able to penetrate the polymer, which can be 
measured and modelled using different approaches [19].

A wide range of techniques can be used to perform sorption experi
ments of liquids and vapors in polymers, which however are mainly 
focused on the analysis of pure component sorption [20,21]. For liquid 
solvents, the simplest technique is the blot and weight method, based on 
the measurement of the mass uptake at equilibrium using a simple 
analytical balance, while for gases and vapors, both volumetric methods 
like pressure decay and gravimetric methods such as quartz spring 
balance can be used [22]. Considering gas mixtures, the measurements 
of the overall sorbed amount must be coupled with a gas concentration 
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measurements, such as gas chromatographic techniques, in order to 
obtain the solubility of each penetrant in the polymer phase [23,24,25,
26]. On the other hand, FTIR-ATR technique has proven a powerful 
technique that can be used to measure the sorbed amount of each species 
of a mixture in both liquid or vapor phase [27,28,29] as well as polymer 
swelling upon sorption [30]. However, while pure component sorption 
data can be easily found in literature, multicomponent sorption data in 
glassy polymers are still limited in the literature, due to the difficulty in 
the measurement techniques. For this reason, a modelling strategy able 
to predict multicomponent sorption based on pure component sorption 
experimental data is an interesting object of study, especially in systems 
in which different components can associate, for example through 
hydrogen bonding.

Concerning the thermodynamic models available for the description 
of the solubility isotherms of pure fluids in polymers, equations of state 
(EOS) like the ones based on activity coefficients models such as Flory- 
Huggins (FH) theory [31,32] and others based on statistical theories 
such as Lattice Fluid (LF) [33,34,35,36] and Statistical Associating Fluid 
Theory (SAFT) [37,38], are only able to describe equilibrium systems 
like rubbery polymeric phases. Considering glassy polymers, empirical 
models like dual mode sorption, can be used to describe only a few types 
of solubility isotherms [39,40], while other approaches like the 
Non-Equilibrium Thermodynamics for Glassy Polymers (NET-GP) can be 
used to describe a wide range of solubility isotherms [22,41,42,43,44,
45,46]. This latter approach takes the expression of the Helmholtz free 
energy from a classical EOS for polymers but uses the polymer density as 
an internal state variable of the system, to obtain the corresponding 
non-equilibrium model. By using this approach, non-equilibrium glassy 
polymers can be described relying on a suitable EOS able to describe the 
equilibrium properties, by using the same pure component parameters 
and adding only a further parameter needed to describe the density of 
the non-equilibrium polymer.

Pure component parameters are available in literature for different 
classes of organic penetrants but are sometimes difficult to retrieve for 
uncommon polymers. For light molecules, they are commonly obtained 
from pressure–volume–temperature (pVT) and/or vapor-liquid equilib
rium (VLE) data. For polymers, on the other hand, they are obtained 
from pvT data [47,48] and/or liquid-liquid equilibrium (LLE) data [49,
50]. Depending on the strategy used, different sets of parameters can be 
obtained for the same polymer or solvent, which in turn results in a high 
number of possible combinations in multicomponent systems. In this 
concern, while the NET-GP approach was widely used to describe pure 
component sorption in glassy polymers, the same approach was seldom 
extended to mixture and generally limited only to non-associative 
gaseous mixtures as in the work by Ricci et al. [24,48,51]. To the best 
of our knowledge, however, it was never used for organic liquid and 
vapor mixtures with associative components. For such systems, indeed, 
only a modification of the general non-equilibrium model, based on the 
dry glass reference perturbation theory (DGRPT), was proposed very 
recently by Marshall et al. [52,53].

Therefore, since the description of multicomponent associative non- 
equilibrium systems based on the original NET-GP approach is still 
lacking in the literature, a strategy is proposed for the first time in this 
work, in which the description of a ternary associative system is per
formed by using the NET-GP approach, with the PC-SAFT [49,50,54,55,
56] as reference EOS, in order to account for molecular associations such 
as hydrogen bonding.

The ternary system acetone-methanol-Matrimid is chosen as refer
ence system, because solubility isotherms at 35◦C were available in the 
literature for the systems acetone-Matrimid and methanol-Matrimid 
[22] as well as LVE data for the system acetone-methanol at the same 
temperature [57]. Moreover, acetone and methanol are organic solvents 
widely used in industry. Acetone with methanol forms a homogeneous 
minimum-boiling azeotrope which is not separable by conventional 
distillation processes. Different methods can be used, such as extractive 
distillation in the presence of a selective solvent, such as water or 

another solvent with a higher boiling point [58,59], or pressure swing 
batch distillation [60]. Concerning the ternary 
acetone-methanol-Matrimid system, novel experimental data regarding 
multicomponent liquid sorption at 35◦C and 1 bar are presented in this 
work, obtained by coupling FTIR-ATR and gravimetric techniques, and 
used in order to validate the model prediction.

2. Model Description

In the present work, the PC-SAFT model is coupled with the NET-GP 
approach to describe the thermodynamic properties of the mixtures 
formed by the different penetrants with the polymer. An accurate 
description of the PC-SAFT model can be found in the original works by 
Gross and Sadowski [54,55,56], while a detailed description of the 
NET-GP approach can be found in the original works by Sarti and 
Doghieri [41,42]. The main features of the two models are, however, 
also briefly recalled here for the sake of clarity.

2.1. Pure Components Parameters

In the SAFT framework, molecules are considered as chains of 
spherical segments. The molecules can be divided into non-associating 
and self-associating components. A non-associating fluid is completely 
characterized by three molecular parameters: the number of segments 
per chain m, the reduced depth of pair potential ε/k in K,and the 
temperature-independent segment diameter σ in Å. For associating 
fluids, according to the association scheme and the number of associ
ating sites per molecule, two other parameters are required: the reduced 
association energy of interaction between site A and site B εAB/k in K and 
the volume of interaction between site A and site B kAB. The PC-SAFT 
characteristic parameters for penetrants and polymers considered in 
this work are reported in Table 1, where also the hydrogen bonding sites 
for the different molecules are presented. In particular, methanol is 
considered a self-associating fluid with the 2B association scheme. Ac
cording to this scheme, 2 association sites per molecule are present, one 
electron donor and one electron acceptor, corresponding to the hydroxyl 
group of methanol [55]. On the other hand, acetone is considered a 
non-associating fluid [61], able to form induced associations with 
methanol according to the same scheme and with the same number of 
sites, corresponding to the carbonyl group. In particular, the same value 
of kAB of methanol was used, while εAB/k was kept equal to zero in order 
to allow cross-association between the carbonyl group of acetone and 
the hydroxyl group of methanol [62]. Finally, Matrimid is modelled as 
acetone, with cross-associations with methanol, using the same scheme, 
with 10 association sites (2 for each carbonyl group) in the repeating 
unit [50].

2.2. Mixing Rules

Parameters representative of the mixture properties can be easily 
calculated from the corresponding pure component values, by using 
different mixing rules. The mean segment number of the mixture m is 
obtained from pure components segment numbers mi as a linear function 
of the mole fractions zi :

m =
∑

i
zimi (1) 

The parameters for a pair of unlike segments are obtained by con
ventional Berthelot-Lorentz combining rules [56]: 

σij =
1
2
(
σi + σj

)
(2) 

εij =
(
1 − kij

) ̅̅̅̅̅̅̅εiεj
√ (3) 

Where kij is a binary interaction parameter, which can be used to 
correct the interaction energy between two species in a mixture. On the 
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other hand, simple combining rules for cross-association were suggested 
by Wolbach and Sandler [63], in which a binary interaction parameter 
νij is used to correct the association energy between two species in the 
mixture. 

εAiBj =
(
1 − νij

)1
2
(
εAiBi + εAjBj

)
(4) 

kAiBj =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
kAiBi kAjBj

√ ( ̅̅̅̅̅̅̅̅σiσj
√

σij

)3

(5) 

2.3. Equilibrium Systems

The original PC-SAFT model was developed in order to describe the 
behaviour of simple and complex fluids, when they are in thermody
namic equilibrium. In this model, the reduced residual Helmholtz free 
energy ãres is expressed as a function of temperature T, molar density ρ,
and composition in each phase zi, as the sum of three major contribu

tions. The sum of the repulsion-dispersion contribution typical of indi
vidual segments ̃aseg, the contribution due to the fact that these segments 
can form a chain ãchain, and the contribution due to the possibility that 
some segments form association complexes with other molecules ãass, 
lead to the following expression: 

ãres
(T, ρ, zi) = ãseg

(T, ρ, zi) + ãchain
(T, ρ, zi) + ãass

(T, ρ, zi) (6) 

Once ãres is calculated as a function of T, ρ and zi all other thermo
dynamic properties can be easily evaluated using well known thermo
dynamic relationship, to give a complete description of an equilibrium 
systems. In particular, the compressibility factor Z is calculated as: 

Z = 1 + ρ
(

∂ãres

∂ρ

)

T,zi

(7) 

while, the pressure is obtained as a function of T, ρ, Z and gas constant R: 

p = ZρRT (8) 

Finally, the fugacity coefficient of each species in the mixture ϕi is 
calculated as: 

ln(ϕi) =

(
∂ãresρ

∂ρi

)

T,ρj∕=i

− ln(Z) (9) 

2.4. Extension to Non-Equilibrium Systems

In the present work, the NET-GP approach is combined with PC-SAFT 
in order to describe vapor and liquid solubility in glassy polymers, which 
are known to be non-equilibrium systems and therefore cannot be sim
ply described by the relationships reported above in Eqs. 6 to 9. The 
main assumption of the model is that the expression of the Helmholtz 
free energy in a non-equilibrium system remains substantially the same 

as the one in equilibrium [41,42]. In other words, Eq. 6 is still valid for a 
non-equilibrium system, but its molar density cannot be related to 
temperature and pressure through an equation of state (Eqs. 7,8) but it is 
assumed to be dependent on an internal state variable, such as the 
polymer density in the glassy state. In this sense, the non-equilibrium 
molar density ρNE is expressed as a function of the polymer molar den
sity ρpol and the molar fraction of the polymer spol trough: 

ρNE =
ρpol

spol
(10) 

Considering this approach, the non-equilibrium reduced Helmholtz 
free energy ãres,NE is calculated as function of temperature, non- 
equilibrium molar density ρNE and molar composition si trough: 

ãres,NE( T,ρNE,si
)
= ãseg,NE( T,ρNE,si

)
+ ãchain,NE( T,ρNE,si

)
+ ãass,NE( T,ρNE,si

)

(11) 

As a consequence, once ̃ares,NE is calculated as a function of T, ρpol and 
si all other thermodynamic properties can be easily evaluated to give a 
complete description of the non-equilibrium system. In particular, the 
compressibility factor of the non-equilibrium phase is calculated as: 

ZNE =
p

ρNERT
(12) 

The fugacity coefficient of each component in the non-equilibrium 
phase ϕNE

i is calculated as: 

ln
(
ϕNE

i
)
=

(
∂ãres,NE

∂sNE
i

)

T, sNE
j∕=i

− ln
(
ZNE) (13) 

2.5. Phase-Equilibria

In order to describe the thermodynamic properties of a multicom
ponent single phase, Eq. 7,8,9 can be solved to calculate the compress
ibility Z, the density ̃ρ and the fugacity coefficient of each component ϕi 
as a function of temperature T, pressure p and the molar fraction of each 
component in the phase zi. The calculation of the isothermal LVE for a 
multicomponent system is performed by including the previous calcu
lation for both liquid and vapor phases inside a simple algorithm. Ac
cording to this procedure, the temperature T and the composition in the 
liquid xi are set to the desired values, while the pressure p and compo
sition in the vapor yi are calculated, by adding an equation for each 
component in order to account for the equilibrium between the liquid 
(L) and the vapor (V): 

ϕV
i (T, p, yi) yi = ϕL

i (T, p, xi) xi (14) 

When considering multicomponent solubility in equilibrium systems 
such as rubbery polymers, the situation is the same, an external phase 
(E) with molar composition zi (liquid xi or vapor yi) is in contact with a 
rubbery solid phase (S), leading to the following expression: 

Table 1 
PC-SAFT pure components parameters used in this work.

σ (A) m ε/k (K) kAB εAB/k (K) Ref.

Matrimid 3.1 3040 320 0.035176 0 [50]
Acetone 2.77409 3.2557 253.406 0.035176 0 [61]
Methanol 1.5255 3.2300 188.90 0.035176 2899.5 [55]
Hydrogen Bonding Sites*

Acetone Methanol
Matrimid

* Red circles refer to self-associating sites, while blue ones refer to sites forming induced associations only.
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ϕE
i (T, p, zi) zi = ϕS

i (T, p, si) si (15) 

A similar expression holds true also when a generic external phase is 
in contact with a glassy polymeric phase. However, in this case, the 
fugacity of the non-equilibrium system becomes a function of the 
polymer density which substitute the equilibrium density calculated 
through the EOS in Eq. 15. According to this procedure, the temperature 
T, the pressure p, the molar fraction of each component in the external 
phase zi, and the polymer density ρpol are typically set to desired values, 
while the molar fraction of each component in the glassy phase si is 
calculated, by adding an equation for each penetrant in order to account 
for the pseudo-equilibrium between the external phase (E) and the 
glassy phase (S): 

ϕE
i (T, p, zi)zi = ϕNE,S

i
(
T, p, ρpol, si

)
si (16) 

2.6. Volume Additivity and Polymer Swelling

Considering a multicomponent mixture, it is possible to estimate the 
molar volume by using the assumption of volume additivity, trough: 

vmix =
∑

i
ziv0

i (17) 

Where v0
i is the molar volume of the pure component i, at the same 

state, temperature and pressure of the mixture. According to this 
assumption, the volume calculated is an average of the volumes of the 
pure components, calculated on a molar basis. An equivalent expression 
for the specific volumes leads to: 

v̂mix =
∑

i
wi v̂

0
i (18) 

Where ̂v0
i is the specific volume of the pure component i and wi is the 

mass fraction of the component in the mixture. Eqs 17 and 18 can be 
used for fluid mixtures as well as polymer-solute systems under the 
assumption of zero or negligible excess volume in the mixture. Of 
course, for equilibrium systems such assumption can be removed if a 
EOS is available to able to describe the volumetric behavior of the 
mixture. For glassy polymers, on the other hand, this possibility is not 
available, so that, in the NET-GP approach, the assumption used to 
describe volume behavior upon mixing becomes an integral part of the 
modeling strategy. For the case of swelling penetrants, an external 
swelling law needs to be added in order to account for the reduction of 
the molar density of the polymer ρpol with respect to the one expected in 
the dry glass state ρpol,dry. A generic expression based on additive swelling 
behaviour [23] is used in this work for both liquid and vapor mixtures: 

ρpol = ρpol,dry

/

(1+ ksw) = ρpol,dry

/ (

1+
∑

i
ksw,i aαi

i

)

(19) 

Where ksw is the overall swelling coefficient, ksw,i and αi are the 
swelling coefficients of each penetrant i, and ai is the activity of the 
penetrant i. The latter quantity is defined for each component in a 
generic mixture as its fugacity in the mixture fi divided by its fugacity as 
pure component f0

i at the same state, temperature and pressure. It is 
noticed that the same expression holds, replacing molar density ρ with 
mass density ρ̂ in Eq. 19.

2.7. Glass Transition Temperature

Before affording the calculation of the solubility isotherms of vapors 
and liquids in glassy polymers, it is required to check if the polymeric 
phase remains glassy in the overall activity range [46,64]. Indeed, a 
depression of the glass transition temperature can be expected, espe
cially for highly soluble penetrants, before saturation. In the latter case, 
if the glass transition temperature of the system reaches the temperature 
of the isotherm, the glassy polymer phase becomes rubbery. As a 

consequence, this needs to be accounted for in the calculation of the 
solubility, which can be done by using the equilibrium EoS, as well as 
the nonequilibrium approach, by using the same binary interaction 
parameter. By using this strategy, the glass transition should be localized 
at a certain point of the isotherm at which the equilibrium solubility is 
equal to the non-equilibrium one, due to the fact that the equilibrium 
density is exactly equal to the non-equilibrium one.

Another approach which can be used to validate the results of the 
solubility model is to use an empirical equation for the prediction of the 
glass transition depression. An expression widely used in the literature is 
the Kelley-Bueche equation [46,65]: 

Tg =
ϕsolαsolTg,sol + (1 − ϕsol)ΔαpolTg,pol

ϕsolαsol + (1 − ϕsol)Δαpol
(22) 

Where Tg,sol and Tg,pol are the glass transition temperatures of solute 
and polymer respectively, ϕsol is the volume fraction of the solute, αsol is 
the thermal expansion coefficient of the solvent, and Δαpol is he differ
ence between the thermal expansion coefficient of the glassy and the 
rubbery phases of the polymer. Usually, ϕsol is estimated under the 
assumption of volumes’ additivity, thus: 

ϕsol =
ssol vsol

ssol vsol + (1 − ssol) vpol
(23) 

Where vsol and vpol are the molar volumes of solute and polymer 
respectively. It is noticed that the same expression holds, replacing 
molar volumes vi with specific volumes v̂i and molar fractions si with 
mass fractions wi in Eq. 23.

3. Materials and Methods

In this section, the preparation of the samples and the experimental 
methods used to determine the multicomponent liquid solubility of 
acetone and methanol in Matrimid at 35◦C and 1 bar are described, 
considering the gravimetric and the FTIR-ATR techniques.

3.1. Materials

Matrimid 5218 was purchased from Huntsman Advanced Materials 
in powder form, with an average molecular weight of 80000 g/mol, a 
polydispersity index of 4.5, and a glass transition temperature equal to 
320◦C [22]. All the samples were prepared as thin films by casting from 
a solution with dichloromethane (DCM) at 2% weight of Matrimid ob
tained by dispersing the polymer powder as received in the solvent, in a 
closed agitated vial overnight. In particular, the films for the gravimetric 
experiments were obtained by casting an adequate amount of the solu
tion on a clean glass petri dish and allowing the solvent to evaporate, 
whereas in the case of the FTIR-ATR experiments, the polymer was cast 
directly onto the ATR crystal to ensure adhesion and avoid any defects at 
the polymer crystal interface which could compromise the sensitivity of 
the analysis. After the casting process, the membranes prepared were 
annealed under vacuum at about 200◦C for 15 h to obtain homogeneous 
samples with a similar history and properties. The mass density of the 
samples was taken equal to 1.238 g/cm3, a reference value measured 
through Archimedes’ principle, by weighing in air and in n-dodecane at 
27◦C [22]. Acetone and methanol were purchased from Sigma-Aldrich 
with reagent grade purity (≥99.5%) and were used as received, 
without further purification. Five different liquid mixtures were pre
pared at ambient conditions upon mixing with different acetone molar 
fractions (0%, 25%, 50%, 75%, 100%) by weighting the proper amount 
of solvents by using an analytical balance, considering their molecular 
weight, equal to 32.04 g/mol for methanol and 58.08 g/mol for acetone. 
The relative uncertainty of the acetone molar fraction measured was 
ur(xAc) = 1.5%, as calculated as three times the accuracy of the instru
ment in the measurement of the mass, equal to ur(m) = 0.5%, consid
ering the conversion from mass fraction to molar fraction. For the sake of 
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completeness, a sample provenance table, Table 2, is included in the 
text, which summarize the information reported above.

3.2. Gravimetric Measurements

In the gravimetric experiments, acetone and methanol liquid mix
tures were deposited into different vials. The temperature of the vials 
was controlled by immersion in a thermostatic bath. The polymeric films 
prepared upon casting were weighted in the dry state and then 
immersed into the vials. At given time intervals the polymer samples 
were removed, quickly blotted, and weighted, until their mass reached a 
constant value at equilibrium meq. The total mass absorbed mabs was 
then obtained as the difference between the total mass at equilibrium 
meq and the dry mass mdry. The total mass ratio ω, expressed in grams of 
solvent per grams of polymer, is calculated as the total mass absorbed 
divided by the dry mass: 

ω =
mabs

mdry
=

meq − mdry

mdry
(24) 

Relative uncertainty of the measured solubility, ur(ω), was estimated 
to be in the order of 1.5%, as calculated considering the errors of two 
equivalent measurements and the accuracy of the instrument.

3.3. FTIR-ATR Measurements

Attenuated total internal reflection (ATR) occurs when light propa
gates through a dense medium (ATR crystal) and is reflected at the 
interface with a rarer medium (polymer) [27]. In FTIR-ATR spectros
copy, an IR beam is generated from a source and modulated by an 
interferometer, to enter one side of the ATR crystal. The IR radiation 
reflects and absorbs at the crystal/polymer interface multiple times to 
finally exit from the opposite side of the crystal, to be quantified by a 
detector. At the interface, an exponentially decaying electromagnetic 
field (evanescent wave) propagates for a small distance, known as 
penetration depth, into the polymer, inducing a change in the IR 
absorbance of chemical bonds associated with the presence of solutes in 
the polymer or changes in the polymer due to molecular interactions 
with the solute. As a consequence, the absorbance, A, of the polymer and 
of the penetrant characteristic peaks can be used to study the concen
tration of the different components in the mixture. Indeed, a linear 
relationship between the integrated absorbance and molar concentra
tion is usually existing as stated by the Beer-Lambert law [66]: 

Ai = εi Ci (25) 

Where Ai is the integrated absorbance, Ci is the molar concentration, 
and εi is the molar extinction coefficient of the penetrant multiplied by 
the optical path traveled by the IR radiation. Eq. 25 can be rearranged 
for the penetrant related peaks in order to obtain an following 
expression: 

Ai =
εi ρpol,dry

Mi

ωi

(1 + ksw)
=

Ki

1 + ksw
ωi (26) 

Where Ki is a constant (which depend on εi, molar mass of penetrant 

Mi and density of the dry polymer ρpol,dry), ωi is the mass ratio of 
component i (or solubility, expressed in g/gPol) and ksw is the overall 
swelling coefficient, which can be calculated by integrating the peaks 
associated to polymer swelling. Indeed in the sorption tests the number 
of the polymer chains present in the penetration depth of the IR beam a 
number which is decreasing due to swelling induced by the penetrant. 
Polymer peaks, proportional to polymer concentration in the matrix, can 
therefore be related to the swelling coefficient by using the following 
equation [30]: 

ksw =
Ap,dry − Ap,eq

Ap,dry
=

Ap,sw

Ap,dry
(27) 

Where Ap,eq and Ap,dry are the integrated absorbance of the polymer 
peak at equilibrium and dry condition respectively. The ATR crystal 
used in this work is based on zinc selenide (ZnSe), with a crystal angle 
equal to 45◦ and a refractive index of 2.6, higher than the one of the 
polymer, equal to 1.6. Characteristic peaks of the two acetone and 
methanol penetrants and the dry polymer Matrimid were determined by 
monitoring the absorbance peaks in the range 500-4000 cm− 1, in the 
pure liquid solvents and dry polymeric matrix cast on the ATR crystal, as 
shown in Fig. 1. Ideally, for each component, peaks must be selected, in 
the region where no absorbance is detected for the other two compo
nents. This was unfortunately not always possible in the present case so 
that the peaks with minimal interference were considered. In particular 
the peak selected for Matrimid corresponds to around 1300 cm− 1, the 
peak selected for acetone corresponds to around 1200 cm− 1, and the 
peak selected for methanol corresponds to around 3300 cm− 1.

Pure component sorption experiments were conducted by mounting 
the crystal cast with Matrimid in the ATR cell, measuring the initial 
absorbance in dry conditions related to the dry polymer peak Ap,dry and 
the pure penetrant peak Ai,dry. Then, pure liquid solvents are put in 
contact with the polymer, and sorption starts, until the system reaches 
equilibrium. At this point, the absorbance related to the polymer peak at 
equilibrium Ap,eq and the absorbance related to the pure penetrant peak 
at equilibrium Ai,eq are measured.

The Matrimid swelling coefficient due to pure acetone sorption 
ksw,Ac was determined from the absorbance in the range between 1265 
and 1315 cm− 1 which clearly decrease upon sorption as shown in 
Fig. 2a.The integrated absorbances of this peak in swollen condition 
(solid line in Fig. 2a) and dry condition (dotted line in Fig. 2a) were used 
as Ap,eq and Ap,dry in Eq. 27.

For acetone, the chosen peak was not affected by methanol presence 
but partially superimposed with the polymer peak centered at 1205 
cm− 1. For this reason, in order to obtain the acetone concentration in the 
polymer, the overall absorbance in the region between 1175 and 1235 
cm− 1 was corrected by subtracting the peak of dry Matrimid in that 
region rescaled trough Eq. 27 to account for swelling, as graphically 
shown in Fig. 2b. The same procedure was used also for the case of 
methanol whose main peak considered is the one related to -OH 
stretching which has been integrated between 3200 and 3600 cm− 1 

where small absorbance peaks of both polymer and acetone are actually 
present. For this reason, the correction procedure was made considering 
not only the polymer swelling but also the acetone sorption when the 
latter was present in the mixture.

Once the pure penetrant absorbance, A0
i , for both acetone and 

methanol, were obtained from pure liquids sorption tests, they were 
used in Eq. 26 together with ksw,i and pure penetrant mass ratio obtained 
through gravimetric method ω0

i , to calculate the conversion constant Ki. 
In this way, from the pure component sorption data, all the information 
was retrieved to calculate the polymer swelling as well as the methanol 
and acetone concentration from absorbance peaks related to mixtures, 
which are shown in Fig. 3 for the wavenumber region of interest for 
polymer swelling (3a), acetone sorption (3b) and methanol sorption (3c) 
respectively.

In more detail, to calculate AAc, first, the swelling coefficient related 

Table 2 
Sample provenance table for the compounds used in this work.

Name Acetone Methanol Matrimid 5218

IUPAC 
Name

2- 
Propanone

1- 
Methanol

Poly [3, 3’4, 4’-benzophenone 
tetracarboxylic dianhydride and 5(6)- 
amino-1-(4’-aminophenyl-1, 3- 
trimethylindane)]

Source Sigma- 
Aldrich

Sigma- 
Aldrich

Huntsman Advanced Materials

Formula CH4O C3H6O (C35H24N2O5)n

Purity 
(Mass)

≥99.5% ≥99.5% -
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to multicomponent sorption ksw, Ac is calculated trough Eq. 27, by using 
Ap,dry and Ap,eq calculated through numerical integration of the peak in 
the swelling range (1265-1315 cm− 1) . Then, the contribution of the 
polymer absorbance in the acetone sorption range (1175-1235 cm− 1) 
related to swelling is calculated from the dry absorbance trough Eq. 27
and subtracted to the overall equilibrium peaks, which are shown in 
Fig. 3b, to obtain the absorbance related to the sole acetone sorption. A 
similar procedure is then followed also for methanol, as the rescaled 
contribution of both the polymer and acetone peaks were subtracted 
from the overall absorbance in the region 3200-3600 cm− 1, to isolate the 
contribution of the sole methanol absorption.

In the case of multicomponent solubility, the relative uncertainty of 
the calculated values was 4.5%, considering the uncertainties of all the 
measurements. The relative uncertainty of the pure components solu
bility measured through gravimetric, ur(ωo), method was equal to 1.5%, 
as previously reported in section 3.2. The value of relative uncertainty 

corresponding to the measured absorbance, ur(A), was calculated 
considering the maximum oscillation of the spectrum (observed in the 
acetone sorption region 1175-1235 cm− 1) leading to a value equal to 
0.5%. The value of relative uncertainty corresponding to the measure
ment of the swelling coefficient ur(ksw) was calculated according to Eq. 
27, as the double of ur(A), leading to a value equal to 1%. The value of 
relative uncertainty corresponding to the measurement of the constant 
Ki in Eq. 26, ur(Ki), was calculated according to Eq. 26, as the sum of 
ur(ωo), ur(A) and ur(ksw), leading to a value equal to 3%. Finally, the 
value of relative uncertainty corresponding to the measurement of the 
multicomponent solubility ur(ωi) was obtained according to Eq. 26, as 
the sum of ur(Ki), ur(A) and ur(ksw), leading to a value equal to 4.5%.

Fig. 1. Pure component absorbance peaks in the overall range inspected between 500 and 4000 cm− 1. a) characteristic peaks selected for Matrimid (black arrows) at 
around 1300 cm− 1, and acetone (blue arrows) at about 1200 cm− 1, and b) characteristic peak selected for methanol (red arrows) at 3300 cm− 1.
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4. Results and Discussion

4.1. Pure Fluid Properties

The pure fluid parameters used in this work are reported in Table 1; 
they were selected from the cited literature and used to describe the 
thermodynamic properties of pure methanol and acetone. In order to 
check the reliability of the pure component parameters, the results are 
compared with thermodynamic properties of acetone and methanol 
reported in Perry’s Chemical Engineering Handbook 8th edition [67].

For the case of acetone, in particular, the model prediction in terms 
of vapor pressure and liquid and vapor saturated volumes as a function 
of temperature are shown in Fig. 4 and compared to the literature 
reference showing a very good agreement. In the following calculation, 
data for the pure component in the experimental condition (1 bar, 35◦C) 
will be considered. In particular, the values needed are the vapor 

pressure and the liquid density, which, for the case of acetone, are 
estimated to be equal to 0.459 bar at 35◦C to 0.762 g/cm3 respectively. 
The density of the liquid was calculated in the saturated condition but is 
almost equal to the one calculated for the liquid at 35◦C and 1 bar, 
corresponding to a specific volume equal to 1.312 cm3/g.

Similar results were obtained for the case of methanol: vapor pres
sure and liquid and vapor saturated volumes as a function of tempera
ture are indeed well described by the model as shown in Fig. 5. As for 
acetone, the data used in the following modelling approach are the value 
of vapor pressure calculated at 35◦C, equal to 0.270 bar, and the density 
of the liquid calculated in the saturated condition, equal to 0.767 g/cm3, 
again almost equal to the one calculated for the liquid at 35◦C and 1 bar, 
corresponding to a specific volume equal to 1.304 cm3/g.

Fig. 2. Absorbance peaks detected for pure acetone sorption: a) Matrimid swelling peak between 1265 and 1315 cm− 1. b) Acetone sorption peak between 1175 and 
1235 cm− 1.
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Fig. 3. Absorbance peaks detected for multicomponent sorption in the mixture at equilibrium: a) Matrimid swelling peak between 1265 and 1315 cm− 1; b) Acetone 
sorption peak between 1175 and 1235 cm− 1; c) Methanol sorption peak between 3200 and 3600 cm− 1.
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4.2. Acetone-Methanol Binary System

In order to obtain PC-SAFT binary interaction for the system acetone- 
methanol, liquid-vapor equilibrium data present in the open literature 
[57] were adopted as well as mixture molar volume [68], reported in 
Fig. 6a and 6b respectively. Pure components parameters reported in 
Table 1 were used and coupled with binary interaction parameters re
ported in Table 3, which were evaluated by fitting the isothermal LVE of 
the acetone-methanol binary system at 35◦C by using PC-SAFT. As 
shown in Fig. 6a, by keeping the binary interaction coefficient νij = 0 
and kij = 0, the PC-SAFT model predicts a positive deviation from ide
ality, but overestimates bubble and dew pressure of the mixture, with 
respect to the experimental reference. By using different values of binary 
interaction parameters, PC-SAFT is able to correctly describe experi
mental data. In particular, the binary interaction coefficient related to 

the induced cross-association νij = − 0.24 is higher in modulus than the 
one related to the interaction energy kij = 0.01. For the case of the 
acetone-methanol liquid mixture at 1 bar and 35◦C, the molar volume as 
a function of the molar fraction of acetone is calculated, by using the 
same binary interaction coefficients reported in Table 3.

The result is shown in Fig. 6b and compared to the molar volume 
evaluated with the assumption of volume additivity (Eq. 17) and 
experimental reference [68]. From the figure, it can be seen that the 
PC-SAFT model is able to describe the deviation from the ideality, which 
brings the volume of the mixture to values slightly lower than the one 
calculated upon volume additivity. As a result, by mixing the two 
components at 35◦C, the excess volume is slightly negative but sub
stantially negligible.

Fig. 4. PC-SAFT calculation of acetone vapor pressure (a) and liquid and vapor saturated volumes (b) as function of temperature is compared to literature refer
ence [67].
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4.3. Acetone-Matrimid Binary System

For the case of the acetone-Matrimid system, the NET-GP approach is 
coupled with PC-SAFT in order to describe the vapor solubility isotherm 
at 35◦C, as shown in Fig. 7a, in which the results are compared with 
experimental data already present in the open literature [22]. The use of 
the non-equilibrium approach in the whole concentration range was 
considered as the glass transition of the system at saturation estimated 
by the Kelley-Bueche model (Eq. 22,23), leads to Tg = 46◦C, well above 
the experimental one. For the estimation the following parameters were 
used as retrieved form the sorption isotherm and the relevant literature: 
ωS

Ac = 0.32 g/gP, Δαp = 5×10− 4 1/K [18], αs = 1.2 10− 3 1/K [67], Tg,p =

593 K [22] and Tg, s = 100 K [69].
The result of the approach is also reported in Fig. 7a, where it can be 

seen that the model underestimates the experimental data, when used 
without adjusting binary interaction correction (kij = 0, νij = 0) and 
swelling law (ksw,i = 0, αi= 0). To correctly fit the sorption isotherm 
indeed ksw,i = 0.4164 and αi = 1, are needed in Eq. 19, while both 
binary interaction coefficients, kijand νij, remained equal to 0. In this 
case, therefore no binary interaction coefficients were needed, and this 
was attributed to the affinity between acetone and Matrimid repeating 
unit, due to the presence of carbonyl groups in both the two species. On 
the other hand, a linear swelling law was required, in order to correctly 
fit experimental data. In this concern, a strong swelling of the polymer 

Fig. 5. PC-SAFT calculation of methanol vapor pressure (a) and liquid and vapor saturated volumes (b) as function of temperature is compared to literature 
reference [67].
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matrix is observed in Fig. 7b due to acetone sorption. Calculated density 
indeed evolve from the dry polymer density (1.238 g/cm3) to a value of 
0.875 g/cm3 at saturation, corresponding to 41.64% swelling, a value 
slightly lower than one measured by Kappert et al. at 22◦C, equal to 

around 55% [8]. The solubility calculated at saturation without 
considering swelling is equal to ωS

Ac = 0.06 g/gP, a value 5 times lower 
than the solubility calculated at saturation considering swelling which is 
equal to ωS

Ac = 0.32 g/gP. It is noticed that a similar result was obtained 
by using the Sanchez and Lacombe Lattice Fluid (LF) model [22] as 
reference EOS for the NET-GP approach, with kij = 0.0035 and ksw,1 =

0.4131, confirming that no association is needed to describe this system.
In the figures also results from the equilibrium PC-SAFT are reported. 

In this case, the solubility predicted is always lower than experimental 
data, meaning that the system remains glassy in the overall activity 
range. The results, indeed, become very similar to the experimental 
ones, only close to saturation. From this point of view therefore the EOS 
suggest that in this condition the polymer is close to the glass transition, 

Fig. 6. a) PC-SAFT calculation of acetone-methanol isothermal LVE at 35◦C, showing bubble pressure as a function of acetone liquid molar fraction (blue) and dew 
pressure as a function of acetone vapor molar fraction (red). The calculation with kij = 0 and νij = 0 (dashed lines) is compared with the calculation corrected with kij 

= 0.01 and νij = − 0.24 (solid lines) and with experimental data (colored dots) [57]. b) PC-SAFT calculation of acetone-methanol mixture liquid molar volume at 1 
bar and 35◦C (blue line) is compared to the calculation made through Eq. 17 under the assumption of volume additivity (red line), and the experimental data (black 
dots) [68].

Table 3 
PC-SAFT binary interaction parameters and swelling coefficients used in this 
work, in order to fit experimental data of binary systems.

i j kij νij ksw,i αi

Acetone Methanol 0.01 -0.24 - -
Acetone Matrimid 0 0 0.4164 1
Methanol Matrimid -0.07 0 0.1527 3
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which therefore results lower than the one calculated by Kelley-Bueche 
model. Also in this case the results are similar to what obtained in a 
previous work by using LF model [22].

4.4. Methanol-Matrimid Binary System

For the case of the methanol-Matrimid system, the calculation of the 
vapor solubility isotherm at 35◦C by coupling NET-GP with PC-SAFT is 
shown in Fig. 8a fitted to experimental data available from previous 
work [22]. Also in this case indeed it is noticed that the glass transition 
of the system at saturation, estimated by using ωS

Me = 0.17 g/gP, Δαp =

5×10− 4 1/K [18], αs = 1.2 10− 3 1/K [67], Tg,p = 593 K [22] and Tg, s =
100 K [69] in the Kelley-Bueche model (Eq. 22,23), lead to a value of 
124◦C, well above the experimental temperature.

In this case, binary interaction correction (kij = − 0.07, νij = 0) was 
required in order to describe low activity data, by assuming no swelling 
(ksw,i = 0, αi = 0), while in order to describe the entire isotherm, a cubic 
swelling law was required, by using ksw,1 = 0.1527 and αi = 3 in Eq. 
19. Therefore, only one binary interaction coefficient was used, and this 
was attributed to the difference between methanol and Matrimid 
repeating units due to the presence of different groups in the two species. 
According to the results shown in Fig. 8b, a lower swelling was observed 
with respect to acetone. In particular, polymer mass density reduced up 
to 1.075 g/cm3 at saturation, corresponding to 15.27% swelling, a value 
slightly below the value measured by Kappert et al. at 22◦C, equal to 
around 25% [8]. As a consequence, the solubility calculated at satura
tion without considering swelling is equal to ωS

Me = 0.06 g/gP, a value 3 
times lower than the solubility calculated at saturation considering 

Fig. 7. a) NET-GP + PC-SAFT calculation of acetone solubility in Matrimid at 35◦C, in terms of mass ratio (grams of acetone divided by grams of polymers) as a 
function of acetone activity. The calculation with kij = 0, νij = 0, ksw,i = 0, αi = 0 (red line) is compared with the calculation corrected with ksw,i = 0.4164, αi = 1 
blue line) to represent experimental data (black dots) [22]. b) Polymer mass density as a function of acetone activity (blue line) is compared to dry polymer density 
(red line). For the sake of completeness, also the calculation at equilibrium with PC-SAFT (dashed line) is shown, for both solubility and polymer density at 
equilibrium.
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swelling, equal to ωS
Me = 0.17 g/gP. It is noticed that, without consid

ering the swelling, the solubility at saturation of both the two solvents is 
equal to 0.06 g/gP, as the solvents are virtually occupying all the free 
volume of the dry polymer, with the same mass. It is indeed the swelling 
caused by the penetrants that dominate the sorption behaviour, with 
respect to the interactions between penetrants and polymer.

Once again the obtained results are similar to those obtained by 
using LF as reference EOS for the NET-GP approach in terms of binary 
interaction coefficient, equal to kij = − 0.035, even if a different 
swelling law with two parameters was required for methanol [22]. A 
substantial difference between the two modelling approaches can be 
observed in the low activity region near zero. In particular, 

methanol-methanol associations modelled through PC-SAFT result in an 
upward concavity which was not visible by using LF that does not allow 
to account for associations [22]. For the same reason, also the PC-SAFT 
equilibrium calculation is affected by hydrogen bonds at high activities, 
leading to a much higher upward concavity with respect to the one 
calculated with LF. This latter result may also derive from the simplifi
cation made in order to represent methanol association, by using the 2B 
scheme. As previously observed for acetone, the system remains glassy 
in the overall activity range, but again the difference between equilib
rium and non-equilibrium decreases close to saturation.

Fig. 8. a) NET-GP + PC-SAFT calculation of methanol solubility in Matrimid at 35◦C, in terms of mass ratio (grams of acetone divided by grams of polymers), as a 
function of methanol activity. The calculation with kij = − 0.07,νij = 0, ksw,i = 0, αi = 0 (red line) is compared with the calculation corrected with ksw,i = 1527, αi 

= 3 (blue line) to represent experimental data (black dots) [22]. b) Polymer mass density as a function of acetone activity (blue line) is compared to dry polymer 
density (red line). For the sake of completeness, also the calculation at equilibrium with PC-SAFT (dashed line) is shown, for both solubility and polymer density at 
equilibrium.
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4.5. Acetone-Methanol-Matrimid Ternary System

Experimental data of the Acetone-Methanol-Matrimid ternary sys
tem at 35◦C are shown in Figs. 9a and 9b, referring respectively to 
sorption data, taken by ATR and gravimetric analysis, and to swelling 
data as obtained from ATR analysis. According to the values reported in 
Table 4, the total solvent solubility, as the sum of methanol and acetone, 
obtained from ATR measurement (ωATR) agrees with the total solubility 
obtained through gravimetric method (ωGR), with a relative error always 
lower than 1%. The overall swelling coefficient measured through ATR 
(ksw), reported in Table 4, increases with acetone molar fraction in the 
liquid phase, going from pure methanol (16.1%) to pure acetone 

(52.1%). The values obtained are once again comparable to the ones 
measured by Kappert et al. at 22◦C [8], equal to around 25% and 55% for 
methanol and acetone respectively, and with the one obtained by fitting 
pure vapors isotherms with the model proposed, respectively equal to 
15.27% and 41.64%.

In the same figure also the modelling results are represented in terms 
of solubility and swelling. The system is described by using the NET-GP 
approach based on PC-SAFT, using pure component parameters reported 
in Table 1 and binary coefficients reported in Table 3. For liquid sorp
tion, the density of the swollen polymer used as the internal state vari
able of the ternary system is calculated through Eq.19. This assumption, 
made to obtain a complete prediction of the ternary sorption data, led to 

Fig. 9. a) Solubility (ω) of acetone (blue) and methanol (red) in Matrimid as a function of acetone molar fraction in the binary liquid mixture (xAc): the results 
predicted with NET-GP + PC-SAFT (solid lines) are compared with the experimental data obtained through FTIR-ATR technique (dots) and the ones measured and 
gravimetric method (squares). b) Polymer dilation as a function of acetone molar fraction: the density of the polymer obtained experimentally through ATR (dots) is 
compared with the density of the polymer calculated with Eq. 18, under the assumption of volume additivity between the dry glass and the liquid mixture (dotted 
line) and the density of the polymer calculated trough Eq. 19, the swelling law which was used for the calculation of the solubility (solid line).
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a substantial agreement between the experimental results and the 
modelling. As visible in Fig. 9a, indeed, the solubility of each component 
in the glass predicted with NET-GP and PC-SAFT by using Eq. 19 as 
swelling law agrees with the experimental data obtained through FTIR- 
ATR and gravimetric method, which are reported in Table 4. In partic
ular, while acetone was very well described by the model, higher rela
tive errors, up to 20%, were observed in the prediction of methanol 
solubility, with a maximum for the mixture with 75% acetone molar 
fraction. Nonetheless, the prediction of total solvent solubility was more 
than satisfactory as the relative errors between prediction (black line in 
Fig. 9a) and experimental data (black dots in Fig. 9a) were always lower 
than 5%. Indeed, the high errors related to methanol sorption had only a 
slight influence in the prediction of overall solvent uptake as they refer 
to conditions where methanol sorption is less than one third of the 
acetone one, as clearly visible from Fig. 9a.

Also, the description of the density resulted in line with experimental 
data obtained through FTIR-ATR analysis or calculated through volume 
additivity (Eq. 18) which are both shown in Fig. 9b together with the one 
used for solubility calculation (Eq. 19). The latter values are in general 
slightly higher than the one obtained through volume additivity, with 
maximum deviation in the order of 10%. The experimental data, on the 
other hand, always remain inside the two calculated data set. Interest
ingly, the fact that experimental dilation is slightly higher than the one 
obtained through Eq. 19, is coherent with the slight underestimation of 
the sorption isotherm made by the model. In general, however, the re
sults confirm the agreement between experimental data and the model 
also in the description of polymer dilation upon sorption.

Therefore, the method proposed confirms to be suitable to fully 
predict multicomponent liquid solubility by using binary coefficients 
obtained through pure component sorption, and a simple mixing ruled 
for volumes that do not introduce any additional coefficients.

5. Conclusions

The PC-SAFT equation of state was coupled with the NET-GP 
approach in order to predict liquid-solid equilibrium of the ternary 
system Matrimid/Methanol/Acetone based on a set of data obtained by 
coupling ATR-FTIR analysis with gravimetric tests. Initially, the PC- 
SAFT was used to correctly describe the isothermal VLE of the 
acetone-methanol mixture at 35◦C, thus obtaining information about 
the binary interaction parameters related to this mixture. Binary pa
rameters for the solvent-polymer mixtures were then obtained by 
coupling the NET-GP approach with the PC-SAFT to fit the solubility 
isotherms of pure acetone and methanol in Matrimid at 35◦C. In 
particular for each binary system, interaction parameters as well as 
swelling coefficients were retrieved upon experimental data fitting, 
which always resulted in a very good agreement between data and 
modeling results.

Finally the modelling approach was extended to ternary system 
without any additional parameters and used to describe the experi
mental data, related to Matrimid/Methanol/Acetone at 35◦C and 1 bar, 
in terms of both composition and density. The results were very good, 

the overall sorption isotherm was slightly underestimated by the model 
likely due to an overestimation of the mixing rule for density calcula
tion. The predicted density resulted indeed slightly higher than the 
experimental one thus underestimating the degree of swelling of the 
polymer. Interestingly then the model was able to correctly describe also 
the behavior of Methanol and Acetone concentration in the polymer as a 
function of the external activity. In this concern, therefore, NET GP 
approach confirmed its potential as a tool to describe also liquid solvent 
equilibrium in glassy polymer, once it is coupled with a reliable equation 
of state as PC-SAFT proved to be in the present case.
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