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Abstract

The sorption and transport of CO; in two polymers, Matrimid and PDMS, were modelled using data
available across the critical region, at various temperatures and up to 18 MPa. The experimental
trends show a complex behavior that is affected by the transition from gas-like to liquid-like density
of CO,, as well as by the sorption-induced glass transition of the polymer. The Non Equilibrium
Thermodynamics (NET-GP) approach for the solubility, coupled to its complementary tool for the
permeability, the Standard Transport Model (STM), allows to represent thoroughly the complexity
of CO; sorption and permeation in this operative range with a self-consistent set of parameters.
Furthermore, the model offers a deep insight in the swelling induced by CO; in the different states
of the polymers, and allows to decouple the kinetic and thermodynamic contributions to the
transport phenomena in a meaningful way. This work takes a step forward in the understanding and
simulation of the complex interactions between high pressure, supercritical CO, and industrially

relevant polymeric materials.
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1. Introduction

Supercritical carbon dioxide (scCO3) is currently employed as an extraction medium in a wide variety
of industrial processes, such as in the polymer or chemical industry, as well as in the food and
pharmaceutical sectors, owing to its great solvent properties, non-toxicity and ease of removal [1-
6].

Many applications of scCO> are related to its solubility and transport properties in polymeric systems
[7,8], including polymerization [9], polymer foaming [10], or even membrane processes coupled
with extraction methods [11]. More recent challenges lie in the development of a wide
infrastructure for captured CO,, that requires the knowledge of the interactions between
compressed CO; and pipelines, O-rings or liners materials [12].

Therefore, great effort was devoted to analyzing the thermodynamic and transport properties of
scCOz-polymer mixtures. In particular, such gas is able to modify the material rheological, thermal
and mechanical properties [13,14], reduce the viscosity of the melts [15,16], depress the glass
transitions of glassy polymers [17-19], and alter the crystallization/melting properties of
semicrystalline ones [20,21]. Various studies were thus focused on measuring the CO> solubility in
amorphous glasses [22-26], fluorinated polymers [27], rubbers [28,29] or in polymer melts up to
the CO; supercritical region. Noteworthy, in all cases the sorption isotherms show a clear inflection
of the curve at the pressure at which the pure CO; transitions from gas or gas-like to liquid or liquid-
like behavior, as qualitatively displayed in Figure 1. This inflection point corresponds, in subcritical
conditions, to the vapor pressure of CO,. Above the critical point, the inflection occurs at the
pressure of CO; at which the Widom line is crossed [30]. Such line identifies the locus of maxima in
the constant-pressure specific heat for the fluid and indicates the transition from a gas-like to a

liguid-like behavior of the supercritical fluid.
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Figure 1. A typical CO2 sorption isotherm in a glassy polymer up to high pressures.

Unfortunately, the availability of CO; transport data is limited, and only fewer reports on transient
sorption diffusion [31-33] or direct gas permeation [34,35] are present in the literature. The CO;
diffusion coefficient in polymers typically increases with CO; pressure, as the dissolved gas acts as
plasticizer, while CO, permeability often presents a complex non-monotonous behavior [36—38],
resulting from the combination of the trends of solubility and diffusion coefficients.

It is thus clear that the description of CO; solubility and transport in polymers in both sub- and
supercritical conditions with a single modeling tool is rather challenging, and an accurate and
reliable model would be crucial to improve the understanding of the physical phenomena and the
design of processes involving scCO; in polymers [39].

A rigorous description of scCO; solubility in molten or rubbery polymers can be obtained via
Equation of State (EoS) models. In particular, the Lattice Fluid (LF) models by Sanchez and Lacombe
[40], the model by Panayiotou and Vera [41] and the Nonrandom Hydrogen Bonding (NRHB)
approach [42] were successfully employed for the study of sorption and swelling in polymer melts

or rubbers [43-47]. Furthermore, Statistical Associating Fluid Theory (SAFT) models [48], and the



Perturbed Chain version (PC-SAFT) in particular, were also adopted to the same aim with good
results [49,50]. Alternatively, direct molecular simulations were attempted [51,52].

The case of glassy polymers requires additional care, due to their intrinsic non-equilibrium nature
that precludes the use of conventional EoS approaches. The non-equilibrium thermodynamics of
glassy polymer (NET-GP) approach [53] provides the required extension to out-of-equilibrium states
for EoS frameworks, ultimately leading to a comprehensive model for the description of gas
solubility in polymers below and above their glass transition temperature (T, ). The NET-GP approach
was used often in combination to the LF-EoS [54,55], originating the so-called NELF model, also in a
modified version appropriately designed for supercritical fluids [56,57], although other EoS were
also considered [58—60].

The description of transport of supercritical CO; in polymers requires a method able to account for
the changes in diffusion coefficient with concentration, that can be significant at high pressures. To
this aim, free volume approaches can be considered [61-63], although their applicability is often
limited by the large number of parameters that need to be determined from volumetric and
rheological data of the polymer, only rarely available for materials of recent development.
Moreover, if glassy polymers are concerned [64], special care is required when the glass-to-rubber
transition induced by the solvent occurs [65], which is often the case during scCO; sorption.

As a matter of fact, the description of gas transport in glassy polymer heavily relies on the use of
empirical models. In particular, the Dual Mode Sorption (DMS) model [66] is still widely employed
within transport models to represent the sorption contribution to permeability in glassy polymers,
in spite of its intrinsic limitations and physical inconsistencies [67]. Unfortunately, the complex
solubility and permeation curves obtained in high pressure CO; sorption and transport are out of
reach by the DMS model, which can represent only concave gas solubility trends and decreasing

permeability behaviors [68,69].



Conversely, the Standard Transport Model (STM) [70], developed combining the NET-GP framework
with a simple description of penetrant transport has showed an excellent ability to represent even
complex permeation behaviors [71]. Relevantly, the model can describe decreasing or increasing
trends of permeability and even non monotonous behaviors. In addition, the analysis of penetrant
transport in glassy polymers in which the high CO; pressure is able to induce the glass transition has
also been reported [72].

In this work, we provide a further and comprehensive validation of the above mentioned models by
using them to represent the sub- and supercritical sorption and permeation behavior of CO, at
different temperatures in two high performance polymers suitable for gas separations, namely the
glassy polyimide Matrimid and the rubbery Polydimethylsiloxane, PDMS. These materials allow to
demonstrate the generality and relevance of the proposed modelling approach: they are systems of
great practical interest, widely characterized in terms of gas transport properties, and
representative of diverse separation scenarios. In particular, PDMS is a reference material for
solubility-driven separations, as the recovery of volatile organic compounds from air, while
Matrimid has a good size-selectivity and is applied in the CO, removal from natural gas. A complete
set of CO; solubility and permeability data in a broad range of temperatures and pressures,
encompassing the CO; supercritical region, was recently published for these two materials [73-75],
and will be used as benchmark for modelling. These data enable the modelling study of CO;
transport up to very high pressure, which is topic scarcely addressed in the literature compared to
sorption.

Compared to previous modelling studies leveraging the LF/NELF/STM framework, in this work the
approach is put to a more stringent test of robustness and validity in an extensive range of

conditions. In particular, we evaluate the possibility to represent accurately and consistently a broad



range of properties and phenomena, in addition to solubility and permeability: penetrant-induced

swelling, penetrant-induced glass transition, phase changes of the fluid.

2. Model description

2.1. Gas solubility

The process of gas sorption in a polymer is governed by the gas/solid phase equilibrium, that

requires a careful analysis of the thermodynamic state of the two phases.

The gas phase state depends on two intensive variables, e.g. the temperature and the pressure, if it
is pure. Conversely, the state of the solid phase formed by the polymer and the dissolved gas
depends on either 3 or 4 state variables, depending on whether the polymer is in a rubbery or glassy
state. For a rubber, that is a structure in thermodynamic equilibrium, commonly used variables are
T, p and composition w;. The polymer density in this case can be univocally linked to the other state

variables in the polymer by an EoS and it coincides with its equilibrium value pggl:
Ppot = P;gl( T, p, w;) for a rubbery polymer (1)

In the case of a glass, which is not at thermodynamic equilibrium, the polymer density does not
correspond to an equilibrium value. In this case, the more direct way to estimate the glassy density
during sorption would be to use swelling data for the gas-polymer systems in the operative range
of interest. Unfortunately, in the case of the systems inspected here such data are available from
the literature only in a limited range of temperatures and pressures. However, there are alternative
strategies to estimate the polymer density value. A straightforward approach was proposed in the
literature in the first paper about the NELF model [54], and it was inspired by experimental

observations [76,77] that the polymer volume increases as a linear function of the gas pressure:



— = —— (1 + kg, p) for a glassy polymer (2)
Ppol Ppol

The empirical rule given above contains two parameters, pgol and kg, , the pure polymer density
and the gas-polymer swelling coefficient, respectively. The first one is generally known or it can be
easily determined with conventional experimental techniques, while the second parameter is less

trivial to measure and it is usually adjusted on the gas solubility isotherm.

A more sophisticated and entirely predictive way to estimate the polymer density was proposed by
Minelli and Doghieri, who followed a rheological approach [78]. However, such strategy is not
applicable in the present case, because pressure-volume-temperature data for Matrimid are not
available.

More recently, Marshall et al. [79] proposed the dry glass reference perturbation theory (DGRPT) as
a way to predict polymer swelling, once Pgoz is known, without using Eq. (2) or a swelling coefficient.
Such method provides a closure relation for the polymer chemical potential through the
perturbation of the dry glassy reference state, allowing for the calculation of the swollen polymer
density. The authors showed that the DGRPT method for the density combined with the PC-SAFT
framework for the polymer-gas mixture potential gives an equal or better representation of the
solubility of fluids in various glassy polymers with respect to the one obtained with the NELF model
coupled with Eq. (2) [80]. However, the paper did not allow to assess whether this was due to the
different way of estimating the polymer density in the NET-GP and the DGRPT models, or rather to
a superior ability of the PC-SAFT framework in representing the polymer mixture chemical potential
with respect to the Lattice Fluid theory. To conclusively establish this, one would need to perform a
direct systematic comparison between the solubility calculated with the PC-SAFT model together
with Eq. (2) to the one obtained via the same EoS and the DGRPT model for the density, for various

materials and operating conditions, which is beyond the scope of the present study.



For the above reason in this work we made use of the empirical rule expressed by Eq. (2) for the
glassy polymer density, and, to assess the accuracy of such a strategy, we compared the adjusted

swelling coefficients to the experimental swelling values available from the literature.

Once the polymer density is calculated, for both rubbery and glassy polymers the solubility is
estimated via phase equilibrium, that requires the equality of chemical potential of the mobile

species (the gas i), between the fluid (,ulfq) and the solid phase (u}), as follows:

/“liS(T' D, Ppols wi) = .ui'g(T; p) (3)

The chemical potential expressions for the fluid and solid phase are given by the EoS model chosen

[53,81].

2.1.1. Lattice Fluid / Non-Equilibrium Lattice Fluid models

The EoS used in this work is the LF model by Sanchez and Lacombe [40,82], with the corresponding
extension given by the NELF model for the glassy phase. The LF theory is reliable for many non-polar
polymers, with an intuitive set of parameters and computationally simple expressions.

The LF and NELF models utilize the same set of characteristic parameters to describe each pure
substance, the characteristic density, pressure and temperature p*,p*, T*. Characteristic
parameters for mixtures can be estimated from the pure component ones via appropriate mixing
rules, with one additional interaction binary parameter k;; used to “correct” the characteristic
pressure of the mixture on experimental mixture data. The EoS for the equilibrium density has the

same dimensionless expression for a pure component and a mixture:

p=1—exp [_T - ﬁ( - %)] LF EoS for the density of an equilibrium system (4)

i



With 7; being the number of lattice cells occupied by the molecule, ¢; a measure of the volume

fraction, and the reduced density, temperature and pressure defined as follows:

0Nl
3=

p % T p= definition of dimensionless (reduced) state variables (5)

p*

As explained above, Eqg. (4) holds as long as the system is above the glass transition, while in the

glassy region we rely on Eq. (2) to estimate the polymer density.

The expression of the chemical potential of the LF model, used in (Eq. 3) is given below:

/iz
RT

-7
= In(pp;) — In(1 — p)[r + 5 l—n
(6)

T pl+z¢>l(p, Apij)| +1

For a more detailed description of the LF/NELF variables and mixing rules we direct the reader to
Table S1 in the Supplementary Information file.
The determination of the LF parameters involves a fitting procedure on vapor-liquid equilibrium
(VLE) data or pressure-volume-temperature (pVT) data of pure substances. For polymers, only the
pVT data above T, must be used and fitted to the EoS (Eq. (4)): if such data are not available, as in
the case of Matrimid, alternative protocols can be followed, i.e. using a set of fluid solubility data
[83].
In conclusion, the procedure for the calculation of the gas solubility in the polymers is the following:
a) retrieve the LF EoS model parameters for the gas and polymer of interest either from the
literature or via direct fitting of experimental pure component data;
b) estimate the gas solubility w; by solving the phase equilibrium problem (eq. (3)), with the
polymer density from eq. (1) if the polymer is rubbery, or by eq. (2) if the polymer is glassy,

considering null values for the adjustable parameters as a first approximation;
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c) refine the gas solubility calculation by adjusting k;;, and, in the case of glassy polymer, also

ijr
ke

For a thorough description of solubility calculations with the LF/NELF model with examples of

applications, we direct the reader to the following review paper [53]. Furthermore, specific details

on how to handle the case of a sorption isotherm in which a sorption-induced glass transition occurs

are given in the Results section.

2.2. STM for transport

The STM transport model implemented in this work [71] provides a semiempirical tool to calculate
the diffusivity and permeability of pure and mixed fluids in glassy and rubbery polymers at various

temperatures, pressures and concentrations.

The approach considers the mutual diffusivity D;, originally introduced by Fick to describe the

diffusive flux J; of a dissolved fluid in polymers or liquid in relation to a concentration gradient Vw;.
Ji=-D;pVw; Fick’s law for diffusive flux (7)

However, the diffusive process is rather driven by the chemical potential gradient V. A different
parameter, namely the mobility coefficient L;, also called “thermodynamic diffusivity” (or
“thermodynamically-corrected diffusivity”) having the same dimensions as the diffusivity, can be
used to rewrite Fick’s law considering the chemical potential gradient as the actual driving force of

the diffusive process [84,85]:
Ji =-L; p% Vu; Fick’s law in terms of chemical potential gradient (8)
By equating the two expressions and after some algebra one obtains:

D, =L; % =L;a; Relation between D;, L; and «; (9)

11



which clarifies that the mutual diffusivity is composed of a mobility coefficient L; and a purely
thermodynamic contribution «;, accounting for the concentration-dependence of the chemical
potential and closely related to the shape of the solubility isotherm, that is obtained via the NET-GP

approach.

Conversely, the mobility L is more difficult to predict. The free volume theory by Vrentas and Duda
[61,62] would be appropriate in this respect, but its parameters are not available in the case of the
polymers studied here. The STM model adopts an alternative functional expression, based on

experimental observations [86,87]:
L; = LYexp(B; w;) (10)

with only two adjustable parameters L? and B;, determined from a permeability vs. pressure curve.
L? coincides with the infinite dilution diffusion coefficient, and increases with temperature following
an Arrhenius behavior. f5; is the plasticization coefficient associated to the enhancement of the

mobility of the macromolecules with solute content.

The permeability, which is related to the steady state value of the flux J; s, the membrane thickness

[, and the pressure difference Ap, can be expressed with the following integral equation [70]:

u
i

Jissl = PiMdp = — fwy pDid w; = [ d

w

pL} exp(Biw;) a;dw; (11)

The boundaries of the integration domain, w{i and w}, represent the upstream and downstream
concentrations of the gas in equilibrium with the polymer. It was shown [70] that the above

expression can be written more conveniently as an integral over pressure:

Jissl = PiM;Ap = f:ﬁ L exp(ﬁiwi):)_iizidpi (12)
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where p}* and pid are the upstream and downstream gas pressures and Z; the gas compressibility
factor. In conclusion, the prediction of the permeability as a function of pressure requires 2 extra

adjustable parameters, L? and f3;, in addition to the two (k;j and ks,,) needed for the solubility.

The detailed derivation of the ST model can be found in ref. [71]. In practice, the calculation requires

the following steps:

a) Asuitable model for the solubility (LF/NELF in this work) should be chosen and parametrized,

wi

in order to provide the solubility coefficient (p—) in Eqg. (12);
L

b) A suitable model for the calculation of the compressibility Z; in Eq. (12) should be identified

(Peng-Robinson EoS [88] in this work);

c) The integral in Eq. (12) can be computed numerically to obtain permeability values,

optimizing the values of L? and B; against experimental data.

All sorption and transport model equations were implemented in-house in the form of spreadsheets

and Matlab scripts.

3. Results

3.1. Pure component LF parameters

For CO,, many sets of LF EoS parameters are available in the literature. However, since there is a
strong correlation between the shape of the sorption and permeability isotherms and CO;

transitions, a thorough analysis of the various CO, parameter sets was carried out to make sure to

accurately capture the critical behavior [73,74].
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The whole set of LF parameters tested, as well as their average deviation from the experimental
density data is reported in the Supporting Information. The parameter set from ref. [89] (reported
in Error! Reference source not found.) was ultimately adopted. As one can see in Figure 2, such set
of parameters provides an overall accurate description of the pure CO, properties in the whole
range considered, with an average relative absolute error on CO; density of 8%, mostly concentrated
in the high pressure region at 55 °C. Importantly, this parameter set yielded a correct prediction of
the pressure at which the transition from gas-like to liquid-like densities occurs. For comparison, in
Figure S1, the representation yielded by another parameter set [54] is reported, which fails to

capture the pressure at which the transition occurs.

The parameters for the polymers Matrimid and PDMS are taken from the literature and are reported

in Error! Reference source not found..
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Figure 2. Pressure-Volume-Temperature data for CO2. Filled symbols: experimental data [73,74]. Empty symbols: LF

EoS calculations.

Table 1. Pure-component parameters used in sorption calculation with the LF EoS and NELF model in this study.
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T*(K) p* (MPa)  p* (g/cm?) Ref.

CO: 574.5 305 1.51 [89]
Matrimid 880 450 1.35 [83]
PDMS 560 354.6 1.2 [90]

3.2. Sorption of CO, in PDMS and Matrimid

Figure 3 shows the experimental data for CO; sorption in PDMS [75] and the results calculated with

the LF EoS. At each temperature, the adjustable parameter of the LF EoS, k;;, was optimized. The

ijs
k;; values obtained obey a linear temperature dependence, which is reported in Table 2. The LF EoS
reproduces the change in slope of the solubility isotherm associated to the transition between gas-
like and liquid-like densities of scCO, without the need to impose a concentration-dependent binary
parameter. At 25 °C and 35 °C, the model seems to underestimate the pressure at which the
inflection of the curve occurs and overestimate CO; sorption in the lower pressure range. However,
there is a certain scattering between experimental data from different sources [28,45,91], which at
25°C yields an average relative deviation of 20%. Therefore, the model predictions, which at this

temperature deviate on average of 14% from the dataset reported in ref. [75] and 5% from the

dataset of ref. [28], are within the experimental uncertainty.
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Figure 3. CO: sorption in PDMS at different temperatures. Filled symbols: experimental data from ref. [75]. Triangles:
25 °C. Circles: 35 °C. Diamonds: 45 °C. Squares: 55 °C. Empty triangles: experimental data from ref. [28] (25 °C). Empty
circles: experimental data from ref. [91] (35 °C). Empty squares: experimental data from ref. [45] (50 °C). Lines: LF EoS

calculations.

Modelling the CO; sorption in Matrimid presents additional challenges, as the pure polymer is
initially in the glassy state but, as the sorbed concentration of CO; increases, the glass transition
temperature is lowered to the experimental value, and the material turns to a rubbery state [92,93].
Correspondingly, the sorption isotherms shape changes from a slope-decreasing type, typical of
glassy polymers, to a slope-increasing one observed in rubbers (see Figure 1). This effect can be
modeled by using the NELF and LF models for the glassy and rubbery sections of the sorption

isotherms, respectively, with the same parameters values.
The modeling procedure for CO; sorption in Matrimid at each temperature was the following one:

e the binary interaction parameter k;; was optimized using the experimental data [73,74] at

high pressure (rubbery region) as target for the best-fit, using the LF EoS to model the curves;

16



e the NELF model was used to calculate sorption in the lower pressure range (glassy region),

using the value of k;; obtained at high pressure and adjusting the swelling coefficient k.

The dry polymer density of the sample, not reported in ref. [73,74], was taken from the literature:
Pgoz = 1.225 g/cm3 [94] and its temperature dependence estimated using the thermal expansion
coefficient (8.4 - 10°) [95].

As can be observed in Figure 4, the approach allows to represent with good accuracy the complex
experimental trend at all temperatures and pressures, without the need to introduce concentration-
dependent parameters. Furthermore, the intersection of the trends calculated with the NELF and
LF models marks the COz-induced glass transition estimated by the modeling approach, represented

by a dashed black line in the Figure and further discussed in a subsequent paragraph.
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Figure 4. CO: sorption in Matrimid at different temperatures. Experimental data from ref. [73,74]. Triangles: 25 °C.
Circles: 35 °C. Diamonds: 45 °C. Squares: 55 °C. Solid lines: LF EoS/NELF model calculations. Dotted lines represent the
concentration that would be obtained using the LF EoS in the glassy region and the NELF model in the rubbery region

respectively. The black dashed line marks the estimated glass transition.
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Finally, the inflection point associated to the transition from gas-like to liquid-like density for CO3 is
predicted reasonably well. That feature is strongly dependent on the CO; parameter set used, as
mentioned above, and the use of another CO, parameter set [54] would yield a less accurate
representation, with an inflection pressure 17% lower at 25 °C and 12% lower at 35 °C, for Matrimid

and 15% and 13% for PDMS, as shown in Figure S1.

3.3. Estimate of COz-induced swelling in PDMS and Matrimid

Some dilation data are available at 35 °C for CO, in Matrimid and PDMS [96—98], and we will use
them as a comparison to check the validity of the swelling values assumed or calculated in the
solubility modeling. In Figure 5a, swelling data are compared with the ones calculated in the
solubility modeling at 35°C for Matrimid through Eq. (2). Even though some of the experimental sets
display a weak concave trend at high pressure, the linear approximation used in this work,
represented by the solid line, is still within 2% deviation in the whole range. The adoption of a
predictive approach for solute induced swelling (e.g., DGRPT [79] or a rheological approach [78])
would allow to improve overall the predictive character of the model, leading however to an
increase of its complexity, and it would be necessary to verify if it would provide similar or better

accuracy than the simple empirical relationship adopted.

Figure 5b illustrates the experimental values of COz-induced swelling in PDMS at 35 °C [91] and the
corresponding LF EoS predictions, which are found in very close agreement. It must be noticed that,
in this latter case the solid line represents the polymer density evaluated according to the Equation

of State (Eq. (1)).

18
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Figure 5. (a) COz induced swelling in Matrimid at 35 °C. Experimental data [96—-98] and NELF model prediction. (b) CO2

induced swelling in PDMS at 35 °C. Experimental data [91] and LF EoS prediction.

In Figure 6a the trend of Matrimid specific volume calculated with the NELF/LF model at all
temperatures is shown as a function of pressure: a first transition point, representative of the CO;-
induced glass transition, is followed by an increased the slope of the volume vs. pressure curve,
which mirrors the increase of the gas uptake rate with pressure shown in Figure 4. Above the
transition, the specific volume of Matrimid calculated with the NELF model would become lower
than the one predicted by the LF EoS. Similarly, in the calculated sorption isotherm in Figure 4, above
the glass transition point the concentration of CO; predicted by the NELF model would become
lower than the one predicted by the LF EoS at a given CO; pressure. That is the clear footprint of the

second order transition, induced by the sorbed penetrant.

Notably, when swelling is reported versus concentration rather than pressure (Figure 6b), the
temperature dependence is flattened, and a continuous trend is obtained without transitions. Such
plot highlights that sorbed concentration is the variable responsible for the swelling, regardless of

the glassy or rubbery state of the polymer and of the gas or liquid state of the penetrant.
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The plot also shows that the glassy matrix undergoes a low swelling initially, as the polymer specific

volume is almost constant at low CO; concentration according to the NELF model. This trend could

reflect a hole-filling mechanism based on which at low pressure the gas saturates the excess-free

volume elements present in the glassy polymer, without causing dilation.

The trends are also consistent with the observations that CO; exhibits lower partial molar volume in

glassy matrices as compared to the one estimated in rubbery ones [77]. Indeed, it was shown that

the partial molar volume of CO; in the glassy polymer decreases as the polymer becomes more

glassy and rigid, i.e. as the Ty of the polymer increases. The behavior has been attributed to the

higher excess free volume exhibited by polymers with high T4, which can be occupied by CO>

molecules absorbed without inducing appreciable swelling [99].
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Figure 6. CO: induced swelling in Matrimid at different temperatures calculated with the LF/NELF models as a function

of (a) pressure and (b) concentration.
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3.4. Estimation of COz-induced glass transition in Matrimid

The intersection between the NELF and LF EoS predicted solubility isotherm defines the point at
which the CO; absorbed induces a glass transition in Matrimid. Such type of information is normally
difficult to obtain experimentally, as high-pressure sorption data are rarely available. Thus, the
present model offers also a way to estimate the dependence of glass transition temperature on CO;
concentration. In the literature, other models are available to estimate such a dependence. One of
the more widespread one is Chow’s model [100], that is commonly employed to predict the
depression of the glass transition temperature (T,) induced by sorption of fluids in a polymer. The

model is described by the following relations:

In <T—g> = B[(1 = 60)In(1 - 0) + 6In(H)] (13)
Tyo
P 14
"~ M,AC, 1y (14)
_ Mp
0= MW (15)

Tyo is the glass transition temperature of the pure polymer (320°C for Matrimid [101]), T, is the
glass transition temperature of the polymer in the presence of a mass ratio w of penetrant, M,, is
the molar mass of the repeating unit of the polymer, M, is the molar mass of the penetrant, R is
the universal gas constant, AC,, 7 is the difference in heat capacity of the polymer below and above
its glass transition and z is the lattice coordination parameter for the polymer repeat unit of the
polymer. AC, for Matrimid is not directly available in the literature and an estimate of 0.1 J/gK was
used, as suggested by Stanford and co-workers [102]. The lattice coordination parameter, z, can be

estimated as the closest integer to the ratio of the molecular size of the monomeric unit relative to

the gas [103,104]. In the present case, a value of 8 was obtained, considering the ratio of end-to-
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end distances of CO, and Matrimid monomer, computed with the aid of a molecular modelling
software (Scienomics MAPS®).In Figure 7 the values of CO2-induced Ty calculated with the different
models NELF/LF modeling approach are compared with the values estimated by Chow’s model
[100]. Interestingly, the results obtained with the NELF/LF approach for the CO; induced glass

transition temperatures are consistent with those of Chow’s model

350

300 X This work

Chow's Model

250

-50 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25

CO, concentration (g/g,,)

Figure 7. Estimated CO2-induced glass transition temperature as a function of CO2 concentration. Symbols: this work.

Solid line: Chow’s model.

3.5. Permeability of CO; in PDMS and Matrimid

CO, permeability in PDMS [75] and Matrimid [73,74] at different temperatures was modelled by
means of the ST model in the pressure range from 0 to 12 MPa. The compressibility factor Z of the
pure gas phase was calculated by the Peng-Robinson (PR) EoS [88]. As shown in the comparison
reported in Figure S2 in the Supporting Information, indeed, the PR EoS is systematically more
accurate than the LF EoS in the representation of Z for CO; at all temperatures and pressures,

therefore it was a more suitable choice.
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The gas concentration and the thermodynamic factor a were calculated with the same
thermodynamic approach adopted in the previous section, i.e. using the LF EoS in the whole range
for PDMS and the combination of NELF and LF for Matrimid, depending on the pressure value. At
each temperature, the values of the infinite dilution mobility coefficient L, and of the plasticization
factor § were optimized, and a single value was used for the whole concentration range. The
parameters obtained are reported in Table 2. The value of L, obtained in the case of Matrimid at
35°C (2.3 X 10°cm?/s) agrees well with the value obtained in a previous study [70] (2.2 X 10°cm?/s)
at the same temperature, whereas the value of 8 is higher in this work, 36 instead of 24.5, which is
not surprising since the pressure range spanned is considerably larger and the effect described by

B is expected to become more significant as the pressure increases.

Figure 8 shows the comparison between the experimental and calculated CO, permeability in PDMS
and Matrimid at various temperatures. It is striking how the two polymers display significantly
different and complex trends, which are captured qualitatively and quantitatively well by the model.
In particular, in the case of PDMS, the transition between gas-like and liquid-like CO; density marks
the inflection of the permeability isotherms towards a constant (higher T) or decreasing (lower T)
trend with pressure. On the contrary, in the case of Matrimid, changes in the slope of the curves are
observed, but the permeability is always increasing with increasing upstream pressure. In this case,
at the lower temperatures the curve displays two clear transitions, which correspond to the polymer
glass transition and to the gas phase transition, whereas at higher temperatures the transitions are

less marked, as it was observed also in the case of the sorption isotherms.

The average relative error of model predictions is 9% in the case of Matrimid and 4% in the case of
PDMS, and it is remarkable that the same model, with the use of only two concentration-
independent adjustable parameters is capable of representing trends which are qualitatively so

different and complex, spanning a broad range of temperatures and pressures.
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Figure 8. (a) Permeability of CO2 in PDMS at different temperatures. Symbols: experimental data from ref. [75]. Lines:
ST model calculations. (b) Permeability of CO2 in Matrimid at different temperatures. Symbols: experimental data

from ref. [73,74]. Lines: ST model calculations.

3.6. Model parameters trends

Table 2 summarizes the LF, NELF, and ST model parameters used in the calculation of CO; solubility
and permeability in PDMS and Matrimid. The corresponding trends are shown in Figure 9.
Remarkably, the binary parameter k;; changes only with temperature and not with pressure or
concentration, despite the fact that the data were modelled in a much broader pressure range than
what typically inspected. For both polymers, a simple linear relation captures the temperature
dependence of k;; in the range inspected. The swelling coefficient kg, used in the glassy region of
Matrimid decreases linearly with temperature, consistently with the lower sorption of CO; at higher
temperature. Such linear trends were oftentimes seen in the case of sorption of light gases modelled
with the LF or NELF models [105,106]. This temperature dependence stems from the fact that k,,

was defined on a pressure basis. When kg, is defined on an activity basis, its temperature
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dependence is drastically reduced [107]. However, such a definition was inapplicable in the present

case, which spans conditions beyond the critical point of the gas.

In the case of the plasticization factor, a value constant with temperature was used for Matrimid,
while a weak linear trend allowed for a more accurate representation in the case of PDMS, with g
spanning from 7 to 9.5. Notably, the plasticization factor for Matrimid is approximately 4 times
higher than that of PDMS, which is consistent with the fact that Matrimid is an initially glassy and

rigid matrix which becomes increasingly more flexible with the uptake of CO..

Concerning the infinite dilution mobility coefficients L, the absolute values for PDMS are 4 orders
of magnitude higher than in Matrimid. At infinite dilution conditions, the thermodynamic factor o —
1, and Ly and D coincide, giving to the parameter L, the meaning of infinite dilution diffusivity. The
values obtained are indeed consistent with CO; diffusion coefficient values at low pressure reported
in the literature [97,108]. An Arrhenius-type of temperature dependence was obtained for both

materials, and as expected, an increasing trend of L, with temperature is observed:

Lo = A exp(—E,/RT) (16)

From this relation, the value for the activation energy E, could be estimated as 33.4 kJ/mol in the

case of Matrimid and 14.5 kJ/mol in the case of PDMS.

Table 2. Adjustable parameters for the LF, NELF, and ST models used in sorption and transport calculations.

(TinK) Matrimid PDMS

kij —2.60-10*-T+5.89 102 5.35-10*-T-1.51-10"

-3.65-10%-T+1.30- 10"
ke, (MPa) calculated by LF EoS
(up to the glass transition)
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B 36 7.68-10%-T—-1.54-10"

Lo (cm?/s) 1.13 - 1073 - exp [-33.4%/(RT)] 4.68 - 103 - exp [-14.5%/(RT)]

# units: kJ/mol
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Figure 9. Temperature dependence of the adjustable parameters (plasticization factor # and infinite dilution mobility
L) used in ST model calculations. Squares:  Matrimid-CO.. Circles: f PDMS-COz. Triangles: L, Matrimid-COa.

Diamonds: Ly PDMS-CO..

The sensitivity of the results to the values of the adjustable parameters was explored both for
solubility and permeability calculations by considering 10% variation of the parameters; the results
are shown in Fig. S3 and Fig. S4 of the Supporting Information. In the case of k;; such variation had
a very limited effect on the calculated results, below the CO; phase transition, while a maximum
deviation of 3% was obtained both in the case of PDMS and Matrimid above the transition pressure.
In the case of kj,,, the maximum deviation was 5% in correspondence of the sorption induced glass
transition in Matrimid. If the variation of L is applied, the results show a uniform 10% variation in

the whole range for both materials. In the case of 8 the effect is negligible at low pressure and
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increasingly more pronounced at higher pressure, with a maximum deviation of 20% and 90% at the

highest pressure values considered for PDMS and Matrimid respectively.

3.7. Diffusivity, mobility, thermodynamic factor and solubility coefficient

The model identifies the diffusivity D, the pure mobility coefficient L, and the thermodynamic factor
a for CO; transport in both polymers Such analysis enables a more fundamental interpretation of

the trends observed.

In Figure 10, the calculated CO. diffusivity coefficients in PDMS and Matrimid at various
temperatures are shown, together with the mobility factors L, reported in dashed lines. The
thermodynamic factors a are shown in Figure S5 of the Supporting Information. The calculated
values for D agree well with experimental data available at 35 °C for PDMS [108], while in the case
of Matrimid the agreement is better at low concentration [97]. In the comparison, diffusion
coefficients values are considered, as reported in the referenced experimental works. Both in the
experimental and in the predicted trends for Matrimid, a steep increase of D with concentration is
observed, which is tied to the high plasticizing power of CO; over the glassy matrix. On the other
hand, in the case of PDMS the dependence of D on concentration is lower: rubbery polymers are
endowed with higher intrinsic mobility than glassy matrices, therefore plasticizing effects enhancing

polymer mobility are expected to be less marked.

The simple formulation adopted for the mobility coefficient has proven rather versatile,
nonetheless, the model could be further refined by implementing a more sophisticated, yet more

cumbersome formulation for the diffusivity, in the form of the Maxwell-Stefan expressions.

For the case of PDMS, the effect of the CO; transition from gas-like to liquid-like state is clearly

evident in the curve, and it corresponds to a step increase of D and also an increase of the slope of
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the curve relating D to concentration, which accounts well for the larger plasticizing power of CO;
in the liquid-like state. The mobility L, on the other hand, which is independent of thermodynamic
effects, remains unaffected and continues to have the same dependence on CO. concentration
across the transition, in view of the simple correlation with penetrant concentration adopted (eq.

9).

In the case of Matrimid, diffusivity shows two transition points, the first one related to the glass
transition of Matrimid, and the second one to the transition of CO, from gas-like to liquid-like
substance. Clearly, such discontinuities are direct consequences of the changes in the
thermodynamic factor a. Even in the case of Matrimid, no inflection points are seen in the trend of

the mobility coefficient.

The differences between L and D are ascribed to the highly non-monotonic trend of the
thermodynamic factor a (Figure S3 of the Supporting Information). Indeed, « is a derivative function
of the sorbed concentration (Eq. (8)). The sorption isotherms of CO; in PDMS and Matrimid display,
respectively, one and two changes in slope, corresponding to the CO; phase transition and the glass-
to-rubber transition of Matrimid. This trend reflects in corresponding discontinuities in the curves

of a, and thus D.

In Figure 10 we also report the trend of the solubility coefficient S. By comparing this curve with
Figure 8, it is clear that, in the case of PDMS, the prevailing term in determining the permeability
trend is S, which, at the temperatures analyzed, increases with pressure up to the gas-like to liquid-
like density transition of CO; and decreases afterwards. The inflection is sharper at the lower
temperatures and becomes progressively smoother as the temperature increases, which can be
related to the lower gap between the gas-like and liquid-like densities of CO, when the temperature
increases (Figure 2). In the case of Matrimid, the solubility is decreasing in the pressure range in

which the material is in the glassy state, increasing after it transitions to a rubbery state and then
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decreasing again, after the gas-like to liquid-like transition of CO,. The overall permeability trend in

this case is dominated by the diffusivity and its very step increase with increasing pressure.
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Figure 10. Solid lines: Calculated diffusivity and solubility coefficients for CO; in (a,b) PDMS and (c,d) Matrimid at
various temperatures. Dashed lines: mobility factors L. Symbols: Experimental data for CO2 diffusivity in PDMS [108]
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4. Conclusions

In this work, the solubility and permeability of CO2 in a rubbery (PDMS) and glassy (Matrimid)
polymer were modelled, applying a unified strategy spanning from the sub- to the supercritical state

up to pressures as high 18 MPa, between 25 and 55 °C.

In particular, solubility isotherms were modelled by means of the LF EoS and its nonequilibrium
version, i.e. the NELF model, in their respective ranges of validity. In the case of rubbery PDMS, the
LF EoS was applied in the whole range of CO; pressures, while in the case of Matrimid, the NELF
model was applied at low pressure, where the matrix is in glassy, and the LF EoS at high pressure
where the polymer is rubbery due to the CO;-sorption induced glass transition. Pure component

and binary interaction parameters used are constant in the entire pressure range inspected.

With a suitable set of CO, parameters, which was tested on a consistent set of pure CO; data, the
LF EoS model correctly represents the complex sorption trend of PDMS, which shows an inflection
at the transition from gas-like to liquid-like densities of CO,. Moreover, the NELF/LF model allows
to represent correctly the even more complex sorption isotherm of Matrimid, showing two
characteristic points corresponding to the sorption induced glass transition of the polymer, and to
the transition from gas-like to liquid-like densities of CO2 The complexity of the trends is
represented faithfully by the model without the need to modify its assumptions, introduce
additional parameters or let them vary with CO, concentration, despite the breadth of the pressure

range considered and the variety of behaviors observed.

Moreover, in the case of Matrimid, the NELF/LF approach used allows to estimate the CO;
concentrations that induce the glass transition at each temperature: such values compared
favorably with the results calculated with the Chow’s model.

The model also allows to estimate the polymer swelling and volumetric behavior as a function of
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CO; pressure and concentration, which compares well with available experimental data for both
polymers, and allows to discover unknown aspects, such as that the transition from gas-like to
liquid-like density of CO, does not affect the way that the polymer volume increases with CO;

content.

The ST model reproduced well the complex CO; permeability isotherms of PDMS and Matrimid, with

only two concentration-independent adjustable parameters.

A separate analysis of the diffusivity, mobility and thermodynamic factors allows to identify that the
pure mobility L increases monotonically with penetrant concentration for both materials and is not
affected by transitions. On the other hand, D, which bears also a thermodynamic component, is
affected by the glass-rubber transition of Matrimid, and by the gas-like to liquid-like density

transition of COs.

In conclusion, a unified approach incorporating the LF/NELF and ST models with a unique set of
parameters proved robust and comprehensive for the description of CO; sorption and transport in
a broad operative range encompassing the critical region, which displays peculiar properties that
are difficult to determine experimentally. The model also allows to estimate quantities such as the
swelling, the diffusivity, the mobility and the COz-induced glass transition in the case of Matrimid.
This study provides an interesting view on the complicated, yet practically relevant, interaction

between supercritical CO; and high performance polymers used in diverse industrial applications.
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