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Abstract 

CO2 and CH4 mixed-gas solubility was measured in 3,3’-dihydroxy-4,4’-diamino-biphenyl 

(HAB) 2,2’-bis-(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) polyimide 

and in its thermally rearranged (TR) derivative, TR450. Due to competitive sorption effects, 

the solubility of both species in mixed-gas conditions is lower than the corresponding pure-

gas solubility at the same fugacity. CH4 sorption is significantly affected by the presence of 

the second gas, while CO2 behavior is hardly altered. Therefore, the multicomponent 

solubility-selectivity is higher than the ideal value calculated from pure-gas sorption data, and 

this has a positive impact on CO2/CH4 separation properties. The multicomponent solubility 

data were modelled with the Non-Equilibrium Lattice Fluid (NELF) model, using only pure 

component parameters and binary interaction parameters obtained from pure-gas sorption 

data available in the literature, with no parameters determined from the mixed-gas sorption 

data. Although it is easier to use, the multicomponent Dual Mode Sorption (DMS) model 

yielded less accurate predictions of mixed-gas sorption. Mixed-gas sorption experiments and 

modelling, coupled with mixed-gas permeation data, enabled a better fundamental 

understanding of the separation properties of these materials. Unlike the case for pure-gas 

experiments, where diffusivity contributes more to the overall ideal selectivity, competitive 

sorption is the main effect governing the permselectivity of these membrane materials at 

multicomponent conditions. A systematic comparison with literature data on mixed-gas 

CO2/CH4 sorption and permeability revealed these to be generalized trends, obeyed by 

materials of very different chemical constitution. This can inform on the criteria that make 

polymers performing better in multicomponent scenarios, with potential impact on the design 

and synthesis strategies of new materials. 

 

 

Keywords: gas separation; mixed-gas sorption; TR polymers; solution-diffusion; NELF 

model. 
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1. Introduction 

Membrane gas separation has been successfully employed industrially for more than forty 

years, with the first plants for air separation and CO2 removal from natural gas dating to the 

1980s [1]. Nowadays, membrane materials design is an active area of research [2-13] that 

aims to improve current applications, such as hydrogen recovery, air separation, and natural 

gas and biogas treatment. Moreover, if suitable materials are identified, the scope of the 

technology could be expanded to other potential separations, such as C2 and C3 alkane/alkene 

separation, CO2 capture from flue gas or syngas streams, and separation of organic vapors 

[14–18], that are currently accomplished using techniques such as distillation, solvent 

absorption or pressure swing absorption.  

However, despite an ongoing effort in synthesizing and characterizing countless new 

materials, traditional polymers (e.g., cellulose acetate and polysulfone) remain prominent in 

industry, with few innovations having been adopted over the years. The very first reason 

listed by Baker et al. [1] for this failure of new materials to penetrate the market is that 

pure-gas measurements are poor predictors of membrane performance under realistic 

industrial conditions. Indeed, at the laboratory scale, screening tests for prospective 

membranes are seldom performed at relevant temperature and pressure ranges for the target 

application, or with mixture compositions representative of those in actual practice. 

Consequently, test results often inaccurately predict how the material will perform in real 

operating conditions.  

Separation with dense polymeric materials is generally described by the 

solution-diffusion model [19], according to which two factors – i.e., gas solubility and gas 

diffusivity – determine permeability and the permselectivity of the materials to various 

penetrants. By analyzing these factors separately, with pure- and mixed-gas measurements, 

we can understand at a more fundamental level which physical phenomena ultimately 

determine the performance of a material. For example, for CO2/CH4 separation, the 

permselectivity at mixed-gas conditions can be markedly different from the pure-gas 

permselectivity, sometimes for the better [20–22] and other times for the worse [14,23–26], 

whereas in other cases it remains almost unchanged [27,28]. CO2/CH4 mixed-gas sorption 

measurements in glassy polymers showed that, for both species,  the solubility in 

multicomponent conditions is always lower than it is under pure-gas conditions at fixed 

partial pressure due to competitive sorption between CO2 and CH4. Depending on the mixture 

composition, however, the strength of the exclusion effect can vary and often influences one 
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gas more than the other. Nonetheless, because CO2 is much more soluble than CH4, its 

solubility is only weakly affected by the presence of methane over a wide range of mixture 

compositions, whereas the opposite happens to CH4: its solubility is significantly lowered by 

the presence of even low levels of CO2, often leading to a substantial increase in the CO2/CH4 

solubility-selectivity. To date, this behavior has been documented in several glassy polymers: 

hexafluorodianhydride–3,3,4,4-tetraaminodiphenyl oxide polypyrrolone (6FDA-TADPO) 

[27], poly(1-trimethylsilyl-1-propyne) (PTMSP) [29], polybenzodioxane PIM-1 [30,31], 

tetrazole-modified PIM-1 (TZ-PIM) [32], 4,4’-(hexafluoroisopropylidene) diphthalic 

dianhydride-m-phenylenediamine (6FDA-mPDA) [28], and poly-Tröger’s base ladder 

polymer of intrinsic microporosity PIM-Trip-TB [33]. Moreover, competitive sorption effects 

have also been reported for CO2/CH4 sorption in a rubbery polymer, polydimethylsiloxane 

(PDMS) [34], and in other systems, such as CO2/C2H4 and CO2/N2O sorption in PMMA [35–

37], CH4/n-C4H10 sorption in PTMSP [38] and PDMS [39], CO2/C2H6 sorption in a cross-

linked poly(ethylene oxide) copolymer [40]. 

By coupling multicomponent sorption and permeation measurements, multicomponent 

diffusivity-selectivity can be evaluated indirectly, by means of the solution-diffusion model, 

as detailed in section 3.1 of this study. The multicomponent diffusivity-selectivity thus 

calculated for various glassy polymers is lower than the corresponding pure-gas 

diffusivity-selectivity, and this phenomenon is attributed to the fact that CO2 swells the 

polymer matrix, promoting faster diffusion of CH4, which is not able to dilate the polymer to 

the same extent when permeating alone [32,41]. 

Recently, experimental techniques were reported for direct determination of gas 

diffusivity in multicomponent conditions. Garrido et al. [42] used a combination of 13C NMR 

spectroscopy and pulsed-field gradient NMR to determine the solubility and diffusion 

coefficients of gas mixtures, including CO2/CH4, in poly(4,4-hexafluoroisopropylidene 

diphthalic anhydride-2,3,5,6-tetramethyl-1,4-phenylenediamine) (6FDA-TMPDA) polyimide. 

Fraga et al. [22] developed a time-lag technique to measure diffusivity in mixed-gas 

conditions, based on mass spectroscopy analysis of permeate composition during transient 

permeation, and they applied it to study the behavior of a CO2/CH4 mixture in PIM-EA-TB, 

an ethanoanthracene-based (EA) polymer of intrinsic microporosity (PIM) synthesized via 

the Tröger’s base (TB) polymerization reaction [43]. In both cases, multicomponent 

diffusivity-selectivity values were lower than corresponding pure-gas values, supporting the 

theoretical predictions. 
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It is critical to separate the sorption and diffusion contributions to the overall permeation 

performance of a material. In this way, one can assess whether, in multicomponent 

permeation, separation properties (e.g., permselectivity) are controlled by sorption or by 

diffusion. Moreover, such results, when compared with analogous pure-gas data, allow us to 

understand whether pure-gas data is or is not representative of mixed-gas permeation 

performance. Therefore, such results provide valuable insight for design of new materials.  

In this study, the relative contributions of solubility-selectivity and diffusivity-selectivity 

to overall permeability selectivity are isolated by performing mixed-gas CO2/CH4 sorption 

tests and coupling them with mixed-gas permeability data from the literature. Lanč et al. [44] 

recently reported an analysis of gas solubility coefficients either determined directly from 

sorption experiments or obtained indirectly from permeability and diffusion coefficient 

measurements. They considered several high free volume glassy polymers, mostly polymers 

of intrinsic microporosity (PIMs). The authors identified a source of inaccuracy in the 

indirect determination of the solubility coefficient when it is obtained under the hypothesis of 

a linear concentration profile across the membrane, as assumed by time-lag analysis. This 

discrepancy can be mitigated, although not fully reconciled, if more realistic concentration 

profiles are calculated, using the thermodynamic version of Fick’s law [45]. 

The materials considered in this study are chemically imidized HAB-6FDA polyimide, 

which will be referred to as HAB-6FDA for brevity, and its thermally rearranged (TR) 

analogue, referred to as TR450 [46]. Aromatic polyimides exhibit excellent thermal, 

mechanical and chemical stability [26,47] and have already found commercial application in 

CO2/CH4 membrane separations [15]. On average, these materials are characterized by low 

permeability and high ideal selectivity, owing to their high chain stiffness and low free 

volume, which enhances differences in the mobility of penetrants inside the polymer. 

However, if dianhydrides incorporating a spiro center are used, polyimides of intrinsic 

microporosity can be obtained (PIM-PI). In these materials, the use of kink units promotes 

less efficient chain packing, resulting in higher free-volume and, consequently, higher gas 

permeability accompanied by moderate permselectivities [48,49].  

TR polymers [50–52] constitute another interesting class of materials for gas separation 

applications, comprising polybenzoxazoles (PBO) and polybenzothiazoles (PBT), which are 

characterized by excellent thermal and chemical stability. Because of their exceptional 

chemical resistance, they are insoluble in most solvents and, therefore, not processable and 

unsuitable for membrane fabrication. Nonetheless, Park et al. [50] circumvented this 

limitation by showing that, starting from aromatic polyimide precursors that were highly 
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soluble in common solvents, they could obtain insoluble PBO and PBT membranes through 

an irreversible molecular rearrangement process at high temperatures (350 – 450 °C). Since 

this viable processing route to obtain PBO and PBT films became available, these materials 

have received increasing attention for membrane separation applications [13,53–58]. They 

show higher permeability values with respect to the polyimide precursors while maintaining 

good selectivity, which make them interesting candidates for gas separation, especially for 

CO2/CH4 and CO2/N2 separations; for these gas pairs, these materials lie above the 2008 

Robeson upper bound [59,60]. Positron annihilation lifetime spectroscopy (PALS) 

measurements and molecular modelling have revealed that, during the rearrangement process, 

a favorable free volume distribution for gas separation is created, which is described as 

hourglass-shaped. A large average cavity size, favoring high permeability, is coupled with a 

narrow cavity distribution and small bottlenecks connecting the cavities, which confer higher 

ideal selectivity compared to other materials with a similar fractional free volume 

[50,51,61,62]. The rigid backbone structure of PBOs, made up of interconnected heterocyclic 

rings that have very high rotational barriers, making the microstructure of the materials rather 

stable in regards to ageing and plasticization, as evidenced by low hysteresis in repeated 

pressurization-depressurization cycles [50,63–65]. This characteristic is critical when CO2, 

water or other condensable species, such as heavy hydrocarbons, are present in the mixture to 

be separated. 

The gas transport properties of HAB-6FDA and its TR derivatives have been extensively 

characterized: pure-gas sorption [46], pure-gas permeation [66] and mixed-gas permeation of 

CO2 and CH4 [20], also as a function of temperature [67], have been reported. In this study, 

characterization of these materials was expanded by performing mixed-gas CO2/CH4 sorption 

experiments.  

Because mixed-gas sorption tests are significantly more sensitive and time-consuming 

than pure-gas tests, there is a great potential advantage in using modelling tools to predict 

mixed-gas behavior using only pure-gas information. If model predictions are shown to be 

reliable, meaningful information about multicomponent behavior could be obtained directly 

from the pure-gas data already extensively available in the literature. 

Mixed-gas sorption calculations can be performed using the well-established Dual Mode 

Sorption (DMS) model [68–77], which was extended and applied to multicomponent 

mixtures by Koros et al. [78–80]. Alternatively, one can use thermodynamics-based models 

to predict sorption equilibria in glassy polymers. The Non-Equilibrium Thermodynamics for 

Glassy Polymers approach (NET-GP) [81–85] provides an extension of the Equations of 
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State (EoS) approach to nonequilibrium materials and has been successfully applied to 

calculate gas and vapor sorption in glassy polymers [85–90]. Both the multicomponent DMS 

and the NET-GP approaches will be described in a following section; it is significant to note 

that they can perform mixed-gas sorption calculations predictively, since only pure-gas 

sorption data are needed to parameterize them. 

In this work, mixed-gas CO2/CH4 sorption isotherms in HAB-6FDA and its TR450 

variant were predicted using pure-gas sorption isotherms as input, employing both the DMS 

model and the NET-GP approach. The results of the calculations and the accuracy of the 

models were validated through direct comparison with measured experimental data.  
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2. Materials and Methods 

2.1. Polymer synthesis and film casting 

HAB-6FDA polyimide (Figure 1a) was synthesized from 3,3’-dihydroxy-4,4’-diamino-

biphenyl (HAB) and 2,2’-bis- (3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) 

by a two-step polycondensation method with chemical imidization, using a method that was 

previously reported [46] and here briefly recalled. Prior to use, HAB (> 99 %, ChrisKev) was 

dried at 50 °C under vacuum for 24 h. 6FDA (99%, Sigma Aldrich) was dried in a vacuum 

oven for 6 h at 200 °C at -10 inHg, then cooled to 120 °C and dried under full vacuum for 24 

h. After flame drying all glassware to minimize exposure to water, 20 mmol of HAB was 

added to 80 mL of N-methyl-2-pyrrolidone (NMP) (anhydrous, 99.5%, Sigma Aldrich) and 

stirred with a mechanical stirrer until the diamine dissolved completely. After placing the 

reaction flask in an ice bath, 20 mmol of 6FDA was slowly added to the mixture, allowing 

each addition to dissolve prior to the next addition. An additional 10 mL of NMP was added 

to the flask to bring the mixture to 15 wt% solids. The resulting mixture was stirred for 

roughly 12 h, allowing the solution to gradually return to room temperature. The resulting 

poly(amic acid) was imidized using standard chemical imidization techniques [46,91,92]. To 

the reaction flask, 160 mmol of pyridine (anhydrous, 99.8%, Sigma Aldrich) and 160 mmol 

of acetic anhydride (ACS Reagent Grade, >98.0%, Sigma Aldrich) were added, along with 

additional NMP to bring the mixture to 5 wt% solids. Imidization was allowed to proceed at 

room temperature for 24 h, while stirring. The resulting polyimide was precipitated in 

methanol (solvent grade, Fisher Scientific), and the solids were separated from the reaction 

mixture by vacuum filtration. To remove any residual solvent, the polyimide powder was 

soaked in methanol for 24 h, followed by vacuum filtration, and it was dried under full 

vacuum for 24 h at 120 °C and then 48 h at 200 °C.  

Polymer films were cast from N,N-dimethylacetamide (DMAc) solutions of 

approximately 5 wt% solids. Solutions were filtered through a 5 μm polytetrafluoroethylene 

filter and cast onto a flat glass plate with a glass ring attached. Films were dried in a vacuum 

oven at 80 °C overnight at -10 inHg. As the solvent evaporated, additional vacuum was 

pulled to maintain a partial vacuum of -10 inHg. After the bulk of the solvent was removed, 

the resulting film was dried at 200 °C under vacuum overnight to remove residual DMAc. 

Thermogravimetric analysis confirmed that this protocol ensures total removal of the solvent 

[46]. 
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2.2. Thermal Rearrangement 

The rearrangement reaction is typically performed at temperatures from 350 to 450 °C 

[46]. The mass loss during the process is used to estimate the conversion of the polyimide 

precursor to the final PBO TR structure (Figure 1b) because, in the absence of significant 

thermal degradation, all mass loss should be due to thermal rearrangement. Eq. (1) was used 

to estimate the percent conversion of the polyimide precursor to TR polymer, which was 

about 71% for the material used in this study: 

Actual mass loss
% Conversion 100

Theoretical mass loss
= ×  Eq. (1) 

Thermal rearrangement was performed by first placing the polyimide films between 

ceramic plates to prevent curling. The ceramic plates were then placed in a tube furnace and a 

nitrogen (Airgas, 99.999%) flowrate of 900 mL/min was used to create an inert environment 

during the thermal treatment. The samples were then heated to 300 °C, using a ramp rate of 

5 °C/min, and held at 300 °C for 1 h to ensure complete imidization. Then, temperature was 

increased at 5 °C/min to the target thermal rearrangement temperature (450 °C), where the 

sample was held for the desired amount of time (30 minutes). The furnace was then cooled to 

ambient conditions at a rate no greater than 10 °C/min. After treatment, the films were not 

cracked or curled and were suitable for subsequent transport and characterization. This 

heating protocol was used to expose the samples to thermal histories similar to those reported 

in previous studies of TR polymers, as it ensures minimal thermal degradation and yields 

percent conversions comparable to those of previous studies [20,46,50,51,66]. The properties 

of the samples and the amount of each polymer used for the sorption tests are summarized in 

Table 1. Of note, the TR450 sample was obtained from a fresh sample of HAB-6FDA that 

was not previously tested at the pressure decay. 

(a) HAB-6FDA 
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(b) TR450 

 

Figure 1: Chemical structures of (a) HAB-6FDA, and (b) TR450. 

 

Table 1. Properties of HAB-6FDA and TR450 samples used for pure- and mixed-gas sorption test. 

 Thickness 
(µm) 

Mass  
(g) 

Density 
(g/cm3) [93] 

FFV (%) 
[66] 

Conversion 
(%) 

HAB-6FDA 55 ± 4 0.342 1.407 ± 0.009 15.0 / 

TR450 43 ± 1 0.351 1.340 ± 0.010 19.6 70.8 

 

2.3. Mixed-Gas Sorption Tests 

Using an in-house built apparatus already described in detail [29,30], we performed 

mixed-gas sorption tests for a CO2/CH4 gas mixture at an equilibrium composition of about 

30 mol% CO2 at different total equilibrium pressures. The system is shown schematically in 

Figure 2 and consists of a pressure decay device coupled to a gas chromatograph (Varian Inc. 

– CP-4900 Micro GC). The apparatus is submersed in a water bath to maintain temperature 

control and can function over a wide range of pressures (0-35 bar), temperatures (25-65 °C), 

and compositions (0-100 mol% CO2). A Honeywell-Super TJE pressure transducer (PT01) 

with a full-scale range of 500 psia was used to measure the pressure. To stabilize the pressure 

reading with respect to temperature fluctuations, that part of the pressure transducer not 

immersed in the water bath was further insulated using a heating coil in which the fluid of the 

bath is continuously recirculated. All tests were performed at 35 °C. 

The measurement protocol adopted for mixed-gas tests with this apparatus was optimized 

to maximize the flexibility of the equipment. It was reported in greater detail elsewhere [29] 

and is recalled here briefly for the reader’s convenience. Initially, the loading pressures of the 

two gases need to be estimated, in order to obtain the desired composition (in the present case, 

30 mol% CO2) of the final gas mixture in equilibrium with the sample. This is accomplished 

by using pure-gas sorption isotherms to parameterize the NELF model (as detailed in the next 

section) and then employing the model to predict the gas concentration sorbed inside the 

polymer in pure- as well as in mixed-gas conditions. With this information, mass balances 

can be solved to calculate the loading pressures of the two gases. The first step in a mixed-gas 

equilibrium point measurement requires pressurizing the pre-chamber with the more 

condensable gas (CO2) after keeping the sample under vacuum overnight. The gas is then 



11 
 

expanded into the sample chamber. Once a constant pressure is reached, V05 (see Figure 2) 

is closed and the pre-chamber is evacuated. This first part of the experiment is a pure-gas 

pressure decay sorption experiment step, allowing us to collect pure-gas CO2-sorption 

information while also performing mixed-gas experiments. Subsequently, the less 

condensable gas, CH4, is loaded in the pre-chamber at the desired pressure, and V05 is 

opened to allow the two gases to mix. When a constant pressure is reached, the polymer 

sample is isolated (V05 is closed), and the gas mixture, now at equilibrium pressure and 

composition, is expanded from the pre-chamber into the backup volume, used as a reservoir 

from which samples of gas are collected to measure the gas composition with a gas 

chromatograph (GC). These measurements provide the necessary information to calculate, 

via mass balances, the amount of each gas sorbed by the sample. Because of the high 

sensitivity of the final sorption values to the GC results, the GC test is repeated at least 10 

times to minimize the experimental uncertainty in the gas phase composition. High 

repeatability in the composition measurement was verified, with values for standard 

deviations of the mean below 0.2%, an acceptable threshold for these tests. 

The order in which the gases are fed to the apparatus is important because of their 

different conditioning effects on the membrane structure. CO2, being predominantly 

responsible for any polymer dilation, is the first gas to which the polymer is exposed. In this 

way, when the second gas, CH4, is loaded into the system, the polymer density is already 

comparable to the relaxation conditions that would result if the membrane were exposed 

directly and continuously to a mixture at 30 mol% of CO2. The amount of CH4 absorbed is 

thus closer to that of a real-world membrane separation apparatus. Operating the other way 

around, pure CH4 would not cause the same extent of polymer swelling, and the overall 

amount of CH4 absorbed would likely be underestimated. In mixed-gas tests, vacuum is 

pulled after each equilibration stage, and therefore a sorption isotherm is obtained through a 

series of “integral” steps, in which the equilibrium pressure is progressively increased. The 

loading pressures of both gases are estimated to obtain the same equilibrium mixture 

composition (i.e., 30 mol% in this case) for each pressure point in the sorption isotherm. 

Conversely, “differential” steps are usually performed to obtain a pure-gas sorption isotherm. 

The procedure used to perform “differential” steps differs from that used to perform “integral” 

ones because each point of a sorption isotherm taken in a “differential” experiment is 

obtained by adding gas to increase the pressure in the polymer chamber already at 

equilibrium with the gas from the previous point. Pure gas sorption isotherms of CO2 and 

CH4 in HAB-6FDA and of CH4 in TR450 were measured with the differential method, while 
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pure CO2 sorption in TR450 was measured with the integral method, during the first step of 

each mixed-gas sorption test, as described previously. 

 
Figure 2. Schematics of the pressure decay apparatus used to measure mixed-gas sorption isotherms. 
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3. Theoretical Background 

3.1. Solution-Diffusion Model 

The transport of small molecules in dense polymeric membranes is described by the 

solution-diffusion model [19]. In this model, the permeability (��), which is defined as the 

steady-state flux of species i multiplied by membrane thickness and divided by the driving 

force (i.e., fugacity difference across the membrane), can be expressed as the product of the 

solubility (��) and diffusion coefficients (��) of species i, provided that the penetrant diffuses 

through the material following Fick’s Law and that there is negligible pressure on the 

permeate side: 

�� = ���� Eq. (2) 

In this model, the selectivity of the polymer (permselectivity), which is equal to the ratio 

between the permeability coefficients of the two gases, contains a solubility-selectivity and a 

diffusivity-selectivity factor:  

��,
 = ���
 = ���

���
 = ��,
� ��,
�  

Eq. (3) 

Our work is focused on sorption measurements and modelling. To calculate the 

solubility-selectivity, the following relation was used: 

��,
� = ���
 = � ��⁄
 �
⁄  
Eq. (4) 

where � is the concentration, and �� is the fugacity of each gas. If the concentrations used in 

Eq. (4) were measured in a mixed-gas experiment, the multicomponent solubility-selectivity 

would be obtained. If these values are not available and pure-gas concentrations are used 

instead, the expression remains the same, but the so-called ideal solubility-selectivity is 

calculated. The fugacity of the gases at various pressures was calculated using the 

Peng-Robinson equation of state [94]; the binary parameter ����/��� = 0.09 [95] was used for 

the mixed-gas case at all compositions. 

 

3.2. Dual Mode Sorption Model 

The most widely used model to represent gas sorption isotherms in glassy polymers is the 

Dual Mode Sorption (DMS) model [68–77]. According to this model, two different gas 

populations can be recognized inside a glassy polymer, one dissolved in the dense portion of 
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the material, whose behavior can be described by Henry’s law, and one saturating the 

nonequilibrium excess free volume of the polymer, described by a Langmuir isotherm, 

typically used to describe gas sorption in porous materials. The total concentration of sorbed 

gas, as a function of gas fugacity, can be expressed as a sum of these two contributions: 

� = ��,��� + ��,�� ����1 + ���� Eq. (5) 

The parameter ��,� is Henry’s law constant, �� is the Langmuir affinity constant, and ��,��  

is the Langmuir capacity constant. For every gas-polymer pair, these three parameters are 

estimated via a nonlinear least-square best fit of sorption data.  

The extension of this model [78,79] to multicomponent sorption is based on the argument 

that the presence of a second penetrant j will not affect the capability of the first penetrant i to 

sorb in the Henry’s law mode. However, the various penetrants will compete to occupy the 

unrelaxed free volume of the polymer and, consequently, the sorbed gas concentration in the 

Langmuir mode is expected to decrease with respect to the pure-gas case for both penetrants. 

This model hypothesizes that the amount of unrelaxed free volume is fixed and limited. 

Under the further hypothesis that the affinity parameter, �, Henry’s constant, �� , and the 

molar density of a component sorbed inside the Langmuir sites are independent of the 

presence of other penetrants, the expression for the concentration of component i in the 

presence of a second component j is as follows: 

� = ��,��� + ��,�� ����1 + ���� + �
�
 Eq. (6) 

In this expression, the characteristic gas-polymer parameters of the model are identical to 

those obtained from the best fit of pure-gas isotherms calculated using Eq. (5). Once these 

parameters are determined from the pure-gas data, they can be used to predict the 

concentration of each gas at mixed-gas conditions, at any composition of interest, via Eq. (6).  

 

3.3. Nonequilibrium Lattice Fluid Model 

The Non-Equilibrium Thermodynamics for Glassy Polymers (NET-GP) approach [81–

85] is a thermodynamics-based framework that provides an extension of Equation of State 

(EoS) theories to nonequilibrium materials, like glassy polymers. Therefore, it is suitable for 

calculating the solubility of low molecular weight species in glassy polymers. In the NET-GP 

approach, the state of the system is described by the same set of state variables as in 

equilibrium thermodynamics models, i.e. temperature, pressure and composition. However, 
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in addition, the actual nonequilibrium density of the glassy polymer, ��� , which is 

responsible for its departure from equilibrium, is used as an internal state variable and 

accounts for all effects of thermal history and formation of the polymer. This approach 

provides expressions for the nonequilibrium chemical potential of an EoS of choice to be 

used in phase-equilibrium calculations that yield sorption isotherms: 

!�"#(�� )$%, &, ', ��� ( = !�#)(*+,)(%, &, -) Eq. (7) 

where % is the temperature and & the pressure of the system, ' is the composition vector of 

the polymer phase, - is the composition vector of the gas phase,  ���  is the nonequilibrium 

density of the polymer phase, !�"#(�� ) is the chemical potential of species i in the polymer 

phase, and !�#)(*+,) is the chemical potential of species i in the gas phase. 

Specifically, the Non-Equilibrium Lattice Fluid (NELF) model [81–83], which is the 

extension of the Sanchez-Lacombe (SL) EoS [96–98] to the nonequilibrium state of glassy 

polymers by means of the NET-GP theory, was used in this work to calculate sorption 

equilibria. In the lattice fluid representation, matter is seen as a lattice whose cells can be 

empty or occupied by sections of a molecule, and expressions for the energy and entropy of 

the system are obtained through statistical thermodynamics arguments. The characteristic 

pure-component parameters used in those expressions are: the molar volume of a lattice cell 

of component i (.�∗), number of lattice cells occupied by a molecule of component i (0�), and 

the non-bonded interaction energy between two cells occupied by component i ( 1�∗ ). 

Alternatively, the characteristic temperature (%�∗), pressure (&�∗) and density (��∗) can be used. 

Their relationships with .�∗ , 0�  and 1�∗  are given in Table S1 of the SI file, alongside the 

definitions of all other pure-component parameters and reduced variables as well as mixing 

rules. Pure-component parameters from the literature for all components used in this work are 

summarized in Table 3. 

The expression for the chemical potential of the SL model, to be used in Eq. (7), is given 

below.  

 !�2% = 34(�56�) − 34(1 − �5) 80�9 + 0� − 0�9�: ; − 0� − �5 0�9<�∗2% =&�∗ + > 6�$&
∗ − ∆&�,
∗ ("

@A B + 1 Eq. (8) 

The term ∆&�,
∗  contains a binary interaction parameter, ��
, which measures the departure 

of polymer-penetrant interactions from the geometric mixing rule predicted by Hildebrand’s 

regular solution theory [99]. This parameter is obtained for each polymer-penetrant pair by 
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fitting pure-gas sorption isotherms in the low-pressure range. For the gas phase, which is an 

equilibrium phase, the density value used in Eq. (8) to calculate !�#)(*+,)  is obtained by 

solving the SL EoS (Eq. (9)) for the density: 

�5 = 1 − exp 8− �5F
%G − &5%G − �5 H1 − > 6�0�

"
� I; Eq. (9) 

On the other hand, for the calculation of !�"#(�� ) using Eq. (8), the density value cannot 

be obtained by solving the EoS, due to the nonequilibrium state of the polymer phase. In fact, 

the NET-GP approach requires as input the experimental value of the polymer density at each 

pressure point used in the computation of the sorption isotherm. Especially at high pressure, 

and when swelling gases like CO2 are present, experimental dilation measurements are 

necessary. However, in the absence of such data, a linear relation between the polymer 

specific volume and the partial pressure of the penetrants can be assumed: 

 

1��� = 1��� 9 J1 + > �,K,�&�
"L

�@A M Eq. (10) 

where ��� 9  is the mass density of the dry polymer, N� is the number of gaseous species in the 

mixture,  &� is the partial pressure of each gas in the gas phase, �,K,� is an adjustable swelling 

coefficient, and ���  is the mass density of the dilated polymer. For each gas, the value of 

�,K,� can be obtained by fitting the pure-gas sorption isotherm in the high-pressure range, 

after the appropriate value of ��
 is obtained. Linear volumetric dilation with increasing gas 

pressure was observed experimentally during sorption of light gases in glassy polymers 

[100,101]. In some instances, however, a concave trend with pressure was also documented, 

curving either downward [102] or upward [103], with higher deviations from linearity at high 

pressure. However, in the absence of indications for the specific case at hand, and since 

partial pressures of CO2 lower than 10 bar are used in the mixed-gas tests, a linear relation 

was adopted. This assumption yields good results in NELF model calculations of sorption of 

light gases in a variety of glassy polymers [85]. 
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4. Results and Discussion 

4.1. Experimental: Sorption Isotherms 

Pure CH4 sorption in HAB-6FDA was measured at 35 °C using the differential method, 

followed by pure CO2 sorption measurement at the same temperature. For TR450, the pure 

CH4 sorption isotherm was also measured first, using the differential method, while pure CO2 

sorption was obtained subsequently in the course of the mixed-gas test, as described 

previously. The comparison with pure CO2 and CH4 sorption isotherms from the literature 

[46,67] shows good agreement and is reported in Figure S1 of the Supplementary 

Information file. In addition, diffusion coefficients of CO2 and CH4 in HAB-6FDA were 

calculated from analysis of sorption kinetics, and the results compared favorably with those 

obtained by using the time-lag method of Sanders et al. [66]. Pure-gas diffusion coefficients 

as a function of gas concentration are shown in the SI file, Figure S2, alongside the 

calculation procedure. 

Subsequently, the mixed-gas sorption test was performed. Figure 3 shows the 

experimental sorption data for a CO2/CH4 mixture in HAB-6FDA and TR450 at 35 °C. The 

average final composition of the gas mixture in equilibrium with the polymer was 28.9 ± 0.3 

mol% CO2 in the case of HAB-6FDA and 29.5 ± 0.2 mol% CO2 in the case of TR450. 

Standard deviations were calculated using the law of propagation of unbiased errors, 

considering the uncertainties in pressure readings, volume calibration and gas phase 

composition analysis [104]. 

By comparing the mixed-gas result with the corresponding pure-gas sorption isotherms, it is 

possible to recognize, for both materials, the typical behavior observed for multicomponent 

sorption in glassy polymers [29–32]: the presence of around 70 mol% CH4 has little effect on 

CO2 sorption, while CH4 is markedly affected by the presence of CO2. In the case of 

HAB-6FDA, CH4 experiences, on average, a 53% concentration decrease due to the presence 

of CO2, while in the case of TR450, the decrease averages 51%, with respect to the pure-gas 

values at the same fugacity. For comparison, the average CO2 sorbed concentration decrease 

is 4% in HAB-6FDA and 12% in TR450. These results highlight the competitive nature of 

multicomponent sorption in glassy polymers, with the less condensable gas being more 

strongly excluded from the polymer, even though it is the most abundant in the gas phase.  
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Figure 3. Empty symbols: Mixed-gas sorption isotherms of CO2 (red) and CH4 (black) at 35 °C (~30 mol% CO2 
composition) in HAB-6FDA (a) and TR450 (b). Filled symbols: pure-gas CO2 (red) and CH4 (black) sorption isotherms. 

 

4.2. Modelling  

4.2.1. Pure- and Mixed-gas Sorption Isotherms  

Pure-gas CO2 and CH4 sorption isotherms at 35 °C in HAB-6FDA and TR450 were fit to 

the Dual Mode Sorption model using the fugacity-based relation in Eq. (5). The  DMS model 

parameters are sensitive to, among other factors, the parameter estimation methodology 

[20,105–107]. Therefore, four different parameterization routes were examined. The different 

tests are described in detail in the Supplementary Information file and involved minimizing 

either the concentration or the solubility squared differences, and weighting or not weighting 

the squared differences with the inverse squared experimental errors [104]. The parameters 

obtained for CO2 and CH4 in both materials are summarized for each minimization method in 

Table S2 of the SI file. A comparison of the pure- and mixed-gas sorption representation 

yielded by each parameter set is presented in Figure S3 of the SI file. As expected, different 

parameter sets were obtained in each case, yielding predictions of varying accuracy for the 

mixed-gas case. In the case of HAB-6FDA, a very good representation of mixed-gas data was 

given by the parameter set obtained by minimizing the error-weighted solubility squared 

differences, even though this was accompanied by a less accurate pure CO2 sorption 

representation, especially at high pressure, compared to the other cases. On the other hand, in 

the case of TR450, the parameters obtained by minimizing the unweighted concentration 

differences yielded the best results. The best parameter set for each of these best cases was 

selected and is recorded in Table 2. The pure-gas and mixed-gas sorption isotherms of a 

30 mol% CO2 mixture calculated with Eq. (6) are shown in Figure 4. 
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Table 2. DMS model fugacity-based parameters for CO2 and CH4 sorption in HAB-6FDA and TR-450 at 35 °C. 

 Gas 

�� 

O P�QRSP�� S �T0U 

���  

OP�QRSP�� S U 

� 

(�T0VA) 
HAB-6FDA 

CO2 1.678 26.07 0.659 

CH4 0.015 32.00 0.051 

TR450 

CO2 1.852 57.95 0.470 

CH4 0.812 26.01 0.215 

  

Pure-gas sorption of several gases at different temperatures in HAB-6FDA and its TR 

variants was successfully modelled by Galizia et al. [93] using the NELF model. In their 

work, pure component parameters of the Sanchez-Lacombe EoS for HAB-6FDA and TR450 

were obtained, as well as the binary interaction parameters and swelling coefficients for CO2 

and CH4. Here, we used pure component parameter sets from the literature (reported in Table 

3) to model our measured pure-gas sorption isotherms, in order to optimize the values of the 

adjustable parameters, kij and ksw. The values obtained are reported in  

Table 4.  

Moreover, mixed-gas sorption calculations require the use of a binary interaction 

parameter for the gas pair. The value of the CO2/CH4 binary interaction parameter was 

optimized by fitting the CO2/CH4 pressure-volume-temperature-composition curves reported 

by Liu et al. [108] to the Sanchez-Lacombe EoS. The details of the calculation are reported in 

the SI file. A value of –0.03 was obtained, which was used in all mixed-gas sorption 

calculations with the NELF model. The effect of this parameter on the results is discussed in 

more detail below. 

 
Table 3. Pure component parameters for the Sanchez-Lacombe EoS of the gases and polymers considered in this study. 

 %∗(W) &∗ (X�T) �∗ (Y/PS) Ref. 

HAB-6FDA 720 481.1 1.609 [93] 

TR450 930 446.9 1.528 [93] 

CO2 300 630 1.515 [81] 

CH4 215 250 0.500 [83] 
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Table 4. Binary interaction parameters and swelling coefficients used in mixed-gas sorption calculations with the NELF 
model at 35 °C. 

 ��
 �Z[ (X�T−1) 
HAB-6FDA/CO2 -0.025 0.007 

HAB-6FDA/CH4  0.052 0 

TR450/CO2 -0.085 0.023 

TR450/CH4 -0.037 0 

CO2/CH4 -0.03 / 

 
For comparison, the results of mixed-gas sorption calculations with the NELF model are 

presented in Figure 4 alongside those obtained with the DMS model and the experimental 

measurements. Note that neither model requires additional parameters to take into account 

the mixed-gas effects in the ternary (i.e., polymer plus two different gases) system, and all the 

system-specific parameters come from the best fit of pure-gas sorption data. This makes these 

models potentially powerful tools, given that in recent decades pure-gas sorption has been 

characterized for a wide variety of polymer materials and that, for most of them, NELF and 

DMS parameters have been already reported in the literature or can be readily obtained. 

As can be observed, both models qualitatively capture the competitive nature of the 

multicomponent sorption, predicting a reduction in the solubility of both gases in both 

materials. Quantitative agreement with the data, however, is markedly different among the 

various cases. For CO2 sorption in HAB-6FDA, the results of the two models for the mixed-

gas case are almost indistinguishable, with an average relative deviation of 6% from the 

experimental data in the case of NELF and 7% in the case of the DMS model. For CH4 

sorption in the same material, the DMS model prediction has an average 19% relative 

deviation from the data, while that of the NELF model is 8%. In the case of TR450, the DMS 

model accuracy (23% average deviation for CO2, 100% for CH4) is significantly lower than 

that of the NELF model (14% average deviation for CO2, 25% for CH4). The average 

experimental standard deviations offer a frame of reference for evaluating the accuracy of the 

modelling results: 12% and 63% in the case of CO2 and CH4 mixed-gas sorption in HAB-

6FDA, while in the case of TR450 they are 5% and 24%, respectively. The average relative 

deviations obtained with the two models and the average confidence intervals are compared 

in Figure S5 in the SI file. 
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Figure 4. Experimental data of pure- and mixed-gas (30 mol% CO2) sorption isotherms at 35 °C of CO2 (red) and CH4 
(black) in HAB-6FDA, (a) and (b) respectively, and TR450, (c) and (d) respectively, together with mixed-gas predictions 
obtained with the NELF model (dashed lines) and the multicomponent Dual Mode Sorption model (blue dot-dash lines). 

 

A potential source of variability in the NELF model calculation comes from the 

uncertainty in dry polymer density measurements. To test the robustness of the model with 

respect to this factor, the entire density error bar of HAB-6FDA and TR450 was covered to 

evaluate the effect of this quantity on mixed-gas sorption calculations. The effect of density 

variation on the values of the adjustable parameters is reported in Table S5 in the SI, and the 

results are compared in Figure S6 in the SI. Remarkably, the results show limited variability: 

at the extremes of the density error bar, the average relative deviations for CO2 and CH4 

sorption in HAB-6FDA are 0.7% and 1.6%, respectively, while in the case of TR450, it is 

0.9% for CO2 and 3.8% for CH4. Therefore, a small perturbation in the initial density value is 

compensated for by a variation of the adjustable coefficients, yielding consistent 
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multicomponent results, when the same pure-gas representation is obtained with a different 

parameter set. 

In general, the NELF model yielded mixed-gas sorption results of more consistent 

accuracy, but this does not result from the use of a larger number of parameters. Indeed, the 

NELF model requires just 2 adjustable parameters for each gas, kij and ksw, whereas the DMS 

model needs 3 adjustable parameters for each gas, ��, � and ��� . Moreover, the best DMS 

parameters were chosen, among the different sets obtained, by comparison with the 

experimental data. Regrettably, the best performing parameters were not found by following 

the same optimization routine for the two materials, which keeps this approach from being 

generalizable. Therefore, in the absence of experimental data for validation, it is not possible 

to anticipate which case would yield the best mixed-gas sorption prediction. As can be seen 

in Figure S3, for HAB-6FDA the discrepancies among the different cases would be 

extremely high. 

Explanations for the deviation of the multicomponent DMS predictions from the 

experimental data were identified originally by Koros [78] in the possible presence of 

non-negligible penetrant-penetrant specific interactions or as a consequence of swelling and 

plasticization effects, not accounted for in the model, that would make the parameters 

concentration-dependent. The effect of neglecting specific penetrant-penetrant interactions 

can be evaluated in the NELF calculation, by setting the CO2/CH4 binary interaction 

parameter equal to zero. As shown in Figure S7 in the SI, this had a negligible effect on the 

mixed-gas sorption results, both for CO2 and CH4 in HAB-6FDA and TR450, with average 

relative deviations from 0.15% to 1.2% between calculations made with kij  = –0.03 or kij  = 0. 

These results confirm the assumptions made in previous studies that used the NET-GP theory 

to calculate mixed-gas sorption calculation in glassy polymers [109]. Thus, 

penetrant-penetrant specific interactions are not believed to be a plausible explanation for the 

discrepancies that have emerged with the use of the DMS model. On the other hand, swelling 

is explicitly accounted for in the NELF model, unlike the DMS model. A sensitivity analysis 

of multicomponent DMS model calculations [110] showed that poor results in mixed-gas 

predictions can be ascribed to parametrization issues. Due to the strong coupling between 

parameters ���  and � , several different parameter sets can be found that provide equally 

satisfactory representations of the pure-gas sorption isotherms, within experimental error 

[110]. But even though these different parameter sets gave equivalent representations of 

pure-gas data, their prediction of multicomponent sorption can be either really accurate or 

really poor. Therefore, in the absence of experimental data to validate the calculated results, 
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their accuracy cannot be assumed. Gleason et al. [20] reported similar issues in their analysis 

of Dual Mode parameters for mixed-gas permeation of CO2/CH4 in HAB-6FDA and 

TR-PBOs and so resolved to include the mixed-gas data in the parametrization. Although a 

better representation of the mixed gas data was achieved, this procedure is clearly not 

predictive.  

Stevens et al. [67] reported DMS model parameters for CO2 and CH4 sorption in 

HAB-6FDA and TR450. In their work, the parameters were obtained using data sets for 3 

gases (CO2, CH4, N2) and at 5 temperatures simultaneously in the fitting procedure. Moreover, 

a temperature dependence and a relation with the critical temperature of the penetrants were 

imposed to further constrain the parameter values. This additional information was not used 

to determine our DMS parameters reported in Table 2.  

The parameters obtained by Stevens et al. [67] are reported in Table S3 for ease of 

comparison. They differ from those obtained in this work, as expected, since a different 

experimental data set and a different parametrization route were employed in their estimation. 

This DMS parameter set yielded a more accurate prediction in the multicomponent case 

(Figure S4 of the supplementary information file), in the case of both HAB-6FDA and 

TR450. Especially for the TR450 case, this is striking, considering the limited difference in 

pure-gas sorption data representation yielded by the two parameter sets. However, especially 

for CO2, a less faithful representation of the pure-gas data emerged, particularly in the 

high-pressure range. The higher reliability of a DMS parameter set optimized over a larger 

data set, such as the one reported by Stevens et al. [67], is consistent with results from 

another study on multicomponent sorption calculations with the DMS model [110], according 

to which the most accurate multicomponent predictions are not obtained with the best-fit 

parameter set regressed over one single sorption isotherm. In the same study [110], different 

parametrization schemes were tested for the prediction of CO2/CH4 sorption isotherms in 

high free volume glassy polymers (PIM-1, TZ-PIM, PTMSP). When a temperature 

dependence was imposed during the regression, the resulting DMS parameter sets yielded 

slightly more accurate multicomponent predictions. This improvement was not consistently 

observed in all the cases examined, but it appeared in the majority. Therefore, if a large 

experimental data set comprising several gases and temperatures is available, and if it is 

possible to follow the parametrization scheme adopted by Stevens et al. [67], this path would 

seem preferable to an independent parameterization at each temperature, and the 

corresponding predictions of the DMS model could be regarded with higher confidence. 
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However, from the point of view of robustness and consistency, the NELF model is always 

an appropriate choice. 

Values for the adjustable parameters of the NELF model for these systems are also 

available in the literature [93]. These parameter sets, reported in Table S6 (SI) for ease of 

comparison, were tested with respect to mixed-gas sorption calculations, and the results were 

compared with those obtained with the parameters optimized in this work (Figure S7, SI). 

Results obtained using the parameters obtained in this study were only slightly more accurate 

than the ones obtained with literature parameters. The average relative deviations between the 

curves are 5.7% in the case of CO2 sorption in HAB-6FDA, 4.3% for CH4 sorption in HAB-

6FDA, 2.3 % for CO2 sorption in TR450 and 6.7% for CH4 sorption in TR450. The 

differences are significantly smaller than in the case of the DMS model (Figure S4 in the SI). 

Therefore, in the NELF model, the use of literature parameters obtained for a different 

sample could also provide a reliable first estimate of mixed-gas sorption. 

 

4.2.2. Solubility-Selectivity 

Multicomponent solubility-selectivity values were calculated using Eq. (4) with the 

measured mixed-gas sorption data, and they are compared in Figure 5 with ideal 

solubility-selectivity values calculated from pure-gas sorption data reported in [67]. Figure 5 

also shows predictions made using the DMS and NELF models.  

The multicomponent values differ significantly from the ideal values: they are up to 6 

times higher, meaning that competitive sorption has a positive impact on separation 

performance, acting to enhance selectivity. Moreover, the mixed-gas solubility-selectivity 

under these conditions increases as total pressure increases, while the ideal values would 

suggest the opposite. The discrepancies between the multicomponent and ideal results for �� 

emphasize the necessity of accounting for multicomponent effects when designing separation 

processes. 

In the case of HAB-6FDA, both the DMS and the NELF model exhibit the same 

increasing trend with pressure shown in the experimental data, although NELF displays a 

weaker pressure dependence. The good representation of mixed-gas data yielded here by both 

models is also reflected in a closer agreement of solubility-selectivity data. However, while 

the same level of accuracy in the representation is obtained also in the case of TR450 for the 

NELF model, in this case the DMS model shows not only a weak quantitative agreement with 

the data, but also the opposite pressure dependence with respect to experimental data. 
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Figure 5. Experimental solubility-selectivity for CO2/CH4 in HAB-6FDA (a) and TR450 (b). Empty diamonds represent 
multicomponent values, filled diamonds are ideal values calculated with pure-gas sorption data. Solid lines represent 
pure-gas results obtained with the NELF model. Dashed lines represent multicomponent calculations with the NELF model, 
the dotted ones are obtained with the multicomponent DMS model.  
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5. The role of solubility-selectivity in multicomponent performance 

5.1. Analysis of mixed-gas permeation data of HAB-6FDA and TR-450 

Pure-gas measurements revealed that the main factor behind the higher permeability of 

TR polymers compared to their polyimide precursors is an order of magnitude increase in gas 

diffusivity. This result is consistent with the difference in fractional free volume between the 

materials analyzed, which increased from 15.0% to 19.6% following the thermal 

rearrangement process [66]. On the other hand, solubility increased by a factor of only ~2 

after thermal rearrangement, providing a more modest contribution to the overall increase in 

permeability. The differences in gas solubility and diffusivity between HAB-6FDA and 

TR450 are proportionally higher for CH4 than for CO2, and TR450 therefore exhibits a lower 

permselectivity than that of HAB-6FDA [46,66]. 

Gleason et al. [20] measured the pure CO2 and CH4 permeability and mixed-gas 

permeability of a 50:50 CO2/CH4 mixture in HAB-6FDA and TR450 at 35 °C. From Eq. (2), 

with the permselectivity data reported from their work [20] and solubility-selectivity values 

calculated with the NELF model, the ideal diffusivity-selectivity of the two materials was 

computed, along with the multicomponent diffusivity-selectivity for a 50:50 mixture. The 

predictions of the NELF model were validated here against experimental data measured at a 

different gas mixture composition (30 mol% CO2). Results from three different glassy 

polymer materials (PIM-1, TZ-PIM, PTMSP) [32], however, confirmed that the same 

parameter set yielded mixed-gas sorption predictions of the same accuracy for different gas 

compositions (10/30/50 mol% CO2). Therefore, having validated the parameter set at one 

composition, it is reliable and highly beneficial time-wise to use the model to predict 

multicomponent sorption isotherms at another composition, rather than to measure them at 

every gas composition of interest. 

In Figure 6 the result of this separation of permselectivity into solubility and diffusivity 

selectivities is shown for the case of pure-gas measurements. Ideal (i.e., pure-gas) 

permselectivity as a function of gas fugacity can be read on the y-axis as the total height of 

the bars. The ideal solubility-selectivity and ideal diffusivity-selectivity are also reported on 

the plot for each bar of the histogram, highlighting the contribution of each term to the 

overall permselectivity. Note that the ideal diffusivity-selectivity is the most relevant factor 

for both materials, and it is approximately 2 to 4 times higher than the ideal 

solubility-selectivity over the pressure range examined. Even though, in the pure gas case, the 

absolute value of �� is slightly higher for HAB-6FDA (i.e., 8.0 to 13.3 versus 8.0 to 8.8 for 
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TR450), it is the combination of high �� and diffusion coefficients that places TR polymers 

near or beyond the diffusivity upper bound for CO2/CH4 [60]. 

 

  
Figure 6. Pure-gas CO2/CH4 permselectivity of (a) HAB-6FDA and (b) TR450 at 35 °C [20] split into its ideal 
solubility-selectivity and pure-gas diffusivity-selectivity components. �� values were calculated using the NELF model, �� 
values were calculated as the ratio of experimental permselectivity and calculated solubility-selectivity. 

 

Typically, in CO2/CH4 separation, CO2 acts as a swelling agent, dilating the polymer 

matrix. When the CO2 content of the mixture is increased, there is often a substantial 

concomitant decrease in permselectivity, as found in materials such as cellulose acetate and 

various polyimides [23,80,111–114]. In contrast, HAB-6FDA and TR450 show a slightly 

higher permselectivity in the mixed-gas test [20]. To analyze this interesting behavior, the 

same deconvolution into solubility- and diffusivity-selectivity was performed for the 

mixed-gas case, with results shown in Figure 7. Contrary to the pure-gas case, the biggest 

contribution to selectivity in the multicomponent case comes from sorption. The increase in 

solubility-selectivity outweighs the decrease in diffusivity-selectivity and is indeed 

responsible for the higher permselectivity observed during mixed-gas permeation 

experiments, confirming the hypothesis of Gleason et al. [20]. In the multicomponent case, 

the loss in diffusivity-selectivity is higher for the TR-polymer (from -58% at around 4 bar to -

71% at about 22 bar), while the polyimide is capable of maintaining greater size sieving 

capability (i.e., diffusivity-selectivity) in the multicomponent case, especially at low 

pressures (from -426% at around 4 bar to -69% at about 22 bar). 
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Figure 7. Multicomponent CO2/CH4 permselectivity of (a) HAB-6FDA and (b) TR450 at 35 °C and 50 mol% CO2 mixture 
composition [20] split into its solubility-selectivity and diffusivity-selectivity components. �� values were calculated using 
the NELF model, �� values were obtained as the ratio of experimental permselectivity and calculated solubility-selectivity. 

 

Plotting the ratio ��/�� as a function of CO2 fugacity (Figure 8) allowed us to gather 

more information regarding the fundamental contributions of solubility and diffusivity to the 

mixed-gas permeability values reported by Gleason et al. [20]. As Figure 8 indicates, the 

higher the fugacity, the more important is the contribution of solubility-selectivity over 

diffusivity-selectivity to the overall permselectivity, which decreases monotonically with 

increasing CO2 fugacity (cf. Figure 7). TR450 has much higher values of ��/�� relative to 

the precursor polyimide, suggesting that the thermally rearranged polymer can more fully 

exploit the competitive sorption effect between CO2 and CH4. 
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Figure 8. Values of solubility-selectivity (predicted with NELF model) over diffusivity-selectivity (obtained by invoking the 
solution-diffusion model) as a function of CO2 fugacity for HAB-6FDA (yellow diamonds) and TR450 (green circles) in the 
case of a 50:50 mixture of CO2 and CH4. 

 
5.2. Estimate of mixed-gas diffusion coefficients 

We used the permeability data of Gleason et al. [20] together with NELF model 

calculations of solubility to estimate CO2 and CH4 diffusivities in HAB-6FDA and TR450 at 

35 °C, at pure and multicomponent conditions (50:50 CO2/CH4), based on the 

solution-diffusion model (Eq. (2)). The results are shown in Figure 9, where pure-gas trends, 

represented with solid lines, can be compared with the independent results of Sanders et al. 

[66] obtained using the time-lag method. Even though data from different sources are 

involved in the comparison, the agreement between the directly measured diffusivities 

(square symbols in Figure 9) and the solution-diffusion calculation results is remarkable.  

The same analysis repeated in the multicomponent case indicates that CH4 diffusivity 

increases strongly in the presence of CO2. This is a consequence of the CO2-induced swelling 

of the polymer matrix, which, given the limited ability of CH4 to dilate the material when it 

permeates alone, promotes faster diffusion of CH4 in the multicomponent case than in the 

pure-gas case at the same fugacity. In fact, the increase in the CH4 diffusion coefficient at 

multicomponent conditions relative to pure-gas conditions is stronger at higher fugacity, 

when swelling would be more pronounced, and grows from approximately 107% at 5 bar 

fugacity to 252% at 30 bar fugacity, in the case of the polyimide, and from 151% at 5 bar 

fugacity to 257% at 30 bar fugacity, in the case of TR450.  

The same scenario also explains the very similar behavior observed for CO2 in pure- and 

mixed-gas conditions. At the same CO2 fugacity, CO2 concentration inside the membrane 

barely changes in the multicomponent case relative to the pure-gas case, due to the limited 
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influence of competitive sorption by CH4 on CO2. Therefore, its swelling effect is 

comparable at pure- and mixed-gas conditions. However, when CO2 fugacity is fixed, the 

presence of CH4 in the multicomponent case can influence the diffusion paths available, even 

though it does not affect the equilibrium solubility. In the case of the polyimide, which is 

characterized by a lower free volume, the decrease in CO2 diffusivity could be ascribed to 

competition among the diffusing gases for the available free volume. On the other hand, for 

TR450, the higher free volume available makes this effect less relevant, resulting in CO2 

diffusion coefficients that nearly overlap in pure and multicomponent conditions, as shown in 

Figure 9. 

For direct comparison, Figure 10 reports ideal and multicomponent values of �� for the 

two materials. The depression of multicomponent diffusivity-selectivity shown in Figure 10 

compares well with that measured by other authors in different materials [22,33,42]. In 

particular, Garrido et al. [42] determined that, for a ~50 mol% CO2/CH4 mixture at ~2.2 bar 

partial pressure of CO2, ��  in 6FDA-TMPDA decreased from a value of ~4 in pure-gas 

experiments to ~2 in mixed-gas conditions (51 mol% CO2). Similar results reported by 

Fraga et al. [22] measured a CO2/CH4 multicomponent diffusivity-selectivity value in PIM-

EA-TB of ~2 over a wide range of compositions (10-50 mol% CO2), significantly lower than 

the value of ~4 determined by Carta et al. [43] from single-gas experiments. 

Recently, a significant increase in CH4 diffusivity at mixed-gas conditions (estimated 

through the solution-diffusion relation, like in the present study) was reported in the case of 

an equimolar CO2/CH4 mixture in PIM-Trip-TB [33] and 6FDA-mPDA [28]. In both cases, 

this was accompanied by an almost invariant CO2 diffusivity. In the case of the higher free 

volume material PIM-Trip-TB, the estimated diffusivity-selectivity in multicomponent 

conditions ranged from ~2 to ~1.5, much lower than the value of ~5 obtained for the 

polyimide 6FDA-mPDA, which agrees quantitatively with the trend displayed here by HAB-

6FDA and TR450.  
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Figure 9. Diffusion coefficients of CO2 (red) and CH4 (black) calculated as detailed in Section 5.2 in the pure-gas case 
(solid lines) and in the case of a 50:50 mixture of the two gases (dashed lines) in (a) HAB-6FDA and (b) TR450 at 35 °C. 
Blue symbols are pure-gas values from ref. [66] reported for comparison. 

 

  
Figure 10. CO2/CH4 diffusivity-selectivity of (a) HAB-6FDA and (b) TR450 at 35 °C calculated as detailed in Section 5.1 in 
the pure-gas case (filled symbols and solid line) and in the multicomponent case (empty symbols and dashed line) for a 
50:50 mixture (dashed lines). Blue symbols are pure-gas values from ref. [66] reported for comparison. 

 

 
5.3. Comparison with other glassy polymers 

The solubility-selectivity and diffusivity-selectivity in pure-gas and mixed-gas conditions 

are compared for several polymeric membrane materials in Figure 11. A summary of the 

sources of the experimental data and the conditions under which they were obtained is given 

in Table 5. Note that, in order to obtain the selectivity values shown in Figure 11, Figure 12 

and Figure 13, the values of permeability, diffusivity and solubility were collected, for the 

same material, from different literature sources. Therefore, they refer to samples of the same 
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polymer with similar, but not identical, preparation protocols and history. Samples of the 

same material obtained in different studies can display slightly different gas transport 

properties, but despite some limited quantitative uncertainty due to combining data from 

different sources, the qualitative trends emerging from the present analysis are consistent and 

meaningful. 

In the case of ultrahigh free volume glassy polymers, such as PIMs, the sorption factor 

plays a more significant role in ideal selectivity, so they are located closer to the parity-line 

than are materials like HAB-6FDA and TR450. Sometimes, as in the case of PIM-1 and 

cellulose triacetate (CTA), the ideal solubility-selectivity is even larger than the ideal 

diffusivity-selectivity [43,115,116], which is typical of behavior observed for rubbery 

materials, such as PDMS [34]. Mixed-gas experiments showed that solubility-selectivity 

increases relative to pure-gas solubility selectivity, presumably due to competitive sorption 

favoring solubility of CO2 under mixed-gas conditions [32]. On the other hand, mixed-gas 

diffusivity-selectivity is always lower than pure-gas diffusivity-selectivity, as shown in 

Figure 11 and, even more clearly, in Figure 12, where multicomponent permselectivity, 

solubility- and diffusivity-selectivity are compared to their analogous pure-gas values. This 

behavior is displayed by polymers belonging to very different categories (i.e., PIMs, 

polyimides, TR polymers and cellulose acetate), and in particular, it is common also to 

materials that, based on pure-gas data, would be considered predominantly 

diffusivity-selective, like HAB-6FDA and TR450.  

Concerning performance metrics, such as positioning with respect to the Robeson 

upper-bound at mixed-gas conditions, the same behavior was observed in all materials for 

which the contributions of multicomponent sorption and diffusion were isolated. 

Solubility-selectivity plays a decisive role in multicomponent permeability selectivity, while 

higher diffusivity is responsible for superior permeability, as reported in Figure 11. For 

instance, in the case of PIMs, their solubility-selectivity alone brings them very close to the 

upper bound.  

Robeson et al. [60] analyzed the transport properties of TR polymers and PIMs relative to 

the upper bound and identified the importance of high solubility (compared to other 

materials) rather than high solubility-selectivity in shaping the exceptional performance of 

these families of materials. Although the current database for mixed-gas sorption is quite 

limited, the available evidence tends to support their conclusion that competitive sorption 

affects different families of polymers in a similar way.   
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Table 5. Experimental conditions and source for the data represented in Figure 11, Figure 12, Figure 13. 

Ideal case Multicomponent case 

Ref. T (°C) P (bar) Ref. %CO2 T (°C) P (bar) 

PIM-1 [25,115] 35 10 [25] 50 35 10 

TZ-PIM [21,32] 35 10 [21,32] 50/80 35 - 

PIM-EA-TB [43] 35 1-7 [22,117] 30 35 1 

AO-PIM [25] 35 10 [25,118] 50 35 10 

PIM-Trip-TB [33] 35 3 [33] 44 35 3 

HAB-6FDA [46,66,67] 35 10 [20] This work 50 35 10 

TR-450 [46,66,67] 35 10 [20] This work 50 35 10 

Matrimid [87,119,120] 35 2 [41,120] 55 35 2 

6FDA-mPDA [28] 35 24 [28] 44 35 24 

6FDA-TADPO [121] 35 10 [27] 50 35 10 

PPO [122] 35 10 [123] 50 35 10 

CTA [124,125] 35 10 [125,126]  43/50 35 12 

 

 

 
Figure 11. Comparison of CO2/CH4 diffusivity- and solubility-selectivity in pure-gas and mixed-gas conditions for several 
polymeric materials. Sources of the experimental data and conditions of the tests are reported in Table 5. 
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Figure 12. Comparison of ideal (i.e., pure-gas) and multicomponent (i.e., mixed-gas) values of the CO2/CH4 permselectivity, 
diffusivity- and solubility-selectivity for several polymeric materials. Sources of the experimental data and conditions of the 
tests are reported in Table 5. 

 

  

 
Figure 13. CO2/CH4 Robeson upper bound and relative positioning of several materials in multicomponent conditions 
(sources and conditions of the tests are reported in Table 5). In the shaded column, solubility- and diffusivity-selectivity 
values are reported. 
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6. Conclusions 

In this study, multicomponent CO2/CH4 sorption was measured in HAB-6FDA polyimide 

and its thermally rearranged derivative, TR450, at 35 °C and ~30 mol% CO2 mixture 

composition. The results of mixed-gas sorption experiments are consistent with those 

obtained for other glassy polymers and indicate that pronounced non-idealities due to 

competitive sorption are responsible for significant deviations of the multicomponent 

behavior from the pure-gas behavior. 

Competitive sorption enhances the CO2/CH4 solubility-selectivity of glassy polymers: the 

less soluble gas (CH4) experiences a significant exclusion effect (i.e., depression in solubility) 

when the other gas is present, while CO2 sorption is barely affected by the presence of CH4. 

Modelling analysis of the mixed-gas sorption data was performed with the 

Non-Equilibrium Lattice Fluid model and the Dual Mode Sorption model. The results were 

validated against the mixed-gas measurements performed in this work. 

It was possible to accurately predict multicomponent sorption with the NELF model using 

only pure-component parameters and binary parameters obtained from pure-gas sorption 

isotherms, and also with parameters already available in the literature. On the other hand, the 

accuracy of the DMS model calculations was strongly dependent on the method used to 

determine the model parameters, and the best results were obtained when a multi-temperature 

and multi-penetrant parameter fitting scheme was adopted. For both models, the mixture data 

were not used to obtain the model parameters, so multicomponent sorption can be calculated 

predictively if pure-gas sorption data are available. Since pure-gas measurements are widely 

accessible in the literature, a computationally inexpensive and reliable multicomponent 

model is a powerful tool for extracting additional and meaningful information from existing 

data. 

A combined analysis of mixed-gas permeation and sorption data revealed that, when 

multicomponent effects are taken into account, the balance between the diffusivity and 

solubility factors is reversed, and the selectivity of the materials is solubility-driven. The 

presence of a swelling agent, such as CO2, has a detrimental effect on the diffusivity-

selectivity of the material, due to enhanced diffusion of CH4 in the swollen polymer, and 

separation becomes controlled by solubility-selectivity. Nonetheless, high diffusivity values 

are key to achieving high permeability coefficients. Therefore, high free volume materials 

that allow for fast diffusion but are capable of achieving a more favorable sorption for the 
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faster components in a mixture are expected to exhibit higher permselectivity in 

multicomponent conditions. 
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• Competitive sorption enhances CO2/CH4 solubility-selectivity in HAB-6FDA and TR450 

• The NELF model predicts multicomponent sorption using only pure-gas data as input 

• Solution-diffusion analysis was performed to extract mixed-gas diffusivities 

• The multicomponent permselectivity of glassy polymers is driven by solubility 
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