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ABSTRACT 

Membrane technology is employed in large-scale removal of acid gases from natural gas, and cellulose acetate is 

by far the most adopted material for this application. Because of its utmost industrial relevance, we analyzed the 

gas sorption behavior of CO2-CH4 mixtures in cellulose triacetate (CTA) at 35 °C. CO2 solubility in CTA was 

only slightly affected by the presence of methane, whereas competition effects sharply reduced CH4 uptake. 

Regardless of mixture concentration, CO2 vs. CH4 solubility coefficients regressed linearly, which translated in 

solubility selectivities that increased as equilibrium pressures increased. Specifically, compared to other relevant 

glassy polymer membrane materials, CTA positioned very close to the solubility selectivity upper bound at 

infinite dilution and demonstrated the highest affinity to CO2 at all investigated pressures. The experimental 

solubility and permeability data were used in the framework of the solution-diffusion theory to determine pure- 

and mixed-gas concentration averaged diffusion coefficients of CTA. CO2 diffusion was essentially unaffected by 

mixture effects, whereas methane diffusivity was boosted by the CO2-induced plasticization of CTA. The ratio 

between the pure- and mixed-gas concentration averaged diffusion coefficients of methane was used to quantify 

the effect of plasticization on the mixed-gas performance of CTA and other relevant membrane materials 

previously analyzed in similar experimental studies. When we further extended this comparison in a mixed-gas 

diffusion analysis (at 10 atm partial pressure), we observed that CTA had lower diffusion selectivity due to an 

inferior size-sieving capability than a reference material, 6FDA-mPDA polyimide, but displayed superior 

solubility selectivity. 

 

 



2 

 

Keywords: Cellulose acetate, plasticization, mixed-gas sorption, mixed-gas diffusion, mixed-gas permeation 

1. Introduction 

The substitution of the hydroxyl groups (-OH) of cellulose (Fig. 1a) with acetyl groups (-COCH3) produces 

the cellulose acetate (CA) class of polymers which rank among the most utilized polymer materials for the 

fabrication of commercial membranes for selective removal of CO2 from natural gas. The history of cellulose 

acetate is intrinsically linked to the evolution of membrane technology and its success for various industrial 

applications. In 1960, Loeb and Sourirajan, reported the first asymmetrically skinned cellulose acetate reverse 

osmosis membrane for water desalination [1,2]. Later in the mid-1980s, cellulose acetate was used for the 

fabrication of commercial spiral-wound modules and the first industrial membrane systems for CO2 removal from 

natural gas [3-5]. Moreover, cellulose acetate membranes of various types have also been used in microfiltration, 

ultrafiltration, membrane distillation, and biomedical applications [6].  

Currently, commercial cellulose acetate-based membranes are primarily used in the separation of acid gases 

(CO2 and H2S) from CH4 and are fabricated from CA polymers of various degrees of acetylation. Membrane 

permeability rises sharply with increasing degree of acetylation (i.e., ~3.6 fold from 1.84 to 6.56 Barrer (1 Barrer 

= 10-10 cm3(STP) cm cm-2 s-1 cmHg-1) when the degree of acetylation increases from 1.75 to 2.84), whereas the 

CO2/CH4 selectivity remains essentially unchanged (35 vs. 33) [7]. Separex® spiral-wound (UOP, Honeywell™) 

and Cynara® hollow fibers (Schlumberger™) are the two most successfully used commercial CA-based 

membranes and are mainly applied in off-shore applications (because membrane systems occupy a fraction of the 

space of conventional amine absorption systems and operate without the use of toxic liquids) and to treat natural 

gas with CO2 concentrations > 10-20 mol%, depending on the wellhead pressure [8] — in fact, below this limit 

solvent absorption is economically more attractive [8,9].  

The success of CA is associated with its availability, raw material price, stability (both mechanical and 

chemical), and industrial-scale fabrication of defect-free thin-skinned asymmetric membranes — see the recent 

work on this topic reported by Koros’ group [10]. Previously reported data [11] showed that the CO2/CH4 mixed-

gas permeability selectivity of isotropic cellulose triacetate films (CTA, Fig. 1a) was about 30 at 2 atm partial 

pressure and equimolar concentration, but it dropped to 20 (i.e., a 30% variation) at 25 atm partial pressure (Fig. 
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1b). Although several research groups investigated the pure- and mixed-gas permeability and pure-gas solubility 

properties of CA membranes for CO2/CH4 separation [7,12–19], no information on mixed-gas sorption and 

diffusion is currently available. Aware of the deterioration of the separation performance of CTA at high 

pressures and its industrial relevance, in this work, we thoroughly analyzed the CO2-CH4 pure- and mixed-gas 

sorption and diffusion properties of this material based on experimental observations at 35 °C and up to a partial 

CO2 pressure of 10 atm. 

Here, we show the pure- and mixed-gas solubility of CO2 and CH4 at various feed concentrations and perform 

an analysis of the gas solubility properties of CTA in comparison with a high-performance polyimide (6FDA-

mPDA [20]) and an archetypal ladder polymer (PIM-1 [21]). The CO2-CH4 solubility coefficient information is 

then used to extract CO2-CH4 pure- and mixed-gas concentration-averaged effective (CAE) diffusion coefficients 

[22] (i.e., D = permeability/solubility coefficient [20,22–30]), from the permeability coefficients previously 

reported by Swaidan et al. [11]. Diffusion data are then employed to describe the reasons for the plasticization 

phenomenon, which we further quantified from the variation of CH4 CAE diffusion coefficient form ideality 

(pure-gas) to the equimolar multicomponent environment. Finally, the separation performance of CTA was 

evaluated and compared to other glassy polymers in a pure- and mixed-gas diffusion trend line plot at 35 °C and 

10 atm partial pressure.   

 
Fig. 1. (a) Polymer repeat unit of cellulose and cellulose triacetate with its energy minimized molecular dynamic 
representation; (b) mixed-gas permeability of CO2 and CO2/CH4 permeability selectivity vs. CO2 partial pressure 
(data digitalized from [11]). 
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2. Experimental 

2.1. Materials 

We employed the same batch of cellulose triacetate (Eastman CA-436-80S, degree of substitution ∼ 2.9), and 

followed the same casting and film drying procedure reported by Swaidan et al. [11] in their pure- and mixed-gas 

permeation study. Specifically, isotropic films were cast from a 3 wt% dichloromethane solution. After air drying 

and 24 h methanol soaking, CTA films were compressed between two glass plates and dried under vacuum for 24 

h at 120 °C; the absence of casting solvent was confirmed by thermal gravimetric analysis (TGA). Three selected 

solvent-free samples (~75 µm thick) were removed from the vacuum oven and immediately characterized for area 

(via image digitalization), thickness (Mitutoyo 547-400S micrometer), and sample weight (Mettler Toledo 

XPE204 balance) to determine their geometric density (at 22 °C); we obtained an average value of 1.21 ± 0.03 

g/cm3 which is lower from that measured by Puleo et al. [7] (i.e., 1.305 g/cm3) via the Archimedes’ principle 

procedure. 

Certified gas mixtures of concentration of 26, 51, and 75 mol% CO2 in CH4 were purchased from AHG Speciality 

Gas Center (Saudi Arabia).    

 

2.2. Barometric sorption system and CO2-CH4 pure- and mixed-gas data determination 

All gas sorption data presented in this work were obtained at 35 °C. Because the details of our mixed-gas 

experimental apparatus (Fig. S1) were already described in detail elsewhere [20], we provide only the most 

important information here. For our experiments, we applied the constant feed concentration procedure [28], 

whereby a known amount of gas at fixed feed concentration was expanded to the previously evacuated sample 

chamber. This method already proved to be reliable and accurate [20,28,29] because equilibrium concentration or 

partial pressure was not adjusted to perform constant equilibrium/partial fugacity experiments, as done elsewhere 

[21,31–33]. The downside of this method is the need for a model or an interpolation method to retrieve any value 

of CO2 and CH4 solubility other than the experimental data (as discussed in the next section). 
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We initially tested a CTA film sample of 0.487 g to retrieve CH4 pure-gas solubilities. Because of the 

extremely low solubility of CH4 in CTA, to minimize the scattering of the mixed-gas solubility coefficient data, 

we maximized the amount of CTA film in the sample volume (Fig. S1) and minimized all non-active volumes of 

the system (as discussed in our previous work [20]). Hence, we prepared a second sample of 1.555 g that was 

used for all CO2-CH4 mixed-gas and some CO2 pure-gas experiments. All pure- and mixed-gas experiments were 

conducted in order of increasing CO2 partial pressures of the mixture fed to the sample chamber.  

Before starting our experiments, we degassed the freshly prepared CTA sample for two days. In a sorption 

measurement (coherent with our previous works [20,28,29]), gas was charged in either VB or VB-C (Fig. S1) and 

after equilibration expanded into the sample chamber VA (by opening and quickly closing the valve in between); 

sorption equilibrium was found for pressure variations (in the sample chamber) < 2x10-7 atm s-1 for 100 min. At 

this point, the atmosphere of the sample chamber and service volumes were fed to an Agilent 490 Micro GC 

Natural Gas Analyzer for concentration analysis. Then, all volumes in the sorption system were degassed for at 

least 24 h. At the beginning of the following experiment, the absence of any desorption phenomenon in the 

sample chamber was carefully monitored.  

Non-ideal gas mixture behavior was adequately accounted for during pure- and mixed-gas solubility 

calculation via the compressibility factor derived from the Soave-Redlich-Kwong (S-R-K) equation of state 

[34,35] (parameters can be found in [33]). Solubility coefficients were obtained from the ratio of gas solubility 

and sample atmosphere fugacity at equilibrium. The gas concentration — also called uptake or solubility [36] — 

of CO2 or CH4 in CTA (and other polymer films mentioned in this work) are expressed in [cm3(STP) cm-3]; gas 

solubility coefficients [36] (i.e., the ratio between uptake and partial fugacity) are given in [cm3(STP) cm-3 atm-1]. 

CO2 pure-gas uptakes were also measured via an Intelligent Gravimetric Analyzer (IGA) 

(Hiden Isochema, Warrington, UK). In this case, a fresh CTA sample (~50 mg) was degassed for one day under a 

high vacuum (<10-7 atm), and then gas was introduced in the sample chamber to reach the desired equilibrium 

pressure (at a rate of 0.1 atm min-1). Cumulative addition of gas permitted to obtain further uptake points. 
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Similar to previous works [20,22–30], at a certain pressure, the concentration average effective pure- and mixed-

gas diffusion coefficients of CTA were determined from the ratio between the permeability (discussed elsewhere 

by Swaidan et al. [11]) and the solubility coefficients (measured in this work).  

 

3.  Results and discussion 

3.1. CO2-CH4 pure- and mixed-gas sorption 

Before introducing our CO2-CH4 mixed-gas results, we analyzed the pure-gas behavior of CTA in comparison 

with previously reported data. Strikingly, our CO2 and CH4 pure-gas sorption isotherms agreed very well with 

those reported by Puleo et al. [7] on a CTA film sample of a degree of substitution of 2.84 — also obtained from 

Eastman Co. (Fig. 2). Moreover, to confirm the quality of our barometric gas sorption results, we conducted a 

pure-gas CO2 sorption test in our commercial gravimetric apparatus. We found an excellent agreement between 

the barometric and gravimetric data sets. 

CTA demonstrated lower CH4 and higher CO2 pure-gas solubilities (Fig. 2a and b, respectively) than 

polysulfone (PSf), which is an alternative commercial glassy polymer for gas separation membranes. Hence, from 

this ideal analysis, CTA is clearly more CO2/CH4 solubility selective than PSf. Interestingly, CH4 and CO2 pure-

gas uptakes of these two glassy polymers are much lower than those of a conventional polyimide, 6FDA-mPDA; 

for example, at 10 atm fugacity, the uptake of CH4 was 3.75-fold lower in CTA than in the polyimide (Fig. 2). 

Note that the comparison between CTA and 6FDA-mPDA (discussed in various sections of this work) is useful 

because these two polymers have comparable CO2 pure-gas permeability coefficients [11,37] (i.e., both about 10 

Barrers at 10 atm pressure).  

In Fig. 2a the blue diamond points represent methane pure-gas uptakes that were taken immediately after a 

pure-gas CO2 experiment (i.e., while the mixed-gas sorption series was performed), whereas the red diamonds 

were obtained from the freshly cast and pre-treated CTA sample. At least in the range of pressures explored, CO2-

conditioning did not notably affect the Langmuir’s sorption capacity and methane uptake of CTA. 
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Fig. 2. (a) CH4 and (b) CO2 pure-gas solubility vs. gas fugacity data obtained at 35 °C via barometric and 
gravimetric pressure decay experiments. Black circles represent literature data previously reported by Puleo et al. 
[7] with a CTA sample with a degree of substitution of 2.84. Blue diamonds represent data of CH4 uptake 
obtained during mixed-gas CO2-CH4 experiments in this study. Green squares represent polysulfone (PSf) data 
previously reported by Erb and Paul [38]. All data retrieved in-house of pure-gas uptake in CTA were interpolated 
with the dual-mode sorption model [39]; DMS parameters are listed in the Supporting Information of this work.  

 

Both CO2 and CH4 pure- and mixed-gas solubility coefficients decreased with increasing partial fugacities (Fig. 3) 

mainly due to the saturation of the excess fractional free volume frozen in the glassy polymer matrix of CTA. 

Coherently with other CO2-CH4 mixed-gas sorption experimental studies previously reported for various kinds of 

glassy polymers [20,21,27–30,33,40,41], during CO2-CH4 mixed-gas sorption in CTA, methane is forced to cede 

a consistent fraction of its sorption sites to carbon dioxide (Fig. 3). On the contrary, at fixed CO2 partial fugacity, 

methane has a limited effect on the CO2 solubility coefficient even at high pressures. 
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Fig. 3. CO2-CH4 pure- and mixed-gas solubility coefficient data vs. gas partial fugacity for the three feed 
concentrations explored in this work. Pure-gas data obtained by in-house barometric and gravimetric 
measurements (the solid black lines were drawn from DMS model analysis whose parameters are reported in the 
Supporting Material of this work). All standard deviations can be found listed in Table S5. 

 

In this work, all mixed-gas solubility data were interpolated in two ways; i.e., via a modified version of the 

dual-mode sorption model extended to mixtures (all details are given in the Supporting Material of this work) and 

linearly (Fig. S4) — which means that mixed-gas data points are connected by planes in the respective 3D 

diagrams of CO2 and CH4 mixed-gas uptakes (i.e., Fig S3 and S4, respectively). In Fig S3 and S4, we highlighted 

in red the curves at equimolar CO2-CH4 equilibrium concentration. These curves were then projected in the 2D 

graph of Fig. 4, which reveals how mixture effects have minimal impact on CO2 solubility coefficients, whereas 

CH4 mixed-gas solubility coefficients are profoundly altered by the presence of carbon dioxide. Also, Fig. 4b 

indicates that the use of pure-gas data to describe the sorption behavior of CO2-CH4 mixtures can be misleading; 

in fact, as CO2 partial fugacity increases, the CO2/CH4 pure-gas solubility selectivity decreases from ~ 8.4 at 2 

atm until it reaches an essentially constant value of ~ 7.3 at ~ 4 atm. On the other hand, the mixed-gas solubility 

selectivity slowly rises from ~16.0 to ~19.4 by increasing the partial fugacity from 2 to10 atm. 
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Fig. 4. (a) Equimolar equilibrium concentration pure- and mixed-gas solubility coefficients of CO2 and CH4; (b) 
corresponding CO2/CH4 pure- and mixed-gas solubility selectivities. All curves were obtained from the modified 
version of the dual-mode sorption model extended to mixtures [39] (i.e., DMS-mix-mod). In contrast, the closely-
connected markers derive from the linear interpolation of our mixed-gas data. The mixed-gas curves represented 
in (a) can be found (highlighted in red) in the respective 3D graphs of Fig. S3 and Fig. S4. 

 

We further analyzed the marked affinity of CTA towards CO2 (seen in Fig. 3) and plotted all CTA mixed-gas 

data in a graph of CO2 vs. CH4 solubility coefficients (Fig. 5a). In agreement with our previous analysis on 

various types of glassy polymers [20,29], we found that the CO2 mixed-gas solubility coefficient was increasing 

with the methane solubility coefficient. Indeed, this also means that the CO2 mixed-gas solubility coefficient 

increased for decreasing partial fugacity; note that gas solubility coefficients have an inverse relationship with 

fugacity (Fig. 3). Moreover, Fig. 5a shows that these data points could be fitted linearly as already seen for 

6FDA-mPDA and PIM-1 (also reported in the insert graph of Fig. 5a). The large scattering derived from the 

challenge in precisely retrieving CTA mixed-gas solubility data. In fact, at the explored pressures and in 

comparison with 6FDA-mPDA and PIM-1 polymer films, the values of CH4 mixed-gas solubility coefficients of 

CTA were very low (< 0.4 cm3(STP) cm-3 atm-1), and the overall range of CO2-CH4 solubility coefficients was 

very narrow — as shown by the insert graph of Fig. 5a.  

The mixed-gas data of Fig. 5a were then further rearranged in a plot of CO2/CH4 solubility selectivity vs. 

methane solubility coefficient (Fig. 5b). As mixed-gas partial fugacity increased — i.e., for decreasing CH4 
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solubility coefficients — the CO2/CH4 solubility selectivity of CTA increased independently from the equilibrium 

concentration. Moreover, as the solubility coefficient approached ~ 0.1 [cm3(STP) cm-3 atm-1], all trend lines of 

the polymers reported in Fig. 5b seemed to converge in a single master-curve. 

 
Fig. 5. (a) Experimental CO2 vs. CH4 mixed-gas solubility coefficients of CTA (at 35 °C); data for 6FDA-mPDA 
[20] and PIM-1 [21] are also shown. Solid lines were obtained from linear fitting (Eq. S5); (b) CO2/CH4 mixed-
gas solubility selectivity vs. methane mixed-gas solubility coefficient; here, solid curves were obtained from the 
rearrangement of the linear fitting equation used in (a) into Eq. S6 (the curve fitting analysis for 6FDA-mPDA 
and PIM-1 was discussed previously in [20]). The axis labels of the insert plot of (a) coincide with those of the 
main graph. 

 

With some caution, due to some experimental uncertainty, the solubility selectivity value of CTA at infinite 

dilution (αCO2 CH4⁄
o ) using our linear interpolation analysis (Fig. 5a) resulted in a value of 12.6 ± 2.8 (details are 

given in the Supporting Material). Lou et al. [42] reported a solubility selectivity ‘upper bound’ at infinite dilution 

from a NELF model analysis by applying experimental data of solubility coefficients and solubility selectivity of 

polycarbonate, poly(methyl methacrylate), and polysulfone. This plot (Fig. 6a) can be used to understand how 

well CTA performed in comparison with other glassy materials in ideal conditions (i.e., at infinite dilution). CTA 

positioned close to the upper bound and presented a comparable αCO2 CH4⁄
o  and lower CO2 solubility coefficient at 

infinite dilution than the 6FDA-mPDA polyimide and ladder PIM-1, respectively. Triggered by increasing 

pressures, mixture effects reduced CO2 solubility coefficient and reinforced CO2/CH4 solubility selectivity (Fig. 
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6b, shows the variation induced by an increment of CO2 partial pressure from 2 to 10 atm), in a fashion that 

followed what was already observed for 6FDA-mPDA and PIM-1 [20,29]. 

 
Fig. 6. (a) CO2-CH4 solubility upper bound [42] comparing CTA, 6FDA-mPDA, and PIM-1 at infinite dilution. 
(b) Solubility selectivity (��) vs. CO2 solubility coefficient at 2 atm (partially filled symbols) and 10 atm (filled 
symbols) mixed-gas partial pressures and equimolar feed concentration. Infinite dilution data derivation is 
described in the Supporting Material of this work for CTA and elsewhere [20,29] for 6FDA-mPDA and PIM-1 
(original data of mixed-gas sorption in PIM-1 can be found in [21]).  

 

3.2. CO2-CH4 pure- and mixed-gas diffusion coefficients  

In this section, we discuss the pure- and mixed-gas concentration averaged (CAE) diffusion coefficients of 

CTA at 35 °C determined from experimental data of permeability (previously reported by Swaidan et al. [11]) and 

solubility coefficients (Fig. 3).  

Fig. 7a displays pure- and mixed-gas permeability coefficients of CO2 and CH4 (at equimolar concentrations) 

recalculated from the original publication [11] in terms of fugacity coefficients; the CO2/CH4 pure- and mixed-gas 

permeability selectivity of CTA vs. CO2 partial fugacity are reported in Fig. 7b. In the range of pressure 

encompassed by our mixed-gas solubility data (i.e., up to ~10 atm partial pressure), the CO2 mixed-gas 

permeability coefficients were lower than the corresponding pure-gas values at a given partial fugacity (Fig. 7a) 

because of sorption sites competition.  
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At 2 atm partial pressure, the mixed-gas permeability coefficient of methane was smaller than the pure-gas 

value (Fig. 7a), however, as pressure increased, the difference between the pure- and mixed-gas permeability 

coefficients reduced so that at ~10 atm partial pressure, the two curves intersect. Hence, in the range 2-10 atm 

partial pressure, the CO2/CH4 pure- and mixed-gas permeability selectivity curves of CTA almost coincide; 

however, as partial fugacity increases further beyond 10 atm, the multicomponent and the ideal curves of 

CO2/CH4 permeability selectivity diverge (see the insert graph of Fig. 7b).  

What causes methane mixed-gas permeability to increase reaching the pure-gas values and the CO2/CH4 

mixed-gas permeability selectivity to drop as pressure rises? The data of concentration averaged diffusion 

coefficients (CAE) plotted in Fig. 7c help to answer this question. Here, we notice that the CO2 diffusion 

coefficient is essentially not affected by the presence of methane, and its pure- and mixed-gas values overlap and 

increase with partial fugacity over the entire range of pressures explored; note that the increasing trend was 

already discussed earlier elsewhere [43]. Methane, instead, displayed markedly higher diffusion coefficients when 

in mixture with CO2 than in the pure-gas case, i.e., at ~10 atm partial pressure, pure CH4 diffusion coefficient was 

6.05 x 10-9 cm2 s-1 and climbed significantly to 1.74 x 10-8 cm2 s-1 in mixture with CO2 (i.e., a 2.9 fold increase). 

Hence, CO2 provides a more favorable environment for CH4 to diffuse and severely impacts the size sieving 

capability of CTA. Indeed, at 10 atm partial pressure and equimolar concentration, CO2 related mixture effects 

reduced the CO2/CH4 diffusivity selectivity to only 1.44 from the ideal pure-gas value of 3.89 (Fig. 7d). 

Previously reported data of CO2-CH4 pure- and mixed-gas diffusion coefficients and CO2/CH4 diffusivity 

selectivity for glassy 6FDA-mPDA [20], PIM-1 [29,21,44], PIM-Trip-TB [29], and PIM-EA(H2)-TB [41] glassy 

polymers, and rubbery PDMS [28] and poly(ethylene oxide) multi-block copolymer [25]  were in qualitative 

agreement to those discussed in this work for CTA (a detailed comparison with some of these materials is 

provided in the next section). 
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Fig. 7. (a) Pure- and mixed-gas permeability coefficients of CO2 and CH4 vs. gas partial fugacity (these data were 
digitalized from [11] and corrected with fugacity coefficients via the S-R-K equation of state [34,35]); and, in (b),  
the corresponding CO2/CH4 pure- and mixed-gas permeability selectivity (the axis labels of the insert plot 
coincide with those of the main graph). (c) Pure- and mixed-gas concentration averaged effective (CAE) diffusion 
coefficients of CO2 and CH4 vs. gas partial fugacity (obtained from the ratio between permeability and solubility 
coefficients discussed in this work); and (d) the corresponding CO2/CH4 pure- and mixed-gas diffusion selectivity 
data. All data were determined from experiments performed at 35 °C. 
 

3.3. Diffusion performance and plasticization quantification 

The results presented in this work for CTA are qualitatively summarized in Fig. 8 and show that its CO2 

solubility coefficients decrease with pressure (Fig. 3) due to the saturation of the excess fractional free volume of 

the glassy polymer (Langmuir’s sorption sites), whereas its diffusion coefficients follow the opposite trend (Fig. 
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7c). Hence, the minimum in CO2 permeability after which it starts to rise at a certain pressure (see Fig. 1 for 

CTA) that it is often considered a sign for plasticization [45] derives from these two opposite trends of CO2 

solubility and diffusion coefficients (Fig. 8a). Our experimental observation of this effect was already envisaged 

in previous studies [46,47]. Recent reports [20,29], together with the results of this work, have shown that CO2-

induced plasticization of the polymer matrix enhances the diffusion coefficient of CH4 and thus depresses both 

CO2/CH4 diffusion- and permeability selectivities, as schematically shown in Fig. 8b. Hence, materials design for 

polymeric membranes should focus on minimizing the CO2-induced plasticization. This would produce CO2/CH4 

mixed-gas permeability selectivities equal to or potentially even higher than the respective pure-gas values (Fig. 

8b) because of the positive impact of mixture effects on solubility selectivity (see Fig. 4b and Fig. 5b for CTA, 

and the results reported in previous works [20,21,28–30,33,41]).  

 
Fig. 8. (a) Qualitative summary of the reason for the minimum in CO2 permeability of CTA; (b) CO2-induced 
plasticization effect on CH4 diffusion coefficient and CO2/CH4 permeability selectivity; and (c) the behavior of 
plasticization resistant polymers which have mixed-gas permeability selectivities equal or even higher than the 
pure-gas values. 



15 

 

Examples of CO2/CH4 mixed-gas permeability selectivities equal or even slightly higher than the ideal values 

were already discussed in the literature [48–53]. Thus, the question that arises is: what makes these materials so 

unique? By comparing their chemical structure and physical-chemical properties, it seems clear that a single 

parameter (e.g., intra-chain or inter-chain rigidity, young modulus, etc.) is insufficient to characterize their 

plasticization resistance. Instead, a combination of these material-specific properties should be examined, but this 

is outside the scope of the present work.  

Fig. 8b and c— together with the fact that the CO2 diffusion coefficient in mixtures with methane is 

essentially independent of the permeation environment (Fig. 7c) — indicate that the variation of methane CAE 

diffusion coefficient from the pure- to the mixed-gas environment can be used to characterize the effect of 

plasticization on a material. Here, this variation is expressed as the ratio between CH4 diffusion coefficient in 

mixture with carbon dioxide over its ideal value (i.e., DCH4

mix /DCH4

pure). As partial fugacity increases, this ratio of CH4 

diffusion coefficients rises accordingly (Fig. 9). This result demonstrates that higher pressures enhance the 

plasticization of glassy polymers. Fig. 9 suggests that 6FDA-mPDA and CTA (as low fractional free volume 

materials) resist better to plasticization than both reported PIMs (coherent with the results discussed previously 

[29]).  

The plasticization quantification reported in Fig. 9 must be taken with caution because it does not characterize 

alone the gas transport property of a polymer film material. In essence, it is just a small fraction of the whole 

story. Indeed, for the particular case of CTA, pressures as high as 10 atm partial pressure (equimolar mixture) 

have limited effect on the mixed-gas permeability selectivity variation from ideality (see Fig. 7b); however, as 

pressure increases further, CTA loses much of its ideal permselectivity (see the insert plot of Fig. 7b) and thus we 

expect to observe strong plasticization (as broadly discussed in the literature [7,11]). 
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Fig. 9. The ratio between CH4 mixed-gas diffusion coefficient over its ideal pure value vs. CO2 partial fugacity for 
the CO2-CH4 equimolar mixture at 35 °C in the case of CTA (this work), 6FDA-mPDA [20], PIM-1 [28,21,44], 
and PIM-Trip-TB [29]. Curves are drawn to guide the eye. 
 

To describe why the CO2/CH4 permeability selectivity of CTA is lower than that of 6FDA-mPDA despite its 

solubility selectivity superiority, we propose the diffusion coefficient trend line of Fig. 10. The pure-gas trend line 

was obtained from the best data points of the CO2-CH4 diffusion coefficients database reported by Robeson et al. 

[54] and interpolated with the relation D���
= kd∙α��� ���⁄

nd , as suggested by the same authors, where, kd and nd are 

fitting parameters (Table S4), and D���
 and α��� ���⁄  are the diffusion coefficient of CO2 and CO2/CH4 diffusion 

selectivity, respectively. The mixed-gas diffusion trend line was obtained as the parallel of the pure-gas line 

imposing the passage through our limited CO2/CH4 mixed-gas diffusion data between those of CTA (retrieved in 

this work), 6FDA-mPDA, PIM-1, and PIM-Trip-TB (discussed previously [20,28,21,44,29]) at 10 atm partial 

pressure and 35 °C (all trend line parameters are listed in Table S4). While 6FDA-mPDA, PIM-1, and PIM-Trip-

TB drop from a position relatively close to the pure-gas diffusion trend line down to the mixed-gas diffusion trend 

line (Fig. 10), the markedly weaker size sieving efficiency of CTA relegate it far distant from both the pure- and 

mixed-gas upper bound — and this is particularly evident when CTA is compared to 6FDA-mPDA polyimide 

[20] that has comparable CO2 pure- and mixed-gas diffusion coefficients.  
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Fig. 10. (a) CO2-CH4 pure- and mixed-gas diffusion coefficient trend lines and data points of CTA (this work), 
6FDA-mPDA [20], PIM-1 [28,21,44], and PIM-Trip-TB [29]; empty symbols are pure-gas data at 10 atm 
pressure, whereas filled symbols represent mixed-gas data at 10 atm partial pressure and equimolar concentration. 
The pure-gas trend line was drawn from the best values of the database reported elsewhere by Robeson et al. [54]. 
The mixed-gas trend line was found by imposing the passage of the parallel of the pure-gas upper bound line 
through our best mixed-gas data (all parameters of the two trend lines can be found in Table S4).  

4. Conclusions 

The CO2-CH4 mixed-gas sorption properties of the most commonly used membrane material for natural gas 

treatment, i.e., cellulose triacetate (CTA), were analyzed at 35 °C up to a partial CO2 fugacity of 10 atm. In 

mixtures, methane solubility was profoundly reduced by competition effects, whereas CO2 uptakes were almost 

unchanged. Coherently with previously reported studies, binary data points of CO2 vs. CH4 mixed-gas solubility 

coefficients could be interpolated with a straight line (regardless of mixture concentration at equilibrium). By 

further analyzing this behavior, we demonstrated that CTA showed a stronger affinity to CO2 than CH4 and that 

mixture effects enhanced this affinity, particularly at increasing pressures. Specifically, at 10 atm partial pressure 

and equimolar concentration, CO2/CH4 solubility selectivity of CTA was notably superior to that of 6FDA-mPDA 

and ladder PIM-1.  

We determined pure- and mixed-gas concentration averaged diffusion coefficients from experimental data of 

permeation and sorption. Both CO2 and CH4 pure-gas concentration averaged diffusion coefficients increased 
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with partial pressure. Moreover, we observed how CO2 diffusion was essentially independent of the presence of 

methane. Because the mixed-gas concentration averaged diffusion coefficient of CH4 was higher in the binary 

mixture environment than in ideal conditions (i.e., pure-gas), we deduced that CO2 induces a plasticization effect 

on the polymer matrix and depresses the diffusion and permeation selectivity of CTA.  

Because the concentration averaged diffusion coefficient of CO2 was essentially not influenced by mixture 

effects, the pure- and mixed-gas diffusion coefficients of CH4 could be used to measure the relative effects of 

plasticization on mixed-gas permeability selectivity decline of CTA, 6FDA-mPDA, PIM-1, and PIM-Trip-TB.  

Our work shows that CTA was superior to the other materials reviewed in this work with respect to enhanced 

solubility selectivity, specifically when measured under mixed-gas conditions. However, when CTA was placed 

on a CO2 diffusion coefficient/CO2-CH4 diffusion selectivity plot, we found that cellulose acetate was positioned 

far below both the pure- and mixed-gas trend lines. Hence, the low intrinsic size sieving ability of CTA explains 

its inferior permeability selectivity in comparison with materials of similar fractional free volumes such as 6FDA-

mPDA polyimide.  
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Highlights 

 

 

� Mixed-gas solubility of CH4 is reduced in CO2/CH4 mixture environment  

� Regardless of concentration, CO2 vs. CH4 mixture solubility coefficients regress linearly  

� Mixed-gas equimolar CO2/CH4 solubility selectivities are higher than pure-gas values 

� CTA mixed-gas diffusion- and permselectivity is depressed by CO2-induced polymer 

plasticization  
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