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Abstract 
This work aims at obtaining a systematic description and prediction of the multicomponent gas separation 

behavior of membranes, using the Non-Equilibrium Lattice Fluid (NELF) model for gas sorption and the 

Standard Transport (ST) model for gas permeation. The scheme is applied to a comprehensive analysis of 

CO2/CH4 separation with cellulose acetate membranes. A dedicated experimental campaign (pressure-

volume-temperature ( 𝑃𝑉𝑇 ), differential scanning calorimetry (DSC) and pure gas sorption tests) was 

performed to obtain reliable model parameters, accounting also for crystallinity. The approach was validated 

against a complete set of literature data, including mixed gas sorption and permeation.  

The parameters obtained were used to perform predictive simulations of mixed CO2/CH4 sorption and 

permeation in a wide mixture composition range. The NELF model accurately predicts the effect of 

temperature on sorption, as well as the strong competitive exclusion of CH4 when CO2 is present, that 

enhances the solubility-selectivity. The ST model correctly estimates the experimentally observed lower-

than-ideal CO2/CH4 perm-selectivity. The model shows that low perm-selectivity is due to mixed gas 

diffusivity-selectivity (which is not available experimentally): even though solubility-selectivity increases in 

the mixed gas case, diffusivity-selectivity suffers a larger departure from pure gas conditions, ultimately 

leading to a lower perm-selectivity under multicomponent conditions.  

 

Keywords: mixed-gas transport; CO2/CH4 separation; semicrystalline polymers; NELF model; ST model. 
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1. Introduction 
In the design of gas separation processes it is important to assess the membrane performance under mixed 

gas conditions, because multicomponent phenomena can greatly affect the separation, especially in the 

presence of highly sorbing gases like CO2. Indeed, the available experimental mixed gas sorption and 

permeation results in glassy polymers for gas separations [1–14] reveal that the presence of a highly sorbing 

component in the feed stream induces a significant decrease in the solubility of the less soluble species, but 

at the same time promotes their faster diffusion, due to the increased swelling associated to highly sorbing 

penetrants. The balance of such effects has to be considered for the proper evaluation of membrane 

selectivity.   

The number of experimental data of mixed gas permeability and more recently, also solubility and diffusivity, 

has increased, especially for the CO2/CH4 mixture. Therefore, it is now possible to develop and validate a 

systematic modelling approach that can address and explain the effects observed in multicomponent 

sorption and transport, enabling the design and optimization of membrane separation processes. A good 

simulation strategy for multicomponent separation in polymeric membranes should be based on models for 

sorption and transport that are reliable in the multicomponent case, with accurate model parameters, and 

should be validated on the largest possible set of experimental data. 

In this work, we devise a comprehensive modelling approach, that addresses both multicomponent sorption 

and permeation of the CO2/CH4 mixture in a commercially relevant polymeric membrane based on Cellulose 

Acetates (CAs) [15]. Cellulose acetates have held a longstanding presence in the field of membrane 

separations, being traditionally employed in the industry for water desalination with reverse osmosis [16,17] 

and for natural gas sweetening [18,19]. Indeed, cellulose triacetate (CTA) was the first material in use for 

removal of CO2 and H2S from natural gas, and it remains among the few polymers commercialized to date for 

use in industrial CO2/CH4 separation [20]. In addition, the research interest in CAs as a membrane material is 

still very high, for natural gas and biogas treatment [21], as well as for post-combustion CO2 capture [22], due 

to their good CO2/N2 and CO2/H2 selectivity and commercial readiness.  

Despite being widely employed in membrane separations and thoroughly characterized experimentally, they 

are relatively less studied from the modelling point of view. The simulation of CAs is difficult due to their 

complex nature: at room conditions they are found in semicrystalline morphology with amorphous domains 

in the glassy state, with properties depending on the degree of acetylation or degree of substitution (DS) 

[23], a parameter which indicates the average number of acetate groups per glucose unit. The different steric 

hindrance and electronegativity of hydroxyl (HO-) and acetate (CH3COO-) groups results in different chain 

packing efficiency and mobility, which ultimately affects the volumetric, mechanical and gas transport 

properties. In particular, factors such as the density, crystallinity, thermal properties, but also the gas 

solubility and permeability are a function of the DS of the material, as well as of the fabrication conditions 

[23–26].  

Among the very few modelling studies found in the literature regarding CAs, Saberi et al. [27,28] proposed a 

permeation model based on the Dual Mode Sorption (DMS) model for solubility and on the partial 

immobilization model for diffusivity, whose adjustable parameters are obtained through fitting of 
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experimental mixed gas data. Unlike the framework presented in this work, the work from Saberi and co-

workers lacks predictive character for the mixed-gas case, since a different set of parameters is used at each 

mixture composition analyzed, preventing exploration of conditions outside those included in the fitting set. 

Magnanelli et al. [29] developed a model to represent CO2/CH4 permeation through asymmetric cellulose 

acetate, including both the effects of heat and mass transport. For the description of solubility in the dense 

selective layer they employed the empirical DMS model and neglected the presence of other impurities in 

the stream. Guo et al. [30,31] proposed a modified DMS model accounting for hole formation to address 

inconsistencies found in the application of the traditional DMS model to sorption-desorption hysteresis 

curves. Perrin et al. modelled water and ethanol sorption in CA using the Engaged Species Induced Clustering 

(ENSIC) model to account for clustering of the penetrant molecules [32]. These analyses share a common 

trait: they adopted an empirical representation of gas solubility, through the DMS model. This model provides 

a very good fitting of pure gas data, but it does not provide a good representation in the case of mixed gas 

sorption [33], therefore it was not adopted in this work. 

Instead, the Non-Equilibrium Lattice Fluid (NELF) model [34] for mixed gas sorption and the Standard 

Transport (ST) model [35] for multicomponent transport were selected for this work, due to their ability to 

describe complex polymeric structures and multicomponent effects. This selection accounts for the 

development of a modular approach, since the two models are linked through Solution-Diffusion theory [36]. 

The model enables the reliable calculation of n-component mixed gas sorption using only pure and binary 

mixture parameters [8]. We use it as a module of the ST model for permeability, and also in a stand-alone 

fashion, to predict multicomponent sorption and for comparison with experimental data. Dedicated 

experimental tests of the volumetric and calorimetric behavior of CDA and CTA allowed us to obtain the pure 

polymer model parameters, while binary energetic and swelling parameters were obtained on pure gas 

sorption measurements in the same materials. The sorption model and parameters thus obtained were 

validated against pure gas solubilities at different temperatures and mixed gas solubilities recently published 

[5]. The simulation of mixed gas permeation was performed with the multicomponent version of the ST 

model proposed by Minelli and Sarti [37], that estimates the permeability, according to the Solution-Diffusion 

model, as the product of solubility (calculated with the NELF model) and diffusivity [35]. The diffusivity is 

estimated as the product of a kinetic factor named the mobility coefficient, which is adjusted based on pure 

gas permeability data; and a thermodynamic factor which is again evaluated using the Non-Equilibrium 

approach. The model can perform predictive evaluations of multicomponent permeability, with no additional 

parameters with respect to the pure gas permeation case [37]. The calculation of binary CO2/CH4 permeation 

with the model was validated in this work against literature data for CTA and CDA.  

The separate analysis of multicomponent gas sorption and diffusion effects is particularly useful because the 

experimental characterization of mixed gas diffusion is extremely difficult, while this property has a 

tremendous impact on the separation behavior of glassy polymeric membranes. The combination of model 

parametrization, validation and simulation will demonstrate the capability of the proposed systematic 

strategy to model mixed gas transport in these materials of great industrial relevance and leverage the 

theoretical framework to gain a deeper understanding of the separation phenomena. 
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2. Theoretical Background 

2.1 Solution-Diffusion Model 

The transport of gas molecules in dense polymeric membranes is described by the solution-diffusion model 

[36]: gas permeability (𝑃) is the product of a thermodynamic factor, the solubility coefficient (𝑆), and a kinetic 

factor, the diffusion coefficient (𝐷). 

𝑃 = 𝑆 ∙ 𝐷 Eq. (1) 

Assuming that the downstream pressure is negligibly small, the selectivity of the membrane 𝛼௜,௝, which is 

equal to the ratio between the permeability of the two gases, becomes the product of a solubility-selectivity 

𝛼௜,௝
ௌ  and a diffusivity-selectivity factor 𝛼௜,௝

஽ :  

𝛼௜,௝ =
𝑃௜

𝑃௝
=

𝑆௜

𝑆௝
∙

𝐷௜

𝐷௝
= 𝛼௜,௝

ௌ ∙ 𝛼௜,௝
஽  Eq. (2) 

In the context of mixed gas sorption experiments and modelling, results are computed and reported using 

gas fugacity (𝑓) instead of partial pressure, in order to account for the various degrees of nonideality of the 

different species. Permeability and solubility coefficients are also defined on a fugacity basis: 

𝑆௜ =
𝑐௜

𝑓௝
 Eq. (3) 

𝑃௜ =
𝐽௜ 𝑙

𝑓௜
୳ − 𝑓௜

ୢ
 Eq. (4) 

𝑐௜  is the sorbed concentration of component 𝑖 , 𝐽௜  is the steady-state flux of species 𝑖 , 𝑙  the membrane 

thickness, while 𝑓௜
୳ and 𝑓௜

ୢ represent the upstream and downstream fugacity of component 𝑖, respectively. 

Gas fugacity at the various pressures and mixture compositions studied was calculated with the 

Peng-Robinson equation of state [38], for the sake of convenience. For mixture calculations the following 

binary interaction parameter was used [39]: 𝑘஼ைమ/஼ுర
= 0.09. The following paragraphs describe the 

thermodynamic model used to calculate gas sorption and the transport model implemented for the 

description of permeability. 

 

2.2 Thermodynamic Model for Solubility 

In this work, gas sorption is modelled using the Non-Equilibrium Thermodynamics for Glassy Polymers 

(NET-GP) approach [34], which is a thermodynamic-based framework that provides the extension of equation 

of state (EoS) theories to non-equilibrium materials. NET-GP applies to homogeneous, isotropic, and 

amorphous phases, whose state is described by the usual set of state variables, namely temperature 𝑇, 

pressure 𝑝 and composition 𝛺, and, in addition, by the non-equilibrium density of the glassy polymer 𝜌௣௢௟, 
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which acts as an internal state variable and accounts for all the effects of thermal history and formation of 

the polymer, responsible for its departure from equilibrium. 

The NET-GP approach [40] provides expressions for the chemical potential in non-equilibrium systems, such 

as glassy polymers, which are derived from the expression for the free energy provided by any EoS of choice. 

The non-equilibrium chemical potential can then be employed to solve the phase equilibrium for the 

composition and calculate the solubility in glassy polymers. Even though glassy polymers are not in a 

thermodynamic equilibrium state, because they tend to densify over time, the dynamics of this process is 

slow compared to the characteristic time of a sorption process. Therefore, it is possible to assume that a 

“pseudo” phase equilibrium condition can be reached by the polymer in contact with the gas phase and so 

calculate the amount of sorbed gas by imposing the equality of the chemical potential of the penetrant 𝑖 in 

the two phases: 

𝜇௜
ோ(௣௢௟)

൫𝑇, 𝑝, 𝛺, 𝜌௣௢௟൯ = 𝜇௜
ா௤(௚௔௦)

(𝑇, 𝑝, 𝑦௜) Eq. (5) 

In this work we used the Non-Equilibrium Lattice Fluid (NELF) version of the NET-GP approach [34,41], which 

is an extension of the Sanchez-Lacombe (SL) equation of state [42,43]. A detailed list of all the variables and 

symbols pertaining to the SL and NELF models is reported in Appendix A. Additional details can be found in 

these reference works [40,44].  

In the SL EoS and NELF model, each pure component is described by three parameters, 𝑇∗, 𝑝∗, and 𝜌∗. These 

parameters are obtained by fitting the SL EoS to pressure-volume-temperature (𝑃𝑉𝑇) data above the glass 

transition temperature (𝑇௚), in the equilibrium region of the material: 

𝜌෤ = 1 − exp ቈ−
𝜌෤ଶ

𝑇෨
−

𝑝෤

𝑇෨
− 𝜌෤ ൬1 − ෍

𝜙௜

𝑟௜

ே

௜
൰቉ Eq. (6) 

The SL and NELF models share also an adjustable gas-polymer binary interaction parameter 𝑘௜௝, which can 

be obtained by fitting the SL or the NELF model to sorption isotherms, above or below 𝑇௚, respectively. In the 

case of gas mixtures, binary parameters for gas-gas interactions should also be introduced. However, 

previous works [13] have shown that these binary parameters have a negligible effect on mixed gas sorption 

calculations, therefore they can be set equal to zero without compromising accuracy.  

Non-equilibrium calculations differ from equilibrium ones, because knowledge of the polymer density 𝜌௣௢௟  

is required as input for non-equilibrium models, while it is calculated by the EoS for equilibrium models, using 

Eq. (6). Since the polymer density changes along the sorption isotherm, as a result of penetrant sorption, the 

introduction of a swelling coefficient 𝑘௦௪ accounts for its variation in non-equilibrium calculations, in the 

absence of dilation measurements. A simple linear relationship with penetrant fugacity (𝑓௜) is assumed, which 

has been found to yield accurate results in previous work [40,44]: 

1

𝜌௣௢௟
=

1

𝜌௣௢௟
଴ ቌ1 + ෍ 𝑘௦௪,௜𝑓௜

ே೛

௜ୀଵ

ቍ Eq. (7) 
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𝜌௣௢௟
଴  is the dry polymer density, 𝑁௣ the number of gas species present in the mixture. For each gas-polymer 

pair, the value  𝑘௦௪ is obtained through the best-fit of a pure gas sorption isotherm.  

The expression of the chemical potential of the SL model, to be used to solve the phase equilibrium and 

calculate solubility, is given below: 

 
𝜇௜

𝑅𝑇
= 𝑙𝑛(𝜌෤𝜙௜) − 𝑙𝑛(1 − 𝜌෤) ቈ𝑟௜

଴ +
𝑟௜ − 𝑟௜

଴

𝜌෤
቉ − 𝑟௜ − 𝜌෤

𝑟௜
଴𝜈௜

∗

𝑅𝑇
቎𝑝௜

∗ + ෍ 𝜙௜൫𝑝௝
∗ − ∆𝑝௜,௝

∗ ൯

ே

௝ୀଵ

቏ + 1 Eq. (8) 

It is noteworthy that, in the case of mixed gas sorption, only pure component parameters and binary 

parameters obtained from pure gas data are necessary. Therefore, sorption calculations for gas mixtures can 

be performed predictively, once the pure gas measurements are available. 

One of the major obstacles in modelling CA membranes with the aforesaid model is the presence of 

crystallites. Indeed, even though semi-crystalline polymers are widely used in several relevant applications, 

the rigorous modelling of their sorption and transport behavior is still a debated issue. The NELF model allows 

only for the simulation of sorption in the amorphous phase of a semi-crystalline structure, considered as 

homogenous and isotropic. The crystalline phase is generally considered inert and not contributing to the 

sorption of fluids. In recent years, some more sophisticated approaches have tried to account for the effect 

of the crystalline domains on the sorption properties of the amorphous phase, allowing a more accurate 

description of the process. Such studies were developed and validated only on materials in which the 

amorphous phase is rubbery, i.e. above their glass transition. In particular, Bonavoglia et al. [45] argued that 

the presence of the crystalline phase hinders the mobility of the amorphous rubbery one, to a point that it 

behaves like a non-equilibrium one.  Thus, sorption in the amorphous phase is calculated with a non-

equilibrium model and an adjusted value of the density. Minelli and De Angelis [46] and more recently, 

Fischlschweiger et al. [47] also considered the rubbery amorphous phase to be constrained by the presence 

of crystallites, but instead of invoking a non-equilibrium behavior, considered that the amorphous phase is 

at equilibrium with a much higher pressure value than the one imposed by the gas phase only, due to the 

stress exerted by the crystals. The total pressure acting on the amorphous phase is the sum of the actual gas 

pressure and the “constraining pressure” imposed by crystals. The constraining pressure is univocally related 

to the increased density of the amorphous phase at each value of crystalline fraction, which can be calculated 

with an equation of state. Unfortunately, the above-mentioned approaches, developed for semicrystalline 

rubbers, cannot be applied to case of cellulose acetates, which are below their glass transition in the 

conditions of interest. Therefore, in this study, the crystallites were assumed to be impermeable to gases, 

while amorphous regions were modelled with the SL and NELF model above and below 𝑇௚, respectively. The 

effect of crystallites is taken into account in the calculation of the density of the amorphous phase, using the 

experimental volumetric data and the procedure described in Section 3.   

 



8 
 

2.3 Standard Transport Model for Permeability 

The standard transport model implemented in this work [35,37] considers the diffusion coefficient 𝐷௜ as the 

product of two factors, a concentration-dependent mobility coefficient 𝐿௜ and a thermodynamic factor 𝛼, 

which accounts for the dependence of the chemical potential of the gas on its concentration. The 

multicomponent extension of the model is derived from a generalized Fick’s law [48,49], and considers as 

driving force for isothermal diffusion the negative chemical potential gradient [50]. For each component 𝑖 

present in the mixture (gas or polymer), a corresponding driving force 𝑑௜  for diffusion is defined [51]: 

 𝑑௜ = −𝜌𝜔௜∇ ቀ
𝜇௜

𝑅𝑇
ቁ

்,௉
 Eq. (9) 

where 𝜌 is the mixture density and 𝜔௜ the mass fraction of solute 𝑖 in the mixture. The constitutive equations 

for isothermal diffusive fluxes 𝐽௜ of the 𝑛 components present in the mixture are defined as follows: 

 𝐽௜ = ෍ 𝐿௜௞𝑑௞

௡

௞

       𝑖 = 1 … 𝑛 Eq. (10) 

𝐿௜௞ is the mobility coefficient of penetrant 𝑖 in the mixture. The driving forces must satisfy the Gibbs-Duhem 

equation, therefore 0 = ∑ 𝑑௞
௡
௞ . In the case of dilute solutions, such as the case of light gases in a polymer 

phase, the chemical potential of the polymer can be considered uniform, therefore its gradient negligible: 

𝑑௣௢௟ ≈ 0. Moreover, since the gases are highly diluted in the polymer phase, the mutual interaction between 

the penetrants can also be neglected: 𝐿௜௞ ≈ 0 if 𝑖 ≠ 𝑘. In the case of multicomponent solubility calculations 

it has been previously verified that specific gas-gas interactions are indeed negligible [13]. 𝐿௜௜  will be 

hereafter referred to as 𝐿௜ for simplicity. Therefore, the set of equations Eq. (10) simplifies to: 

 𝐽௜ = −𝜌𝐿௜𝜔௜∇ ቀ
𝜇௜

𝑅𝑇
ቁ

்,௉
      𝑖 = 1 … 𝑛 − 1 Eq. (11) 

In the case of a ternary system comprised of a mixture of two gases and a polymer the equations describing 

gas transport in the system become: 

 

⎩
⎪⎪
⎨

⎪⎪
⎧ 𝐽ଵ = −𝜌𝐿ଵ ൬𝛼ଵଵ

𝜕𝜔ଵ

𝜕𝑥
+ 𝛼ଵଶ

𝜕𝜔ଶ

𝜕𝑥
൰ 

𝐽ଶ = −𝜌𝐿ଶ ൬𝛼ଶଵ

𝜕𝜔ଵ

𝜕𝑥
+ 𝛼ଶଶ

𝜕𝜔ଶ

𝜕𝑥
൰

𝑥 = 0 ∶  𝜔ଵ = 𝜔ଵ
୳ , 𝜔ଶ = 𝜔ଶ

୳ 

𝑥 = 𝑙 ∶  𝜔ଵ = 𝜔ଵ
ୢ , 𝜔ଶ = 𝜔ଶ

ୢ

       Eq. (12) 

The terms 𝛼௜௝  are thermodynamic factors defined by the following relation: 

 𝛼௜௝ = 𝜔௜

𝜕(𝜇௜/𝑅𝑇)

𝜕𝜔௝
 Eq. (13) 

The thermodynamic factors describe the relationship between the concentration of the penetrants in the 

polymer and their chemical potential, thus they are related to the sorption isotherms. Therefore, they can 
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be determined by means of the NELF model, which is used to calculate also the concentration of both gases 

at the boundaries 𝜔ଵ
୳, 𝜔ଵ

ୢ, 𝜔ଶ
୳, 𝜔ଶ

ୢ (u = upstream, d = downstream), once the values of the pressure and 

composition of the gas phase at the two sides of the membrane have been set. From the solution of the set 

of equations Eq. (12), the molar fluxes of penetrants 1 and 2 are obtained. The corresponding permeability 

values are then calculated using Eq. (4). 

The mobility coefficients 𝐿ଵ and 𝐿ଶ are concentration dependent and they change due to swelling induced 

by penetrant sorption. In the case of single gas transport, an exponential relationship with concentration 

yields an effective representation [35,52,53] of the experimental data. For the case of binary gas mixtures, 

to account for the dependency on both concentration values, the following mixing rule is adopted: 

 𝐿ଵ = 𝐿ଵ
଴exp (𝛽ଵଵ𝜔ଵ + 𝛽ଵଶ𝜔ଶ) 

 𝐿ଶ = 𝐿ଶ
଴ exp (𝛽ଶଵ𝜔ଵ + 𝛽ଶଶ𝜔ଶ) 

Eq. (14) 

The terms 𝛽௜௝  are the plasticization factors in the mixture case, describing how penetrant 𝑗  affects the 

permeability of penetrant 𝑖. Under the assumption that the mobility dependence on composition for each 

component is related to the dilation of the polymer matrix induced by it, one can assume 𝛽ଵଵ =  𝛽ଶଵ = 𝛽ଵ 

and 𝛽ଶଶ =  𝛽ଵଶ = 𝛽ଶ. In particular, 𝛽ଵ and 𝛽ଶ are the plasticization factors associated to pure gas permeation 

and can be obtained, together with the infinite dilution mobility coefficients 𝐿ଵ
଴  and 𝐿ଶ

଴ , from the analysis of 

pure gas permeation curves. This is equivalent to assuming that the extent of plasticization induced by a 

component is the same in pure and mixed gas conditions, which is consistent with the assumptions made 

concerning swelling in the thermodynamic model. 

 

3. Experimental Methods 

3.1 Sample Preparation 

Cellulose diacetate (CDA), purchased in powder form from Eastman (DS 2.4), and cellulose triacetate (CTA), 

purchased in pellets form from Acros Organics (DS 2.9), were used in this study. 

Thick samples for 𝑃𝑉𝑇 measurements were prepared via solution casting. In the case of CDA, a well stirred 

8 wt% solution with acetone was cast into a 7.6 cm Teflon Petri dish and covered to allow for a slow 

evaporation of the solvent, to obtain a homogeneous and smooth surface of the sample. For CTA, a 5 wt% 

solution with dichloromethane was prepared, left under magnetic stirring overnight and then cast into a 7.6 

cm Teflon Petri dish, which was covered to allow for a slow solvent evaporation. After 12 days at room 

temperature, the samples, that had detached from the Teflon container and slightly shrunk in diameter, were 

placed under vacuum at 100 °C for 72 hours to remove residual solvent. A final thickness of approximately 1 

mm was achieved in both cases.  

Films for sorption measurements were obtained using the following protocol. A 5 wt% solution was prepared 

by dissolving the polymer into dichloromethane (CTA) or acetone (CDA). The solutions were filtered and cast 
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into glass Petri dishes, which were then kept covered for solvent evaporation. After 24 hours, the membranes 

were peeled from the petri dishes and annealed in a vacuum oven for 24 hours at 35 oC and another 24 hours 

at 100 oC. The annealed membranes were kept in a desiccator for 14 days prior to utilization in sorption and 

permeation studies, to minimize the impact of the initial physical aging of the glassy membranes.  A final 

thickness of approximately 50 µm was achieved in both cases.  

 

3.2 Characterization 

3.2.1 DSC and TGA measurements 

Thermal behavior of the CAs was evaluated by differential scanning calorimetry (DSC) on a Q10 (TA 

Instruments) equipped with a Discovery Refrigerated Cooling System (RCS90, TA Instruments). 

Measurements were performed under dry nitrogen flow (50 cm3/min) on samples of approximately 10 mg 

placed in an aluminum pan. Samples were analyzed by applying a thermal cycle from 25 to 260 (CDA) and to 

320 (CTA) °C, with a heating and cooling rate of 10 and 20 °C/min, respectively. Three independent tests were 

performed for each material. Before the measurements, the system was calibrated both in temperature and 

enthalpy with an Indium standard. The weight loss decomposition profiles were investigated by 

thermogravimetric analysis (TGA, Q50, TA Instruments) under dry nitrogen flow (60 cm3/min) on samples of 

about 20 mg placed in platinum pans. Samples were heated from room temperature to 450 °C with a rate of 

10 °C/min. Peak temperatures of thermal degradation (Tdeg) were determined as the temperatures 

corresponding to the maximum of the thermogravimetric derivative (DTG) curves. Both DSC and TGA 

thermograms were processed with TA Universal Analysis 2000. 

3.2.2 Room temperature density and 𝑷𝑽𝑻 measurements 

Pressure-volume-temperature ( 𝑃𝑉𝑇 ) measurements were performed using a GNOMIX high pressure 

dilatomer (Boulder, CO, USA). This apparatus is based on a well-established bellow technique, in which a 

hydrostatic pressure is applied to a sample of the investigated material, whose volume is known at reference 

values of pressure and temperature. The material is surrounded by mercury as confining, pressure 

transmitting fluid. The volume change in the measuring cell filled with mercury and the sample is evaluated 

by a linear variable differential transducer mounted beneath the pressure vessel. The corresponding actual 

volume change of the sample, induced by the applied pressure, is calculated after subtraction of the volume 

change of the confining fluid (mercury) from the total volume of the cell. The measurement procedure is 

described in detail elsewhere [54]. 

The apparatus is able to collect data in the range from 10 to 200 MPa in increments of 10 MPa, and from 

room temperature up to 400 °C. The tests were carried out using an isothermal compression procedure in 

the range 30 – 220 °C for CTA and 30 – 250 °C for CDA, at 10 °C intervals, and from 10 to 200 MPa, at 10 MPa 

intervals. The choice of an isothermal mode of measurement rather than an isobaric one is dictated by the 

necessity to reduce the thermal degradation of the samples. However, the specific volume data above Tg, 
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which are the ones of interest in this work, are not affected by the specific thermodynamic path followed, 

but they depend only on the actual pressure and temperature values at which they were measured.   

By using this dilatometric technique, one is able to perform only measurements of volume change, therefore 

the value of volume of the polymer sample at known pressure and temperature conditions (reference values 

of P and T) must be provided as input, to evaluate the absolute values of the sample volume in the whole 

range. First, the values of volume change at the reference P (atmospheric pressure) were estimated using 

the Tait equation [55], by extrapolating the values of the volume change from 30 MPa to 10 MPa at several 

temperatures. From these values, the value of volume change at the reference temperature was obtained 

(this is an automated procedure performed using the internal GNOMIX software). Finally, by comparing this 

value with the volume of the sample at reference conditions, the entire set of data was rescaled, transforming 

volume changes into absolute values of volume. The value of the volume of the samples of CDA and CTA at 

the reference P and T values was obtained from the density measurements by means of the buoyancy 

method, using hexane as displacement fluid [56].   

3.2.3 Pure gas sorption measurements  

The single gas sorption measurement was conducted in a Gravimetric Sorption analyser (BELSORP). Each 

sample (i.e. CTA or CDA) was pre-treated at 35 °C under vacuum (<0.001 Pa) for 10 h. Then CH4 or CO2 was 

introduced in a step manner from 100 to 4000 kPa and the quantity absorbed was measured by a Magnetic 

Suspension Balance (Rubotherm, MSB). The sorption equilibrium at each pressure was monitored by a mass 

change rate of less than 0.002 mg over 2 minutes.  

 

4. Results 

4.1 Models parametrization 

4.1.1 Calorimetric tests and determination of crystallinity  

It is well known that the thermal behavior of CAs varies depending on the cellulose source, which impacts on 

molecular weight and polydispersity, and the method and degree of acetylation [25,57,58]. Based on this 

observation, DSC analysis was performed on real samples taken from the specimens prepared for PVT 

measurements. This test allows the estimation of the crystalline fraction, required for the calculation of the 

density of the amorphous phase of the polymer, as indicated in Eq. (16). DSC curves are displayed in Figure 

1 and in Figure S1 in the Supporting Information. 

The crystalline fraction of the samples was calculated through the following relation: 

crystalline fraction (wt%) =
∆ு೘ି∆ୌୡୡ

∆ு೘
೚ ∙ 100  Eq. (15) 

where ∆Hm and ∆Hcc are the enthalpies of melting and cold crystallization (observed for CTA only) and ∆H0
m 

is the enthalpy of melting for the 100% crystalline CTA, whose value was taken to be 58.8 J/g [59]. In the 



12 
 

absence of specific data, the same value of the enthalpy of melting was applied also to CDA [24,60]. The 

measured crystalline fractions are 31% ± 2 and 51% ± 2 for CDA and CTA, respectively, and are consistent 

with literature evidence [24,61]. Standard deviations are obtained from the average of three tests. 

The melting behavior of CDA confirms complex transitions with a broad melting peak spread over the range 

210-250 °C, with two different endothermic peaks at about 210 °C and 230 °C, consistently with literature 

data [62]. CTA exhibits a sharp melting peak centered at 288-290 °C and an exothermic peak related to cold 

crystallization at 211-213 °C observed in the heating scan, confirming literature data [25]. The crystal 

structure of CAs is rather complex and has been studied in several works [63–68], also with the support of 

molecular modelling analysis [69,70]. Two distinct polymorphs, CTA I and CTA II, have been traditionally 

observed, with parallel [63] and antiparallel [64] chain arrangement, respectively. More recently, a third 

structure, named CTA III, has been observed in partially acetylated materials [71], which presents differences 

in its structural and thermal characteristics and lower stability compared to CTA I. A detailed characterization 

of the crystal phase composition in terms of different polymorphs was beyond the purposes of the present 

work, and the simplifying assumption of a uniform crystal structure was adopted.  

By the observation of DSC curves, Tg can also be detected. For CTA we observed a complex endothermic 

baseline shift between 165 and 185°C, which can be ascribed to the relaxation of amorphous domains 

accordingly to the reported literature [25]. On the contrary, a Tg partially overlapped to the onset of the 

melting transition was observed for CDA at about 160-167 °C. Previous studies [25] suggested an increasing 

trend of Tg with decreasing DS, while the two samples obtained used in this work exhibited similar values. 

Several factors may affect the thermal behavior of the different types of CAs, and considering that the 

objective of the present analysis was not to perform a detailed investigation of the thermal properties of the 

samples, but rather to provide guidelines for subsequent tests, this aspect was not investigated further.  
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Figure 1. Representative DSC thermograms for CDA (orange, read on lower and left axis) and CTA (blue, 

read on upper and right axis), magnified in the regions of recorded transitions and recorded during the first 

heating scan. Exothermic transitions are displayed by positive peaks in DSC curves. 

 

The thermal stability of CAs in the temperature range investigated during the PVT tests was confirmed by 

TGA analysis. Weight loss decomposition profiles displayed in Figure S1 in the Supporting Information, are 

consistent with data previously reported in the literature [23–25,57,58]. In particular, TGA plots show a main 

weight loss with Tdeg extrapolated from DTG at 365 and 368°C for CTA and CDA, respectively, corresponding 

to the main thermal degradation of polymer chains. Another small weight loss (5-6%) can be observed from 

room temperature to the onset of the main degradation, due to the volatilization of the volatile matter, 

and/or the evaporation of small amount of residual absorbed water [24,72]. The charred residue (16 and 13% 

for CTA and CDA, respectively) at 450°C in nitrogen atmosphere is consistent with previously reported data 

[23,72,73].  

 

4.1.2 Determination of SL EoS pure polymer parameters on PVT data  

The densities of the samples at 25 °C were measured with the buoyancy technique, as explained in Section 

3.2.2, and are reported in Table 1Error! Reference source not found.. The measurement was repeated 5 

times for each sample, showing high repeatability. Lower density values for higher DS samples are consistent 

with observations in the literature [74]. 

 

Table 1. Density of the samples used in PVT and sorption measurements.  

 CDA CTA 

𝜌ଶହ °஼  – thick 
samples (g/cm3) 1.300 ±0.5% 1.281 ±0.5% 

𝜌ଶହ °஼ – thin 
samples (g/cm3) 1.306 ±0.5% 1.290 ±0.5% 

 

The results of 𝑃𝑉𝑇 tests performed on CDA and CTA samples are shown in Figure 2. Only five curves per 

sample are shown, for clarity. The data set is reported in full in the Supporting Information in Table S1 and 

Table S2. In Figure 2, data to the right of the dashed lines constitutes the rubbery region of the material [75], 

that is the one of interest in the evaluation of the SL EoS parameters. 

No melting occurred during the tests, which would be visible as a step-like increase in the specific volume as 

temperature increases [75]. Thermal expansion coefficients at atmospheric pressure were evaluated and are 

reported in Table 2: higher values were obtained for CDA, both in the glassy and rubbery state. An estimate 

of the glass transition temperature from the curves at atmospheric pressure is presented and discussed in 

the Supporting Information (Figure S2) 
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Figure 2. 𝑃𝑉𝑇 curves for CDA (a) and CTA (b). 

 

Table 2. Thermal expansion coefficients of semicrystalline CDA and CTA at atmospheric pressure. 

 

 

The density of the amorphous fraction of the samples, 𝜌஺, is used to estimate the SL parameters for the 

polymers. Such values can be obtained from the above reported data of experimental density of the semi-

crystalline material, 𝜌ௌ஼, assuming volume additivity between the amorphous and crystalline phases, that 

results in the following relation: 

𝜌஺ =
𝜌஼(1 − 𝜔஼)

𝜌஼
𝜌ௌ஼

− 𝜔஼

  Eq. (16) 

where 𝜔஼  is the weight fraction of the crystallites, obtained from DSC analysis and 𝜌஼  the crystal density. 

Since no melting was observed in the temperature range inspected during the 𝑃𝑉𝑇  test, the crystalline 

fraction is assumed to be constant in the whole dataset. From the observation of the Tm values extrapolated 

from DSC tests, we were expecting to observe the melting of CDA. However, due to the different conditions 

of the two tests, melting was not observed in the PVT experiment. The value 1.375 g/cm3 [65] is used for 𝜌஼  

at room temperature, the value 15.6×10-5 K-1 [76] for the volumetric thermal expansion coefficient of the 

CTA I crystal. A typical value of 1×10-4 MPa-1 [77,78] for the isothermal compressibility coefficient of 

polymeric crystals is used, in the absence of a specific measurement for CTA I. The coefficients were assumed 

to be constant in the whole temperature and pressure range, consistent with the fact that the crystalline 

fraction remains unvaried until the melting conditions are reached.  

It must be pointed out that the above procedure allows for a realistic evaluation of the amorphous phase 
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density in the presence of crystallites, i.e. in its constrained state, which is the one actually encountered 

during membrane operations.  

The amorphous dry polymer density at 25 °C for CDA is equal to 1.277 g/cm3, while 1.212 g/cm3 was 

calculated for CTA. These data can be compared with the results of atomistic simulations on amorphous 

cellulose acetate performed by Bocahut et al. [79], that report a density of 1.22 g/cm3 and 1.19 g/cm3 for 

CDA and CTA respectively. The higher density of amorphous CDA displayed both by experiments and 

simulations can be explained by the lower number of acetate substituents, which are bulkier than the 

hydroxyl groups. The difference of 4% in the case of CDA and 2% in the case of CTA of the experimental 

density values compared to the simulated ones can be a result of the constraining effect exerted by the 

crystalline fraction on the amorphous one in our samples, which leads to higher values for the amorphous 

density and which is absent in molecular simulations, that consider a hypothetical unconstrained amorphous 

phase. As mentioned above, the procedure used in this paper provides a value of the amorphous density that 

is more realistic, as the materials used for separation are actually semi-crystalline and the amorphous phases 

in which the gases permeate are found in a constrained state. 

By fitting the resulting data of the amorphous phase to the Sanchez-Lacombe equation of state, parameters 

for CDA and CTA were retrieved. In Figure 3 the results of the fitting procedure are shown, with dashed lines 

delimiting the glassy and rubbery region as described previously. The best fit parameters obtained for each 

material are summarized in Table 3. 95% confidence intervals, which account for parameter coupling, were 

obtained with a Monte Carlo method [80]. As can be seen, the model is able to capture the volumetric 

behavior of cellulose acetate accurately. Some deviation is seen in the case of CTA at the lower pressures in 

proximity of the glass transition, which is probably related to the fact that the material showed a broad region 

of transition in slope, rather than a marked and well-defined discontinuity. Agreement with points at higher 

temperature, which are more likely to belong to the true equilibrium region of the material, provides a more 

conclusive validation of the results. 

 

Table 3. SL parameters for amorphous CDA and CTA.  

 

 

 

 

 

 CDA CTA 

T* (K) 608 ± 8 560 ± 6 

P* (MPa) 730 ± 15 780 ± 20 

ρ* (g/cm3) 1.400 ± 0.005 1.450 ± 0.005 
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Figure 3. 𝑃𝑉𝑇 data of the amorphous fraction of CDA (a) and CTA (b), together with Sanchez Lacombe EoS  

calculations performed with the parameters reported in Table 3. 

 

4.1.3 Determination of binary NELF model parameters on pure gas sorption isotherms 

Pure CO2 and CH4 sorption isotherms in CDA and CTA were measured at 35 °C and the results are shown in 

Figure 4. Moreover, in Figure S3 in the Supporting Information, the results are compared with the 

measurements of Puleo et al. [24], finding very good agreement with the literature values. Concentrations 

are compared in Figure S3 also rescaling the values by dividing them by the amorphous phase weight fraction 

(1 − 𝜔௖), since it was assumed in the modelling that the gas is present only in the amorphous phase. When 

the different crystallinity of the samples is taken into account (37 wt% for CDA and 52 wt% for CTA in the 

data from the literature [24]) the curves obtained here overlap with the literature ones. 
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The ability of the cellulose acetate SL parameter sets reported in Table 3 to represent gas sorption in the 

glassy state was tested by modelling CO2 and CH4 sorption data at 35 °C for CDA and CTA using the NELF 

model. The corresponding values of the dry amorphous polymer densities at 35 °C were calculated using the 

thermal expansion coefficient of the amorphous phase determined for each material from the experimental 

𝑃𝑉𝑇 measurements.  

The concentration expressed with respect to amorphous polymer mass was considered in the analysis with 

the NELF model. The values of the best fit binary interaction parameters and swelling coefficients obtained 

are reported in Table 4. The model was able to give a faithful representation of the experimental data with 

low values of the binary interaction coefficients. It can be noted that the swelling coefficient obtained for 

CO2 sorption in CTA is double than the value obtained for CDA. In the case of CH4 very small values of the 

swelling coefficients were obtained as best fit parameters. This value is often assumed to be zero, when 

sorption at lower pressure (around 3 MPa) is calculated with the NELF model [40]. However, the present data 

set extends well beyond 3 MPa, therefore dilation effects are no longer negligible. The values of 𝑘௦௪ obtained 

for both CDA and CTA are similar for this gas. 

 

Figure 4. Sorption isotherms of (a) CO2 and (b) CH4 in CTA (blue circles) and CDA (orange diamonds) at 

35 °C. Lines represent NELF model calculations. 

 

Table 4. Binary parameters of the NELF model for gas-polymer systems at 35°C. 

 𝑘஼ைమ,௣௢௟ 𝑘௦௪,஼ைమ
  (MPa-1) 𝑘஼ுర,௣௢௟ 𝑘௦௪,஼ுర

  (MPa-1) 

CDA –0.070 0.037 –0.098 0.004 

CTA 0.021 0.061 0.024 0.003 
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4.1.4 Determination of ST model binary parameters on pure gas permeation data 

In order to evaluate the parameters needed to describe the mobility of gases using the standard transport 

model, pure gas permeability data from the literature are considered [81,82]. The values of infinite dilution 

mobility coefficient and plasticization factor obtained are reported in Table 5. The NELF parameters for pure 

polymers (Table 3) and the binary coefficients (Table 4) retrieved in this work were employed to calculate 

the thermodynamic factors. The crystalline fraction of the material was assumed to be impermeable to gases, 

consistent with the assumption made in sorption modelling. It should be noted the impermeability of the 

crystallites would reflect in a longer diffusive path for the penetrant molecules. In this work a tortuosity factor 

was not introduced to take this effect into account, as it would increase the number of adjustable parameters 

required by the analysis. Rather, this effect is implicitly included in the effective values of the mobility 

coefficients determined from the best fit of pure gas permeability data. In the case of CH4, the concentration 

dependence of the mobility factor, expressed by 𝛽, is negligible, consistently with the very low dilation 

induced by the gas to the polymer. The results of the calculations are shown in Figure 5. In the case of CTA, 

the model is able to well represent both pure gas permeability curves, with a maximum 16% deviation in the 

case of CO2 at high pressure. In the case of CDA, the representation of the data is highly accurate in the case 

of CH4 in the whole pressure range and in the case of CO2 up to 3 MPa, whereas at higher pressure significant 

underestimation occurs. 

The sensitivity of the results to the values of the adjustable parameters was explored both for solubility and 

permeability calculations, considering CO2 in CTA as an example, and the results are shown in Figure S5 of 

the Supporting Information. A 10% variation of the parameters was tested, and it was observed that in the 

case of 𝑘௜௝ this had a negligible effect on the calculated results, in the case of 𝑘௦௪ the effect is negligible at 

low pressure and more pronounced at high pressure, with a maximum deviation at 4 MPa of 9% compared 

to the reference case. In the case of the variation of 𝐿଴ the results show a uniform 10% variation in the whole 

range, while in the case of 𝛽 the effect is negligible at low pressure and more pronounced at higher pressure, 

with a maximum deviation at 2.5 MPa of 5% compared to the reference case. 

 

Table 5. ST model parameters used to calculate CO2 and CH4 permeability in CTA. 

 CTA CDA 

   𝐿0 (cm2/s) 𝛽     𝐿0 (cm2/s) 𝛽   

CO2 1.1 · 10-8 5 2.9 · 10-9 10.5 

CH4 5.3 · 10-9 0 1.4 · 10-9 0 
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Figure 5. Pure gas permeability of CO2 (red) and CH4 (green) in (a) CTA and CDA (b) at 35 °C. Experimental 

data from ref. [81,82]: filled symbols represent pure gas data, lines represent ST model predictions. 

 

4.2 Model validation and predictive simulations  

4.2.1 Validation of the NELF model and CDA parameters for pure gas sorption at various 

temperatures  

As a test of consistency and transferability of the SL parameters obtained for CDA, two literature data sets 

were analyzed [83,84], which report the solubility of CH4 and CO2 as a function of temperature. In neither of 

these works a measurement of the crystalline content of the film is reported, therefore the value of the 

amorphous density of our CDA samples was assumed. The temperature dependence of the density was 

accounted for using the thermal expansion coefficient at atmospheric pressure retrieved from the 𝑃𝑉𝑇 

measurements.  

The data set was well represented by the NELF model, as can be seen in Figure 6. Notably, the best fit values 

of the parameters obtained (reported in Table 6) are highly consistent with those determined for our samples 

(reported in Table 4). The binary interaction parameters were constant in the case of CO2, coinciding with 

the value reported in Table 4. The values of 𝑘௜௝ for CH4 obeyed a weak linear temperature dependence, which 

yields the same value reported in Table 4 for our samples if extrapolated to 35 °C. The swelling coefficients 

were found to follow a quadratic temperature dependence. 𝑘௦௪ approaches zero at 30 °C in the case of CH4, 

which is consistent with the low value obtained at 35 °C reported in Table 4. These temperature 

dependencies are quite common when exploring data at different temperatures [8,85,86]. A 34% difference 

in the swelling coefficient of CO2 was obtained, compared to the value regressed over our sorption isotherm. 

Such differences in the values of the swelling coefficients can likely be ascribed to the uncertainty in the 

crystalline fraction of literature data, that reflects on the density values used in the calculation, which affect 

greatly the calculated solubility.  
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On the whole, the pure component SL parameters for CDA obtained in this work from PVT data describe well 

the literature sorption data for CO2 and CH4 at different temperatures, demonstrating generality and 

transferability within a broad range of operating conditions. 

 

Table 6. Temperature dependence of the binary interaction and swelling coefficients  

used to model sorption isotherms of CO2 and CH4 in CDA from refs. [83,84]. 

 𝒌𝒊𝒋 (T in K) 𝒌𝒔𝒘 MPa-1 (T in K) 

CH4   – 5.31 · 10-4 T + 6.54 · 10-2 1.59 · 10-6 T2 – 9.62 · 10-4 T + 0.14 

CO2 – 7.00 · 10-2 1.33 · 10-5 T2 – 9.10 · 10-3 T + 1.57 

  

 

 

 
Figure 6. Experimental sorption isotherms of (a) CH4 (ref. [84]) and (b) CO2 (ref. [83]) in cellulose diacetate at 

different temperatures, together with NELF model calculations. 
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4.2.2 Validation of the NELF model and CTA parameters on mixed gas sorption data 

Measurements of mixed gas sorption of CO2/CH4 mixtures in CTA at 35 °C were recently reported [5], which 

can be used to validate the proposed approach and CTA parameters. Pure gas sorption isotherms of CO2 and 

CH4 measured by Genduso and coworkers coincide with those by Puleo et al. [24] as do ours (Figure S3), 

consequently the parameters reported in Table 1 Error! Reference source not found.and Table 4 are 

expected to be appropriate also for their data. The results are shown in Figure 7. The experimental results 

are obtained at a different equilibrium mixture composition in each case. In the graph we grouped by color 

and symbol type the results obtained at a similar mixture composition, to facilitate an understanding of the 

results. However, the different individual values of the equilibrium gas mixture composition of each mixed 

gas sorption experiment were taken into account in the calculation. The individual composition of each point 

is reported in Table S4 in the Supporting Information, together with experimental measurements and NELF 

model predictions. 

 

Figure 7. Mixed gas sorption of CO2 and CH4 in CTA. Filled symbols: experimental data from ref. [5]. Empty 

symbols with solid lines: NELF model predictions. Colors and symbols represent data at similar mixture 

composition to facilitate the visualization, however each point was calculated at its corresponding 

equilibrium composition, reported in the original reference and also in Table S4 for convenience. 

 

Good agreement can be observed across the whole data set. The average relative difference (absolute value) 

between model results and experiments is 8% in the case of CO2, while it increases to 22% in the case of CH4, 

however, this is within the experimental uncertainty of the data, as can be seen in Figure 7. These results 

provide a positive indication of the transferability also of the CTA pure polymer parameters, and validation 
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of the adopted procedure for the calculation of pure and mixed gas sorption in cellulose acetates using the 

NET-GP framework. 

 

4.2.3 Validation of the ST model and CTA, CDA parameters on mixed gas permeation data 

The set of parameters obtained by fitting pure gas permeation data to the ST model (Table 5) was employed 

to perform a predictive simulation of the permeation of an equimolar CO2/CH4 mixture, comparing the results 

with the measurements from ref. [81] in Figure 8a. Good agreement is observed between the experimental 

data and model predictions for both gases. The maximum deviation is observed at the highest pressure and 

amounts to a 36% underestimate for both gases.  

In Figure 8b, the perm-selectivity of CTA is displayed and compared with ST model calculations. The trends 

are well captured by the model, both at ideal and multicomponent conditions. The diffusivity-selectivity, 

which is not available experimentally, can be evaluated by means of the ST model. As can be seen in Figure 

8, while the mixed gas value of 𝛼ௌ is on average 1.8 times higher than the ideal value calculated from pure 

gas values, the diffusivity-selectivity  𝛼஽ exhibits the opposite behavior, with multicomponent values equal 

to about 1/3 of the pure gas ones. The diffusivity is thus the factor quantitatively more affected by 

multicomponent effects and leads to a calculated mixed gas perm-selectivity on average equal to 64% of the 

pure gas value, in line with the experimental data. Comprehensive analysis of the available literature have 

shown that this trend is obeyed by all glassy polymers for which mixed gas permeation and sorption data are 

available [5,13] and it was shown here that it can be reliably reproduced and predicted by means of the ST 

model applied in the NET-GP framework. 

 

Figure 8. (a) Permeability of CO2 (red) and CH4 (green) in CTA at 35 °C. Experimental data from ref. [81]: 

symbols represent mixed gas data at equimolar composition. Dashed lines represent ST model predictions. 

(b) Perm-selectivity (black), solubility- (gray) and diffusivity-selectivity (light gray) of CO2/CH4 at ideal 
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conditions (solid lines) and for an equimolar mixture (dashed) predicted by the ST model. Symbols are 

experimental perm-selectivity from ref. [81]. 

 

An analogous analysis of mixed gas CO2/CH4 permeability in CDA at three different mixture compositions is 

reported in Figure 9. The agreement with the experimental data of mixed gas permeability available [82] is 

lower than in the case of CTA, especially in the low pressure and high CO2 composition range. However, we 

believe that this discrepancy could be attributed to the generally higher error associated with the 

measurement of CH4 permeability. Indeed, its values are significantly lower in CDA than in CTA (0.1 Barrer) 

and may be close to the resolution limit of the instruments (the y-axis in Figure 9b spans just 0.5 Barrer). 

Moreover, one can notice from the Figure that the CH4 permeability data at different compositions do not 

collapse to one single curve when the pressure approaches zero, as predicted by the model and confirmed 

by the CTA permeability trend. Furthermore, an intrinsically higher uncertainty of CH4 permeability data is 

confirmed by the fact that different sources have documented different values for CH4 pure and mixed gas 

permeability in CDA, as can be seen in Figure 9b, with the multicomponent values either increasing or 

decreasing compared to the pure gas case. Therefore, in the case of CDA, the comparison with available 

experimental data does not offer conclusive grounds to validate the model.  

 

Figure 9. Permeability of CO2 (a) and CH4 (b) in CDA at 35 °C. Experimental data from ref. [82] are shown: red 

diamonds 46% CO2-54% CH4 mixture, green circles 24% CO2-76% CH4 mixture, gray triangles 10% CO2-90% 

CH4 mixture. Mixed gas data for CH4 pure and mixed gas permeation from [61] are shown with squares in (b) 

for comparison, to exemplify the variability in CH4 permeability. Lines represent ST model predictions: solid 

10% CO2, dash 24% CO2, dot 46% CO2. 
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4.2.4 Predictive simulation of CO2/CH4 mixed gas sorption, diffusion and permeation in CDA 

and CTA with the combined modelling approach 

Having validated the model parameters using mixed gas sorption and permeation data, a systematic 

predictive analysis of the effect of mixture composition and pressure on mixed gas solubility, diffusivity and 

permeability was carried out. Indeed, the NELF and ST models allow mixed gas sorption and permeation 

calculations to be performed predictively, using the parameters of the pure components and those of the 

binary pure gas-polymer systems, which can be used to expand the mixed gas behavior information in a wider 

range than the one explored experimentally.  

Three different compositions of the CO2/CH4 mixture (10/90 – 30/70 – 50/50 CO2/CH4 mol%) in CDA and CTA 

at 35°C were simulated and the results in terms of mixed gas solubility, diffusivity, permeability as well as the 

corresponding selectivities are reported in Figure 10, Figure 11, Figure 12, Figure 13. A total pressure range 

up to 5 MPa was explored. 

The results of NELF predictions of CO2/CH4 mixtures solubility for the three compositions analyzed are shown 

in Figure 10. Data are reported in terms of gas fugacity. Strong competitive sorption effects are displayed by 

both materials: CH4 sorption is markedly lowered in the presence of CO2, while at multicomponent conditions 

CO2 is sorbed to a very similar extent to the pure gas case. Indeed, the experimental data also confirms an 

average 2% decrease in sorbed concentration compared to the pure gas case for CO2 [5]. For CAs the 

difference in solubility of CO2 and CH4 is remarkably high, almost an order of magnitude, which can explain 

why CO2 is less affected by competition compared to other glassy polymers: previous analysis [1] had shown 

that the higher the molar concentration of one gas with respect to another inside the membrane, the more 

favored it would be in the competition for sorption sites. 
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Figure 10. Mixed gas sorption of 10/90 (green), 30/70 (orange) and 50/50 (red) mol% CO2/CH4 mixtures in 

CTA and CDA at 35 °C calculated with the NELF model. The brown lines represent pure gas sorption. 

 

Figure 11 shows the diffusion coefficients calculated with the ST model for CO2 and CH4 in CDA and CTA. It is 

clearly appreciable how strongly the presence of CO2 in the mixture promotes a faster CH4 diffusion, owing 

to swelling effects, whereas CO2 values remain close to pure gas conditions. In the case of CDA, mixed gas 

diffusion coefficients have a stronger concentration dependence, consistently with the higher value of the 

parameter 𝛽 (Table 5). 
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Figure 11. Mixed gas diffusion coefficients of 10/90 (green), 30/70 (orange) and 50/50 (red) mol% CO2/CH4 

mixtures in CTA and CDA at 35 °C calculated from the solution-diffusion relation. The brown lines represent 

pure gas diffusion coefficients. 

 

The CO2/CH4 mixed gas permeability in CDA and CTA at 35 °C was calculated at the same values of mixture 

composition, and the results are reported in Figure 12. It is worth noting that in the case of mixed-gas 

permeability, the model predictions were affected by a larger deviation at high pressure, compared to the 

case of mixed-gas sorption results. Nonetheless, a consistent picture emerges from the data and the analysis 

of the concentration trends. Results are reported in terms of gas fugacity in the upstream side. In both CDA 

and CTA, at low fugacity values the permeability of CH4 decreases as the amount of CO2 in the gas phase is 

increased, which is a direct consequence of competitive sorption effects. On the other hand, at high fugacity 

values the trend is reversed and CH4 permeability increases when more CO2 is present in the mixture, which 

can be attributed to CO2-induced swelling effects. Interestingly, in the case of CO2 permeability in CDA, the 

mixture composition does not appear to have any effect, while in the case of CTA, CO2 permeability decreases 

as the concentration of CO2 in the gas phase decreases. This can be related to a decrease in solubility rather 

than diffusivity, as can be seen by comparing the solubility and diffusivity coefficients of CO2 in CDA and CTA, 

reported in Figure S3 and Figure 11 respectively. 

The presence of minima in the calculated permeability curves is not to be attributed to the presence of a so-

called plasticization pressure for the material, but it is rather associated to the interplay of the trends of 

solubility and diffusivity contributions with increasing pressure. Solubility coefficient values (Figure S3) 

decrease with increasing pressure, while diffusion coefficients always increase (Figure 11). For each mixture 

composition, the relative magnitude of these two factors will determine the overall trend of the permeability 

curve. 
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Figure 12. Mixed gas permeation of 10/90 (green), 30/70 (orange) and 50/50 (red) mol% CO2/CH4 mixtures 

in CDA and CTA at 35 °C calculated with the ST model. The brown lines represent pure gas permeability. 

 

The effects of competitive sorption on solubility-, diffusivity- and perm-selectivity are shown in Figure 13. In 

the same Figure, the corresponding values of the ideal selectivity at all compositions are shown and 

compared. The latter are calculated using the pure gas concentration/diffusion/permeability values 

corresponding to the fugacity that the gas has in the mixture case. Therefore, the comparison between the 

pure and mixed gas case is performed at constant fugacity of the gas. Solubility was calculated on a molar 

basis.  

It is striking to notice the difference between the limited concentration dependence of solubility-selectivity 

and the very broad variation with composition of ideal selectivity calculations. This result demonstrates the 

inaccuracy that is present in this kind of estimates when mixture effects, such as competitive sorption, are 

neglected. The uncertainty in the solubility-selectivity calculation was assessed as reported in the 
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Supplementary Information (Figure S4): the variability associated to the uncertainty in the SL parameters is 

limited (about ± 2.5%), which is an indication of the robustness of the model.  

Diffusivity- and perm-selectivity values are shown in Figure 13 as well. The diffusivity-selectivity follows the 

opposite trend with respect to ideal values, compared to solubility-selectivity: it is lower at multicomponent 

conditions and decreases at higher CO2 concentration in the gas phase. Moreover, the trend with respect to 

the total pressure is also the opposite between ideal and multicomponent diffusivity-selectivity. The fact that 

the calculated multicomponent diffusivity-selectivity decreases slightly with CO2 fraction in the gas mixture, 

indicates that the reason for the poor size-selective behavior of the membrane in the multicomponent case 

lies in the CO2-induced swelling of the membrane, that enhances CH4 diffusion in the mixed gas case. This 

effect would be missed by an ideal evaluation of diffusivity.  

The overall result predicted by the model is lower perm-selectivity compared to the pure gas case, as shown 

in Figure 13e and f. Perm-selectivity shows the combination of solubility and diffusivity effects and the curves 

of ideal and multicomponent results cross. The perm-selectivity of an equimolar mixture of CO2/CH4 in CTA 

was validated against experimental data available, as seen in Section 4.1.4. 
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Figure 13. CO2/CH4 solubility-selectivity, diffusivity-selectivity and perm-selectivity in CDA and CTA calculated 

with the NELF and ST models at 35 °C and at different mixture compositions: 10/90 mol% in green, 30/70 

mol% in orange, 50/50 mol% in red. Dashed lines represent the ideal solubility-selectivity calculated with 

pure gas data.  

 

The relative weight of multicomponent effects on solubility-selectivity, diffusivity-selectivity and perm-

selectivity can be assessed by reporting the ratio of multicomponent selectivity to ideal selectivity for the 

above mentioned quantities at fixed fugacity (chemical potential) of both gases. In this way, the ratio of 

multicomponent to ideal solubility selectivity is calculated and compared at constant fugacity of each gas 

between pure and mixed gas conditions. The results of the comparison are shown in Figure 14 and they allow 

to assess that, on a relative basis, the departure from the ideal behavior, or in other words the extent of 

multicomponent effects, is more marked for diffusivity than for solubility. This indicates that, for cellulose 

acetates, swelling effects, which cause a reduction in diffusivity-selectivity, are more significant than 

competitive sorption, which enhances the solubility-selectivity. 
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Competition effects enhance the solubility-selectivity up to a factor of 2.2 and, the higher the CO2 content in 

the gas mixture, the higher the enhancement. The effect also increases with pressure but flattens out at high 

pressures. By comparing the values of the two different materials, it can be seen that the enhancement of 

solubility-selectivity is stronger in CDA than in CTA. As a consequence, even though CDA has a lower ideal 

solubility-selectivity than CTA, at multicomponent conditions the situation reverses.   

The behavior of diffusivity is opposite. First of all, the multicomponent value is significantly lower than the 

ideal one, and secondly the ratio between the two values decreases with pressure, but without reaching a 

plateau in the pressure range inspected. The multicomponent effect, that we believe to be associated to CO2-

induced swelling, increases with CO2 fraction in the mixture. A comparison between the two polymers 

indicates that the reduction in diffusivity-selectivity associated with CO2 induced swelling is stronger for CDA 

compared to CTA. This result is consistent with the fact that the parameter associated to the effect of swelling 

on diffusivity in the ST model, 𝛽, is higher for CDA than for CTA (10.5 vs. 5). 

It is also interesting to notice that, in the low pressure range the perm-selectivity is slightly enhanced 

compared to the ideal value, and increases at increasing CO2 content, due to the predominance of 

competitive sorption effects. However, the net increase is less than 10% for both materials. At higher 

pressure the trend is reversed and increasing CO2 content causes the perm-selectivity to drop. The effect is 

more marked in the case of CDA, compared to CTA, with maximum decrease of the perm-selectivity 

compared to ideal values of 40% and 30% respectively. The departure of perm-selectivity from the ideal 

behavior shown in Figure 14 is calculated as the ratio of ideal and multicomponent perm-selectivity values, 

which were shown in Figure 13, at the same pressure. The presence of a maximum and the crossing of the 

curves at different composition result from the combination of the two opposite trends of the underlying 

solubility and diffusivity contributions to permeability, namely 𝛼ௌ/𝛼ௌ଴ that is monotonously increasing with 

pressure and with the amount of CO2 present in the mixture, while 𝛼஽/𝛼஽଴ is monotonously decreasing with 

it.  As can be seen in Figure 13, the average values calculated for 𝛼ௌ are approximately 16.2 for CTA and 19.6 

for CDA, while for 𝛼஽  they are 1.8 for CTA and 2.0 for CDA. Therefore, mixed-gas solubility-selectivity is 

approximately 10 times higher than diffusivity selectivity, thus being the main factor contributing to the 

multicomponent perm-selectivity. The pressure and composition dependence of perm-selectivity in the low 

pressure range follows the sorption behavior (competition), while the high pressure one becomes controlled 

by diffusion (swelling), therefore, the dominating factor will depend on the operating conditions.  
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Figure 14. Ratio of ideal and multicomponent CO2/CH4 solubility-selectivity, diffusivity-selectivity and perm-

selectivity in CDA and CTA calculated with the NELF and ST models at 35 °C and at different mixture 

compositions: 10/90 mol% in green, 30/70 mol% in orange, 50/50 mol% in red. The arrows point in the 

direction of increasing CO2 content in the gas phase. Ratios performed taking values of pure and mixed gas 

properties at the same gas fugacity value. 

5. Conclusions 

In this work a systematic modelling strategy for the study of multicomponent gas separation behavior of 

membranes was presented. The NELF model for gas sorption and the ST model for gas permeation were 

applied to analyze the gas transport properties of semicrystalline cellulose diacetate and triacetate, which 

are among the leading standard membrane materials for natural gas treatment.  

The NELF model parameters, not previously available for cellulose acetates, were obtained via pressure-

volume-temperature (𝑃𝑉𝑇) data measured in this work. Furthermore, calorimetric tests were performed to 

quantify the crystalline fraction of the samples, which is assumed by the model to not contribute to gas 

sorption. Pure gas sorption measurements performed here and permeation data from the literature were 

used to obtain the binary energetic and swelling parameters of the NELF model and the mobility and 

plasticization factors of the ST model respectively. The approach was thoroughly validated against mixed gas 

sorption and permeation data from the literature, demonstrating good transferability of the pure polymer 

parameters obtained. In particular, the NELF model correctly represents the effect of temperature on 

sorption and predicts accurately the multicomponent CO2/CH4 sorption in CTA. Strong competitive exclusion 

of CH4 from the membrane is observed when CO2 is present, which enhances the solubility-selectivity. The 

ST model predictions of lower-than-ideal CO2/CH4 perm-selectivity for CTA are in agreement with the 

experimental evidence.  

The model was then employed to carry out a predictive simulation of sorption, diffusion, and permeation at 

multicomponent conditions. This analysis provided indications of the strength of competitive sorption effects 

at different mixture compositions and different degrees of substitution of the materials: CDA exhibited higher 

values of the solubility-selectivity at multicomponent conditions and a higher enhancement of the solubility-

selectivity as a result of competitive sorption compared to CTA. By assessing the mixed gas diffusion behavior, 

it was found that CO2-induced swelling causes a faster diffusion of CH4 in the mixed gas case. CTA is found to 

be less susceptible to the detrimental effects of CO2-induced swelling, which cause a reduction of the 

diffusivity-selectivity. CTA perm-selectivity also displays a weaker dependence on the CO2 content in the 

mixture. 

Pure gas permeability and solubility data are readily available in the literature and allow the necessary model 

parameters to be obtained to carry out multicomponent calculations. In this regard, the proposed modelling 

strategy allows a comprehensive assessment of the material performance to be conducted and a 

fundamental analysis of the separation mechanism at multicomponent conditions. It represents an appealing 

strategy to extract additional information about multicomponent behavior, that is more relevant to the 

process, from already existing data or readily obtainable pure gas measurements.  
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Appendix A 
Definition of symbols and parameters used in the SL and NELF models 

𝑛௖ Number of components (gases + polymer)  

𝑀௜ Molar mass of component 𝑖  

𝜌௜ Density of component 𝑖  

𝑣௜
∗ Molar volume of a lattice cell of component 𝑖  

𝑟௜
଴ 

Number of lattice cells occupied by a molecule of 
pure component 𝑖  

𝜀௜ 
Non-bonded interaction energy between two 
lattice cells occupied by component 𝑖  

𝑇௜
∗ Characteristic temperature of component 𝑖 𝑇௜

∗ =
𝜀௜

𝑘௕

 

𝑝௜
∗ Characteristic pressure of component 𝑖 𝑝௜

∗ =
𝜀௜

𝑣௜
∗ 

𝜌௜
∗ Characteristic density of component 𝑖 𝜌௜

∗ =
𝑀௜

𝑟௜𝑣௜
∗ 

𝑇෨௜  Reduced temperature of component 𝑖 𝑇෨௜ =
𝑇

𝑇௜
∗ 

𝑝෤௜ Reduced pressure of component 𝑖 𝑝෤௜ =
𝑝

𝑝௜
∗ 

𝜌෤௜ Reduced density of component 𝑖 𝜌෤௜ =
𝜌௜

𝜌௜
∗ 

𝜌 Density of the mixture  

𝑘௜௝ Binary interaction parameter between 𝑖 and 𝑗   

𝜔௜ Mass fraction of component 𝑖  

𝜙௜ 
Volume fraction of component 𝑖 in closed packed 
conditions 

𝜙௜ =
𝜔௜ 𝜌௜

∗⁄

∑ 𝜔௜ 𝜌௜
∗⁄ே

௜

 

𝜌∗ Characteristic density of the mixture 
1

𝜌∗
= ෍

𝜔௜

𝜌௜
∗

௡೎

௜
 

𝑝∗ Characteristic pressure of the mixture 
𝑝∗ = ෍ 𝜙௜𝑝௜

∗
௡೎

௜
− ෍ ෍ 𝜙௜𝜙௝Δ𝑝௜௝

∗
௡೎

௝வ௜

௡೎ିଵ

௜
 

∆𝑝௜௝
∗ = 𝑝௜

∗ + 𝑝௝
∗ − 2(1 − 𝑘௜௝)ට𝑝௜

∗ ∙ 𝑝௝
∗ 

𝑇∗ Characteristic temperature of the mixture 
𝑇∗ =

𝑝∗

∑
𝑝௜

∗𝜙௜

𝑇௜
∗

ே
௜

 

 

𝑣∗ Average close-packed molar volume in the mixture 𝑣∗ =
𝑇∗𝑅

𝑝∗
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𝑟௜  
Number of lattice cells occupied by a molecule in 
mixture 𝑟௜ =

𝑟௜
଴𝑣௜

∗

𝑣∗
 

𝑇෨  Reduced temperature of the mixture 𝑇෨ =
𝑇

𝑇∗
 

𝑝෤ Reduced pressure of the mixture 𝑝෤ =
𝑝

𝑝∗
 

𝜌෤ Reduced density of the mixture 𝜌෤ =
𝜌

𝜌∗
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