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•	 Mathematical modeling of the gas permeability in the glassy polymer/
nano-porous filler MMMs

•	 Considering the plasticization phenomenon in the presence of solid 
fillers

•	 Diffusivity and solubility of the gases in the MMMs as a function of 
plasticization

•	 Reduction of plasticization parameter (β) by increasing the filler 
contents at MMMs

•	 Antiplasticization effect of fillers by a positive shift in plasticization 
pressure
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1. Introduction

Since carbon dioxide (CO2) accounts for most of the greenhouse gas 
emissions, and hence, it is necessary to be separated from industrial flue gases 
[1, 2]. On the other hand, the captured CO2 can be applied for enhanced oil 
recovery (EOR) [3-5]. Conventional methods for CO2 separation include 
adsorption, absorption, cryogenic distillation, and membrane separation 

technology. Comparing to the other techniques, membrane separation has 
significant benefits including lower energy consumption, low cost, simplicity 
of operation, and the need for smaller equipment that makes it to be widely 
used in various applications [6, 7]. In the case of membrane gas separation, 
the high solubility of some gas components in the polymeric membrane 
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The plasticization of mixed matrix membranes (MMMs) in the presence of solid particles differs from pure glassy polymeric membranes. This study aims to develop a mathematical 
model for gas permeability in the glassy polymer/nano-porous filler MMMs, considering the plasticization phenomenon in the presence of the solid particles. The diffusivity of each 
component is assumed to be a function of the plasticization in the presence of nano-porous fillers. The partial immobilization model with the insertion of filler contributions in gas 
solubility of MMMs is also applied to determine the fraction of sorbed mobile gases. In this case, the model parameters were determined by fitting the experimental data of cellulose 
acetate/sodium Y zeolite (CA/NaY) MMMs for CO2/N2 separation. The results showed that the plasticization parameter (β) is reduced by increasing the zeolite content in the MMMs, 
both for CO2 and N2 gases. The MMM plasticization declined by a shift in the plasticization pressure towards larger values. Except for the MMM with 20 wt.% NaY content, CO2-
induced plasticization fugacities of all the MMMs were best modeled with a relative error of less than 8%. Moreover, an acceptable mean relative error of 7.57% was obtained for all 
the MMMs containing 0-20 wt. % NaY. Statistical analysis with calculating the Pearson correlation’s parameters showed a direct and strong relationship between the two coefficients 
C′HA and b. Furthermore, it revealed a close relationship between all other coefficients, while no relationships were observed between D0 and β, and also, F and D0 for both the CO2 and 
N2 gases, maybe because of the small sizes of these coefficients. The zeolite particles play a role of anti-plasticizer. Additionally, by increasing the zeolite loading, the gas diffusivity 
variations in the membranes decreased. This reduction is another sign of the plasticization reduction in the MMMs as compared to the pure glassy membranes.

http://www.msrjournal.com/article_44456.html
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matrices leads to an unfavorable phenomenon, the plasticization of the 

polymeric membranes, that it remained as a substantial challenge [8]. This 

decreases the separation performance of the polymeric membranes [9]. 

Furthermore, high pressure and, or the presence of impurities in the gas 

systems, reduce the separation performance of membranes [10]. Plasticization 
refers to a phenomenon, which is mostly dependent on the pressure originated 

by the dissolution of some feed components in the polymer matrix and 

increased mobility of the polymer chains, led to increase in the space between 
polymer chains and thus increase in the free volume of the membrane [11]. 

Regarding the solution-diffusion model, a component should first be sorbed 

on the membrane and then diffuse across it [12]. Plasticization of the 
membrane by CO2 leads to increasing permeability and decreasing selectivity. 

Dissolved CO2 swells the space between the polymer chains and leads to 

disruption of the polymer structure [13]. Generally, plasticization of a 
membrane depends on some critical factors such as membrane material, 

structure, thickness, feed composition, pressure, and temperature [14]. CO2 is 

one of the essential plasticizer components in natural- and flue gas streams. 
For example, at natural gas processing at high pressures, the membrane 

materials adsorb 30-50 cubic centimeters of CO2 (STP: standard temperature 

and pressure) per cubic centimeter of the polymer. This is equivalent to 5-10 

weight percent of CO2 in the polymer, which is resulted in a significant 

softening of the membrane material [15]. 

The permeability of a plasticizer component such as CO2 varies when its 
pressure increases. This behavior is described by a dual sorption model and 

site saturation mechanism. At a low concentration of penetrant in the polymer 

matrix, microvoids in Langmuir mode are not fully saturated. As time 
progresses, available microvoids in Langmuir mode are almost saturated at 

the higher concentration of penetrant. Therefore, permeability decreases with 

an increase in pressure. After the available microvoids in Langmuir mode are 
fully saturated, more feeding of the gas at higher pressures increases the 

diffusion in Henry mode. Beyond that, a pressure increase leads to 

permeability increase; in which the corresponding pressure at this point is 
called the “plasticization pressure” [16]. 

Koros et al. [17] applied the dual-mode sorption model for mixed gas 

permeation across the polymeric membranes. The model could not accurately 
predict the permeability of the mixed gas components, due to considering no 

plasticization in the model. Lee et al. [18] presented a model to predict the 

permeability of gases in glassy polymers by considering the effect of 
plasticization. They found that the diffusion coefficient of each component 

depends on all other components. Also, all adsorbed gas molecules were 

supposed as mobile molecules. Sada et al. [19] determined the permeability of 
CO2/CH4 mixed gases in the glassy cellulose triacetate membrane. They 

assumed all the adsorbed gas molecules to be mobile. They concluded that the 

presence of CH4 in the mixture decreases the CO2 permeability. CH4 induces 
an antiplasticization effect against the CO2-induced plasticization behavior. 

Visser et al. [20] also applied the dual sorption model to determine the 

permeability of mixed gas components in glassy polymers. They studied the 
trade-off between competitive sorption and plasticization effect in hollow 

fiber membranes. They concluded that an inert gas, which presents in 

simultaneous with CO2 in the feed mixture, occupies the available microvoids 
in Langmuir mode. Therefore, the adsorption rate of CO2 molecules 

decreases, which means the reduction of plasticization. Saberi et al. [21] 
proposed a model for predicting the diffusivity of mixed gas components in 

asymmetric glassy cellulose acetate membrane in the presence of 

plasticization. Permeances of the feed gas components as compared to those 

for the pure gases were declined that could be attributed to occupying the 

Langmuir sites with the second component, and thus, a decrease in gas 

sorption. Also, they calculated the immobilization factor (F) for CO2 and CH4 
and showed that it decreases for CO2 with an increase in second component 

(CH4) fraction due to a reduction in plasticization. Additionally, they 

concluded that the effective diffusivity of pure CO2 is significantly pressure 
dependent, and this dependency is almost disappeared with the increase in 

CH4 content of the feed.  

This study presents a mathematical model for the plasticization, which is 
induced by the (CO2 and N2) gas permeation in an MMMs. Briefly, it should 

be notified that MMMs are composed of inorganic/organic fillers dispersed in 

the polymeric matrix of the membranes. They combine both the advantages of 
inorganic and organic materials to overcome the permeability/selectivity 

trade-off of the present polymeric membranes. In recent decades, MMMs 

have been attracted more attention, and it is expected to replace traditional 
membranes shortly [22-25]. In the present model, the dual sorption model is 

applied to predict the permeability of CO2 and N2 gases. A concentration-

dependent diffusion coefficient is considered in the presented model. 
Moreover, based on the partial immobilization model, it is assumed that the 

fractions of the gases adsorbed in the Langmuir sites are mobile while the 

remaining fractions are immobile. Also, the present model considers the 
effect of solid particles dispersed into the polymer matrix on the gas 

components-induced plasticization. Using our previous data for pure CO2 and 

N2 permeations in glassy cellulose acetate/nano-porous sodium Y zeolite 

(CA/NaY) MMMs [26], the effect of different NaY loadings (0-20 wt.%) into 

the MMMs is investigated, and the corresponding plasticization pressures are 

determined. This is a characteristic feature of this work that distinguishes 
from the others; it takes into account the effect of different amounts of solid 

zeolite particles loaded in the membrane matrix on the plasticization which is 

induced by the gas components.   
 

 

2. Theory and modeling 

 

Barrer [27] proposed two mechanisms that involve in the transport of 

species through the glassy polymers with several micropores in their matrices: 
 

1. Solution based on Henry's law  

2. Hole filling, based on the Langmuir theory 
 

This type of sorption is called the dual-mode sorption model. The 

sorption isotherm for pure gas component A based on the dual-mode sorption 

model is considered as follows [28]: 
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CA is the volumetric concentration of gas A in the polymer (cm3(STP)/cm3 
polymer), CDA represents the concentration of dissolved gas A based on 

Henry's law, CHA denotes the concentration of dissolved gas A in the 

Langmuir area, KDA is Henry’s coefficient, CʹHA represents pore saturation 
constant, bA is the affinity constant of pores and pA represents the partial 

pressure of A component. In Eq. (1), the first term represents common 

dissolution in Henry’s area, and the second term represents sorption in the 
micropores. 

In the dual-mode sorption, it is assumed that the model parameters do not 

depend on the pressure [29]. A limitation of the dual-mode sorption model is 
the calculation of sorption parameters using the experimental data [28]. In the 

case of glassy polymer-based MMMs, further challenges will be comprised 

due to the presence of filler particles; Eq. (1) has presented for the pure glassy 
polymeric membranes; based on the formula given by Paul and Kemp [30] for 

the MMMs, Eq. (1) can be modified to Eq. (2) to take into account the effect 

of zeolite (NaY) particles in the cellulose acetate (CA) polymer matrix: 
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where ϕP and ϕD represent the volumetric fractions of the polymer and 

dispersed filler, respectively. Similarly, an equation can be written for pure 
gas component B. Then, the solubility for pure gas components A and B can 

be determined by the following equation [31]: 
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If downstream (permeate) pressure is ignored in comparison with the 

upstream (feed) pressure, the permeability of the pure gas A in a glassy 
polymer from Eq. (2) can be determined in steady-state condition based on 

the dual-mode sorption and dual-mode mobility models [32]: 
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In this equation, DDA and DHA are diffusion coefficients in Henry’s and 

Langmuir’s modes, respectively.  
Regarding the partial immobilization model, a fraction of gas sorbed in 

the Langmuir mode is mobile. Paul and Koros [32] showed that the penetrants 

in the Langmuir microvoids have less mobility while they are fully mobile at 
Henry’s mode. Therefore, they introduced parameter F, which indicates a 

fraction of mobile components at Langmuir’s mode. The remaining other 

fraction of components at Langmuir’s mode, 1-F, is immobile. Thus, F is 

called the immobilization factor, which depends on the nature of the polymer-

diffusive component and the temperature [33].  

Diffusion of component A in the presence of plasticization is defined as 
follows [34]: 
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( ) ( )CDCD mAAAmAA exp0=  (5) 

 

where DA0 represents pure gas diffusivity when 0→CmA . CmA refers to the 

concentration of the mobile gas species. βA that is called the plasticization 
parameter, is an experimental constant that depends on the nature of the 

diffusive component-polymer system, temperature, and thickness of the 

membrane. βA is a representative for the plasticization capability of the 
diffusive material [29, 35]. Due to the plasticization of polymer chains, the 

gas permeabilities at high pressure deviates from the dual sorption model 

[20]. Ideal selectivity of the two components is calculated by dividing the 
pure gas permeabilities as follows [36]: 
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where PA and PB are the permeability of pure gases A and B, respectively. 
Finally, the permeability and effective diffusivity of A (CO2) and B (N2) 

in terms of pressure for glassy polymers, which are described by [21], should 
be modified to consider the effect of zeolite (NaY) particles on softening or 

plasticization phenomena (Eqs. 7-10 with parameters ϕp and ϕd). ϕd represents 

the contribution of NaY particles in the gas sorption (in addition to sorption in 
the Langmuir area).  
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Deff is the effective diffusivity and pA2 and pB2 are upstream pressures for A 
and B gases. It is worth mentioning that the experimental data of 

permeabilities are obtained at a high-pressure range of 4 to 22 bar [26]; 

therefore, a modified pressure (or fugacity) will be applied here. For fugacity 
calculations, the Soave-Redlich-Kwong (SRK) equation of state is considered 

at the process conditions. 

 
 

3. Results and discussion 

 
To validate the present model, the model predictions were compared with 

the permeability of CO2 and N2 pure gases in the CA/NaY (0-20 wt%) 

MMMs [26]. In this case, the parameters in Eq. (4) were calculated by 
nonlinear least squares (NLLS) fitting of the pure CO2 and N2 permeability 

data. The obtained parameters from Eq. (4) were used in Eqs. (7) and (9), then 

parameters β, F, and D0 for CO2 and N2 were determined by fitting the 

resultant equations and the experimental data. 

Also, for solubility calculations, first the obtained parameters in Eq. (4) 

were substituted in Eq. (2), and then the gas solubility coefficients were 
determined from Eq. (3).  

 

3.1. Comparison of fugacity and pressure with SRK equation of state 
 

The SRK equation of state has been used to obtain fugacity. Figure 1 

shows the relationship between fugacity and pressure for CO2 and N2 gases. 
According to the results, the difference between pressure and fugacity can be 

neglected for N2, and hence, it can be considered as an ideal gas in the 

pressure range of 4-22 bar. However, it cannot consider CO2 as an ideal gas 
where a mean deviation of 5% is observed between the corresponding CO2 

fugacities and pressures, so the following calculations for CO2 would be 

accomplished in terms of fugacity. 
 

3.2. Studying the model parameters and the effect of solid fillers on 

membrane plasticization 
 

Plasticization modeling in MMMs through the dual sorption model requires 

the permeability data at different pressures. Here, the experimental data of 
Sanaeepur et al. [26] were used for adjusting the model parameters. The 

obtained parameters for the dual sorption model (Eq. (4)) are given in Table 

1. It should be noted that the parameters obtained for this model were 
calculated using nonlinear least square (NLLS) regression technique with the 

MATLAB software. In the dual sorption model (Eq. (4)), the larger Henry’s 

coefficient (KD), Langmuir saturation constant (CʹH), and affinity constant of 
the pores (b) are, the higher gas solubility will be [37]. 

 

 
 

 
Fig. 1. The relationship between fugacity and pressure for CO2 and N2 gases. 
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Regarding Table 1, the higher values of these coefficients for CO2 to N2 

indicate higher sorption of CO2. In the dual sorption model ((Eq. (4)), Henry’s 

coefficient (KD) and saturation constant of pores (CʹH) increase with 

increasing the condensation of gases [38]. Since the condensability of CO2 is 

greater than N2 (from comparing the critical temperatures and the Lenard-
Jones energy parameters [39-41]), the sorption coefficients of CO2 is greater 

than N2 as shown in Table 1. The value of 1.473 

cm3(STP)/(cm3(polymer).bar1) for solubility coefficient from the Henry’s law 
(KD) for pure CA membrane in Table 1 is comparable with that of reported by 

Saberi et al. [21], i.e. 1.43 cm3(STP).cm-3(polymer).bar-1. With an increase in 

the NaY zeolite content, the free spaces between the solid filler and the 
polymer increase. However, a free volume between the polymer chains can 

decrease as the polymer chains become more rigid. It could be more 

intensified here, whereas the membrane samples annealed. These two 
phenomena do not contradict each other. However, this is the space between 

the micron-sized solid filler and the polymer that overcomes the decline in 

free volume and leads to greater permeability of the MMMs. The interfacial 
gap between zeolite particles and the polymer matrix can increase the sorption 

coefficient of Henry’s law (KD). However, a different behavior was observed 

for the Langmuir constants (CʹH and b, Eq. (4)) in the presence of NaY zeolite 

particles. To analyze the Langmuir parameters of the dual sorption model (Eq. 

(4)), it should be noted that the CA/NaY MMMs have annealed at 150 °C (a 

temperature below the cellulose acetate glass transition temperature). 
Annealing a glassy membrane leads to the formation of a better morphology, 

diminishing the microscopic cracks in its structure, and hence, will result in a 

more favorable separation performance. Annealing the membranes causes the 
relaxation of the polymer chains and reduction of excess free volume. Also, 

because of the compressibility of the membrane structure, it has a great 

impact on the sorption parameters. For example, Langmuir adsorption 
capacity (CʹH) in an annealed membrane is lower than that of the membrane 

made at room temperature, due to the reduction of excess free volume [42]. 

Hiroshi et al. [43], Hachisuka et al. [44], and Okamoto et al. [37] discussed 
the effect of membrane annealing on sorption parameters. They concluded 

that annealing a glassy membrane reduces the sorption parameters due to a 

decline in micron volumes inside the polymer. However, in the case of glassy 
cellulose acetate membranes, Sanaeepur et al. [26] stated that through the 

annealing near glass transition temperature, polymer chains are toughened 

because of the methylene bond formations between the cellulose polymer 
chains. As the results confirmed by XRD analysis, the inter-chain spaces were 

reduced through the annealing. This can be the reason for lower sorption 

parameters which are obtained here based on the work by Sanaeepur et al. 
[26] as compared to those of Saberi et al. [21]. 

One of the frequently used measures of linear dependence between two 

random variables is the Pearson correlation coefficient. This is defined for 
two variables X and Y as the covariance of the two variables divided by the 

product of their standard deviations (which acts as a normalization factor). It 

can be expressed by rXY, as: 
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where 
= =

n
i iX

n
X 1

1  is the mean of X. The coefficient rXY ranges from -1 to 1 

and it is invariant to linear transformations of either variables. rXY values close 

to 1 indicate a positive relationship between X and Y, while the values close to 
-1 stand for a negative (inverse) relationship. A value close to 0 shows the 

absence of a relationship between two variables. It should be noted that the 

rXY cannot be computed when one or both variables are constant, since the 

quantity ( ) −=
n
k k XX1

2  is 0, and thus, the Pearson correlation coefficient 

is undetermined [45]. 
Using SPSS software, the statistical calculations related to Pearson correlation 

were done and the results were summarized in Table 2. According to Table 2, 

there is a direct and strong relationship between the two coefficients C'HA and 
b. Of course, there is a close relationship between all other coefficients. 

Langmuir adsorption capacity (CʹH) increases by increasing the NaY 

zeolite contents due to the increase in zeolite sorption sites. Affinity constant 
of pores (b) represents the sorption rate of gas in micropores over the 

desorption rate [46]. It has higher values for CO2 compared to N2 (Table 1), 

which reveals a higher affinity of pores for adsorbing the CO2 molecules. It 
can also be observed that the values of affinity constants increase at higher 

loadings of porous fillers due to the increased number of sorption sites. 

It has been illustrated that the more gas sorption rate, the more gas-
induced plasticization will be [34]. This is also evident from the plasticization 

parameters calculated by the model and illustrated in Table 3. The parameter 

β, which is a representative of gas-induced plasticization, is greater for CO2 

than N2. The higher parameter β the lower concentration of the gas is needed 

to plasticize the membrane [47]. The value of 0.0336 for parameter β of the 

pure CA membrane differs from that of equals 0.086 for Saberi et al. [21] 

which can be attributed to the membrane annealing at a temperature near the 

glass transition temperature which reduces the plasticization of CA. 
Moreover, the data by Saberi et al. [21] was for the mixed gas permeation that 

differs from pure gas results, due to the competitive sorption of mixed gas 

components into the membrane micropores [48].   
In the case of plasticization parameters of the MMMs for both the CO2 

and N2 in Table 3, a dual sorption model was used, and the effect of 

membrane plasticization under excessive sorption of CO2 was considered 
using the β factor. As can be seen, by increasing the NaY zeolite content, 

plasticization parameter β decreases, which indicates a positive effect of the 

particles in preventing gas-induced plasticization in the MMMs. Adding the 
zeolites in the polymer matrix is followed by intermolecular interactions 

between the zeolites and polymer matrix that can restrict the polymer chains’ 

motions around the particles. The zeolite particles can play an 
antiplasticization role. Also, membrane annealing can diminish the unwanted 

fine cracks which are formed during the membrane preparation. As a result, 

excessive sorption of gases, and consequently, the plasticization of the 

MMMs were reduced with the increase in zeolite loadings. 

F factor represents the ratio of diffusivity in micropores over the 

diffusivity in the polymer matrix. As can be seen in Table 3, F values for CO2 
are greater than N2, which means CO2 has more mobility in NaY zeolite 

particles. It can be attributed to high sorption of CO2 in the micropores, on the 

surface and microchannels of the zeolites. F values increases for CO2 up to 10 
wt.% NaY loading due to the increase in CO2 mobility, while it decreases at 

15 wt.% NaY loading. The reduction in F is due to agglomeration of the 

particles, which affects the diffusion of the gas molecules into the micropores, 
and consequently, reduces the permeation inside the pores. The agglomeration 

phenomenon is more evident from the results of 20 wt.% NaY loading. 

Generally, for F values close to unity, the presumption of partial 
immobilization is suitable, while the overall immobilization model is applied 

for lower F values. N2 transport across the membrane is diffusion-

controlled rather than to be solubility-controlled. D0 increases with the 
increase in NaY zeolite contents. The more NaY loading, the more diffusion 

of N2 will occur. However, the D0 values for CO2 are higher than those for the 

N2. It is due to the lower kinetic diameter of CO2 molecules as compared to 
N2. On the other hand, CO2 has benefited a further transport mechanism than 

the N2 due to adequate sorption in the zeolite pores. The concentration of 

initial adsorbed layers of CO2 at the surface and within the zeolite pores can 
raise a concern about the controlled diffusion of the remaining gas into the 

zeolite. Therefore, as compared to pure CA membrane, it can be observed that 

D0 of the CA/NaY MMMs reduces for low zeolite contents (< 10 wt.%), and 
then increases again at 15 wt.% NaY and more, due to the increase in free 

volumes of the MMMs. According to Table 4, which summarizes the 

calculated Pearson coefficients by SPSS software, there are no relationships 
between D0 and β, and also, F and D0 for both the CO2 and N2 gases, maybe 

because of the small sizes of these coefficients. Moreover, for N2, there is a 

negative (inverse) relationship between β and F. 
 

 
 

Table 1 

The obtained parameters from the dual sorption model (Eq. (4)) for CO2 and N2 in 

CA/NaY MMMs. 

 

Component 

NaY zeolite 

loading 

(wt.%) 

( )














.bar
3

cm

STP
3

cm
 DK

 ( )















3
cm

STP
3

cm
 HC

 

b (bar-1) 

CO2 0 1.473 2.014 3.501 

5 1.546 8.762 5.261 

10 1.626 9.494 12.245 

15 1.880 14.685 15.061 

20 2.068 17.647 22.566 

N2 0 0.306 0.802 0.054 

5 0.342 1.104 0.091 

10 0.354 1.192 0.095 

15 0.356 2.745 0.330 

20 0.420 3.029 0.476 
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Table 2 

The Pearson coefficients for the dual sorption model parameters (Eq. (4)) for CO2 and N2 

in CA/NaY MMMs.   
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1 0.926 
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
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1 0.982 

 

 

 
Table 3 

The calculated plasticization parameters of Eqs. (7) and (9) for CO2 and N2 

permeabilities in CA/NaY MMMs. 

 

Component 

NaY zeolite 

loading 

(wt.%) 

β F D0 (cm2/s) 10+9 

CO2 0 0.0336 0.858 1.155 

5 0.0243 0.864 1.153 

10 0.0170 0.919 1.132 

15 0.0130 0.804 1.273 

20 0.0028 0.460 1.829 

N2 0 0.0043 0.018 0.2831 

5 0.0031 0.033 0.3276 

10 0.0019 0.274 0.3297 

15 0.0004 0.967 0.4035 

20 0.0001 0.421 0.4216 

 

 

 
Table 4 

The Pearson coefficients for the plasticization parameters (Eqs. (7) and (9)) for CO2 and 

N2 permeabilities in CA/NaY MMMs. 

 

Component  F D0 

CO2 β 0.743 0 

 F 1 0 

N2 β - 0.807 0 

 F 1 0 

 

 
3.3. Gas diffusivity in terms of fugacity 

 
Variations in the diffusivity of CO2 and N2 in the MMMs in terms of 

fugacity were calculated based on Eqs. (8) and (10) for different NaY zeolite 

loadings (0-20 wt.%) and depicted in Figures 2 and 3. By increasing the gas 
fugacity, its sorption, and in turn, the plasticization of the membrane 

increases. Plasticization increases the space between polymer chains. As a 

result, the penetration rate of the gas components increases by the 
plasticization-induced free volume increase [49]. This increases the diffusion 

of both gases into the membranes. However, the diffusion of a gas with higher 

sorption is more influenced by the fugacity changes. Thus, according to the 
more adsorption of condensable CO2 gas, a higher effect of fugacity on the 

diffusivity for CO2 rather than N2 is predictable. As shown in Figures 2 and 3, 

at fugacities near 11 bar and more, the positive growth of diffusivity for CO2 
is greater than N2, which can increase the CO2/N2 diffusivity selectivity. 

 
Fig. 2. The CO2 effective diffusivity in the MMMs in terms of fugacity. 

 

 

 

 
 

Fig. 3. The N2 effective diffusivity in the MMMs in terms of fugacity. 

 

 
 

3.4. Gas solubility in terms of fugacity 

 
Figures 4 and 5 depict solubility of CO2 and N2 in pure CA and CA/NaY 

MMMs with different NaY zeolite contents in terms of fugacity. As can be 

seen in Figure 4, the solubility of all the membranes has a slight descending 
behavior with the fugacity increase, especially in the higher fugacities. For all 

the membranes, at lower CO2 fugacities, solubility has significantly decreased 

because the microvoids in the Langmuir area and also the zeolite voids are not 
saturated. Therefore, the lower is the fugacity, and the higher is the solubility. 

Solubility decreases at higher fugacities due to the occupation of Langmuir 

sites by the gas molecules. Also, increasing the NaY contents in the MMMs 

leads to an increase in Langmuir sites and gas solubility. However, through 

the solubility increases, the membranes are exposed to more softening or 

plasticization. On the other hand, more polymer-particle interactions at higher 
zeolite loadings solidify the polymer chains around the particles and enhance 

the effect of anti-plasticization. As seen in Figure 5 for N2 solubility in terms 

of fugacity, a behavior almost the same as CO2 (Figure 4) is observed. 
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Comparing the results of Figures 4 and 5 with Figures 2 and 3, it can be found 

that with the increment in fugacity, a higher increasing rate is observed for 

diffusivity in comparison with the solubility. Moreover, by increasing the 

zeolite contents in the polymer matrix, the increase in diffusivity is lower than 

the solubility for both gases. 
 

 

 

 
Fig. 4. The CO2 solubility in the pure and MMMs in terms of fugacity. 

 

 

 

 
Fig. 5. The N2 solubility in the pure and MMMs in terms of fugacity. 

 

 

 

3.5. Permeability and selectivity in terms of fugacity 
 
Variations in the CO2 permeability in terms of fugacity were calculated 

based on the dual sorption model for different NaY zeolite loadings (0-20 

wt.%) and presented in Figure 6. As mentioned above, the plasticization 

pressure is a pressure where the gas permeability in a glassy membrane 

reaches its minimum value. At pressures higher than the plasticization 

pressure, volume relaxation in the form of dilation or swelling of the polymer 
has been observed [50]. On the other hand, at pressures lower than the 

plasticization pressure, the gas sorption rate in the polymer is less than the 

swelling rate of the polymer matrix due to the adsorbed gas. This inequality 

increases by increasing the pressure up to the plasticization value. Then, at the 

plasticization pressure, polymer entanglements which are the points in the 

polymer matrix with a high chain density are dilated. With further increase in 

the pressure, the inequality is reversed [51]. But in the case of MMMs, as 
mentioned previously, an opposite effect of the antiplasticization of polymer 

chains in the presence of zeolite particles affects the inequality. Therefore, the 

zeolite filler-induced antiplasticization could shift the plasticization pressure 
of the MMM to a larger value as compared to the pure polymer. In fugacities 

less than the plasticization fugacity, according to the saturation mechanism of 

Langmuir sites, permeability decreases through filling the pores and 
saturating sites. Since the gases with higher condensation capability are more 

adsorbed, CO2 is more affected by the fugacity than the N2 is. As shown in 

Figure 7 for CO2/N2 selectivity, a behavior very similar to permeability is 
observed.   

 

 

 
 

Fig. 6. The CO2 permeability in the MMMs in terms of fugacity. 

 

 

 

 
 

Fig. 7. The effect of fugacity on the CO2/N2 selectivity. 
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3.6. A comparison between the plasticization fugacity of the model results 

with the experimental data 
 

The plasticization fugacity for various NaY zeolite contents in the 

MMMs was calculated via MATLAB software and compared with the 
experimental data. Sanaeepur et al. [26], using the second-order polynomials 

have fitted the permeability data in terms of pressure for pure CA membrane 

and the CA/NaY MMMs, to calculate the CO2-induced plasticization 
pressures. Here, the plasticization pressure values by Sanaeepur et al. [26] 

were converted to fugacities to be compared by the model results (Table 5). 

Except for the MMM with 20 wt.% NaY content, CO2-induced plasticization 
fugacities of all the MMMs were best modeled with a relative error of less 

than 8%. Also, an acceptable mean relative error of 7.57% was obtained for 

all the MMMs containing 0-20 wt. % NaY.   
 

 

 
Table 5 

A comparison between the CO2-induced plasticization fugacities in the pure CA and 

CA/NaY MMMs calculated by the model with the experimental data. 

 

Membrane 

Plasticization fugacity (bar) 
Error 

 )%( 
Sanaeepur et al. [26] Model 

CA 

CA/NaY 5 wt.% 

CA/NaY 10 wt.% 

CA/NaY 15 wt.% 

CA/NaY 20 wt.% 

11.97 

12.54 

12.32 

12.92 

14.13 

11.12 

11.57 

11.64 

12.37 

16 

7.10 

7.74 

5.52 

4.26 

13.23 

  Mean 7.57 

 

 

 

4. Conclusions  

 

In this work, the basic dual-mode (Henry-Langmuir) sorption model was 

applied and developed to model the gas-induced plasticization phenomenon in 

the mixed matrix membranes (MMMs). First, the permeability variations for 

CO2 and N2 in terms of pressure were determined. Pearson correlation is a 
statistical technique for investigating the relationship between two 

quantitative, continuous variables. The calculated Pearson’s parameters 

demonstrated a direct and strong relationship between the two coefficients 

C′HA and b. Of course, there was a close relationship between all other 

coefficients. There were no relationships between D0 and β, and also, F and 
D0 for both the CO2 and N2 gases, maybe because of the small sizes of these 

coefficients. To obtain the plasticization pressures of the MMMs, minimum 

values of permeability in terms of pressure (fugacity) at various filler contents 
were calculated, and the results were compared with the previous work by 

Sanaeepur et al. [26], which provided for cellulose acetate/nano-porous 

sodium zeolite Y (CA/NaY) MMMs. Good conformity between the model 
and experimental data of plasticization pressure was observed with a 

reasonable mean relative error of 7.57%. 

 
 

Abbreviations 

 
bA  affinity constant of pores for A component (bar-1) 

CA volumetric concentration of gas A in the polymer (cm3(STP)/cm3 

polymer) 
CDA concentration of dissolved gas A based on Henry's law 

(cm3(STP)/cm3 polymer) 

CHA concentration of dissolved gas A in the Langmuir area 
(cm3(STP)/cm3 polymer) 

C'HA pore saturation constant for A component (cm3(STP)/cm3 polymer) 
CmA  Concentration of the mobile gas species for A component 

(cm3(STP)/cm3 polymer) 

DA0 pure gas diffusivity for A component when 0→CmA  (cm2/s) 

Deff effective diffusivity (cm2/s) 
DDA  diffusion coefficients in Henry’s mode for A component (cm2/s) 

DHA diffusion coefficients in Langmuir’s mode for A component (cm2/s) 

F immobilization factor 

KD Henry’s coefficient (cm3(STP)/(cm3.bar1)) 

pA  partial pressure of A component (bar) 

pA2 upstream pressure (bar) 
PA permeability of pure gas A (cm3 (STP) cm/(cm2 cmHg s)) 

PB permeability of pure gas B. (cm3 (STP) cm/(cm2 cmHg s)) 

MMM mixed matrix membrane 

rXY Pearson correlation coefficient of two variables 

SA solubility for pure gas components A (cm3(STP)/(cm3 

polymer.bar)) 

SB solubility for pure gas components B (cm3(STP)/(cm3 
polymer.bar)) 

X variable of Pearson correlation 

X  mean of X 

Y variable of Pearson correlation 

Y  mean of Y 

αAB ideal selectivity of the two components A and B 

βA component A-induced plasticization parameter 
ϕP volumetric fractions of the polymer 

ϕD volumetric fractions of the dispersed filler 
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