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Abstract 

The efficient separation of gases is a subject of considerable interest due to economic and 

environmental threats associated with air pollution, and is an imperative to meet energy demands 

of the world. Membrane based gas separation is considered as an efficient, productive, readily 

scalable, and environmentally friendly process that can operate in a continuous fashion. The recent 

advances have shifted towards the development of mixed matrix membranes (MMM), due to the 

challenges with the current spectrum of polymeric and inorganic membranes. MMMs have been 

commonly prepared by incorporating inorganic fillers such as zeolites or metal organic 

frameworks in a continuous polymer matrix. However, the success of MMMs depends greatly on 

the screening and selection of suitable polymer matrix, inorganic filler and interaction between 

them. Though the past decade has witnessed substantial progress in both the fundamental and 

application aspects of MMMs in gas separation, interface problems such as the formation of non-

selective voids, rigidified polymer and pore blockage due to poor interaction between the polymer 

and inorganic filler are still challenging. Hence, understanding and minimising interfacial barriers 

between the polymer and the inorganic filler are critical to the design and optimisation of MMMs; 

however, trial and error experimentation is required to address these non-ideal interface issues. On 

the other hand, atomistic simulations have become an important tool in the screening and selection 

of suitable materials in MMMs. The present thesis aims to develop a fundamental knowledge of 

the polymer structure near a surface, and thus facilitate the design of MMMs, especially for gas-

separation.  

Firstly, the morphology of the polyimide (PI) polymer membrane is characterized by 

exploring the volume-temperature relations, distribution of free volume elements in the polymer 

and available free volume analysis. Then, the separation performance of a PI membrane in pure 

gas conditions is investigated. Gas sorption isotherms were extracted via a two-step methodology 

considering the dynamics and structural transitions in the polymer matrix upon gas sorption using 

a combination of equilibrium molecular dynamics (EMD) in the constant pressure ensemble and 

grand canonical Monte Carlo simulations. The gas transport behavior in the polymer membrane is 

evaluated by extracting Maxwell-Stefan diffusivities, and found to be consistent with experimental 

evidence.  



ii 
 

Further, the separation performance of a polymer membrane in mixed gas conditions is 

investigated by considering an equimolar mixture of CO2 and CH4 in a fluorinated PI polymer 

membrane. Significant swelling of the polymer in the presence of CO2 is found, as a result of 

which the predictions of traditional models such as ideal adsorption solution theory and dual mode 

sorption for mixed gases in mixed gas conditions are inaccurate, particularly for CH4. The Onsager 

coefficients indicate that in mixed gas conditions finite correlations exist between the diffusing 

species in the polymer membrane. Further, the swollen membrane is diffusive selective for CH4 at 

high pressures in mixtures due to availability of large pores, in contrast to pure gas conditions 

where the membrane is diffusive selective for CO2 over CH4 at all pressures. Analysis of 

membrane behavior under practical conditions using EMD-based transport coefficients shows that 

while the CO2/CH4 perm-selectivity increases with increase in pressure based on pure component 

data, the trend is opposite for mixture data. Thus, the commonly used approach of screening 

membrane materials based on pure component data can be misleading, as it overlooks the 

correlation effects arising from the presence of other species in the mixture. 

Subsequently, the structure of the PI in the vicinity MFI-zeolite, and its CO2/CH4 transport 

properties is investigated. It was found that incorporation of MFI zeolite into PI results in the 

formation of a densified polymer layer near the surface, having thickness around 1.2 nm, 

contradicting empirical suggestions of an approximately 1-micron thick interface between the 

polymer and filler. This interfacial region offers extra resistance to gas diffusion, which increases 

with kinetic diameter. Consequently, significant increase in CO2/CH4 selectivity as well as gas 

permeability is observed in the PI-MFI composite membrane compared to the pure PI polymer 

membrane, which is correlated with the high selectivity of the rigidified interfacial layer in the 

polymer. Thus, while enhancing transport resistance, the rigidified layer can be beneficial to 

membrane selectivity.  

Finally, the structure of a PI in the vicinity of the ZIF-8 surface is investigated. It is seen 

that incorporation of ZIF-8 into PI results in formation of sub-nanometer voids as defects near the 

polymer-filler interface. We then identified an ionic liquid (BMIM-BF4) which has favorable 

interactions with both ZIF-8 as well as polymer to achieve a defect-free interface, thus exhibiting 

superior gas separation performance compare to the pure polymer membrane.  
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In summary, this thesis has developed a nanoscale understanding of polymer structure near 

a surface for the information necessary to design MMMs. This investigation also includes 

strategies to minimise the interfacial defects such as nano-scale voids to achieve separation 

performances surpassing the Robeson upper bound limit in MMM membranes. 
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1.1 Background 

Efficient separation of fluid mixtures into their constituents is critical to the performance of a range 

of industrial applications including adsorption, molecular-sieving, catalysis, sensing, electro chemical 

storage, drug delivery and ion-exchange.1-3 Membranes permit selective mass transport driven by 

concentration or chemical potential gradient, and have become pervasive with the advantages of 

modularity, scalability, compactness and high energy efficiency.3 Fluid transport across a membrane, 

depending on the properties of the fluid as well as the membrane, can be described through Knudsen-

diffusion, molecular sieving or solution-diffusion mechanism, as shown in Figure. 1.1.  

 

Figure 1-1:Length-scale dependence of membrane transport mechanisms. Relative scales of gas and 

water molecules, hydrated ions and gas mean free path are depicted on bottom. Q, flux; D, diffusivity; 

S, sorption coefficient; m, molecular mass; μ, viscosity. Adapted by permission from ref [2], 

Copyright 2017. 

In a dense, non-porous membrane, solution-diffusion mechanism provides a convenient framework 

to describe the gas transport, where the fluid molecules at high pressure condition are adsorbed onto 

the surface of the membrane in the feed side. Subsequently gas molecules diffuse across the 

membrane based on the difference in thermodynamic activities (concentration gradient and pressure 

gradient), and gas molecules are desorbed in the low pressure side or permeate phase of the 

membrane.  

1.2 Membrane performance 

The separation performance of a membrane for any given gas pair is characterized by permeability 

and selectivity. The permeability coefficient (Pi) is the product of gas flux (Ni) and membrane 

thickness (δ), divided by the pressure difference ( ip ) across the membrane, following: 
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Further, membrane selectivity for a given gas pair ( /i j ) is the ratio of permeability coefficients of 

the two gases, following: 

/

j

i j
iP

P
 =      (1-2) 

The higher is the permeability the lower will be the required membrane area to treat a given amount 

of gas leading to low capital costs. Further, the higher the selectivity the higher will be the has purity 

in the product. Thus, membranes that demonstrate high permeability as well as high selectivity are 

desirable. In addition, membranes should be defect-free in large scale, with high thermal, chemical, 

and mechanical stabilities.  

1.3 Membrane types 

Membranes are classified into polymeric and inorganic membranes, depending on the type of material 

used to prepare them.   

Polymer membranes: Polymer membranes are used commercially to separate important gas mixtures, 

owing to their excellent processability, easy scale-up, reproducibility for large scale production, low 

cost of fabrication and feasibility in various modules.4-6 Polymeric membranes are normally robust 

and exhibited promising results in gas separation; however, a trade-off relation between the 

permeability and selectivity is observed for most of the polymer membrane materials,7, 8 as shown in 

Figure 1.2. This trade-off relation indicating an increase in permeability of a polymer to gas i, Pi, 

leads to decrease in selectivity of the polymer for gas i over gas j, αi/j, following:7, 9 

,

, ,
i j

i j i j iP


 
−

=      (1-3) 

where λi,j and βi,j are empirical parameters depend on the gas pair. The values for these parameters of 

many common gas pairs has been reported in the literature.8-10 Freeman developed a theory to 

understand this upper bound relation in polymer materials and suggested that simultaneous increase 

in backbone stiffness and interchain separation can lead to a membrane with high permeability as 

well as high selectivity.9 Over the last decade, much effort has been devoted to modify the existing 

polymer materials including polymer backbone structure modification,6, 11 as well as develop new 

polymer materials such as polymers of intrinsic microporosity (PIMs),12 thermally rearranged (TR) 
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polymers13, 14 to achieve high permeability as well as high selectivity; however, the success is modest. 

This has created much interest in the development of alternative membrane materials. 

 

Figure 1-2:Upper bound correlation for O2/N2 separation in polymeric membranes. Taken from ref 

[7,15].  

Inorganic membranes: Inorganic membrane materials are well-defined crystalline materials with 

ordered structures, high porosity, excellent thermal and chemical stabilities. These membrane 

materials can perform well above the permeability/selectivity trade-off.16-19 Recent progress in the 

syntheses of nonporous solids, has given rise to an impressive array of new structures, such as metal 

organic and zeolitic imidazole framework materials (MOFs and ZIFs respectively), which are 

considered potentially attractive for technological exploitation for gas separation. The future 

directions for these new membrane materials are very promising, primarily because of the enormous 

chemical flexibility of their base structures. However, it is still difficult and expensive to fabricate 

large membranes due to their fragile structure. Therefore, polymeric membranes are still attractive 

but alternate approaches that can enhance their gas separation characteristics well above the Robeson 

upper-bound are needed. This leads to the development of Mixed-matrix membranes (MMM). 

Mixed-matrix membranes: MMMs comprise fillers of nanoscale size blended with polymer. The bulk 

phase is typically a polymer and the dispersed phase represents the inorganic particles. These fillers 

can be of conventional materials such as zeolites, carbon nanotubes (CNTs), or advanced materials 
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such as MOFs, metal–organic polyhedral (MOP) porous aromatic frameworks (PAFs), covalent 

organic frameworks (COFs) and graphene, as shown Figure 1.3. By combining the advantages of 

each material: for instance, the flexibility and processability of polymers, and the selectivity and 

thermal stability of the inorganic fillers, MMMs have the potential to achieve higher selectivity as 

well as higher permeability relative to existing polymeric membranes.  

 

 

 

Figure 1-3: Schematic representation of MMM. Reprinted with permission from ref [20]. Copyright 

2019 American Chemical Society. 

1.4 Challenges 

Although MMMs present an attractive approach to develop a membrane with high permeability as 

well as high selectivity, the ultimate success of these advanced membranes depends on material 

selection and interface defect elimination. The polymer–filler interface can be of four types, 

depending on the nature of interaction between the constituents, as highlighted in Figure 1.4. First is 

an ideal interface with properties nearly similar to those of the bulk polymer, which arises when 

polymer–filler and polymer–polymer interactions are comparable, leading to a homogenous 

polymer–filler blend. Second, when the polymer–filler interaction is weaker than the polymer–

polymer interaction, net repulsion between the polymer and filler occurs, leading to the formation of 

nonselective interfacial voids around the filler or “sieve in a cage” configuration. Such a MMM 

results in higher permeability with reduction in selectivity, as the gas molecules take the least 

resistance path offered by the voids.21 Furthermore, these voids can affect the mechanical integrity of 

the membrane. The third is the formation of a rigidified layer of polymer at the interface because of 

the attractive interaction between the polymer and filler promoted by a stronger polymer–filler 

interaction compared with the polymer–polymer interaction. This polymer in the rigidified layer has 

a more restricted chain motion than that in the bulk, which reduces gas permeability. This results in 

reduction in both permeability and selectivity.22 The last is plugged sieves, in which the surface pores 
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of the zeolites have been partially blocked by the polymer. This leads to reduction in the gas 

permeability in the composite system.23 Thus, the nature of the polymer–filler interface can strongly 

affect the overall membrane performance. In addition, poor dispersion of the inorganic filler 

contributes to its agglomeration in the polymer matrix.24 This deteriorates the properties of 

membrane, particularly when dealing with high loading compositions of inorganic filler. Thus, 

understanding and minimizing interfacial barriers between the polymer and the inorganic filler are 

therefore critical to the design and optimization of such membranes. Therefore, a nanoscale 

understanding of polymer structure near a surface is necessary to develop a defect free MMM that 

demonstrates high permeability as well as high selectivity.  

 

 

Figure 1-4: Schematic representation of interfacial defects in MMM.  Reprinted with permission from 

ref [20]. 

1.5 Objectives 

This thesis aims to develop a nanoscale understanding of polymer structure near a surface for the 

information necessary to design advanced membrane-based gas separation technologies such as 

MMMs. This investigation also includes strategies to minimise the interfacial defects such as nano-

scale voids/ polymer rigidification to achieve MMM separation performance surpassing the Robeson 

upper bound limit. 

This thesis has the following objectives: 

• Determine single component gas separation characteristics of neat polymer membranes 

including sorption isotherms, considering polymer structural transitions upon gas sorption. 



7 
 

•  Determine multi-component gas transport characteristics in the neat polymer membrane 

including sorption isotherms, considering polymer structural transitions upon gas sorption.  

• Develop an EMD-based simulation method to determine the interfacial as well as internal 

transport resistance for gases in inorganic membrane materials (fillers). Screening and 

selection of appropriate combination of polymer and filler for a given gas pair.  

• Fundamental understanding of polymer-surface interactions to capture the structure-property 

relationships of interfacial layers at the nanoscale, by employing force field based atomistic 

modelling techniques.  

• Determine the pure component separation performance of a MMM having a homogenous 

polymer-filler blend using EMD simulations. 

1.6 Structure of the thesis 

This thesis is arranged into individual chapters that address the research objectives presented in 

section 1.5, as summarized below: 

Chapter 1. Introduction 

The practical significance of conducting this research highlighting the challenges with the current 

spectrum of membrane materials is discussed in this chapter. Further, the objectives and structure of 

the present thesis are included in this chapter. 

Chapter 2. Literature Review 

In this chapter, we discuss the state-of-the-art experimental and simulation techniques employed to 

understand the polymer-inorganic interfaces and associated challenges highlighting the earlier works. 

Chapter 3. Computational Model and Methodology 

In chapter 3, computational models used to describe the polymer, inorganic filler and polymer-filler 

hybrid systems are discussed. Further, methodology implemented to extract the gas diffusion and 

solubility coefficients are presented. 

Chapter 4. Pure component Gas Transport in a Polymer Membrane 

In this chapter, we investigate the gas sorption and transport characteristics of a neat polymer 

membrane in pure gas conditions. Firstly, polymer structure is characterized by extracting the 

polymer structure-property relations. Further, the gas sorption isotherms are extracted using a two-

step methodology combining grand canonical Monte Carlo simulations (GCMC) coupled with NPT 

(constant number of particles, pressure, and temperature) equilibrium molecular dynamics (EMD) 

simulations. In addition, we extracted Maxwell-Stefan diffusivities of the gases in pure gas conditions 

in a neat polymer membrane.  

Chapter 5. Multi-component Gas Transport in a Polymer Membranes 
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In this chapter, we investigate the gas separation characteristics of a fluorinated polyimide polymer 

membrane in mixed gas conditions by considering an equimolar mixture of CO2 and CH4. In addition, 

the membrane performance in practical scenarios is predicted by solving the Maxwell-Stefan 

equations for a given membrane thickness and driving force, from the simulation based microscopic 

diffusivities and sorption characteristics.  

Chapter 6. Gas Transport in Filler Materials 

In this chapter, contributions of internal and external barriers to the permeation of methane in different 

classes of zeolites are determined. Furthermore, the effect of the presence of dense external media 

such as polymer on gas permeation in the zeolites is explored. 

Chapter 7. Structure and Gas Transport at the Polymer-Zeolite Interface 

In this chapter, we explore the microscopic structure of the polymer at the polymer–MFI zeolite 

interface and its influence on the gas transport in a model MMM system in detail through EMD 

simulations. Furthermore, an insight into the gas diffusion at the interface (rigidified region) between 

the polymer and filler is explored and presented. 

Chapter 8. Interfacial Engineering of Polyimide-ZIF8 Mixed Matrix Membrane 

In this chapter, the structure of 6FDA-durene polyimide polymer near a zeolitic imidazolate 

framework (ZIF-8) surface is investigated. In addition, the strategies to promote the interface 

compatibility between the polymer and filler is presented. 

Chapter 9. Conclusions and Perspectives 

This chapter summarizes the major findings from this investigation. The possible future 

investigations based on this study are also recommended in this chapter. 
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The past decade has witnessed substantial both theoretical and experimental progress in the selection 

aspects of Mixed matrix membrane (MMM) materials for a given application by considering 

fundamental intrinsic material properties of the individual phases. On the other hand, interface-related 

problems such as the formation of nonselective voids, rigidified polymers, and pore blockage are still 

challenging. Although the polymer–filler interface occupies only a small fraction of the membrane 

volume, it appears to affect the MMM performance significantly. Thus, understanding and 

minimizing interfacial barriers between the polymer and the inorganic filler are critical to the design 

and optimization of such membranes. Consequently there is a growing need to develop techniques 

for characterizing the interfacial structure of polymers near a surface and elucidate the underlying 

mechanisms. In this chapter, a brief summary of the major findings in the development MMMs for 

gas separation highlighting the various interfacial defects in MMMs is provided. In addition, we also 

present a brief review on the nature of interfacial barriers and their contribution to gas transport in 

inorganic filler materials such as CNTs and zeolites. 

2.1 Experimental investigations 

MMMs have been extensively investigated over the past few years to realize high performance for 

gas separation, as theoretically demonstrated by Koros et al.1 However, most experimental 

investigations fail to manifest the separation performance that transcends the permeability-selectivity 

trade-off, which is attributed to non-ideal interfacial morphology of the polymer that significantly 

deteriorates membrane performance.2, 3 While much effort has been devoted to the experimental 

design and fabrication of defect free MMMs for gas transport in the literature, success has been 

modest. Nair et al.4 fabricated a defect free MMM comprising sub-micrometer size ZIF-90 and 

polyimide (PI), demonstrating superior separation performance for CO2 over CH4. Kim et al.5 

successfully synthesized a defect free MCM-48 silica/polysulfone MMM and reported an increase in 

gas permeability resulting from increase in both solubility and diffusivity without sacrificing 

selectivity. Merkel et al.6 found that inclusion of nonporous, nanoscale, fumed silica particles in 

glassy amorphous poly 4-methyl-2-pentyne (PMP), enhances both membrane permeability and 

selectivity for n-butane over methane, as shown in Figure 2-1. This is attributed to the disruption of 

polymer chain packing induced by silica particles, leading to an increase in free volume. 
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Figure 2-1: The effect of fumed silica content on n-butane permeability and n-butane/methane 

selectivity of glassy PMP. These data were acquired at 25°C from mixtures composed of 98 mole % 

methane and 2 mole %n-butane at a feed pressure of 11.2 atm and a permeate pressure of 1 atm. From 

ref. [6]. Reprinted with permission from AAAS. 

On the other hand, several investigations have reported the presence of interfacial defects in MMMs,7-

9 and proposed methods to improve the polymer-filler compatibility. A review highlighting major 

challenges in MMMs and the strategies to tackle these problems has been discussed by Dong et al.10 

In addition, the progress and opportunities in the area of MMMs has been discussed in detail in several 

review articles.11-15 In this section, we will highlight various types of non-ideal interfacial morphology 

of the polymer that exits in MMMs and its influence on gas transport characteristics, as depicted in 

Figure 2-2. 
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Figure 2-2: (a) Impact of ideal (following prediction from Maxwell Equation) and nonideal 

morphologies on the performances of composite membranes, and (b) Signature CO2 transport profiles 

of various interfacial morphologies of composite membranes. The normal profile refers to the 

diffusivity of CO2 molecules in the polymer phase. Reprinted with permission from ref. [12]. 

Copyright 2018 American Chemical Society 

2.1.1 Polymer rigidification 

The formation of a rigidified layer of polymer at the interface is due to the attractive interaction 

between the polymer and filler promoted by a stronger polymer–filler interaction compared with the 

polymer–polymer interaction. The gas transport in the rigidified polymer region is distinctively 

different as compared to that in the bulk polymer. This can be attributed to reduced fractional free 

volume as well as restricted chain motion of the polymer in the interfacial region. This leads to a 

decrease in the diffusivity as well as sorption of the gas molecules and thus lowers the gas 

permeability. The gas permeability in this rigidified interface can be up to an order of magnitude 

smaller than that of the corresponding neat polymer membrane.16 Such a reduction has a great effect 

on the separation performance of a MMM especially at high filler loadings. Further, the intensity of 

rigidification determines overall membrane performance. For instance, the reduction in permeability 
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of the gases in the rigidified interface can potentially compensate for increase in gas diffusivity 

through the filler, leading to an overall reduction in the membrane. Several experimental 

investigations have reported a decrease in gas permeability by the inclusion of filler in a polymer 

matrix compared to that of corresponding neat polymer membrane.17-25 On the other hand, the perm-

selectivity can increase or remain the same depending on the available free volume in the rigidified 

region as well as size of the fluid molecules. For example, around 20% reduction in the permeability 

for N2 and O2, while 60% for CO2 and H2 in MMM compared to the corresponding neat polymer 

membrane, leading to an increase in selectivity of CO2/N2 and H2/CH4 has been reported.22 However, 

the direct experimental characterization of the rigidified region and determining the gas transport 

properties in this region is still challenging. Thus, indirect methods such as calculation of glass 

transition temperature in the MMM are used, as shown in Figure 2-3. 

 

 

Figure 2-3:TEM images of a calcined meso porous silica surface within PI phase, and (b) variation 

of glass transition (Tg) temperature with filler loading. Reprinted from ref. [19]. Copyright 2011, 

with permission from Elsevier.  

2.1.2 Sieve-in-a-cage (Leaky) Interface 

The sieve-in-a-cage type morphology at the interface is essentially as a result of weak polymer–filler 

interaction compared to the polymer–polymer interaction, net repulsion between the polymer and 

filler occurs, leading to the formation of nonselective interfacial voids around the filler or “sieve in a 

cage” configuration. This resulting in a region of high free volume between the polymer matrix and 

filler and such a MMM results in higher permeability with reduction in selectivity, as the gas 

molecules take the least resistance path offered by the voids. For example, a sharp increase in CO2 

permeability and decrease in perm-selectivity of CO2 over CH4 compared to that of Maxwell model 

predictions with inclusion of zeolite 4A in Matrimid polymer has been reported.26 This is attributed 
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to leakage of gas molecules along the nanometric interface. Koros et al. characterized “sieve in a 

cage” morphology of the polymer in a MMM system having zeolite 4A dispersed in Ultem polymer 

through microscopic images, indicating voids at the interface, as shown in Figure 2-4.27 In addition, 

the amount of dispersing agent used to cast the membrane can result in voids at the interface. For 

example, MMMs prepared with a dispersing agent toluene of concentration less than 64 wt.% were 

found to be defect-free, while membranes prepared with toluene concentration greater than 64 wt.% 

resulted in MMMs having voids at the interface. 28  

In addition, agglomeration of filler particles that results in the formation of the sieve-in-a-cage 

morphology. The shape of the filler deviates when they agglomerate, resulting in a wide particle size 

distribution, leading to a weak interaction with the polymer. A decrease in gas permeability occurs 

with the inclusion zeolite-13X and zeolite-4A zeolites in PES polymer.22 This can be attributed to the 

presence of rigidified polymer at the interface. However, at higher loadings, a sharp increase in gas 

permeability with increase in filler loading has been reported. This is possibly due to the 

agglomeration of the filler particles in the membrane that lead to the formation of non-selective voids. 

A similar observation has been made in a MMM having zeolites particles dispersed in PDMS 

polymer.29  

 

Figure 2-4: Non-selective voids in MMM comprised of zeolite 4A dispersed in Ultem. Adapted with 

permission from [27]. Copyright, 2007, Wiley. 

2.1.3 Plugged sieves 

 In contrast to the leaky interface, plugged sieves emerge because of inaccessible surface pores of the 

fillers. This is predominantly due to the partially/complete blockage of the surface pores by the 

flexible polymer chains. In addition, the surface pores of fillers materials are also blocked by the 
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solvents used in the preparation of MMM, or contaminants that can be present in the feed gas. If the 

surface pores are completely not accessible, the gas molecules are unable to diffuse through the pores 

of the filler and the fillers behave like nonporous material. In this case, the membrane selectivity is 

not enhanced if the fillers do not alter the interfacial structure of the polymer. On the other hand, 

when the pores are partially available, a decrease in  gas permeability in MMM as compared to when 

the surface pores are completely blocked. In addition, depending on the fluid size, the membrane 

perm- selectivity can also be affected by the partial plugging of pores. 

Further, the nature of the polymer also plays a significant role in determining the interfacial 

morphology of polymer in MMMs. For instance, the plugged sieve morphology are found to be more 

prominent when MMMs are prepared with rubbery polymers rather than glassy polymers. As 

demonstrated by Bae and Long,30 MMMs prepared by encapsulating Mg2(dobdc) filler in rubbery 

polymers such as cross-linked polyethylene oxide (XLPEO) and poly dimethyl siloxane (PDMS), 

result in a decrease in gas permeability with little increase perm-selectivity. On the other hand, 

MMMs prepared by encapsulating Mg2(dobdc) filler in a glassy PI polymer, result in an increase in 

gas permeability as well as perm-selectivity, in line with theoretical calculations, as shown in Figure 

2-5. This difference is attributed to the high mobility of the rubbery polymer chains even at room 

temperature, resulting in partial/complete pore blockage of filler  

 

Figure 2-5: Pure component CO2 and N2 permeation properties of membranes measured at 2 bar 

upstream pressure and 25 °C. The Mg2(dobdc) loadings in composite membranes are 20, 10, and 10 

wt% for PDMS, XLPEO and PI, respectively. Reproduced from ref. [30] with permission from The 

Royal Society of Chemistry. 
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2.1.4 Strategies to improve the interface 

Several strategies to promote the interfacial compatibility between the polymer and inorganic filler 

are proposed. These strategies include the manipulation of filler surface or polymer backbone by 

grafting functional groups, or modification filler geometry. Various experimental methods to 

manipulate the filler surface and/or polymer backbone has been discussed in detail in a recent 

review.12, 31 Further, an effective way to obtain well dispersed MOF and restrain agglomeration is by 

employing “one-pot synthesis” technique,32 that takes the advantage of using the same solvent for 

MOF synthesis as well as membrane-casting. In addition, removing water, solvents and other 

contaminants, which can plug the pores of the filler is considered as a mitigation strategy to avoid the 

plugged sieves interfacial morphology. Alternatively, surface pores on the filler can be protected 

using silane coupling agents, that can form covalent bonds on both ends (one end to polymer, while 

other to the filler).33 Further, this also helps to avoid sieve-in-a-cage interfacial morphology.34 

However, proper selection of the silane coupling agent is necessary to achieve a defect-free interface, 

as the poor selection of silane coupling agents can result in non-ideal morphologies such as polymer 

rigidification and formation of non-selective voids at the interface.35, 36 Further, inclusion of third 

phase such as using additional dispersion agent or interface agents such as ionic liquids (ILs) have 

also been investigated.37-39 

Among these methods, us of room temperature ionic liquids (ILs) that serve as wetting agent between 

the filler and polymer shows a great potential due to their unique properties including good intrinsic 

CO2 solubility. In addition, stable dispersion of inorganic fillers can be achieved in the presence of 

ILs due to the strong steric repulsions of the ILs on the ion functionalized filler surface.40 Lin et al. 41 

observed improved gas separation performance when a MMM was fabricated with IL decorated 

HKUST-1 in PI, as the ILs are successful in restricting the formation of nonselective interfacial voids. 

Vu et al. 42 successfully fabricated a MMM having micron-sized ZIF-67 coated with a thin layer of 

IL dispersed in PI polymer, leading to a significant improvement in CO2/CH4 gas separation 

performance, as depicted in Figure 2-6. However, lack of cost-effective ILs demonstrating diverse 

functionalities for MMM is still challenging. 
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Figure 2-6: Schematic illustration of synthesis process of MMM having micron-sized ZIF-67 coated 

with a thin layer of IL dispersed in PI. Reprinted from ref. [42]. Copyright 2019, with permission 

from Elsevier. 

2.1.5 Interface characterization techniques:  

The polymer near the surface is expected to exhibit significantly different chain and segmental 

dynamics due to steric hindrance and polymer/nanoparticle (NP) interactions. Ding et al. 

quantitatively characterize the interface in the carbon nanotube− polycarbonate composite system by 

direct observation through scanning electron microscope.43 However, this technique is inapplicable 

to other particle shapes. In addition, sophisticated techniques such as  small-angle neutron scattering 

(SANS) is employed to probe the structure of polymer-grafted NP and free polymer chains and found 

that a completely immobilized polymer layer of thickness near the interface.44 Nevertheless, these 

investigations demonstrated the existence of a wide distribution of segmental relaxation rates in the 

interfacial regions. In contrary, Holt et al., by employing advanced techniques such as broadband 

dielectric spectroscopy (BDS) and small-angle X-ray scattering (SAXS), found that the segmental 

mobility of the polymer interfacial layer is slower than the bulk polymer by 2 orders of magnitude.45  

Further, interfacial layer thickness in polymer nano-composites is found to be in the range of 1.3 to 5 

nm,45-47 and is independent of the NP concertation in the system, as depicted in Figure 2-7.45 Thus, 

current understanding of the structure of the intrinsic interfacial region is incomplete. Indirect 

measurements such as field emission scanning microscopes (FESEM),5 positron annihilation lifetime 

spectroscopy (PALS)48 and differential scanning calorimetry (DSC)49 are therefore used. Further, the 

effect of filler size, shape and loading on the structure of the polymer at the interface and thus gas 

separation performance is not clear and requires trial and error experimentation.  



20 
 

 

Figure 2-7: (a) Schematic illustration of interface between the polymer and filler in polymer 

composite materials and (b) calculated interfacial polymer thickness surrounding the silica 

nanoparticles from different experimental techniques. Reprinted with permission ref. [45]. Copyright 

2014 American Chemical Society. 

2.2 Modelling investigations: 

Tremendous effort has been made in the past to develop models to quantify the effectiveness of a 

filler in MMMs. Such attempts were aimed to assist the screening and selection of filler particles and 

to identify the optimum filler loadings to obtain the best gas separation performance.50 A review 

highlighting the major models and their advantages as well as limitations have been discussed in-

detail by Monsalve-Bravo et al.51  In this section, a brief summary of the major models are provided. 

The performance of an ideal MMM can be predicted through one of the earliest models, the Maxwell 

model,52 following: 
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where  f is volume fraction of the filler, Pm, Pc, and Pf are permeabilities in the MMM, filler and 

continuous phases, respectively. However, recent work has shown that Maxwell model predictions 

are accurate only at small filler loading below about 20% by volume.53 Further, the Bruggeman 

model,54 based on the dielectric permeability can predict the performance of an ideal MMM 

accurately even at higher filler loadings. Good agreement between the experimentally observed 

performance of a MMM comprising of carbon molecular sieve in a glassy polymer with predictions 

of Maxwell as well as Bruggeman models has been reported.55, 56 However, the effect of filler size 

and shape are not accounted in these models. Further, Lewis-Nielsen57 and Pal58 models have been 

developed considering the effect of filler size and shape on gas permeability. However, all these 
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models assume an ideal interface between the filler and polymer. More often than not, the interface 

morphology of the polymer near a filler is likely to be non-ideal. Several modifications have been 

proposed to account the non-ideal morphologies of the polymer including rigidified polymer layer,33, 

59, 60 interfacial voids2, 61, 62 and pore blockage, 26 as shown in Figure 2-8. The popular models for 

permeation in non-ideal mixed-matrix membranes is provided in Table 2-1. Nevertheless, they 

disregard effect of isotherm nonlinearity and particle size of the filler.  

 

Figure 2-8: Concept of ideal and nonideal permeation predictive models. Reprinted with permission 

from ref. [63]. Copyright 2019 American Chemical Society. 

 

 

 

 

Table 2-1: Summary of popular models for permeation in non-ideal MMMs.  Here, P and ɸ denote 

the permeability and volume fraction, respectively. The superscripts/subscripts f,c,i,m and g denote 

filler phase, continuous phase, interface, MMM and combined filler phase and interface of the 

composite. Adapted from ref. [51] 
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Permeation models in Table 2-1 are commonly used in conjunction with experimental data to fit the 

polymer-filler interface properties. Thus, the interfacial properties are empirically fixed while the gas 

permeability is calculated upon error minimization between the experimental permeabilities and the 

model predictions, by assuming the mean filler particle size is known. These empirical fits often lead 

to a wide range distribution of interfacial thickness ranging from 20 nm to 1 micron between the 

polymer and filler.63, 65 Furthermore, the gas transport characteristics in the interfacial region such as 

gas permeability are necessary for accurate prediction of MMM performance, whose experimental 

values are not accessible through existing techniques. On the other hand, MD simulations has become 

powerful tool to investigate the structure of polymer near an inorganic surface. 

2.3  Atomistic simulations: 

Beside experimental studies, atomistic simulations have been successfully employed to investigate 

the structure of polymer as well as filler materials and gas transport properties of these materials. This 

section provides a brief overview of gas transport in inorganic filler materials such as CNTs and 

zeolites, emphasizing the interfacial barriers and their contribution to overall gas transport. Further, 

investigations on gas sorption, transport in neat polymer membrane materials are highlighted. In 

addition, major attempts to understand the polymer structure near an inorganic particle as well as 

behavior of nanocomposites through atomistic simulations are discussed. 
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2.3.1 Gas transport in filler materials: 

Mass transport resistance that include both intra-crystalline and interfacial resistances, determines the 

diffusive transport in porous inorganic materials. The drag exerted by the pore network of the 

membrane on the gas molecules contributes to intra-crystalline resistance, while the interfacial 

resistance includes entrance and exit barriers that arise from potential energy differences between 

activated states in the vicinity of the phase boundary due to symmetry breaking at the interface. These 

interfacial barriers can be distinguished as external fluid phase resistance and internal interfacial 

barriers. External fluid phase resistance exists on the gas side of the phase boundary, and is 

experienced by gas molecules entering the pore network, in the external boundary layer; on the other 

hand, internal interfacial barriers exist on the solid side of the crystal surface and are due to the 

asymmetric potential experienced by the gas molecules inside the crystal but near the phase boundary.  

For long, intra-crystalline resistance has been extensively explored using atomistic simulations 

through MD simulations in an infinite long crystal, following the Einstein’s relation,66 and interest in 

the contribution from interfacial barriers to the mass transport is relatively recent. The past decade 

has witnessed substantial progress in understanding the role of interfacial barriers in mass transport 

both theoretically and experimentally. Recent advances in nanotechnology offer attractive routes for 

increasing the efficiency of such processes by decreasing system as well as feature size, thereby 

reducing transport resistance. However, with decrease in system size the governing resistance for 

transport in nanomaterials shifts from that of intra-crystalline transport, to that of interfacial transport, 

which limits the efficiency achievable. As a consequence, there is a growing need to develop 

techniques for characterizing the interfacial transport, and elucidate the underlying mechanisms.  

The intra-crystalline transport is known to be an activated process, and the temperature as well as 

loading-dependence of the diffusion coefficients can be determined directly by applying these 

techniques. Far less studied is the interfacial resistance, associated with interfacial barriers that arise 

from the potential energy differences between activated states in the vicinity of the phase boundary 

due to symmetry breaking at the interface. Figure 2-9 schematically illustrates the potential energy 

landscape for a diffusing molecule in the surface region, 67 where the potential energy well inside the 

crystal is considerably lower than outside due to the attractive van der Waals forces.  
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Figure 2-9: Schematic of the potential energy landscape of molecules in the surface region of zeolite 

crystals. Here, d is the site-to-site distance, and E the desorption barrier. Reprinted from ref [67]. 

Copyright 2006 with permission from Elsevier. 

For sufficiently long ideal crystals, the influence of these interfacial barriers can be negligible, and 

separation characteristics of both polymer and inorganic membranes have been evaluated based on 

based on intra-crystalline resistance. 66, 68-70 Recent progress in the syntheses of nanoporous solids, 

has given rise to an impressive array of new structures, such as MOFs and ZIFs, which are considered 

potentially attractive for technological exploitation for gas separation. The future directions for these 

new membrane materials are very promising, primarily because of the enormous chemical flexibility 

of their base structures. However, to make their membranes commercially feasible for large scale 

industrial separations, ultra-thin membranes have been synthesized by reducing the thickness, and 

thereby lowering the driving force required for a given flux.71, 72 In these upcoming class of extremely 

thin and highly oriented nanoporous membranes71-73 and mixed matrix membranes (MMM) with 

nanosize fillers, 74, 75 interfacial barriers can be significant and detrimental to separation kinetics. 

Interfacial barriers can be distinguished as external interfacial barriers and internal interfacial barriers. 

The external interfacial barriers exist on the fluid side of the phase boundary, while internal interfacial 

barriers exist on the solid side of the phase boundary. Thus, the interfacial resistance (Rinterface), is the 

excess resistance due to presence of interfaces at the ends (i.e. finite adsorbent/membrane size), 

include contributions of both internal (Rinternal) and external (Rexternal) interfacial resistances, and can 

be written as: 

interface internal externalR R R= +      (2-2) 

Further, the total transport resistance (Rsys), comprising interfacial and intra-crystalline resistances 

(Rintra), follows a resistance in series model as depicted in Figure 2-10:  
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    sys interface intraR R R= +      (2-3) 

 

Figure 2-10: Illustration of various types of interfacial barriers in a nanoporous membrane. 

Typically, interfacial barriers slow down the overall transport rate; however, they are not necessarily 

undesirable76 and may be useful to alter the surface properties of nanoporous membrane materials. 77, 

78 The origin and nature of these barriers are as follows: 

External interfacial barriers: External interfacial barriers exist on the fluid side of the phase boundary 

and are due to the difficulties experienced by fluid molecules to reach the entrance of the pore from 

the bulk fluid phase. It is well known that flow near a surface has two components: direct flux and 

surface flow.79 The fluid molecules that enter directly from the bulk phase into the adsorbent or 

membrane contribute to the direct flux, and must overcome the viscous resistance and diffusion (in 

the case of a mixture) resistance when they move from the distant bulk reservoir to enter the pore 

network. On the other hand, the fluid molecules that first adsorb onto the surface and then move 

toward the pore rim contribute to the surface flow, and these fluid molecules experience curved 

streamline bending effect near the surface. These two resistances together contribute to the external 

fluid phase resistance and determine the rate of molecular exchange at the interface.79, 80 

Internal interfacial barriers: Fluid molecules must overcome the thermodynamic 

adsorption/desorption barriers due to the strong entropic and enthalpic changes near the phase 

boundary to enter into the pore network.80-82 Such internal interfacial barriers exist on the solid side 

of the crystal and are coupled with effects of the asymmetric potential experienced by the fluid 

molecules inside the crystal but near the phase boundary, as shown in Figure 2-10. Further source of 

these barriers includes grain boundaries and internal defects, due to which the gas molecules must 

detour to reach the outer surface. In addition, the surrounding medium, such as a dense polymer can 
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influence these barriers significantly. Further, there exist, entrance-exit resistance that can be induced 

by diffusion in systems such as CNTs and one-dimensional zeolites as well as structural defects such 

as pore narrowing at the surface with partial or total pore blockages; such interfacial defects can result 

in large and even dominant contribution to interfacial resistance when present.83 These barriers are 

independent of the magnitude and direction of the diffusion.84  

A significant amount of work, both experimental and computational, on the nature of interfacial 

barriers in nanoporous membranes has been reported in recent years. 81, 83, 85-89 The existence of 

interfacial barriers was considered as one of the possible explanation for the remarkable discrepancy 

between intra-crystalline diffusivities measured directly using PFG-NMR and macroscopic 

uptake/release measurements.90 Interfacial barriers that exist on the surface have been found to be 

significant and larger than the intra-crystalline resistance for cyclohexane transport in silicalite 

particles of size 0.2 m or smaller.91 Using a frequency response technique, Teixeira et al. found 

experimentally that cyclohexane sorption in MFI zeolite is controlled by a combination of internal 

diffusional resistance and surface resistance.85, 92 Between these, the former is dominant in large 

crystals, with increasing contribution from surface resistance as the crystal size is reduced, and the 

latter becomes dominant when the crystal size is below 0.1 m. In addition, surface barriers are found 

to be asymmetric in nature, with different rate-controlling mechanisms for entering and exiting 

surface pores. This is attributed to the extra length required for desorbing molecules within porous 

materials, which can be directly related to the surface structure. 

Further, nanoporous crystals typically deviate from the ideal structure, exhibiting structural defects 

such as grain boundaries and intergrowths, which influence interfacial resistance. Kärger and co-

workers 83, 87, 93, 94 developed a microkinetic model of surface resistance, considering that only a small 

fraction of surface pores are accessible for a fluid to enter/exit, whose predictions closely fit 

experimentally observed results for short-chain alkanes in Zn(tbip)-MOFs. The presence of physical 

surface pore blockages is described as a possible mechanism for surface resistance to diffusion in 

nanoporous materials. 87 In MFI-type zeolite, it was proposed that most of the surface pores exhibit 

blockages, with only a very small fraction allowing transport through the surface. Such blockages are 

proposed to be surface structure dependent, with the fraction of blocked pores expected to be 

independent of particle size.85 Furthermore, with the aid of advanced micro-imaging techniques, 95 

uptake and release rates by single crystals can be determined. Interfacial barriers in different crystals 

from the same sample are found to vary by more than an order of magnitude in zeolites as well as 

MOFs, which is explained by diversity in the crystal structure.93, 96 The interfacial barriers are more 

pronounced and are found to be rate limiting in single crystals. Therefore, while the intra-crystallite 
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diffusivity may be expected to be independent of crystal size, this is not necessarily true for the surface 

resistance.  

While the current imaging techniques 97-99 allow characterization of e structural defects such as pore 

blockage, crystal intergrowth etc., the experimental manifestation of surface termination and the 

presence of sub-nanometer surface defects is still challenging. Further, the exact nature and 

contributions of these interfacial barriers to overall transport remained beyond direct experimental 

assessment. The experimental challenges in determining diffusion coefficients in nanoporous 

materials have been discussed in detail by Kärger. 100, 101 On the other hand, atomistic simulation can 

provide molecular level details of the transport mechanisms that cannot be viewed directly in 

experiments, and are becoming an indispensable tool. Here, we review the nature of interfacial 

barriers and their contribution to fluid transport in nanoporous membranes such as CNTs and zeolites, 

evidenced in simulations. 

Simulation techniques to extract interfacial barriers: Non-equilibrium molecular dynamics 80, 88, 102-

107 as well as equilibrium molecular dynamics 67, 82, 89 simulations have been successfully employed 

to investigate interfacial barriers in nanoporous crystals and membranes, and their relative importance 

in gas transport. In general, these methods use a system such as that in Figure 2-10, with an external 

gas phase on both sides of a finite crystal or membrane and determine transport resistance by 

measuring the molar flux or diffusivity. The transport resistance (R) can be related to the molar flux 

(j) of a fluid, based on the commonly adopted irreversible thermodynamic description of the 

transport:108 

( )o

B

D
j

k T


= −      (2-4) 

where Do is corrected diffusivity,  is the adsorbed gas density, kB is Boltzmann constant and T is 

temperature. For sufficiently small chemical potential gradient across a membrane of length L and 

cross-sectional area Ac, for which the chemical potential can be considered to be uniform, transport 

resistance can be defined as: 

( ) / B

c c o

k T L
R

A j A D





−
= =     (2-5) 

Application of this definition of transport resistance to both the total system and intra-crystalline 

resistances, highlighted in eq (2-3), provides 
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= −
sys

interface

sys sys o,sys c o,

L L
R

A D A D
    (2-6) 

where, Lsys is the total length of the system including the solid adsorbent/membrane of length L and 

external gas phase, as indicated in Figure 2-10, Asys is the cross-sectional area of the simulation box 

(which may be larger than that of the solid adsorbent, Ac), sys is the density in the whole system,  is 

the adsorbate density in the solid, and Do,∞ is the corrected diffusivity in the infinitely large sold at 

the same density . Thus,  

,c

intra

o

L
R

A D 

=       (2-7) 

represents the intra-crystalline resistance of the solid adsorbent or membrane if it were to have the 

same diffusivity (Do, ∞) as an infinitely large crystal/membrane. We note that use of fugacity or 

pressure difference rather than chemical potential difference as the driving force, which is a matter 

of convenience, does not influence the results in terms of governing mechanisms. In this section, we 

outline the simulation procedures that have been used to evaluate the interfacial resistance, and to 

decompose it into the associated internal and external contributions.  

Non-equilibrium molecular dynamics (NEMD): The interfacial resistance in a nanoporous membrane 

can be determined through NEMD simulations, by imposing an external force on to the fluid 

molecules, thereby simulating a chemical potential/pressure gradient across the membrane.80, 102, 103 

The system attains a steady state flux at which the external force is equivalent to the sum of internal 

and interfacial chemical potential drops required to achieve the flux. The corrected diffusion 

coefficient (Do) of fluid molecules in the finite membrane can readily from the net flux (j), following: 

102 

B
o

ext

jk T
D


=


      (2-8) 

where ext is the applied external force, kB is the Boltzmann constant, T is temperature and   is fluid 

density in the system. We note that diffusivities computed using eq (2-8) based on a force in 

accordance with a small chemical potential gradient are in good agreement with predictions of EMD 

simulations.102 Further, based on knowledge of intra-crystalline diffusivity that can be obtained for 

an infinite membrane at a given pressure and temperature, the total interfacial resistance can be 

estimated following eq (2-6). Liu et al.80, 102 estimated the interfacial resistance in CNT membranes, 

considering the external interfacial resistance is negligible, for which eq (2-6) reduces to: 



29 
 

1 1
( )interface

c o o,

L
R

A D D 

= −      (2-9)  

where, oD  is the corrected diffusion coefficient in the finite membrane.  

Dual control volume grand canonical molecular dynamics (DCV-GCMD): DCV-GCMD is a hybrid 

simulation technique that combines grand canonical Monte Carlo (GCMC) and molecular dynamics 

(MD) simulations to model nonequilibrium systems,109 and is extensively used to evaluate individual 

contributions of resistance associated with entrance, intra-crystalline transport, and exit steps.84, 107, 

110-113 In this method, the simulation box is divided into two control volumes (CV), designated CV1 

and CV2, and these CVs are separated by a transport region as shown in Figure 2-11. To create a 

concentration gradient across a membrane, chemical potentials in the two CVs are maintained at 

chosen fixed values by inserting and deleting molecules in each CV through GCMC simulations. The 

molecules are allowed to move from one CV to another through the transport region using MD 

simulations. The intra-crystalline resistance can be extracted using eqs (2-4) and (2-5) when both CVs 

are filled with membrane and determining the net flux by counting the number of molecules crossing 

a given surface. Further, entrance interfacial resistance (including external and internal interfacial 

barriers) can be extracted by determining the net flux across the membrane when only CV2 is filled 

with membrane and CV1 is maintained at a higher chemical potential than CV2 84. Similarly, exit 

resistance can be determined using the above procedure when CV2 is maintained at a higher chemical 

potential than CV1. However, DCV-GCMD simulations are computationally expensive even for 

extremely thin membranes. Further, DCV-GCMD simulations must be performed for conditions in 

which the net streaming velocity of the fluid molecules is small compared to the typical molecular 

thermal velocity, and hence performing reliable DCV-GCMD simulations is computationally 

challenging 113. 

 

Figure 2-11: Schematic illustration of DCV-GCMD simulation system. Zeolite crystal atoms are 

shown in black, and adsorbate atoms in gray. Reprinted with permission from ref [113]. Copyright 

2005 American Chemical Society. 
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Local equilibrium flux method (LEFM): It has been proposed that the mass transfer resistance 

associated with molecules entering and leaving pores at the gas−solid interface of a nanoporous 

membrane can be estimated without directly measuring the net steady flux, by employing the LEFM 

method. 77, 88, 113 The net flux ( feedj ), in the LEFM method, is estimated by the difference of the one-

way equilibrium flux (jeq), at different chemical potentials, following: 

( ) ( )feed eq feed eq surfacej j j  −      (2-10) 

where  and feed surface  represents the fluid chemical potential on the feed side and on the membrane 

surface, respectively. This method assumes that change in fluid concentration in the boundary layer 

in the solid due to the internal interfacial resistance is small. The interfacial resistance (Rinterface) in a 

nanoporous membrane can be estimated using the one-way flux values together with the adsorption 

isotherm and transport diffusivity in an infinite crystal through EMD simulations, following: 

, ( )interface o feed

intra

R D c c

R L p


=      (2-11) 

where
eqdj

dP
 . Once, pressure dependence of one-way equilibrium flux is known, interfacial 

resistance at any given conditions as well as membrane thickness can be predicted without performing 

any additional simulations and hence LEFM simulations, as opposed to DCV-GCMD simulations, 

are not computationally expensive. However, it is not clear to what resistance the resulting interfacial 

resistance corresponds, as only the flux due to chemical potential difference between the gas phase 

and that at the surface is only considered. Thus, it does not include the contribution of internal 

interfacial barriers, found to be significant in zeolite membranes, and likely corresponds to an external 

resistance.  

EMD simulations: The contributions of external and internal interfacial barriers to gas transport in 

nanoporous membranes have been investigated by employing EMD simulations.82 The internal 

interfacial barriers ( internalR ) in a membrane can be determined, considering a finite system of length 

L and surface area Ac, as depicted in Figure 2-12. The intra-crystalline and internal interfacial 

resistances for this system, follow a resistance in series model, leading to 89: 

internal intra

o c

L
R R

.D A
+ =       (2-12) 
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 where ρ is the gas density and Do is the collective diffusivity inside the membrane. This Do can be 

computed through a collective coordinate n, defined as  

( )

i

i memb t

dz
dn

L

=       (2-13) 

where dzi is displacement of gas molecule i in the z direction during time dt. The coordinate n executes 

a random walk due to the entry and exit of molecules from the membrane, which comprises an open 

system. Consequently, for sufficiently long times the mean square displacement of n obeys the 

Einstein relation, following 

2 ( )
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n t
D

t

 
=        (2-14) 

where Dn is the collective diffusion coefficient and can be related to Do, following: 

2.
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    (2-15) 

where <Nmol> is the ensemble averaged number of gas molecules inside a membrane.  

 

Figure 2-12: Schematic representation of a finite membrane of length L, highlighting the fluid 

molecules that contribute to the collective coordinate (n). Reprinted figure with permission from ref 

[114]. Copyright 2004 by the American Physical Society. 

Further, the contribution of intra-crystalline resistance ( intraR ) can be determined by computing the 

corrected diffusion coefficient ( ,oD  ) of all adsorbed fluid molecules of density ρ in an infinite long 

crystal, following eq (2-7). Combining eqs (2-7) and (2-12) provides:  

,

1 1
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o o

A R

D D L  

      
= +     

     

     (2-16) 
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The quantitative value of internal interfacial resistance can be determined from the slope of the plot 

of 
1

. oD
vs.

1

L
, based on the linear relation in eq (2-16). 

In addition, the overall system resistance including the membrane region and surrounding bulk gas 

regions can be determined from the overall diffusivity of the system, following: 

,

sys

sys

c sys o sys

L
R

A D
=      (2-17) 

where, Do, sys is the corrected diffusivity considering all adsorbed fluid molecules (of density ρsys) in 

a system of length Lsys. Further, the external interfacial barriers can be determined by subtracting the 

internal transport resistance from the overall resistance of the system, following: 

,. .

sys

external

c sys o sys c o

L L
R

A D A D 
= −      (2-18) 

Evidence of interfacial barriers in nanoporous membranes: The smoothness of the pore surface, 

framework density, crystal defects and molecular size as well as thermodynamic state of the fluid 

have been identified as the most important influencing factors of interfacial barriers.102, 115-117 Due to 

the significant contribution of interfacial barriers, 80-83, 88, 118 interpretation of fluid transport in 

membrane materials based on intra-crystalline resistance without knowledge of interfacial barriers 

can be misleading. In this section, we review the factors that influence these interfacial barriers, and 

relative importance of interfacial barriers to fluid transport in zeolite and CNT membranes, as many 

possible applications for these materials have been foreseen, 119-121 primarily related to their potential 

as membranes for gas separation.71, 122, 123 Zeolite membranes have shown interesting separation 

characteristics, such as the separation of hydrocarbon isomers, or the separation of strongly adsorbed 

components from weakly adsorbed ones.124, 125 On the other hand, CNT membranes are most 

promising candidates as next-generation membrane materials owing to their exceptional electrical, 

thermal, and mechanical properties126, 127 and hold promise of extraordinary fast transport due to their 

smooth energy landscape.128 

Internal interfacial barriers: Internal interfacial barriers strongly depend on the atomistic scale roughness 

of the surface and can significantly hinder fluid transport in nanocrystals. The intra-crystalline resistance 

associated with smooth surfaces will be much smaller compared to that for rough surfaces, due to the 

nearly specular nature of the collisions when the surface is smooth 128. As a result, it is possible that 

the contributions of interfacial barriers to the overall resistance of a membrane to gas transport are 

much more important. The transport diffusivity of methane in finite carbon nanotubes is reduced by 
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more than 2 orders of magnitude 102, and up to an order of magnitude in ideal zeolites 88 as This can 

be attributed to smooth nature of the pore surface in CNTs, due to the small inter-atomic spacing of 1.42 

Å in sp2 bonding carbons. In addition, the contribution of these interfacial barriers to the overall 

transport resistance varies with size of the fluid molecule as well as available pore size in the 

membrane network. The interfacial barriers are expected to increase with increase in molecular size 

of the fluid molecules as the fluid molecule experience strong confining effects of the pore walls 

when the molecular size of the fluid molecules and available pore size in the membrane are 

comparable, leading to an increase in interfacial barrier. Glavatskiy et al. reported an increase in 

interfacial barriers that exist at the entrance for CO2 and CH4 with decrease in CNT radius, and these 

approach an infinite value when CNT radius the size of adsorbate molecule are comparable.81 In 

addition, pore shape 70 and tortuosity 129 can influence the gas diffusivity and hence interfacial 

barriers. Further, the interfacial barriers to gas transport in these nanoporous membranes can be 

significantly higher in the presence of dense external media such as a polymer, requiring detailed 

investigation.  

It has been found that interfacial barriers can extend to more than 50 nm inside CNT membranes,102 

due to low Maxwell reflection coefficient of fluids in a CNT where wall collisions are nearly specular, 

leading to long correlation lengths inside a CNT. In addition, the exothermic nature of the adsorption 

process results in heat release when fluid molecules enter a membrane, leading to a temperature 

gradient near the interface in the entrance and exit regions, evident in recent NEMD simulations.80, 

102 The inability of a membrane to dissipate this heat sufficiently rapidly results in an additional 

transport barrier. Thus, it is possible that fluid transport in these materials can be controlled by both 

mass and heat transfer resistances, depending on the inherent characteristics of the membrane material 

and is an area that needs further attention. 

External interfacial barriers: The difficulties experienced by the fluid molecules to reach the pore 

mouth including the soft matter interactions between fluid molecules and the crystal surface are 

accounted in external interfacial barriers and are found to be significant especially in CNTs. 80, 88, 102 

These external interfacial barriers are confined to a region up to a nanometer from the surface near 

the phase boundary, as depicted in Figure 2-13 (a).80 As these barriers are independent of crystal 

length, the contribution of external barriers to the overall resistance decreases with increase in crystal 

length.113 Further, we note that strength of external interfacial barriers can affect the internal 

interfacial barriers. 80 

The flow entering a nanomaterial comprises a direct flow component and that due to adsorption on 

the external surface, and the contribution of these to the external interfacial barrier can be accurately 
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captured in a procedure developed by Liu et al.80  In their NEMD simulations of flow of methane 

through CNTs supported by flanges at ambient temperature, the interfacial barriers to mass transport 

are decomposed into that on the external flange surface (on which adsorption occurs) and a direct 

flow component, and it is found that the surface flow rate accounts for up to 90% of the overall flow 

rate. Thus, barriers associated with external surface flow contribute significantly to external 

interfacial barriers. The factors that influence the surface flow such as surface adsorption affinity, can 

therefore be used to manipulate the strength of the external interfacial barrier. For example, a decrease 

in the external interfacial barrier with increase in flange area and with decrease in flange adsorption 

affinity for the fluid is reported, as shown in Figure 2-13 (b).80 Thus, the contribution of external 

interfacial barriers to overall transport can be significant when the flow is too confined or the surface 

has low affinity for the fluid. However, the interfacial barriers in CNT membranes are generally 

dominated by internal interfacial barriers including entrance-exit resistance, rather than external 

interfacial barriers.80 A similar observation was made in the case of ideal zeolite crystals, where the 

contribution of these barriers is found to be insignificant.77, 113, 130 Nevertheless, surface pore blockage 

or constrictions as well as terminal functional groups can contribute to these barriers significantly, as 

fluid molecules experience difficulties to locate an open pore on the surface. 76, 77, 131 

 

Figure 2-13: (a) Decomposition of the flow rate into surface and direct components. The flange 

resistances, entrance resistance, and the internal resistance are defined over the light orange, blue, 

and the green regions, respectively, and b) variation of fractional contribution of flange resistance 

with flange area for different values of adsorption strength of flange at 15 bar and 300 K. Reprinted 

with permission from ref [80]. Copyright 2018 American Chemical Society. 

On the other hand, the interfacial barriers to water transport in CNT membranes are found to be 

significant, 82, 103 and the physical mechanisms involved in water transport are quite different from 
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gas transport due to presence of hydrogen bonding in water, both outside and inside of CNTs 82, 88. It 

is reported that the energy barrier present at the pore entrance plays an important role in water 

transport through CNTs and intensity of these energy barriers can be assessed through potential of 

mean force (PMF) analysis 82, 132-134, as shown in Figure 2-14 (a). Further, the influence of nanotube 

diameter on the entrance and exit effects is explained in terms of entropy contrast between the bulk 

and confined regions, where water molecules undergo large increase in translational and rotational 

entropy on entering from the bulk to the CNT interior 82. In addition, the intensity of such energy 

barriers is found to decrease with increase in CNT diameter 82. Further, Zhang et al. 103 assessed the 

interfacial barriers to water transport in CNTs of various diameters, by performing NEMD 

simulations on a flexible CNT. The interfacial barriers to water transport in CNTs are found be 

dominant and 1-2 orders of magnitude higher than the intra-crystalline resistance. The contribution 

of interfacial barriers to overall resistance remains as high as 92%, in a CNT of length 100 nm, and 

strategies to minimize these barriers such as using hourglass-shaped pore mouth at the entrance, that 

can reduce the interfacial resistance by 30%, as shown in Figure 2-14 (b), have been proposed  

 

Figure 2-14: Schematic illustration of (a) the mean force experienced by the water molecules at 

different locations of CNT membrane,  and (b) strategies to minimize the external interfacial barriers 

to water transport in CNT membranes. (a) Reprinted with permission from ref [82]. Copyright 2016 

American Chemical Society. (b) Reproduced from ref [103] with permission from The Royal Society of 

Chemistry. 

Effect of structural defects: The presence of structural defects in nanoporous membranes is typically 

due to uncoordinated lattice or amorphous silica that exists on the surface and/or surface-termination 
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groups that can cause partial or complete blockage of surface pores, restricting entry/exit of fluid 

molecules 85. In this case, the fluid molecules must travel an additional distance on the surface, but 

within the external gas phase, to enter an open pore. This contributes to external fluid phase resistance. 

On the other hand, fluid molecule must detour within the membrane, to locate an open surface pore, 

before exit, as depicted in Figure 2-15.135 This contributes to the internal interfacial barriers. Thus, 

fluid molecules must experience an additional transport barrier while entering and/or leaving the 

surface pores when the surface pores are blocked. Teixeria et al. 85 characterized these two processes 

by employing Teixeira–Qi (T-Q) model, which describes the surface barriers associated with 

adsorption–desorption due to complete pore blockage successfully and found that energy barriers are 

asymmetric. The activation energy associated with surface transport (20.8 kJ/mol) is found to be 

significantly less than that of intra-crystalline diffusion as well as of desorption steps (≈ 54.1 kJ/mol) 

85. Further, the presence of substantial fraction of blocked pores, due to which fluid molecules must 

detour to locate an open surface pore, as illustrated in Figure 2-15, causing an increase in the 

diffusional length scale, is considered as a possible mechanism for the commonly observed 

discrepancies between the macroscopic and microscopic diffusivities in nanoporous materials.87 

Brandani et al.136 determined the diffusivities of n-alkanes across several length scales in silicalite-1 

crystals and observed that smaller diffusivities were likely caused by a longer diffusional path at the 

same diffusion rate due to complete pore blockage. In this case, the observed self-diffusivity remains 

constant because it represents the motion of single molecules jumping through the available sites, 

while the transport diffusivity across the entire particle becomes slower. Further, the additional length 

does not affect the activation energy, as the transport mechanism remains the same.86 However, one 

may expect an increase in activation energy in case of partial pore blockage. 

In addition, internal defects such as grain boundaries can act as a source of interfacial barriers 118. 

These grain boundaries are formed as a result of crystal imperfections at the interface between two 

crystallites and are an inevitable feature in polycrystalline materials.97, 137 A number of experimental 

investigations reported the existence of grain boundaries in zeolites, 138 MOFs139 and CNTs.140 A 

decrease in ZIF-8 membrane perm-selectivity for several gas pairs due to the presence of grain 

boundaries is reported. 139 It is reported that polycrystalline ZIF-8 membranes are selective for N2 

over CH4, while, single crystal ZIF-8 membranes are selective for CH4 over N2. This is attributed to 

the presence of grain boundaries that act as strong sorption sites for N2.
139 Further, the effect of 

interfacial barriers on CH4 and CF4 permeation due to internal grain boundaries that exist in silicalite-

1 crystals has been assessed through DCV-GCMD simulations.118 The magnitude of interfacial 

barriers due to grain boundaries is found to be quite substantial, and increases with increase in fluid 

molecule size as well as adsorption strength. However, incorporating atomic-scale nature of the grain 
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boundaries into the simulation is an additional necessity to capture the interfacial barriers 

accurately.118 Further, the existence of grain boundaries in large diameter CNTs is ubiquitous, 140 

however their effect on gas transport in CNTs remains to be addressed. 

 

Figure 2-15: Interpretation of kinetic behavior of (a) adsorbate release, and (b) uptake characterized 

by the T–Q model in silicalite-1 particles with additional diffusional path length depicted in red. The 

proposed requirement of fixed transport length for uptake would require irrational molecular behavior 

including either: (c) additional adsorbate movement within the external gas phase, or (d) additional 

adsorbate movement to find the surface pore opening after just permeating the open surface. 

Reprinted with permission from ref. [135]. Copyright 2015 American Chemical Society.  

Effect of temperature: Diffusion is a temperature activated process following Arrhenius relationship, 

exp( )aE
D A

RT
= −      (2-19) 

where Ea is activation energy representing the energy required by a fluid molecule to jump from one 

site to the another, A is the pre-exponential factor, R is universal gas constant and T is temperature. 

The fluid molecules at higher temperatures possess high kinetic energy, and hence they can easily 

overcome both internal as well as interfacial barriers at higher temperatures. Thus, the contribution 

of interfacial barriers to overall transport is found to be significant at lower temperatures, 111, 118 and 

decreases with increase in temperature. The temperature dependence of corrected diffusivity of 

methane in CNT membranes of various lengths,102 evidencing Arrhenius behaviour of diffusivity with 

temperature. An increase in activation energy of 4.75 kJ/mol for the infinite CNT to about 7 kJ/mol 

for finite tubes of length 30 nm, is reported. The higher activation energy for finite tubes is indicative 

of interfacial barriers that are dominant in finite CNT membranes, due to which fluid molecules have 

to cross an extra barrier. A similar behaviour is also observed in SAS zeolite, where an increase in 

activation energy for finite SAS zeolites for both CO2 and CH4 is reported. 
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In addition, a decrease in the internal interfacial barrier to methane transport in SAS-type zeolite with 

increase in temperature, following the Arrhenius type relation, having an activation energy 

comparable to that of gas diffusivity in an infinite crystal is reported. This suggests an identical 

elementary mechanism between the intra-crystalline resistance and internal interfacial resistance. On 

the other hand, the interfacial barrier arising from grain boundaries is found to be significantly vary 

with temperature; for example, as temperature decreases from 300 to 200K, the interfacial barrier due 

to grain boundaries increases around 6 times higher than intra-crystalline resistance. 118 

Effect of interfacial barriers on gas sorption: The rate of gas sorption in nanoporous membranes is 

commonly assumed to be controlled by intra-crystalline resistance,141 however, it is often strongly 

influenced or even controlled by interfacial barriers. 91, 142, 143 The effect of interfacial barriers on gas 

sorption (or desorption) characteristics of nanoporous membrane materials has been highlighted by 

both theoretical and experimental investigations.87, 93, 143-145 Good agreement between the adsorption 

isotherms obtained in an infinitely long AFI crystal and core region (6 Å away from the surface) of a 

finite crystal,146 as well as a weak dependency of gas adsorption capacity with the crystal length of 

finite zeolite crystals, suggesting interfacial barriers are limited to a very narrow region near the gas-

solid interface. The resistance associated with gas desorption in an ideal zeolite crystal was 

satisfactorily explained by Zimmermann et al. 115, 147 through a two-step release mechanism based on 

free-energy profiles. The fluid molecules have to cross a first barrier (Fsurf) to enter into the surface 

adsorption layer from the bulk pore network region, and then a second barrier ( gasF ), to enter into 

the bulk gas phase from the surface adsorption layer, before it desorbs. It is found that the contribution 

of surfF , to overall resistance is significant and can significantly retard gas desorption.147 This 

underlines the importance of considering the external boundary layer to accurately predict gas 

transport in these membranes. In addition, the surface structure may govern the nature of adsorption 

sites near the surface. For instance, the broken sodalite cages in (011) and (100) in Fujasite surface 

act as strong adsorption sites for CO2 compared to the (111) surface;148on the other hand, the effect 

of interfacial barriers that arise from surface modification on H2 adsorption in silicalite-1 is found to 

be insignificant.149 Hence, the interfacial barriers that arise from ideal crystal surfaces on gas sorption 

characteristics may be small; however, surface barriers due to structural defects can be significant 

and even control gas sorption rate.144 Sastre et al. 144 performed MD simulations to investigate the 

uptake/release behavior of benzene in a finite MFI crystal, and found that sorption kinetics are 

controlled by the combined effects of surface resistance due to surface pore blockage and intra-

crystalline resistance, where adsorption is strongly reduced with increase in pore blockage. Further, 

the influence of partial surface pore blockage as well as internal defects such as intergrowth effects 

on sorption kinetics can be significant, and requires attention. 150  
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Critical membrane thickness:  Based on the above considerations, one may expect that contribution of 

interfacial barriers to the overall transport decreases with increase in membrane thickness, and thus 

becoming insignificant for thick enough membranes. The critical membrane thickness ( critical ) below 

which the contribution of these interfacial barriers to the gas transport is significant is then of interest. 111, 

115, 146 This critical membrane thickness, critical , is typically taken as the length at which the interfacial 

resistance is 10-25% of the interfacial resistance, i.e. 

,

0.1 0.25
interface o

membrane o

R D
1-

R D 

  
=  − 

  
    (2-20) 

where 0 ,oD  and D  are corrected diffusivities of the fluid molecules in a finite and infinitely long 

membrane respectively. Newsome et al. report critical membrane thickness values of 2 µm and 0.05 µm 

for methane permeation at 300 K in CNT and y-oriented silicalite-1 membranes using their LEFM method, 

respectively. 88, 107 A higher value for critical  in these cases would be expected, if the calculations were 

based on interfacial barriers that include internal interfacial barriers. Further, the critical membrane 

thickness of zeolites depends on the nature of the pore network as well as molecular size of fluid. 

115In addition, critical membrane thickness is dependent on orientation of the membrane 84, 113, 151 as well 

as operating temperature and pressure. Interfacial barriers typically decrease with increase in temperature 

as well as pressure, 111 and hence a decreased critical membrane thickness at higher temperature and 

pressures is expected. For example, a decrease in critical membrane thickness to 100 nm at higher pressure, 

from around 1000 nm, and 5000 nm, for CH4 and C2H6 respectively, is reported. 115 However, the 

contribution of interfacial barriers to gas transport for several gases in various ideal zeolite crystals for 

typical membrane sizes is found to negligible 111, 115. Nevertheless, defects such as pore 

blockage/constriction, crystal intergrowth can influence the value of critical membrane thickness, 

whose effects yet to be explored. On the other hand, interfacial barriers are found to be significant for 

water transport in CNT membranes.103 Zhang et al. report critical membrane thickness values of 6-24 

µm for water transport in CNT membranes of various diameters. 103 Thus, the critical membrane thickness 

for water transport in the range of typical membrane sizes and hence the contribution of interfacial barriers 

to overall transport cannot be overlooked. 

2.3.2 Modeling of polymer structures: 

Long chain molecules such as polymers with complex topologies and large steric effects, have been 

extensively investigated through Monte Carlo (MC) as well as Molecular Dynamics (MD) 

simulations techniques. MC methods offer great flexibility in choosing the random moves by which 

the system evolves and can achieve equilibration rapidly in complex systems such as dense polymers. 
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The technical aspects of polymer modeling using MC simulations highlighting the open questions 

have been reviewed by Kremer et al.152 Further MC simulations were successfully employed to 

investigate the polymer structures near a inorganic surface.153-156 However, the inherent difficulties 

in attempting moves involving NPs have led to MC simulations being limited to problems in which 

NPs are rigid and stationary. Further, MC simulations can be time-consuming and inefficient for 

building long polymer chains. 

On the other hand, Molecular dynamics (MD) simulations provide an alternative method to 

investigate the physical properties of the polymers. Recently, Abbott et al.157 presented a 3-step 

algorithm for generating polymer structures that include a compression and relaxation protocol, that 

can be used further to predict the structural properties of the polymer. Colina et al.158-161 employed 

this methodology in conjunction with atomic charge assignment from ab initio calculations, 

characterized the simulated structure of polymers through the distribution of free volume elements in 

the polymer, surface areas, structure factors, and gas sorption isotherms.  

Further, Molecular transport of small molecules through a variety of polymer structures via. diffusion 

has been studied extensively using atomistic simulations.162-169 Vegt et al.166 reported the self-

diffusion coefficient by considering single penetrant (CO2) in PE. Hofmann et al.170 investigated the 

transport of small fluid molecules in flexible rubbery polysiloxanes and stiff glassy polyimides and 

found good agreement between experimental and simulated diffusivities for a number of small 

molecule penetrants. However, little work has been done to extract the transport diffusivity of gases 

in polymers. Most studies report self-diffusion coefficients predicted using the Einstein relation, 

finding them to be in agreement, either quantitatively and/or qualitatively, with experimental 

measurements. However, to describe molecular transport across a membrane, it is the transport 

diffusivity that is important, and this can directly be extracted from non-equilibrium molecular 

dynamics simulations.171-173 However, this requires very high forces and is also computationally 

extensive. Recently, an attempt to understand the gas transport characteristics of polymer materials 

using coarse grained CG-MD simulations has been made. Zhang et al. 174 investigated the gas 

diffusion using three different polymer models over a wide range of penetrant sizes, temperatures, 

and monomer densities. They found that slope of the empirical upper bound plot, λ = (dB/dA)2 -1, is 

only valid for polymers that are either supercooled liquids with caged segmental dynamics or glasses 

and when the penetrant size is approximately half the Kuhn length of the chains, for which the 

penetrant diffusion is an activated process. 

Further, the gas adsorption isotherms in rigid porous materials such as zeolites 175, 176 are well 

explored. On the other hand, performing reliable simulations to predict sorption isotherms of gases 
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in materials such as polymers that undergo significant structural transition upon gas sorption remains 

challenging. Gas sorption in polymers is affected by re-distribution of voids177 (and channels) through 

two mechanisms associated with dynamics of the polymer. The free volume in the polymer matrix is 

continuously redistributed randomly either by generation of new voids or by destruction of voids, or 

by re-distributing the existing voids due to the movements of the one or more segments of the polymer 

chain and polymer structural transitions such as swelling/plasticization178, 179 upon sorption. The in-

silico investigations of gas sorption in polymers considering the structural transition upon gas sorption 

is relatively recent.68, 74, 180-186 Velioğlu et al.185 reproduced the plasticization behavior of various 

polyimides within an order of magnitude by employing sorption-relaxation cycles. van der Vegt et 

al.166 proposed a robust iterative technique which is implicit, and estimates the required external gas 

pressure for given amount adsorbed, to obtain the sorption isotherms of the gases in glassy polymers. 

By applying this procedure, Pandiyan et al.187 studied the sorption and desorption of CO2, while, 

Tanis et al.188 extracted gas sorption isotherms of nitrogen and methane in pure and mixed gas 

conditions in a variety of fluorinated polyimides and found significant and homogeneous swelling 

during the sorption.  Hölck et al.189 studied the sorption behavior of gases in a glassy polymer under 

conditions leading to maximum and no swelling of the polymer, and proposed a model to describe 

the gas sorption based on linear combination of the corresponding isotherms, that was in agreement 

with their experimental results. Further, we note that the accuracy of these predictions depends on the 

adequacy of the forcefield employed to represent the polymer. Further, recent simulations considering 

the structural transition and redistribution of voids upon gas sorption in 6FDA-bisAPAF polyimide186 

offer a more accurate alternative for the single component case but have yet to be extended for 

mixtures. Further, to complement experimental investigations, mixture sorption in polymers has been 

predicted from pure component data,190 by applying ideal adsorbed solution theory (IAST) 191 that 

has been reported to be accurate for inorganic membrane materials. However, the validity of the 

predictions in polymers is unclear due the inherent assumptions on which this theory was developed, 

such as a rigid host matrix. Additionally, sophisticated techniques such as nonequilibrium 

thermodynamics of glassy polymers (NET-GP) can be applied to determine the sorption characteristics in 

a glassy polymer in both pure and mixed gas conditions,192, 193 however, this model requires the knowledge 

of volume dilation in the glassy polymer matrix upon gas sorption. 

Structure of polymer near a surface: The interfacial structure of polymer near an inorganic surface has 

been extensively investigated by employing CG 194, 195 as well as fully atomistic MD simulations.196-

199 Typically, the interfacial morphology of the polymer is characterized by computing the density 

profiles with respect to the position in the simulation box. Further, the interfacial thickness is 

extracted by measuring the distance required from the surface to reach the average bulk density of 
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the polymer. In addition, local chain dynamics, radial distribution function and available free volume 

can be used to characterize the polymer structure in the vicinity of a solid surface. 

Eslami et al.195 characterized the structure of polyamide-6,6 near a graphene surface using CG-MD 

simulations and reported an interfacial region of thickness ∼3.0 nm exists, as shown in Figure 2-16. 

Further, they also found that the thickness of interfacial region is dependent on length scale of 

particular property of interest. For instance, the interfacial thickness varies from a minimum value of 

a few bead diameters to maximum distances as large as 2 times of radius of gyration. The former 

corresponds to distances up to which the local structural properties such as the density profile of the 

polymer beads deviate from the corresponding bulk values, while the latter corresponds to distances 

over which global chain properties, such as end-to-end distance of the polymer are influenced by the 

interface. Similar investigations have been done to understand the structural and dynamic properties 

of poly ethylene (PE) through MD simulations near a flat SiO2 surface,200, 201 spherical NPs 201-203 and 

C60 fullerene.201, 204-207 The simulation results reveal ordered orientation of PE polymer, forming 

layers normal to interface. In addition, the interface thickness is found to be independent of the size 

of the filler particle.202 Further, clustering of fullerenes has been observed due to which a decrease in 

polymer density near C60 NPs has been reported. 

 

Figure 2-16: Number density profiles for all polymer beads (solid curve) and end beads (dotted 

curve). The density profiles are normalized by the bulk number density, ρ0. The dashed curve 

represents the density profile in the vacuum interphase, calculated with respect to the distance from 

surface corrugations. Reprinted with permission from Ref. [195] Copyright 2013 American Chemical 

Society. 

Further, the effect of size of NP on the behavior of polymer nanocomposites has been investigated. 

Emamy et al.208 found that the interfacial polymer dynamics are less effected with decreasing in NP 

size. On the other hand, a substantial change in the glass transition temperature in the presence of an 

extremely small NP has observed, as depicted in Figure 2-17. This is due to a decrease in mean NP 
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spacing with decrease in the particle size at any given NP loading, leading to all polymers being 

effectively interfacial for sufficiently small NPs, resulting in relatively large shifts in glass transition 

temperature. Further, the dynamics of NP in polymer nanocomposites has been investigated, and it is 

found that weakly interacting mixtures of NPs and polymers display two very different classes of 

behaviour depending on their size.209 However, most of the above investigations have focused on 

mechanical and/or thermal properties of the composite materials,201, 204-210 and gas transport 

characteristics of these materials are yet to be explored.  

 

 

Figure 2-17: Schematics of the different regimes for interfacial effects of the NP. Reprinted figure 

with permission from ref. [208]. Copyright 2018 by the American Physical Society. 

Further, Keskin et al.211-213 employed atomstic simulations to investigate the gas transport 

characteristics of neat MOF as well as polymer membrane materials and determined the appropriate 

combination of MOF/polymer for gas separation by predicting the performance of a composite 

membrane based on Maxwell model. However, this model assumes ideal interface between filler and 

polymer, which is often not the case. Recently, Semino et al.214 investigated the compatibility between 

MOF surface and PIM-1 polymer using a multi-scale simulation approach by combining Density 

Functional Theory (DFT) calculations with MD simulations. They found that a micro void region in 

the vicinity of MOF surface, of 9-15 Å width, exists, as shown in Figure 2-18 (a) and (b). This is in 

agreement with an experimental finding that the compatibility between the PIM-1 and ZIF-8 is 

moderate.215 In addition, it has been found that larger FVEs of 6-7 Å radius and a higher free volume 
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is available in the interfacial region, as shown in Figure 2-18(c). Further, they also developed a CG 

model that allows the investigation of much larger systems, which can reproduce the salient features 

of the interface that are in agreement with the findings of atomistic simulations. 216 By applying this 

methodology they found that poly(vinyl alcohol) polymer penetrates into the open pores of HKUST-

1, resulting in surface pore blockage. In addition, Zhang et al.217 investigated the H2/CO2 separation 

performance of a ZIF-7/ PBI membrane through atomistic simulations and found that H2 and CO2 

have higher permeabilities in the hybrid membrane than the corresponding neat polymer membrane. 

Further, an increase in gas solubility with increase in filler loading for both the gases, with a little 

enhancement in H2 selectivity over CH4 has been reported. These investigations highlight the 

capability of atomistic simulations to predict the interfacial morphology of the polymer near a surface 

as well as gas transport characteristics in a model MMM. However, the influence of interfacial 

morphology on gas transport characteristics is yet to be investigated. 

 

  

Figure 2-18: (a) Density of polymer (black line) and MOF atoms (red line) as a function of the z 

coordinate for a representative configuration of PIM-1/rigid ZIF-8 system. The blue dashed lines 

represent the limits of regions A and B, (b) Snapshot of the interface, where the atoms that belong to 

region A are opaque, and the rest are transparent, and (c) Histograms for the pore size distribution 

computed for a representative configuration of PIM-1/rigid ZIF-8 system according to (i) the 

v_connect methodology for positronium (black) and nitrogen (red) sized probes, weighted by pore 

number (top) and by free volume fraction (middle) and to (ii) the sphere fitting method (bottom). 

Reprinted with permission from Ref. [214] Copyright 2016 American Chemical Society. 

(c) 
(a) 

(b) 
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In conclusion, the issue of the influence of interfacial structure on gas transport remains an open 

question and a thorough investigation of gas transport near the interface, including the sorption 

isotherms considering the structural transitions upon gas sorption in detail through EMD simulations, 

is required to quantitatively understand MMM behaviour and provide information necessary for the 

in-silico design of MMMs.   
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3.1 Model details 

In this chapter, we describe the model and the corresponding interaction potential parameters used to 

represent the polymers as well as gas molecules in the simulations. Further, we also provide the 

simulations details and the procedure adapted in this investigation to extract the gas diffusion as well 

as solubility coefficients in the membrane are provided. 

3.1.1 Polymer model 

Amorphous polyethylene (PE) and polyimide (PI) polymers were considered in this investigation to 

represent a neat polymer membrane. The polymer chains were generated by following a self-avoiding 

random walk technique1 using Packmol.2 In what follows we describe the model and the 

corresponding interaction potential parameters used to represent polymers in our simulations. 

Polyethylene (PE): The model system is composed of 50 flexible PE chains, each having 78 carbon 

atoms on the backbone. The non-bonded van der Waals (vdW) interactions were incorporated with 

united-atom representation, where carbon atoms along with their bonded hydrogen atoms are lumped 

into single interacting sites with zero charge  

12 6

4
ij ijnon bond

ij ij

ij ij

U
r r

 
−
    
 = −           

     (3-1) 

where ij and ij are the energy and length scale parameters of the LJ potential. The methylene (CH2) 

and methyl (CH3) groups are treated as equivalent sites for all bonded interactions, but, not for vdW 

interactions. Such a united-atom model has been widely used and verified for studying diffusion and 

melting behaviors of PE polymers. Further, the PE polymer chain is described by a combination of 

appropriate bonded interactions by considering the constraints for bond length, bond angle and 

dihedrals of the form: 

2 2 1

0 1,5
( ) ( ) (A cos )bond n
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U k l l k   −

=
= − + − +    (3-2) 

where kb and lo denote the stiffness and equilibrium length of the bond, k and 0  denote force 

constant and equilibrium angle, and nA ,  denote the force constants and torsion angle. The potential 

forms with corresponding parameters are summarized in Table 3.1. 
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Table 3-1. Functional Forms and Parameters for the force field of PE.3-5 

Interaction type Functional form Parameters 

non-bonded Lennard-Jones (LJ) 12-6 form 
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Polyimides (PI): PI’s are most extensively investigated membrane materials as they exhibit relatively 

high gas selectivity and permeability. The gas separation characteristics of PI polymer membranes 

are investigated by considering BPDA-APB (biphenyltetracarboxylic dianhydride and 1,3-bis 4-

aminophenoxy benzene) PI. Further, gas separation characteristics of a fluorinated PI, 6FDA-durene 

(4,4′‐hexafluoroisopropylidene diphthalic anhydride, 2,3,5,6‐tetramethyl‐1,4‐phenylenediamine) is 

also investigated as the presence of −C(CF3)2– and a bulky methyl group in the polymer backbone 

contributes to the reduction of local segmental mobility and inhibits the inter chain packing, resulting 

in a great amount of free volume and thereby good gas separation performance. The structure of the 

single PI chain is depicted in Figure 3-1.  The model polymer system is composed of 15 flexible PI 

chains, each having 12 monomers and was generated by following a self-avoiding random walk 

technique using Packmol.2  
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Figure 3-1: Structure of (a) BPDA-APB, and (b) 6FDA-durene polyimide polymer chains. 
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The polymer chains were described by considering a combination of appropriate bonded and non-

bonded interactions with all atom representation, where all the atoms in the system are defined 

explicitly based on the polymer consistent force field (PCFF).6 This ab initio force field has been 

widely used to model the long chain molecules.7, 8 The non-bonded vdW interactions are incorporated 

using the 9-6 form of LJ potential: 

9 6

,

6.75
ij ijnon bond
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i j ij ij

U
r r

 
−
    
 = −           

     (3-3) 

where ij and ij are the energy and length scale parameters of the LJ potential. Sixth power combining 

rules9 were employed to obtain the interaction parameters between the atoms of the polymer. The 

bonded interactions including bond, angle, dihedral, out of-plane angle and the cross-coupling terms 

were considered in accordance with PCFF forcefield, 
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3.1.2 Adsorbate models 

The 3-site (EPM2) linear model10 which accounts for the quadrupole of CO2 explicitly by assigning 

a point-charge on each atom, was chosen to represent CO2. N2, was modelled as a rigid diatomic 

molecule11 having negative charge on each nitrogen atom and compensating positive charge at the 

centre of mass of the molecule. CH4 was represented by its full atomistic (5-site) model12 where all 

the atoms are explicitly included as LJ particles, each carrying a partial charge. All the gas molecules 

are treated as rigid in the entire simulation. We note that, these gas models were successfully 

employed to investigate the mixed gas properties in other nonporous membrane materials. The non-

bonded vdW interactions between the gas-gas and polymer- gas molecules are incorporated using a 

12-6 LJ potential of the form:  
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The potential parameters used to represent gas molecules are given in Table 3.2. The interaction 

parameters between unlike atoms were obtained through Lorentz−Berthelot rules. 

 

 

Table 3-2. Lennard–Jones (12-6) parameters, partial charges for the EPM2 CO2, 5-site CH4 and 3-

site N2. 

Molecule Atom 1( )
b

K
k

 −  
) (nm   (e)q  Ref 

Nitrogen (N2) N_N2 36.4 0.3318 -0.4645 11 

Ncom_N2 0 0 +0.929 

Carbon dioxide 

(CO2) 

C_CO2 28.1290 0.2757 0.6512 10 

O_CO2 80.5071 0.3033 −0.3256 

Methane (CH4) C_CH4 55.0552 0.34 0.66 12 

H_CH4 7.9011 0.265 -0.165 

 

3.2 Simulation details: 

LAMMPS package13 was used to perform equilibrium molecular dynamics (EMD) simulations, with 

periodic boundary conditions imposed in all three dimensions. A Nose´-Hoover thermostat with a 

damping coefficient of 100-time steps and Berendsen barostat with a damping coefficient of 1000-

time steps are used to maintain the temperature and pressure of the system respectively. A cutoff 

distance of 14 Å was used to truncate short range vdW and electrostatic interactions, while long-range 

electrostatic interactions were captured by employing the Ewald summation method. Each simulation 

run comprised an equilibrium run of 10 ns followed by a production run of 40 ns in the NVT ensemble 

with a time step of 1fs. The results of 10-15 independent runs, each starting from a different initial 

configuration, were averaged to compute the gas diffusivity. The initial configurations were randomly 

selected from Grand Canonical Monte Carlo (GCMC) simulations by placing the gas molecules in 

the polymer matrix based on the sorption isotherm data, and allowing the polymer to swell in the 

presence of gas molecules for 25 ns in an isobaric ensemble. The error associated with the simulations 

was determined by computing the standard deviation of the results, obtained by dividing the total 
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simulation run into four equal parts. In the figures to follow the error bars are smaller than symbol 

size, unless stated otherwise. 

3.3 Methodology 

3.3.1 Gas sorption isotherms and solubility 

Gas sorption characteristics of a polymer membrane were described by extracting sorption isotherms 

obtained by implementing a two-step procedure, similar to the ‘two-boxes–particle-transfer’ 

methodology proposed by Hentschke et al.,14 accounting for structural transition upon gas sorption.  

In step-1, GCMC simulations were performed using the DL_MONTE/RASPA simulation package15, 

16 considering a rigid polymer matrix where adsorbed gas in phase equilibrium with the ambient gas 

phase, following 

( , ) ( , )s gT p T p =
     (3-6) 

where s  and g  are chemical potential of the sorbed phase and bulk gas (ambient gas) phase 

respectively, at constant temperature and pressure. The typical GCMC simulations consisting of 

insertion, deletion, rotational and translational moves with equal probability were run for 

approximately 2 x 107 steps including the initial equilibration steps of 5 x 106.   

In the second step, EMD simulations in an isobaric ensemble were performed to allow the polymer 

to swell in the presence of gas molecules for 1 ns. This procedure was repeated 10-15 times, till a 

constant polymer density (average over last 0.5 ns) in last 3 runs of MD simulation has been achieved, 

confirming no further swelling of polymer upon gas sorption. The averages over last 3 runs were 

considered to compute the adsorbed gas concentration. The error in the sorption isotherm was 

determined from the last 3 GCMC runs by dividing them into 6 blocks and. Further, solubility 

coefficient (Si) of gas i is evaluated from the sorption isotherm, following: 

i

i

c
S

p
=      (3-7) 

where c is the amount of gas absorbed in the polymer at its partial pressure pi. 

3.3.2 Diffusion coefficients 

To describe the gas diffusion in a polymer membrane, self, corrected and transport diffusivities are 

computed using the procedure described below. 

Self-Diffusivity: The self-diffusivity, sD , describes the motion of individual, tagged particles, and 

can be obtained from average molecular displacements with the aid of the Einstein relation in the 
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Fickian regime, where the mean square displacement (MSD) varies linearly with the time (t) over 

sufficiently long-time scales following: 

21
lim | ( ) (0) |

6
s i i i

t
D r t r

t→
=  −       (3-8) 

where ri(t) is center of mass position vector of molecule i at time t.  

Corrected-Diffusivity: The corrected diffusivity, 
0D , describes the collective motion of all adsorbed 

molecules, and can be computed from EMD simulations using an Einstein relationship similar to eq 

3-8, based on the center of mass (COM) motion of all adsorbed molecules, following: 

2

0

1

1 1
lim || ( ) (0) ||

6

N

i i
t

i

D r t r
N t→

=

=  −       (3-9) 

where ri(t) is center of mass position vector of molecule i at time t. For pure component diffusion, the 

MS diffusivity is equal to the corrected diffusivity (Do).
19 

Transport Diffusivity: The transport diffusivity, DT, is variously referred to as either the Fickian 

diffusivity or the chemical diffusivity, and defined in terms of the corrected diffusivity, D0, following: 

ln
( )

0 ln

f
D D

T Tc





     (3-10) 

where c represents the gas concentration (gas loading in the polymer), and f its bulk phase fugacity at 

a given temperature T. The partial derivative in eq 3-10 is defined as the thermodynamic correction 

factor, and can be obtained from the single component sorption isotherm. By combining the 

thermodynamic correction factor obtained from GCMC-based isotherms for gas sorption and 

corrected diffusivity from EMD simulations, the transport diffusivity can be calculated using eq 3-

10. 

3.4 Membrane performance 

Membrane performance for a given gas pair can be determined by computing the gas permeability 

and perm-selectivity, as defined below: 

3.4.1 Permeability 

The permeability (Pi) of a gas i in a membrane at a given temperature and pressure can be estimated 

from its diffusivity (Di) and solubility (Si), and is expressed as: 

i i iP D S=        (3-11) 
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The permeabilities are expressed in Barrers, where 1 Barrer = 
10

2

( ).
10

. .

cc stp cm

cm s cmHg

−
. 

3.4.2 Perm-selectivity 

Membranes perm-selectivity ( ij ) for a gas pair i, j is defined as the ratio of their individual gas 

permeability coefficients ( ,i jP P )following: 

diffusivity solubility
selectivity selectivity

xi i i
ij

j j j

P D S

P D S


   
= =       

   
     (3-12) 
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4.1  Introduction 

Nanoscale understanding of sorption and fluid transport through polymer materials is critical to the 

design and optimization of several industrial processes for gas filtration and separation. Permeation 

of gases through a polymer membrane is explained in terms of a solution-diffusion mechanism which 

involves dissolution of the gas at the high-pressure interface, molecular diffusion of the gas through 

the polymer film and release of the gas from solution at the low-pressure interface. The effectiveness 

of the membrane is described by its permeance as well as selectivity. Therefore, gas permeation and 

separation involves both solubility differences (an equilibrium property) and diffusivity differences 

(a transport property), and is strongly related to the thermodynamics of the polymer at a given 

temperature and pressure. Thus, an understanding of fluid sorption and transport is critical to explore 

the potential applications and possible improvements for a given membrane material.  

Transport through porous materials occurs in two modes.1, 2 The first is transport diffusion which 

represents the motion of the center of mass of the fluid, and is governed by collective motion of the 

fluid due to a concentration or chemical potential gradient, while the other is self-diffusion, which 

characterizes the motion of a single particle at uniform chemical potential. Experimentally, 

macroscopic methods such as chromatography and frequency response methods measure the motion 

of the fluid as a whole, and yield the transport diffusivity. On the other hand, self-diffusivity can be 

extracted from microscopic experimental techniques such as quasi elastic neutron scattering (QENS) 

and pulse field gradient nuclear magnetic resonance (PFG-NMR) by tracking the displacement of a 

single molecule over the time. The transport diffusivity or Fickian diffusivity is of great interest in 

application such as membranes where mass transfer plays a key role, and is defined through the flux 

(J) generated from the concentration (c) gradient following: 

( )tJ D c c= − 
      (4-1) 

where Dt is transport diffusivity. In general, both transport and self-diffusion coefficients are 

functions of concentration, and they are equal only at infinite dilution or zero loading. Due to the 

presence of positively contributing correlations,3 transport diffusivities are always higher than self-

diffusivity. In extreme cases, the self and transport diffusivities can vary by orders of magnitude.3-6 

Thus, computing transport diffusivity is indispensable for the description of transport across a 

membrane. The transport behavior of a fluid in a polymer can be explored systematically and 

accurately with the aid of atomistic simulations, based on a molecular interaction model. 

Molecular transport of small molecules through a variety of polymer structures via. diffusion has been 

studied extensively using atomistic simulations.7-14 Most studies report self-diffusion coefficients 



72 
 

predicted using the Einstein relation, finding them to be in agreement, either quantitatively and/or 

qualitatively, with experimental measurements. However, as discussed above, to describe molecular 

transport across a membrane, it is the transport diffusivity that is important and this can directly be 

extracted from non-equilibrium molecular dynamics simulations.15-17 However, this requires very 

high forces and is also computationally extensive. A more convenient approach for predicting 

transport diffusivities of pure components, is that of EMD simulation, proposed by Theodorou et al.18 

Sholl et al. successfully applied this approach to compute the transport diffusivities of the gases in 

carbon nanotubes,4-6 metal-organic framework (MOF)19 and zeolites.20, 21 They found that at non-zero 

loading, transport diffusion coefficients are much larger than self-diffusion coefficients. Salles et al.22 

predicted the  transport diffusivity of gas molecules in MOF using a combination of QENS-EMD 

simulations. Liu et al.23 investigated propane and propylene transport inside single-wall carbon 

nanotubes of various diameters using EMD simulations, and reported transport diffusivities consistent 

with literature data. Vegt et al.11 reported the self-diffusion coefficient by considering single penetrant 

(CO2) in PE. However, little work has been done to extract the transport diffusivity of gases in 

polymers.  

On the other hand, performing reliable simulations to predict sorption isotherms of gases in materials 

such as polymers that undergo significant structural transition upon gas sorption remains challenging, 

although gas sorption isotherms in rigid porous materials24, 25 are well explored. Gas sorption in 

polymers is affected by re-distribution of voids26 (and channels) through two mechanisms associated 

with dynamics of the polymer. The free volume in the polymer matrix is continuously redistributed 

randomly either by generation of new voids or by destruction of voids, or by re-distributing the 

existing voids due to the movements of the one or more segments of the polymer chain and polymer 

structural transitions such as swelling/plasticization27, 28 upon sorption. Most of the earlier reports26, 

29-31 focus on calculation of solubility coefficients either by applying widom particle insertion method 

or using an osmotic ensemble. However, here we implemented a two-step methodology combining 

Grand canonical Monte Carlo simulations (GCMC) coupled with NPT (Constant Number of particles, 

Pressure and Temperature) EMD simulations.  

In this chapter pure component MS- diffusivity and sorption isotherms of gases in PE as well as two 

variants of polyimides (BPDA-APB and 6FDA-durene- PI’s) are investigated by considering the 

structural transitions upon gas sorption in-detail through EMD simulations. Further, an important 

aspect of this study is the insight into the polymer morphology (structural properties) gained from the 

analysis of structure-property relations and pore size analysis of the bulk polymer. 
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4.2 Results and discussions 

4.2.1 Polyethylene 

Structural Characterization: The 3-dimensional structural characterization of PE polymer membrane 

provides insight into the simulated sorption isotherms as well as transport properties of the system 

and is obtained by considering the volume-temperature relations, associated free volume, distribution 

of free volume elements in the polymer and intermolecular radial distribution functions. Figure 4-1 

depicts the structure of the PE polymer membrane at 300 K and 600 K respectively.  

 

 

Figure 4-1: Structure of PE polymer matrix at (a) 300 K, and (b) 600 K. 

It is observed that density of the polymer decreases linearly with increase in temperature with change 

in slope at 450 K, the melting point of PE. The calculated thermal expansion coefficient of PE 

polymer from our simulations is found to be 0.00076 (± 0.00001) K-1 (assuming it is independent of 

temperature), which compares well with the experimental32 and earlier simulation11 values of 0.00074 

K-1 and 0.0008 K-1 respectively. We note here that the effect of pressure on the structure of the PE 

Polymer is found to be negligible up to 20 atm, as shown in Figure 4-2 (b). 

 

(b) 
(a) 
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Figure 4-2: (a) Temperature, and (b) Pressure variation of specific volume of PE polymer.  

The size of free volume elements in the polymer and accessible volume or free volume (FV) in the 

PE polymer membrane were determined using the spherical probe geometric approximation 

technique with a hard sphere probe of diameter 2.64 Å (helium as probe molecule), by considering 

the different configurations of PE polymer, as discussed in detail elsewhere.34-36 Figure 4-3 (a) depicts 

the variation of accessible volume in PE polymer membrane with temperature by considering 

different configurations. The measured fractional free volume of the PE polymer is approximately 6 

(± 0.5), 15 (± 0.5) and 28 (± 1) % at temperature of 300, 450 and 600 K respectively, illustrating the 

swelling behavior of the polymer with increase in the temperature. It is observed that the accessible 

volume increases linearly with temperature, but with change in slope at 450 K. Figure 4-3 (b) 

illustrates the resulting temperature variation of the limiting size of free volume elements in the 

polymer, the size of the largest spherical probe that can permeate through the structure in polymer. 

This represents the smallest opening along the free volume element that a molecule needs to cross in 

order to diffuse through this material. We note here that cavities of 1.5- 3 Å diameter exist in the PE 

polymer in the temperature range of 300-600 K. 
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Figure 4-3: (a) Variation of accessible volume in PE with temperature, and (b) maximum and limiting 

free volume elements in PE. Solid lines along the data points are to emphasize the slope change. 

Dashed line along the data points is guide to the eye. 

Radial Distribution Function: To provide insight into the local chain confirmation and packing in the 

PE polymer membrane, the radial distribution function (RDF), i.e. atom-atom pair correlation 

function g(r) between the CH2 (CPE) units separated by a distance r, is presented. Figure 4-4 depicts 

the CPE-CPE intermolecular RDF of PE polymer in the temperature range of 300-600 K. We here note 

that all kinds of bonded interactions between CPE units [intra-molecular] are ignored while computing 

the RDF, and hence no peak is observed when r < 4 Å. A very slight shoulder at r = 4 Å is observed 

at all temperatures which corresponds to closest contacts between CPE-CPE units. Similar feature has 

been reported by Boyd et al.37, 38 at moderate to high temperatures in PE polymer, and it resolves to 

a peak at very low temperature (= 0 K).  

 

Figure 4-4: CPE-CPE intermolecular radial distribution function of polymer 

A second peak, corresponding to average neighbor spacing between the PE polymer chains was found 

around r = 5 Å. Also we note a split in the second peak into two, in contrast to the earlier reports on 

a similar system,39, 40 well above the glass transition temperature of PE polymer (> T = 180 K) and 
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this split disappears above the melting temperature (T = 450 K) of PE polymer. Similar behavior has 

been reported for other glassy systems,40 below the melting temperature. However, it is important to 

note that this feature does not distinguish the glassy and liquid states but the splitting appears 

gradually as the normal liquid is cooled or compressed to a glassy state and has been discussed 

thoroughly elsewhere.41 A third peak has been observed around r = 6.1 Å and a broad peak around r 

= 11 Å which presumably corresponds to second and third neighbor chains. An increase in 

temperature is accompanied by intensity decrease of all the intermolecular peaks suggests that the 

number of intermolecular contacts decreases with increase in temperature due to the swelling of the 

polymer with temperature and hence increase in FV in the polymer. 

Structural transitions upon gas sorption such as swelling or plasticization in polymer materials alter 

the sorption kinetics as well as gas transport. Figure 4-5 illustrates the swelling of polymer upon gas 

sorption in the temperature range of 300-600 K. It is evident that the PE polymer swells upon CO2, 

CH4 and N2 sorption at all temperatures. It is seen that swelling ratio q, i.e. fractional increase in 

volume due to gas sorption, increases exponentially with increase in temperature for all the gases 

considered here. The polymer swells least in the presence of CH4, showing a swelling of 1.5-2.5% in 

the temperature range of 300-600 K. At lower temperatures in the presence of CO2 the polymer swells 

more due to the high solubility of CO2 in PE polymer, showing a swelling of 1.7-3.0 % in the 

temperature range of 300-600 K. On the other hand, in the presence of N2 the PE polymer swells 

more at higher temperatures displaying a swelling of 1.6-3.5 % in the temperature range of 300-600 

K, presumably due to the positive temperature effect of N2 solubility in the PE polymer network 

subsequently discussed in detail.  
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Figure 4-5: Temperature variation of swelling of PE in the presence of gases with temperature. 

Gas sorption isotherms and solubility: The sorption behavior of CO2, CH4 and N2 in PE polymer 

membrane was systematically investigated by exploring the sorption isotherms for each adsorbed gas 
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as a single component, using GCMC simulations coupled with EMD simulations in the isobaric 

ensemble as described in section 3.1 of chapter-3, in the temperature range of 300-600 K. 

Figure 4-6 (a)-(c) shows the sorption isotherms of CO2, CH4 and N2 in PE polymer matrix 

respectively, in the temperature range of 300-600 K. At 300 K, it is seen that the CO2 absorbs strongly 

while N2 shows weak absorption in PE, and gas absorption increases with increase in pressure at a 

given temperature in all the cases. Further, we note that the effect of swelling on the isotherm is 

significant. The sorption isotherm of each gas considered was fitted using a Dual-mode (DM) sorption 

model where molecules (i) absorbed in the accessible sites, which is endothermic, and (ii) dissolved 

in the amorphous polymer matrix, which is exothermic. These modes contribute to the total 

concentration of the sorbate in the polymer, C, of the form:  

'

1

H
d

C bp
c k p

bp
= +

+
                                                   (4-2) 

where, c is the total concentration of the sorbate in the polymer, p is the pressure, kd is Henry’s law 

coefficient,
'

HC  is the Langmuir capacity term, and b is the Langmuir affinity parameter. Further, we 

note that the sorption isotherms above the melting temperature were fitted using Henry’s law model 

that can be formulated using 
' 0HC = in eq (4-2). The dashed lines in Figure 4-6, represent the 

isotherms fitted using eq (4-2). A similar mechanism was previously reported for sorption of small 

gas molecules in other polymers.42-44 It is observed that absorption capacities of CO2 and CH4 

decrease with increase in temperature. This is due to the significant decrease in gas density with 

increase in temperature, leading to decreased sorption at higher temperatures.14 On the other hand, 

N2 shows positive correlation of sorption with increase in temperature due to the increase in 

availability of kinetically closed pores45at higher temperatures. A phenomenological explanation for 

this behavior may be based on a combination of energetic and entropic effects. At lower temperatures 

significant pore space is inaccessible to gas molecules, while at higher temperatures kinetically closed 

pores become open and accessible to gas molecules. This occurs because temperature increase results 

in decrease in polymer density, and therefore increase of the FV accessible to small molecules. 

Consequently, light gases are able to access more sites and become more soluble with increase in 

temperature. In order to demonstrate this effect, we tracked the motion (displacement) of gas 
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molecules in a rigid polymer at low and high temperatures. At 300 K, no nitrogen molecule is able to 

leave the pore space, but only oscillates within the existing FVEs, while at 450 K, N2 molecules are 

able to jump out of the regions of local energy minimum to access the pore space as (i) they gain 

sufficient kinetic energy, and/or (ii) the mouth of the pore opens due to swelling of the polymer at 

higher temperatures, as shown in Figure 4-7. 

 

 

Figure 4-6: Sorption isotherms of (a) CO2, (b) CH4, and (c) N2 in PE at various temperatures. The 

dashed lines indicate the fitted sorption isotherms using the DM sorption model or Henry’s law 

model. 
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Figure 4-7: Motion of N2 in rigid polymer at T = 300 K and at T = 450 K. 

In the low pressure region, eq (4-2) provides the following Henry law relationship for adsorbed 

concentration:  

'( )* *H dc C b k p S p= + =      (4-3) 

where S, the apparent solubility coefficient in the zero-pressure limit in glassy polymers, represents 

the ability of the gas to dissolve in the PE polymer matrix and can be computed from DM sorption 

fitting parameters. It is observed that CO2 is most soluble while N2 is least soluble in PE among the 

gases considered in this study, following the order 

S (CO2) > S (CH4) > S (N2)  

where S (CO2) represents the solubility of CO2 in the PE polymer matrix. The solubility coefficients 

predicted from our simulations are qualitatively in good agreement with the previous experiments46, 

47 and simulation results,14, 48 however, they are quantitatively larger by an order magnitude, as shown 

in the Table 4-1.  

Table 4-1:Solubility coefficients of different gases in PE at 300 K. 

 

Gas 

S (
( )cc 

c (c ).

STP

polym atm
) 

this study earlier simulations48 Expt46 

N2 0.1 (± 0.01) 0.08 0.0412 

CH4 0.4 (± 0.1) 0.3 0.203 

CO2 1.4 (± 0.1)   0.55 0.451 
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This can be attributed to the fact that absolute value of the solubility depends on the crystalline 

fraction of the polymer which has no capacity to dissolve the gas, as well as on the united atom model 

(UA) adapted in this study to represent PE polymer structure. However, Bixler et al.46 showed 

experientially that, the solubility (k) of semi-crystalline PE follows: 

*k k=       (4-4) 

where  is the volume fraction of amorphous material, and 
*k is solubility constant in a hypothetical 

completely amorphous PE. Subsequently, Compan et al. 49 showed this relation is approximately valid 

by computing the solubilities of the gases in semi-crystalline PE. Our simulation predictions of 

solubility constant correspond to 
*k , and to compare with experimental results, the value of   is 

required. This will vary from sample to sample, depending on its processing history as well as the 

method used to calculate it. Hence, the ratio of solubility coefficients for different gas pairs predicted 

from our simulations against experimental data at 300 K as well as predictions from earlier 

simulations is compared in Table.4-2. It is seen that the extracted solubility ratios of different gas 

pairs from sorption isotherms are in good agreement with experiments as well as earlier simulation 

results computed using the Widom insertion method. We also note that similar results have been 

reported for the solubility of O2 and N2 in poly-isobutylene polymer,50 where the UA model 

overestimated the solubility while the results based on an all atom (AA) model are in close agreement 

with experiment. 

Table 4-2: Solubility ratios for different gas pairs in PE. 

 

Gas Pair 

Solubility ratio 

this study earlier simulations48 expt46 

S(CO2)/S(CH4) 3.7 [± 0.2] 1.61 2.22 

S(CO2)/S(N2) 13 [± 0.5] 6.70 10.94 

S(CH4)/S(N2) 3.5 [± 0.2] 4.16 4.93 

 

Figure 4-8 shows the temperature dependence of simulated solubility coefficients for CO2, CH4 and 

N2 in PE polymer matrix at temperatures from 300 to 600 K. Heats of sorption were calculated from 

the data presented in Table 2, based on the van't Hoff expression, 

0

sH

RTS S e
−

=         (4-5) 
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where S0 is a constant, sH is apparent heat of solution, R is the gas constant and T is the temperature. 

It is observed that the solubility of CO2 and CH4 decreases with increase in temperature leading to 

negative heat of solutions. On the other hand, N2 has positive temperature dependence, with slightly 

positive heat of solution. Further, we note that the temperature dependence of the solubility constant 

over the temperature range of 300-600 K, obeys the van’t Hoff relation for all the gases in contrast to 

earlier simulation reports.11The computed heats of solutions for CO2, CH4 and N2 are in reasonable 

agreement with experimental reports46 as seen in Table 4-3. 

 

 

Table 4-3: Heats of Solution of various gases in PE. 

 

Gas 

Apparent Heats of Solution, ( / . )sH kcal g mole  

this study Expt46 

N2 0.3 [± 0.05] 0.5 

CH4 -1.23 [± 0.1] -0.7 

CO2 -1.85 [± 0.1] -1.3 
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Figure 4-8: Temperature dependence of solubility coefficients of gases in PE. 

Gas diffusion: For the purpose of understanding the mechanism of gas diffusion in the PE membrane, 

the penetrant displacement from its initial position i.e. |r(t)-r(0)|, where r(t) is penetrant position at 
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time t, is monitored. Figure 4-9 depicts the displacement of CO2, CH4 and N2 in the PE polymer 

membrane at 300 K. It is seen that gas diffuses through the PE membrane by hopping from one site 

to another, either by jumping between existing voids or to new voids created by the motion of the 

polymer chains. To demonstrate this mechanism, the penetrant motion in rigid and flexible polymer 

chains are therefore determined. It is observed that movements of the polymer chains considerably 

aid the penetrant motion. Also, it is seen that the penetrant molecules dwell in existing voids, having 

only oscillatory motions around their equilibrium positions for considerable time before jumping into 

the neighboring void. The amplitude of oscillations depends on the size of the voids and penetrant. 

Subsequently, the penetrants do a quick jump into their neighboring voids with a frequency depending 

on the penetrant’s size. Hence, the largest penetrant studied in this work, CH4, can rarely jump 

between the voids, and the small penetrant N2 can jump frequently. 
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Figure 4-9: Hopping of gas molecules in PE at 300 K. 

Self-Diffusion: Figures 4-10 (a)-(c) depict the average mean square displacement of CO2, CH4 and 

N2 molecules respectively against time (average window size) on a log-log plot. At extremely short 

times (t < 250 ps), self-diffusion follows ballistic motion (where MSD varies linearly with t2) 

followed by normal diffusion over sufficiently long-time scales where the Einstein equation is 

applicable. The self-diffusion coefficient of the gas molecules has been extracted from the intercept 

of the MSD vs. time plot on a log-log scale in the regime where the slope is approximately unity.  
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Figure 4-10:log-log plot of mean square displacement of tagged particles  (a) CO2, (b) CH4, and (c) 

N2 vs. time (window size average) in PE matrix. 

At 300 K, the calculated values of self-diffusion coefficient (Ds) of CO2, CH4 and N2 are 9 (± 0.8)  × 

10-6, 7 (± 0.5) × 10-6 and 8 (± 0.4) × 10-6 cm2/sec respectively, and in agreement with earlier simulation 

report values of the order 10-6 cm2/sec .11, 13, 14, 51 On the other hand, predicted self-diffusion 

coefficients from our simulations are qualitatively in agreement with experimental values of 9.8 × 10-

5, 6 × 10-5 and 8.3 × 10-5 cm2/sec  for CO2, CH4 and N2 respectively52, while quantitatively being 

overestimates by an order magnitude. This is because our simulations consider PE as amorphous 

homogeneous material while it is semi-crystalline. To compare the predicted diffusion coefficients 

with experimental results, proper correction factor accounting the reduction in diffusion constant due 

necessity of molecules to bypass crystallites and reduction in chain mobility near the crystals is 

required. Bixler et al.52 estimated these impedance factors, assuming the relation,  

*DD


=      (4-6) 
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where D* is the diffusion constant in completely amorphous PE,   is a geometric impedance factor 

accounting for the reduction in diffusion constant  to bypass the crystalline fraction and   is the 

chain immobilization factor in the vicinity of crystallites. This D* values are qualitatively in 

agreement with our simulation predictions, while quantitatively over predicted by three-fold, as 

shown in Table 4-4. Further, the dependence of density of the polymer on chain length and hence 

proper correction factor is required to compare simulation predictions with experiments.  

Table 4-4: Gas diffusion coefficients in amorphous PE at 300 K. 

 

Gas 

D* (×106 cm2/sec ), 

This study Earlier simulations11, 13, 14 Experimental reports52 

N2 8 (± 0.4) 0.98 2.7 

CH4 7 (± 0.5) 0.37, 7 2.14 

CO2 9 (± 0.8) 4, 6 3.02 

 

Corrected-Diffusion: In order to compute corrected diffusivities, the average mean square 

displacement associated with the motion of the center mass of the gas molecules over multiple 

independent simulation runs was considered. Figures 4-11 (a)-(c) depict the average mean square 

displacement of the center of mass of the CO2, CH4 and N2 molecules respectively against time 

(average window size) on a log-log plot. It is observed that corrected diffusion follows ballistic 

motion initially (t < 2 ns), in contrast to what has been observed in zeolites where corrected diffusion 

is linear over the whole range although self-diffusion exhibits single file diffusion initially, 

presumably due to the slow relaxation of PE chains. Also observed is an intermediate region where 

MSD changes linearly with tn, with n lying between 0 and 1. At sufficiently long time scales the MSD 

is linear with time, and the Einstein equation is applicable. Corrected-diffusion coefficients of the 

gases have been extracted from the intercept upon fitting a straight line with slope = 1 on a log-log 

plot of MSD vs. time.  At 300 K, the calculated values of corrected-diffusion coefficient D0 of CO2, 

CH4 and N2 are 4.5 (± 1) × 10-4, 3.5 (± 1) × 10-4 and 9.0 (± 1) × 10-4 cm2/sec respectively. It is observed 

that the corrected diffusion coefficients are always greater than self-diffusion coefficients by about 

two orders magnitude. The transport diffusivity was calculated using the corrected diffusivity and 

thermodynamic factor from the sorption isotherms and is discussed subsequently.  
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Figure 4-11: Mean Square displacement of center of mass of molecules (a) CO2, (b) CH4, and (c) N2 

vs. time (window size average) in PE polymer matrix. 

Effect of Temperature:  In the literature little agreement on temperature dependence of gas diffusion 

in PE polymer membrane, with Arrhenius behavior,52 non-Arrhenius(WLF form)13and non-Arrhenius 

(linear fits with slope change)11 has been reported. Figures 4-12 (a)-(c), depict the temperature 

dependence of the self-diffusion coefficients of CO2, CH4 and N2 in PE polymer membrane in the 

temperature range of 300-600 K. It is seen that the temperature dependence of the self-diffusion 

coefficients of CO2, CH4 and N2 follow Arrhenius-type behavior. The activation energies for N2, CO2 

and CH4 in PE membrane are 20 (± 1), 17 (± 1) and 16 (± 1) kJ / mol respectively, which compares 

well with literate data 23 kJ / mol for CO2
11, 20 kJ / mol for CH4

13 computed from the expression, 

0

DE

RTD D e
−

=                              (4-7) 

where D0 is a constant, ED is the apparent activation energy for diffusion, R is the gas constant and T 

is absolute temperature.  
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Figure 4-12:Arrhenius plots for the self-diffusion coefficient of (a) CO2, (b) CH4, and (c) N2 in PE 

polymer membrane. Dashed line represents the fit using eq (4-7) 

On the other hand, it is observed that the dependence of logarithm of transport diffusivity (log DT) on 

reciprocal temperature for all gas molecules (CO2, CH4 and N2) follows non-Arrhenius behavior as 

shown in Figure 4-13. It is seen that at 450 K, a change in slope occurs, with different activation 

energies in the low and high temperature regions. This can be attributed to the change in behavior of 

the polymer at 450 K, the melting temperature of the polymer, after which larger free volume elements 

in the polymer exist, leading to higher gas diffusivities. Similar behavior is reported for CH4 diffusion 

in PE.11 The activation energies for N2, CO2 and CH4 in PE membrane are 2 (± 0.5), 8.2 (± 0.8), and 

6.3 (± 0.5) kJ/ mol in the low temperature region, and 18.9 (± 1), 16.9 (± 1), and 15.9 (± 1) kJ/ mol 

in the high temperature region, respectively. 
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Figure 4-13: Temperature dependence of transport diffusivities of CO2, CH4, and N2 in PE membrane. 

Solid lines emphasize the slope change. 

Effect of Loading: Figure 4-14(a) depicts the concentration dependence of the self-diffusivity of N2. 

Due to steric hindrance between diffusing molecules, a negative correlation between self-diffusivity 

and loading is expected. A moderate decrease in Ds with increase in loading is observed for N2 while 

it is independent of loading for CO2 and CH4, as shown in Figure 4-15 and 4-16. This behavior is due 

to our simulations being for moderate pore loadings with respect to saturation capacity as seen in 

Figure 4-6, and hence the effect of concentration on Ds is weak or independent. Similar behavior has 

been observed in other nano-porous materials.19 Figure 4-14(b) depicts the loading dependence of 

corrected diffusivity of N2. It is seen that, the corrected diffusivity shows a weak dependence on 

loading and slightly increases with increase in loading. This is due to D0 being a collective property, 

for which the steric hindrance effects are less severe and hence the maximum is observed at saturation 

capacity. 
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Figure 4-14: Loading dependence of (a) self, and (b) corrected diffusivities of N2 in PE membrane. 
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Figure 4-15: Pressure variation of Ds of (a) CO2, and (b) CH4 in PE polymer membrane 
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Figure 4-16:Pressure variation of D0 of (a) CO2, and (b) CH4 in PE polymer membrane 
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4.2.2 BPDA-APB polyimide 

Polyimides (PI) are most extensively investigated membrane materials as they exhibit relatively high 

gas selectivity and permeability. In this section we investigated the gas transport characteristics of 

BPDA-APB polyimide polymer membrane. 

Structure of Bulk Polyimide: The structure of the PI polymer model was characterized by the 

density−temperature relation, glass transition temperature, distribution of free volume elements 

(FVE) in the polymer and associated free volume. It is seen that PI Polymer has a density of 1.31 

(±0.1) g/cc at 300 K, in agreement with experimental and earlier simulations values of 1.25-1.45 

g/cc53-55 and 1.25-1.27 g/cc56-58 respectively. Figure 4-17 (a) depicts the structure of the PI polymer 

membrane at 300 K and 5 atm., and the corresponding radius of gyration of the polymer is found to 

be 1.5 ((±0.3) nm. Figure 4-17(b) depicts the variation of mass density of bulk PI polymer membrane 

with temperature. It is observed that density of the PI decreases linearly with increase in temperature 

with change in slope at 550 (± 25) K, the glass transition temperature of PI.53, 59 In addition, the 

accessible volume in the PI polymer membrane was determined using helium as the probe molecule, 

by considering the different configurations of the PI polymer. We note here that the effect of pressure 

on the structure of the PI Polymer is found to be negligible up to 15 atm. 
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Figure 4-17: Structure of the PI polymer at (a) 300K and 5 atm, and (b) temperature variation of 

density of PI polymer at 5 atm.  

Sorption isotherms of CO2 and CH4 in bulk polyimide: The sorption behavior of pure component CO2 

and CH4 in the bulk PI polymer was systematically investigated by exploring the sorption isotherms 

for each gas, using the two step procedure considering the polymer structural changes upon gas 

sorption and described in detail elsewhere.60 Figure 4-18 (a)-(b) shows the sorption isotherms of CO2 

and CH4 in the bulk PI polymer respectively, in the temperature range of 300-500 K. It is seen that 

the CO2 absorbs strongly while CH4 shows weak sorption in PI, and gas sorption increases with 
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increase in pressure at a given temperature, while decreasing with increase in temperature. This is 

due to the significant decrease in gas density with increase in temperature, leading to decreased 

sorption at higher temperatures.  

 

 

 

Further, we note that the effect of swelling on the isotherm is significant especially at higher pressures 

and further confirmed by the distribution of free volume elements in the polymer analysis showing 

greater free volume available at higher pressure, as shown in the Figure 4-19 (a)-(b). Figure 4-19 (c) 

illustrates loading dependency of the swelling, the fractional increase in volume due to gas sorption 

in PI at 300K, showing significant swelling for both CO2 and CH4. This effect is much more 

pronounced for CO2 than CH4, which may be attributed to the much higher CO2 sorption capacity of 

PI. 
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Figure 4-19: (a) Effect of swelling on the gas sorption capacity in PI membrane. CO2 sorption capacity 

of PI against the number of GCMC-NPT cycles at T= 300K, (b) distribution of free volume elements 

in the polymer in the presence of CO2 at T =300K, and (c) loading variation of the swelling of PI in 

the presence of CO2 and CH4 at T =300K. 
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Figure 4-18: Sorption isotherms of (a) CO2, and (b) CH4 in PI at various temperatures. The 

dashed lines indicate the fitted sorption isotherms using the DM sorption model. 
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The sorption isotherm of each gas considered was fitted using DM sorption model. It seen that the 

fitting parameters k1 and k3 of the DM sorption model from this study are in good agreement with 

reported values based on fits of experimental isotherms61, 62 as shown in the Table 4-5. 

Table 4-5: Comparison of fitting parameters of DM sorption model with experimental data at T=300 

K for sorption in pure PI. 

gas '

HC  (cc (STP)/cc) kd (cc (STP)/cc. atm) 

 Our simulations Experimental 

reports61, 62 

Our simulations Experimental 

reports61 

CO2 26.15(±0.3) 25.5-27.5 0.67(±0.3) 1.44 

CH4 15.4064(±0.3) 14.3 0.23 0(±0.05) 0.136 

 

Figure 4-20 shows the temperature dependence of simulated solubility coefficients for CO2 and CH4 

in the PI polymer at temperatures from 300 to 500 K, calculated using eq (4-3). It is observed that the 

solubility of CO2 and CH4 decreases with increase in temperature. This is due to the decrease in gas 

sorption capacity with increase in temperature. We note that solubility results based on the all atom 

model (this study) are in close agreement with experimental reports, while the united atom approach 

overestimates the gas solubility.60 It is seen that the temperature dependence of the solubility constant, 

evaluated as 
'( )H dC b k+ , obeys the van’t Hoff relation. The computed heats of solutions for CO2 and 

CH4 are -17.0 (±3) and -13.5 (±2) kJ/mol in reasonable agreement with experimental values62 of -15.3 

kJ/mol and -11.0 kJ/mol respectively. Further, we note that overall sorption for both the gases is 

dominated by the Langmuir term 
'( )HC b , as shown in the Figure 4-21. It is expected that Langmuir 

part will dominate the gas sorption in the polymers below its glass transition temperature.54 
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Figure 4-20: Temperature dependence of solubility coefficients in PI. 
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Figure 4-21: Temperature dependence of isotherm parameters for (a) CO2 and (b) CH4 in PI. 

 

Diffusion of CO2 and CH4 in bulk PI: Figure 4-22 depicts the temperature dependence of the 

collective-diffusion coefficients of pure component CO2 and CH4 in bulk PI in the temperature range 

of 300-500 K. At 300 K, the calculated values of collective-diffusion coefficient (Do) of CO2 and CH4 

are 0.55 (± 1.0) × 10-11 and 0.16 (± 0.5) × 10-11 m2/sec, in reasonable agreement with experimental 

values of 0.36 × 10-11 and 0.10 × 10-11 m2/sec respectively63, 64.  
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Figure 4-22:Temperature dependence of collective diffusivity of CO2 and CH4 in PI membrane 

The concentration dependence on the corrected diffusivity of CO2 and CH4 in the PI membrane at 

300 K shows that the corrected diffusivity has a weak dependence on loading and slightly decreases 

with increase in loading, as shown in the Figure 4-23. This is due to the availability of very small 

FVEs in the PI membrane, as a result of which two gas molecules cannot be accommodated in the 

same FVE, resulting in dominance of molecule-wall interactions over molecule-molecule 

interactions. In addition, the stronger hindrance to the entry of gas molecules at the pore openings 

further reduces the importance of intermolecular collisions. A similar observation has been made by 

Bhatia et al. 65, 66 for the transport of light gases such as CH4 in narrow nanopores where weak 

reduction in collective transport coefficient with density increase is reported.  
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Figure 4-23: Loading dependence of Do of CO2 and CH4 in PI membrane. 

Further, it is seen that the temperature dependence of the collective diffusivity of CO2 and CH4 

follows Arrhenius-type behavior. The activation energies for CO2 and CH4 in PI membrane are 25.3 

(± 2) and 31.8 (± 3) kJ/mol respectively, computed using eq (4-7). 
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CO2/CH4 selectivity in bulk PI: Figure 4-24 depicts the temperature dependence of the diffusive, 

sorption and perm-selectivity of CO2 over CH4 in PI polymer membrane in the temperature range of 

300-500 K. At 300 K, the calculated values of diffusive, sorption and perm selectivity of CO2 over 

CH4 are 3.1 (±0.2), 10.5 (±0.5) and 33.2 (±2), in agreement with experimental values63, 64, 67 of 2.8-

3.7, 9-11 and 30-35 respectively.  
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Figure 4-24: Temperature dependence of selectivity of CO2 over CH4 in PI membrane.  The gray 

dotted line depicts selectivity crossover. 

It is seen that the PI polymer membrane is selective for CO2 over the temperature range of 300-500 

K. Further, we note that CO2 selectivity decreases with increase in temperature. This is due to 

significant increase in the free volume and chain mobility with increase in temperature, leading to 

availability of number of large FVEs in the polymer and hence increase in both gas diffusivity and 

solubility. This effect is more pronounced for the gas with a larger kinetic diameter, CH4 in this case 

which leads to reduction in CO2 selectivity. 

4.2.3 6FDA-durene 

We then investigated gas transport characteristics in a commercially used glassy polymeric membrane 

material, 6FDA-durene PI polymer. The presence of –C(CF3)2– and a bulky methyl group in the 

polymer backbone contributes to the reduction of local segmental mobility and inhibits the inter chain 

packing, resulting in a great amount of free volume and thereby good gas separation performance. 

Polymer structure Characterization: The ability of the force field to represent 6FDA-durene polymer 

membrane is illustrated by characterizing the polymer structure using volume-temperature relations, 

associated free volume and distribution of free volume elements (FVE) in the polymer analysis. 

Figure 4-25 (a) depicts the temperature dependence of the specific volume (1/ρ) of 6FDA-durene 
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polymer at 1 atm pressure. It is seen that 6FDA-durene polymer has a density of 1.34 (± 0.1) g/cc at 

300 K, well in agreement with the experimental value of 1.31-1.37 g/cc.68-70 It is observed that specific 

volume of the polymer increases linearly with increase in temperature with change in slope at 680 (± 

10) K, the glass transition temperature (Tg) of the polymer, which compares well with the 

experimental value of 683-697 K68-70 We note here that the effect of pressure on the structure of the 

polymer is found to be negligible up to 30 atm. The inset of Figure 4-25 (a) depicts the temperature 

dependence of fractional free volume (FFV) in the polymer, determined using helium as a probe 

molecule,34-36, 70 by averaging over several configurations of polymer structure at each temperature.  

It is seen that FFV of 6FDA-durene polymer increases linearly with increase in temperature, with 

change in slope at Tg of the polymer, illustrating the swelling behavior of the polymer with increase 

in the temperature. We note that that 6FDA-durene polymer has a free volume of 7 (±1) % at 300 K, 

showing a large deviation from the experimental free volume of 18-24 %,70 estimated using Bondi’s 

group contribution method. This difference arises because the computed free volume neglects the 

contribution of sites that are not accessible to helium, while Bondi’s group contribution method 

includes these. To confirm this, we determined the FFV of polymer using an imaginary probe of 

various diameters. It is seen that FFV increases with decrease in probe diameter and reaches an 

experimental value of ~25 % for a probe diameter of 1 Å, as shown in the Figure 4-25 (b) We further 

note that a free volume of 6% in 6FDA-durene has been reported using bulk positron annihilation 

lifetime spectroscopy with sodium probe,71 in close agreement with predictions of this work.  
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Figure 4-25: (a) Variation of specific volume (inset: fractional free volume) in 6FDA-durene 

membrane with temperature, and (b) accessible volume with probe diameter at various temperatures. 

Figure 4-26 (a) and (b) depicts the variation of accessible volume and size of FVE in the polymer 

respectively with the diameter of probe at various temperatures in 6FDA-durene polymer membrane. 

It is seen that FVEs of 3-4 Å diameter exist in the polymer membrane in the temperature range of 
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300-500 K, and the absence of larger pores even at higher temperatures indicates the availability of 

more small FVEs with the swelling of the polymer.  
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Figure 4-26: Variation of fraction (a) free volume in 6FDA-durene polymer membrane with probe 

size at 300 K, and (b) comparison of distribution of free volume elements in the polymer at various 

temperatures. 

Pure component gas sorption isotherms: The swelling behavior of 6FDA-durene polymer upon gas 

sorption and its effect on gas sorption kinetics was systematically investigated by comparing the 

sorption isotherms for each adsorbed gas as a single component in a polymer, both with and without 

swelling with gas sorption. A comparison of gas sorption isotherms at 300 K in 6FDA-durene 

polymer for both cases is shown in the Figure 4-27. It is seen that the swelling behavior of the polymer 

influences the gas sorption isotherms significantly. Further, the effect of swelling is more pronounced 

at elevated pressures owing to its high gas sorption capacity. In addition, the effect of swelling on the 

polymer structure was investigated by computing the distribution of FVEs in the polymer. It is seen 

that greater free volume and larger FVEs are available at higher pressures, in contrast to the thermally 

induced swelling due to temperature increase, in which increased availability of small FVEs is seen 

above.  
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Figure 4-27: Sorption isotherms of (a) CO2, and (b) CH4 in 6FDA-durene with and without 

considering the effect of polymer swelling upon gas sorption at T = 300 K. 

The sorption isotherm of each gas considered was fitted using a DM sorption model. The fitting 

parameters
'

HC , b and kd of the DM sorption model from this study considering the swelling of the 

polymer upon gas sorption are provided in the Table 4-6.  

Table 4-6: DM sorption model fitting parameters of pure component CO2 and CH4 in 6FDA-durene 

polymer membrane. 

 

 

 

 

 

DM sorption model parameter CO2 CH4 

'
HC  

(cc (STP)/cc (polym)) 

60.18 

(±6) 

22.89 

(±2) 

b 

(atm-1) 

6.08 

(±2) 

2.46 

(±1) 

dk  

(cc (STP)/cc (polym).atm) 

3.645 

(±0.5) 

1.8593 

(±0.2) 
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Figures 4-28 (a)-(b) depict pure component sorption isotherms of CO2 and CH4 in 6FDA-durene 

polymer membrane respectively considering the swelling upon gas sorption, at temperatures from 

300-500 K. Gas sorption isotherms at T =300 K from this study, considering the swelling of the 

polymer upon the gas sorption, are in good agreement with experiment, as shown in the respective 

figures. However, the reported gas sorption isotherms in 6FDA-durene polymer membrane from 

various experimental investigations have significant differences especially for methane, as shown in 

Figure 4-29 (a)-(b). This can be attributed to the differences in the available free volume (FV) in the 

membranes. Further, it is seen that the CO2 absorbs more strongly than CH4 in 6FDA-durene polymer 

membrane. The sorption capacity of both the gases decreasing with increase in temperature. However, 

we note that the parameters are sensitive to the pressure range over which the fitting is done. The 

sorption isotherm of each gas considered was fitted using DMS model. It is seen that the Langmuir 

capacity term dominates the overall sorption for both the gases in 6FDA-durene polymer membrane, 

as expected in glassy polymers. 

 

Figure 4-28:Pure component sorption isotherms of (a) CO2, and (b) CH4 in 6FDA-durene at various 

temperatures. The dashed lines indicate the fitted sorption isotherms using the dual-mode sorption 

model. Experimental data points (symbol-stars) are taken from references [72-75]. 
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Figure 4-29: Comparison of sorption isotherms of (a) CO2, and (b) CH4 in 6FDA-Durene with 

experimental investigations at T 300 K. 

Pure-component diffusion: To understand gas diffusion behavior in the 6FDA-durene polymer 

membrane, corrected diffusion coefficient of gas molecules that corresponds to the MS diffusivity in 

the pure gas conditions were determined using eq (3-9). Figure 4-30(a) shows the loading dependence 

of pure component MS diffusivities of CO2 and CH4 in the 6FDA-durene membrane at T= 300 K. It 

is seen that for methane, a moderate increase in diffusivity with increase in loading is observed, while 

a stronger increase in diffusivity with increase in loading, especially at high loadings, is observed for 

CO2. This can be attributed to the plasticization behavior of the polymer at high CO2 loadings. To 

investigate this further, the permeability of the gases at various loadings was determined and is 

depicted in Figure 4-30(b). Good agreement is found between our simulation predictions and 

experimentally reported gas permeabilities in 6FDA-durene polymer membrane,60, 66 however, we note 

that gas permeabilities in 6FDA-durene polymer membrane from various experimental investigations 

have significant differences.60, 65-67 In addition, the computed permeability values from this 

investigation correspond to any given temperature and pressure, while experimental permeabilities 

are extracted from the pressure gradient across a membrane and hence expected to be higher or lower 

depending on pressure dependency. It is seen that permeability of methane decreases with increase in 

loading, as is typical for polymers due to the strong decrease in solubility with pressure, while the 

permeability of CO2 decreases up to about 5 atm pressure and then increases with increase in loading. 

This increase in permeability with increase in pressure has also been observed experimentally59, 62 at 

around 5 atm pressure, corresponding to the plasticization pressure of the polymer. Beyond the 

plasticization pressure, sharp increase in gas diffusivity dominates the effect of decrease in solubility 

with increase in pressure, leading to increase in permeability with increase in pressure.  
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Figure 4-30: Loading dependence of pure component (a) MS diffusivities, and (b) permeability of the 

gases at T=300 K in 6FDA-durene. Open symbols represent simulation results, and the filled symbols 

are experimental data points.60, 66 Dotted lines are given as guide for the eye.  

We note that while we display the permeability at a given pressure and temperature to illustrate the 

effect of plasticization, these calculations are not used in the subsequent analysis of membrane 

permeation. In the latter case the MS equations are integrated over a membrane of given thickness 

and pressure difference, to predict the membrane performance, while using MS diffusivities evaluated 

at the local composition. 

The structural changes in the polymer membrane due to plasticization can be characterized by 

investigating the distribution of FVEs in the polymer at various gas loadings using a spherical probe 

of varying probe diameter through the geometric approximation technique and are depicted in Figure 

4-31(a)-(b). An increase in fractional accessible volume for larger probe diameters is seen at high 

pressures indicating the availability of larger FVEs due to swelling of the polymer upon gas sorption. 

It is seen that 5-7 Å FVEs are available after swelling in the in the presence of CO2, while 4-5 Å FVEs 

are available in the presence of CH4, as shown in the insets of the respective figures. We note that 3-

4 Å FVEs are available in the neat polymer membrane. The greater availability of number of larger 

FVEs in the presence of CO2 can be attributed to plasticization behavior of the polymer at elevated 

pressures. The greater availability of large FVEs at high pressure leads to stronger increase in CO2 

diffusivity with increase in pressure.  
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Figure 4-31: Comparison of variation of fractional accessible volume with probe diameter in 6FDA-

durene polymer in the presence of (a) CO2, and (b) CH4 at various loadings. A comparison distribution 

of free volume elements in the polymer at various gas loadings is depicted in the respective insets. 

Figure 4-32 (a) depicts the temperature dependence of pure component MS diffusivities of CO2 and 

CH4 in a neat 6FDA-durene polymer membrane. The calculated values of MS diffusion coefficient 

(Ð1) of CO2 and CH4 at 300 K are 5 (± 0.5) × 10-11 and 0.85 (± 0.1) × 10-11 m2/sec, in good agreement 

with experimental values of 6.6 × 10-11 and 1.25 × 10-11 m2/sec respectively.66 The activation energies 

for CO2 and CH4 in 6FDA-durene membrane are 5 (± 2) and 10.5 (± 3) kJ/mol respectively, using eq 

(4-7) 

 

 

 

 

 

Figure 4-32 (b) depicts the temperature dependence of 6FDA-durene polymer membranes perm-

selectivity for CO2 over CH4 in the temperature range of 300-500 K. At 300 K, the calculated values 

of the diffusive, sorption and perm-selectivity of CO2 over CH4 are 5.0, 3.0 and 15, in excellent 

Figure 4-32: (a) Temperature dependence of pure component MS diffusivities of CO2 and CH4 in 

6FDA-durene membrane, and (b) 6FDA-durene perm-selectivity for CO2 over CH4 in in the 

temperature range of 300-500 K. A comparison of diffusivity and solubility selectivity of CO2 over 

CH4 in 6FDA-durene is depicted in the inset 
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agreement with experimental values of 5.3, 3.0 and 15.9 respectively.66 It is seen that 6FDA-durene 

is selective for CO2 over the temperature range of 300-500 K and this perm-selectivity decreases with 

increase in temperature. This decrease in perm-selectivity is due to greater increase in methane 

diffusivity, this being a lighter and more weakly adsorbing molecule than CO2, which leads to a steep 

decrease in diffusivity selectivity with increase in diffusivity selectivity with increase in temperature 

as shown in the inset of Figure 4-32(b). 

4.3 Conclusions 

The transport diffusion of CO2, CH4 and N2 at 1 atm in the temperature range of 300-600 K in 

Polyethylene (PE) polymer matrix has been investigated here, using equilibrium molecular dynamics 

simulations. The 3-dimensional structure of the PE polymer matrix is visualized by exploring the 

volume-temperature relations, associated free volume, distribution of free volume elements in the 

polymer and inter molecular radial distribution function (RDF). A split in the second peak of the RDF 

has been observed in the glassy region, well above glass transition temperature and below melting 

point. The swelling behavior of the polymer due to the presence of gas molecules has been 

investigated at the microscopic level over a wide range of temperatures. Self-diffusivities of CO2, 

CH4 and N2 in PE are in the order of 10-6 cm2/sec and in good agreement with previous experimental 

and simulation reports, while the transport diffusivity of the gases is found to be 2 orders magnitude 

higher. In addition, the transport diffusivity follows non-Arrhenius behavior with temperature while 

self-diffusivity follows Arrhenius behavior. Also, it is seen that loading has little effect on the self 

and corrected diffusion coefficients of all the gases in the PE membrane. 

Further, we have presented a detailed study of CO2, CH4 and N2 sorption in PE polymer matrix in 

the temperature range of 300 to 600 K by considering the possible swelling of the polymer and its 

dynamics. It is found that the isotherm curves for gas sorption in PE are of ‘dual-mode sorption’ type, 

a combination of Henry law type dissolution and Langmuir type sorption for all the gases considered 

in this study. Due to the exothermic nature of the sorption process, the sorption of CO2 and CH4 

decreases with the increase in temperature with negative heats of sorption. On the other hand, sorption 

of N2 increases with increase in temperature, with slightly positive heat of sorption due to the 

increasing availability of kinetically closed pores at higher temperatures. We find that CO2 is more 

soluble, while N2 is least soluble in PE among the gases considered in this study at all the 

temperatures, following the order: S (CO2) > S (CH4) > S (N2). Such understanding of gas sorption 

and transport is helpful to improve the performance of polymer membrane materials such as PE, a 

key food packaging material. 

The transport properties of CO2 and CH4 in the temperature range of 300-500 K in two variants of 

Polyimide (PI) polymer has been investigated here, using equilibrium molecular dynamics 
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simulations. The structure of the PI is visualized by exploring the density-temperature relation. The 

diffusivities of CO2 and CH4 in BPDA PI are of the order of 10-12 m2/sec, and qualitatively as well as 

quantitatively in good agreement with experimental reports, and it is seen that CO2 is diffusive 

selective over CH4 in neat PI membrane. Further, the diffusivities of CO2 and CH4 in in 6FDA-durene 

polymer membrane are in the order of 10-10 -10-11 m2/sec, and in good agreement with experimental 

reports. It is seen that the corrected diffusivities of the gases increase with increase in loading at 300 

K, exhibiting a decrease in methane permeability with increase in pressure, due to swelling reducing 

sorption, while an increase in CO2 permeability with increase in pressure occurs above 5 atm, the 

plasticization pressure of the polymer. In addition, corrected diffusivities of the gases in 6FDA-durene 

polymer membrane follow Arrhenius behavior with temperature, with diffusivity selectivity for CO2 

being greater than unity at all temperatures.  

The gas sorption isotherms in PI were extracted via a two-step methodology considering the 

dynamics and structural transitions in the polymer matrix upon gas sorption. Our results show that 

the isotherm curves for gas sorption in PI membrane are of ‘dual-mode sorption’ type. It is found that 

CO2 is more soluble than CH4 at all temperatures in a 6FDA-durene polymer membrane, and this 

solubility decreases with increase in temperature following the van’t Hoff relation.  
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5.1 Introduction 

Screening of membrane materials for a given application is often based on pure component data; 

however, the performance of a membrane for the separation of a given gas pair in mixed gas 

conditions can differ significantly from that of pure gas conditions, due to competitive sorption as 

well as plasticization/swelling behavior of the polymer.1-6 In addition, the driving force for diffusion 

of a species in a mixture is not only provided by the gradient of the chemical potential of that 

particular component, but also by the gradient in the chemical potential of the other components.7, 8 

An understanding of mixture transport is therefore critical to gas separation processes.  

The transport behavior of a species in a multicomponent environment can be described using several 

equivalent mathematical expressions.7-10 The Onsager formalism, considering chemical potential 

gradient ( − ) as driving force, provides a fundamental approach based on irreversible 

thermodynamics, in which the flux (Ni) is expressed as:  

     ( ) i ij j

j

N L = −      (5-1) 

where Lij is the symmetric matrix of Onsager transport coefficients. An equivalent mathematical 

expression based on concentration gradient ( c ) as driving force, the generalized Fick’s law, can 

be written as,8 

.( )  i ij j

j

N D c= −        (5-2) 

where Dij is the multicomponent Fickian diffusion coefficient and can take both positive and negative 

values. Further, the cross coefficients are typically not equivalent i.e. ij jiD D . A more convenient 

approach, often used to represent multicomponent transport in membrane materials, the Maxwell-

Stefan (MS) formalism, considers a balance between chemical potential gradient and frictional force 

experienced by a species i with the other species in the mixture, and is expressed as: 

 
1

( )1
;  1,2,... ;

n
j i j i

i

j ij i
j i

x u u u
i n

RT Ð Ð


=


−
−  = + =     (5-3) 

where ui and uj are the average velocities of species i and j respectively, R is the universal gas constant, 

and T is temperature. Ðij represents the interaction between species i and j in the mixture and Ði is the 

MS diffusivity of species i. Further, the Onsager reciprocal relations demand  

        ij jiÐ Ð=       (5-4)  
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We note that the Fick formulation can be re-written in terms of the Onsager or MS formulations with 

the help of isotherms relating chemical potential gradients and concentration gradients.9 

Pure and mixed gas permeation through polymeric membranes has been extensively investigated 

experimentally. Most of these investigations determine diffusion coefficients of a species by 

considering the driving force as the concentration gradient of that species only.1, 3, 11-13 The 

correlations between the species can be evidenced experimentally from PFG-NMR studies, 14, 15 but 

this does not provide any quantitative information regarding the exchange coefficients (Ðij). Further, 

in mixed gas conditions, the matrix of diffusivities depends on the concentrations of all the diffusing 

species, and its experimental characterization is therefore challenging and not straightforward. On the 

other hand, atomistic simulations can aid in extracting these correlations and can play an important 

role as a complement to experiments. Krishna et al.8, 15-20 extensively investigated mixture diffusion 

in inorganic membrane materials such as zeolites and found that correlation effects are strong 

functions of pore concentration, topologies and nature of the mixture. Recently, Krishna21 analyzed 

literature experimental data and reported that cross correlations between the diffusing species are 

extremely significant in polymer membranes. However, there is scant information regarding the 

correlations between mixture gas molecules, and to the best our knowledge extensive simulations of 

mixture transport in polymer membrane materials are yet to be reported. In the literature, 

investigations have been largely devoted to pure component systems.22-25 While some work on O2/N2 

mixture diffusion in a 6FDA-6FpDA polyimide membrane has been reported,26 the analysis is based 

on a Fickian interpretation of the transient gas uptake using MD, and the binary nature of the transport 

remains to be addressed.  

On the other hand, gas sorption characteristics of glassy polymers in pure and mixed gas conditions 

has been extensively studied experimentally,4-6, 27-32 and it has been found that the solubility 

selectivity is of great importance in determining the overall performance of the membrane. In 

addition, it has been found that solubility in mixed gas conditions can be significantly different from 

that in pure gas conditions due to competitive sorption.4-6 For instance, a decrease in CH4 sorption 

without affecting CO2 sorption has been reported in a PTMSP membrane,5 while decrease in sorption 

of both CH4 and CO2 in a PIM-1 membrane in mixed gas conditions compared to pure gas conditions 

has been found.6 Thus, solubility selectivity in mixed gas conditions is affected not only by competitive 

sorption but also by the nature of polymer network. Further, to complement experimental investigations, 

mixture sorption in polymers has been predicted from pure component data,33, 34 by applying ideal 

adsorbed solution theory (IAST)35 that has been reported to be accurate for inorganic membrane 

materials. However, the validity of the predictions in polymers is unclear due the inherent 

assumptions on which this theory was developed, such as a rigid host matrix. Additionally, 



112 
 

sophisticated techniques such as nonequilibrium thermodynamics of glassy polymers (NET-GP)36-38 can 

be applied to determine the sorption characteristics in a glassy polymer in both pure and mixed gas 

conditions, however, this model requires the knowledge of volume dilation in the glassy polymer matrix 

upon gas sorption. 

On the other hand, interest in the in-silico investigations of gas sorption in polymers considering the 

structural transition upon gas sorption is relatively recent.39-43 Velioğlu et al. reproduced the 

plasticization behavior of various polyimides within an order of magnitude by employing sorption-

relaxation cycles. Pandiyan et al.44 studied the sorption and desorption of CO2 in a variety of 

fluorinated polyimides, and found significant and homogeneous swelling during the sorption. Hölck 

et al.41 studied the sorption behavior of gases in a glassy polymer under conditions leading to 

maximum and no swelling of the polymer, and proposed a model to describe the gas sorption based 

on linear combination of the corresponding isotherms, that was in agreement with their experimental 

results. Further, we note that the accuracy of these predictions depends on the adequacy of the 

forcefield employed to represent the polymer. It has been found that gas solubility determined through 

a united atom approach can be an order of magnitude higher than that determined through all-atom 

model.45 Further, our recent simulations considering the structural transition and redistribution of 

voids upon gas sorption in BPDA-APB polyimide46  offer a more accurate alternative for the single 

component case, but have yet to be extended for mixtures. Here, GCMC simulations coupled with 

EMD simulations in an isobaric ensemble is implemented to determine the gas sorption isotherms in 

mixed gas conditions.  

In this chapter, we investigate the mixed gas transport properties of CO2 and CH4 in a 6FDA-durene 

polyimide polymer membrane, by extracting MS diffusivities through EMD simulations. In addition, 

the membrane performance in practical scenarios is predicted by solving the MS equations for a given 

membrane thickness and driving force, from the simulation based microscopic diffusivities and 

sorption characteristics. 

5.2 Model system and simulations 

5.2.1 MS diffusion coefficients 

For a binary mixture, by recasting eq (5-3), the MS equations can be written as, 

1 2 1 1 2 1
1

12 1

c x N x N N

RT Ð Ð


−
−  = +     (5-5) 

2 1 2 2 1 2
2

12 2

c x N x N N

RT Ð Ð


−
−  = +     (5-6) 
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where c1 and c2 are the concentration of species 1 and 2 and x1 and x2 are the mole fraction of species 

1 and 2 respectively. To compute the mixture MS diffusion coefficients ( 1Ð , 2Ð  and 12Ð ) at any 

given concentration of both the species it is expedient to first determine Onsager coefficients from 

EMD simulation, and then use the equivalence of MS formalism and Onsager formalism.1,7 The 

matrix of Onsager coefficients [ ijL ], is readily obtained from EMD simulations, following:7, 57 

1
lim [ ( ) (0)].[ ( ) (0)]

6

i j

ij i i j j
t

B

N N
L r t r r t r

Vk T t→
=  − − 

r r r r
   (5-7) 

where ri(t) is center of mass position vector of molecule i at time t, V is volume, kB is Boltzmann 

constant, Ni  is number of molecules of type i and T is temperature. The MS diffusivities are related 

to Onsager coefficients following: 

 

 

Upon recasting eq (5-5) and eq (5-6), the MS equations can be re-written as: 

 

   (5-7) 

 

     (5-8) 

 

Further, the Onsager formalism eq (5-1) for a binary mixture can be written as:  

1 11 1 12 2( ) ( )N L L =  − +  −       (5-10) 

2 21 1 22 2( ) ( )N L L =  − +  −       (5-11) 

and upon rearranging eq (5-10) and (5-11): 

12
1 1 2

22 22

( )
L

N N
L L


   

=  − +   
   

    (5-12)  

11 22 12 21where  L L L L = −      (5-13)  

Comparing eq (5-7) and (5-12) yields 

2 1
1 1 2

1 1 12 1 12
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1 12 1
12

1 12 1 12

.
. .

x L xRT RT
Ð

c Ð c L

 
= = = 
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Similarly, 

 
2

11 2 1

12

1

.

. .

Ð
L c x

R T Ð

=

−


      (5-16) 

where 
11 22 12 21L L L L = − , c1 is concentration of species 1, cT is the total gas concentration the 

polymer i.e. 1 2Tc c c= + , and x1 is mole fraction of specie1, where 
1

1

T

c
x

c
= . Thus, the determination of 

MS diffusivities is exact and does not rely on any empirical relation between mixture and pure 

component diffusivities. 

5.2.2 Membrane modelling: 

The actual membrane behavior is predicted by numerically computing the steady state fluxes after a 

step change in the pressure, by simultaneously solving the ODEs. 

 

1 1 2 1 1 2 1

1 12 1

−
− = +

c dP x N x N N

P dz Đ Đ
     (5-17) 

2 2 1 2 2 1 2

2 12 2

−
− = +

c dP x N x N N

P dz Đ Đ
    (5-18) 

. 0 iN =   where i =1,2;      (5-19) 

Here the local diffusivities at any position are dependent on the local compositions as determined 

from simulations. To aid in the integrations the simulation-based MS diffusivities were fitted by an 

empirical expression, as discussed in Section 3.4. All the calculations were performed on a membrane 

of finite thickness (δ = 30 µm), with no interfacial mass transfer resistance,50and maintaining the 

downstream at constant partial pressure (pi =1 atm, i=1,2) with the boundary conditions shown in 

Figure 5-1. It is assumed that the gas phase, on both upstream and downstream sides of the membrane, 

consist of an equimolar mixture of CO2 and CH4. 
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Boundary conditions: upstream conditions (at z = 0):  pi=p0, x1= x1,0, x2=x2,0; 

                                    downstream conditions (at z = δ):  pi = pδ, x1= x1,δ, x2=x2,δ; 

 

 

Figure 5-1: Schematic illustration of the 6FDA-durene polymer membrane. 

5.3 Results and discussions: 

5.3.1 Mixed gas sorption isotherms 

The sorption behavior of gases in 6FDA-durene polyimide polymer membrane in mixed gas 

conditions was systematically investigated by considering an equimolar (1:1) mixture of CO2 and 

CH4. Figure 5-2 depicts the sorption isotherms of an equimolar mixture of CO2 and CH4 in 6FDA-

durene polymer membrane at 300 K. We note that the individual gas sorption capacity in the mixed 

gas conditions is lower than the corresponding gas sorption capacity in pure gas conditions at any 

partial pressure, indicating competitive sorption is inhibiting gas sorption to an extent. This effect is 

more significant to methane as CO2 sorption is independent of the presence of methane at lower 

pressures and has little influence at higher pressures, while methane sorption is significantly 

influenced by the presence of CO2 at all pressures investigated in this study. This can be attributed to 

the preferential sorption of CO2 in the available Langmuir sites. Since the number of Langmuir sites 

are fixed, both the gases compete to occupy them and more condensable gases have high affinity for 

the Langmuir sites. Thus, CO2 being more condensable than CH4, occupies most of the Langmuir 

sites and the presence of CO2 reduces the sorption of methane.  
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Figure 5-2: A comparison of sorption isotherms of pure component and equimolar mixture of CO2 

and CH4 in 6FDA-durene at T = 300 K. 

Similar plots for sorption isotherms of equimolar mixture of CO2 and CH4 in 6FDA-durene polymer 

membrane in the range 300-500 K, are shown in Figure 5-3. Further, the error bars in Figure 5-3 can 

be reduced by considering more steps in GCMC simulations; this requires additional computational 

time but has negligible effect on the mean value reported in this study.  
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Figure 5-3:Sorption isotherms for equimolar mixture for equimolar CO2/CH4 mixture in 6FDA-

durene polymer membrane at various temperatures. (a) CO2, and (b) CH4.  

Figure 5-4 depicts a comparison of the temperature dependence of solubility coefficients under pure 

and mixed gas conditions for CO2 and CH4 in 6FDA-durene polymer membrane at 2 atm pressure. 

The calculated values of solubility coefficient of CO2 and CH4 at 300 K in pure gas conditions are 33 

(± 2.0) and 10.9 (± 1.0) cc (STP)/cc (polym).atm, in good agreement with experimental values of 25 
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(± 3.0) and 8.2 (±1.7) cc (STP)/cc (polym).atm, respectively.65, 66 The solubility selectivity of CO2 

over CH4 is found to be 3.0 (±0.2), in excellent agreement with an experimental values of 3.0-3.5.65, 

66 On the other hand, the gas solubility under mixed gas conditions is lower than the corresponding 

gas solubility in pure gas conditions. The calculated values of solubility coefficient of CO2 and CH4 

at 300 K in mixed gas conditions are 31 (± 2.0) and 3.9 (± 0.5) cc (STP) / cc (polym). atm, 

respectively.  
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Figure 5-4: Temperature dependence of solubility coefficients of CO2 and CH4 in 6FDA-durene at 2 

atm pressure in pure and mixed gas conditions. 

Here we note that 6FDA-durene membrane solubility selectivity for CO2 over CH4 is found to be 

significantly higher in mixed gas conditions (7.95 (±0.2)) than that of pure gas conditions. This can 

be attributed to competitive sorption, where a sharp decrease in methane solubility and thus increase 

in solubility selectivity for CO2/CH4 in mixed gas conditions is observed, as shown in Figure 5-5. We 

note that, gas solubility in mixed gas conditions up to 4.5 times higher than pure gas conditions has 

also been reported experimentally for CO2/CH4 mixtures.28 In addition, it is seen that gas sorption 

capacity of the polymer decreases with increase in temperature leading to decrease in gas solubility 

of both the gases with increase in temperature, following the van’t Hoff relation,  

0

sH

RTS S e
−

=       (5-20) 

where S0 is a constant, R is the gas constant, ΔHs is apparent heat of solution and T is the temperature. 

Similar values of heat of solution for CO2 in 6FDA-durene membrane in pure and mixed gas 
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conditions (-13.0 (±1) and -13.3 (±1) kJ/mol respectively) are observed, while a decrease in heat of 

sorption in mixed gas conditions is observed for methane, due to less effective packing of methane 

molecules in the presence of CO2. Further, the narrower, more strongly adsorbing sites are more likely 

to be filled by CO2, leaving the predominantly larger sites for CH4 in the mixed gas. We further note 

that negative values of ΔHs demonstrate the exothermic nature of the sorption process. 
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Figure 5-5:A comparison of solubility selectivity of pure component and equimolar mixture of CO2 

and CH4 in 6FDA-durene at T = 300 K. Dotted lines are given as guide for the eye. 

5.3.2 Comparison of simulated sorption isotherms with IAST predictions 

The sorption behavior of gases in mixed gas conditions can be estimated from pure component 

sorption data using ideal adsorption solution theory (IAST) or DMS model for mixed gases. We note 

that parameters b1 and b2 are based on pure component sorption data to predict mixed gas sorption in 

accordance with the DMS model for pure component data. Further, we have used these fitting 

parameters to solve the IAST model equations, and the resulting mole fraction of gas molecules in 

the adsorbed phase is depicted in Figure 5-7 (a). A comparison of simulated sorption isotherms of an 

equimolar mixture of CO2, and CH4 in 6FDA-durene polymer membrane at 300 K with the 

predictions of both IAST and DMS model for mixed gases is depicted in Figure 5-6 (a) and (b), 

respectively. It is seen that for the more strongly absorbed CO2 the predictions of both IAST and the 

DMS model for mixed gases are consistent with the simulation results, while significantly large 

deviation between the theories and simulation results is observed for methane. This is because the 

swelling of the polymer in mixed gas conditions is similar to that in the presence of pure CO2, this 
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being the more dominant species. While IAST under predicts, the DMS model for mixed gases over 

predicts the sorption of methane in mixed gas conditions compared to the simulation results. On the 

other hand, in a recent investigation by Rizzuto et al.31 good agreement between GCMC simulations 

and IAST predictions is reported for the sorption of CO2/N2 mixtures in thermally rearranged 

polybenzolxazole, for which much less swelling is expected. The discrepancy with simulation for 

methane underscores the importance of accounting for structural changes in the polymer due to the 

presence of partner species, i.e. CO2 in this case; since the system violates the hypothesis on which 

these theories were developed, that the adsorbing framework is inert from a thermodynamic point of 

view. Thus, it is seen that IAST calculations over predict the solubility selectivity of a polymer 

membrane, while DMS for mixed gases under predicts the solubility selectivity of a polymer 

membrane, in mixed gas conditions, as shown in Figure 5-7 (b). Further, we note that the error 

involved in the IAST predictions for methane sorption in 6FDA-durene membrane in mixed gas 

conditions is as high as 50%, compared to our simulation predictions, as depicted in Figure 5-7 (c). 

 

Figure 5-6:Comparison of simulated sorption isotherms of equimolar mixture (a) CO2, and (b) CH4 

in 6FDA-durene at T = 300 K with the predictions of IAST and DMS model for mixed gases. 

 

Figure 5-7:Pressure variation of (a) mole fraction of CO2 and CH4 in the adsorbed phased, in mixed 

gas conditions, based on IAST calculations, (b) comparison of solubility selectivity of equimolar 

mixture of CO2 and CH4 in 6FDA-durene membrane at T = 300 K, and (c) error involved in IAST 
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predictions for methane sorption in 6FDA-durene membrane, in mixed gas conditions.  Dotted lines 

are given as guide for the eye. 

5.3.3 Determination of Onsager coefficients 

To investigate the diffusion behavior of gases in mixed gas conditions, Onsager coefficients of an 

equimolar mixture of CO2/CH4 were determined using eq (5-7). Figure 5-8 (a) depicts the variation 

of Onsager coefficients with pressure in a 6FDA-durene polymer membrane at 300 K. It is seen that 

the diagonal Onsager coefficients L12 (= L21) are much smaller than L11, but comparable to L22 at low 

pressures, while the diagonal and off diagonal elements of matrix [L] are of the same order at high 

pressures. Figure 5-8 (b) depicts the variation of Onsager coefficients with temperature in the 6FDA-

durene polymer membrane at a total pressure of 4 atm. It is seen that the diagonal Onsager coefficients 

L12 (= L21) and L22 are quite similar to each other at all temperatures while L11 is an order of magnitude 

higher than L12 at low temperatures, and of the same order at high temperatures. Further, the influence 

of these correlations on each of the species cannot be determined from the Onsager coefficients, as 

these correlations influence all elements in the Onsager coefficients matrix.9 However, the extent of 

coupling between the diffusing species can be determined from the Onsager coefficients. 

 

 

 

 

 

 

 

 

The extent of coupling can be determined by computing an interaction parameter ( ), following:  

12

11 22.

L

L L
 =       (5-21) 

Strong correlation between the diffusing species results in 12 11 22L L L=
, with 1 = . On the other 

hand, weak correlation between the diffusing species, corresponding to L12 → 0, results in 0 = . In 

Figure 5-8:Variation of Onsager coefficients of an equimolar mixture of CO2/CH4 in 6FDA-

durene membrane with (a) pressure at T = 300 K, and (b) with temperature at pT=4 atm 
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all other cases with finite correlations, depending on loading and nature of the adsorbate and 

adsorbent,  takes a value between 0 and 1.18 It is seen that the well known relation between Onsager 

coefficients, 12 11 22L L L=
, does not hold for the equimolar mixture of CO2 and CH4 in 6FDA –durene 

polymer membrane, as depicted in Figure 5-9 (a), indicating the presence of weak or finite 

correlations between the diffusing species in the polymer membrane. Similar behavior is also 

observed in MFI zeolite that has 3-dimensional pore network with finite exchange correlations.16 We 

note that that the Onsager coefficients always satisfy the relation L11L22 > L12L21,
70 indicating the 

computed MS diffusivities from Onsager coefficients will only have a positive value. Figure 5-9 (b) 

depicts the variation of   with temperature. At 300 K, the   value is found to be 0.25, indicating 

the presence of finite correlation between the diffusing species in the polymer membrane, and this 

interaction parameter increases with increase in temperature, due to increase in CH4 mole fraction 

and gas diffusivity with temperature arising from the swelling behavior of the polymer. An initial 

increase in   with increase in pressure is observed, followed by slight decrease with increase in 

pressure after 5 atm, as depicted in the inset of Figure 5-9 (b). It is expected that the degree of 

correlation between the species increases with increase in loading;14 however, we note that the more 

fraction of the gases in the polymer membrane may decrease or increase with pressure, and that 

influences the behavior of  with pressure.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9: (a) Comparison between L12 and   in 6FDA-durene polymer, and (b) variation of interaction 

with parameter (  ) with temperature. Variation of (  ) with pressure at T =300K is shown in the 

inset. 
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5.3.4 Determination of MS diffusivities 

The above findings indicate that gas diffusion behavior in the mixture can be different to that of the 

pure components due to the finite correlations that exists between the diffusing species; however, the 

effect of this correlation on individual species is unclear. The general understanding is that these 

correlations decrease the mobility of more mobile species and increase the diffusivity of slower 

species. To investigate this correlation effect on each of the species, the MS diffusivities were 

determined using eq (14)-(16), with the required Onsager coefficients obtained from our molecular 

dynamics simulations, following eq (5-7). Figure 5-10 (a) depicts the loading dependency of the MS 

diffusivities of an equimolar CO2/CH4 mixture. It is interesting to note that at high pressures 6FDA-

durene membrane is diffusive selective for methane, in contrast to pure gas conditions where this 

membrane is diffusive selective for CO2 at all pressures studied in this work at T= 300 K. This is 

because, at high pressures, the availability of larger FVEs in the polymer promotes methane diffusion, 

this being a lighter and more weakly adsorbed molecule. We note that similar behavior where 

membrane is diffusive selective for CO2 in pure gas conditions, but selective for methane in mixed 

gas conditions has been observed experimentally in a poly(ethylene oxide) based multi-block 

copolymer membrane.11 Further, significant increase in CH4 diffusivity due to CO2-induced 

plasticization has been experimentally reported in Nafion25 and poly(dimethylsiloxane) 10 

membranes. It is seen that Ð1, Ð2 and Ð12 are of the same order, further confirming the presence of 

finite degree of correlations between the diffusing species. Further, the degree of correlation is 

defined as 
ij

 iÐ

Ð
, and 

ij ij

  <<1 and  >>1i iÐ Ð

Ð Ð
 are the two limiting scenarios that represent very weak 

and strong correlations between the diffusing species, respectively. For CO2, the degree of correlation, 

decreases with pressure, while it increases with pressure for CH4 as shown the inset of Figure 5-10 

(a). This is due to the fact that correlation effects are more significant to the more mobile species than 

for the slower species as the latter vacates the sites less frequently. Figure 5-10 (b) depicts the 

temperature dependency of MS diffusivities of an equimolar mixture of CO2 and CH4. It is seen that 

membrane is diffusive selective for CO2 over CH4 at all temperatures. Further, the degree of 

correlation for both the gases increases with increase in temperature, and this can be attributed to 

increase in CH4 mole fraction in the mixture with temperature as shown in Figure 5-11. Further, the 

swelling behavior of the polymer with temperature can lead to opening up of the pore mouths, 

resulting in gas-gas interactions increasing in significance compared to gas-polymer interactions. 

Further, it is seen that Ð1, Ð2 and Ð12 increase with increase in temperature following Arrhenius type 

behavior, with activation energies 4.9 (± 1), 7.1 (± 2) and 3.7 (± 0.5) kJ/mol, respectively. We note 

that CO2 has the same activation energy in pure and mixed gas conditions, while a decrease in 

activation energy is observed for methane in mixed gas condition. This can be attributed to the 



123 
 

availability of larger FVEs in the polymer in mixed gas conditions, leading to increase in methane 

diffusivity compared to the pure component value at low temperatures. As expected, the values of the 

degree of correlation for CO2 are larger than those for methane as shown in inset of Figure 5-10 (b), 

due to the smaller size of the former. 

 

Figure 5-10: Variation of MS diffusivities in an equimolar mixture of CO2/CH4 in 6FDA-durene 

with (a) pressure at T = 300 K, and (b) with temperature at pi = 2 atm. 

 

P
T
 (atm)

0 2 4 6 8 10 12

m
o

le
 f

ra
c
ti

o
n

0.0

0.2

0.4

0.6

0.8

1.0

CO2

CH4

(a)

T (K)

300 350 400 450 500

m
o

le
 f

ra
c
ti

o
n

0.0

0.2

0.4

0.6

0.8

1.0

CO2

CH4

(b)

 

Figure 5-11: Variation of mole fraction of CO2 and CH4 in mixture with (a) pressure, and (b) 

temperature. 

5.3.5 Determination of molar flux across a membrane 

To understand the gas separation characteristics of a 6FDA-durene membrane in practical scenarios, 

from our EMD data, we determined the molar fluxes across the membrane by solving MS equations 

for a given membrane thickness considering the pressure gradient as driving force. In these 

calculations we assumed an equimolar mixture on both the feed and permeate sides, and the flow was 

driven by a pressure difference. Further, to solve the MS equations in mixed gas conditions, the 
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reported MS diffusivities (Ð1, Ð2 and Ð12) were fit to an empirical equation as a function of partial 

pressures using a polynomial of the form,  

0 1 2 3i i j i jÐ a a p a p a p p= + + +    (5-22) 

This simplified method was chosen as the diffusivities have been determined from simulation as a 

function of pressure for an equimolar bulk mixture. This estimation of diffusivities is somewhat 

approximate as the individual pseudo-bulk partial pressures do not remain equal throughout the 

membrane; however, our calculations showed the difference in partial pressures to be small. Figure 

5-12 depicts the pressure profiles of CO2 and CH4 in the membrane for various feed pressures.  
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Figure 5-12:Variation of partial pressure of CO2 and CH4 in the membrane with position. 

It is seen that the partial of pressure of the both the gases are equal at any point of the membrane up 

to a total pressure of 10 atm, for which use of the diffusion and sorption data determined from our 

simulations for an equimolar mixture is exact. However, at very high feed pressure, the partial 

pressures of both the gases can vary up to 30%, and more accurate calculations would entail 

simulations covering a range of gas mixture compositions.71,72 For the present purpose, where we are 

seeking the trend of the selectivity with feed pressure the simplified method adopted suffices.  Figure 

5-13 depicts the predicted variation of membranes perm-selectivity for CO2 over CH4 with feed gas 

pressure in an equimolar mixture, as well as the corresponding results for the case of pure gas 

conditions. In mixed-gas conditions, membranes perm-selectivity for CO2 decreases with increase in 

feed gas pressure, in contrast to that for pure gas conditions, where an increase in perm-selectivity 

with increase in feed gas pressure is observed. This can be attributed to the availability of larger FVEs 

in the polymer membrane due to its swelling behavior which is substantial in the presence of CO2, 
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leading to an increase in methane diffusivity, this being a lighter and weakly adsorbing molecule. 

This decrease in perm-selectivity in mixed gas conditions with increase feed gas pressure, as opposed 

to pure gas conditions, due to plasticization has also been observed experimentally in other polymer 

membranes. Further, we note that the discrepancy in the perm-selectivity’s are evident even below 

the plasticization pressure, however, this discrepancy is significant after the plasticization pressure. 

This can be attributed to increase in the membrane’s solubility selectivity due to competitive sorption 

being offset by decrease in diffusivity selectivity due to swelling of the polymer in the presence of 

CO2, resulting in an increase in CH4 diffusivity – thereby decreasing the perm-selectivity of the 

membrane in mixed gas conditions. The predicted molar fluxes of the gases in pure and mixed gas 

conditions are summarized in Table 5-1.which indicates that the presence of methane has little 

influence on the CO2 permeability in mixed gas conditions. The mixed gas CH4 permeability, 

however, shows very different behavior compared to their corresponding pure gas permeability. The 

foregoing results demonstrate that characterizing the membrane performance for a given application 

based on the pure component data can be deceptive, and a thorough understanding of membrane 

performance under realistic mixture operating conditions is indispensable. 
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Figure 5-13: Comparison of variation CO2/CH4 perm-selectivity with feed pressure in 6FDA-durene 

polymer membrane, for pure and mixed gas conditions. 
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Table 5-1: Comparison of molar fluxes of CO2 and CH4 in pure and mixed gas conditions with the 

feed conditions. 

Pi,feed 

(atm) 

pure gas conditions  mixed gas conditions 

N1 N2 N1 N2 

(x 1010moles/m2. S) (x 1010moles/m2. S) (x 1010moles/m2. S) (x 1010moles/m2. S) 

2 21.54 1.48 23.30 1.46 

4 55.02 3.63 64.49 8.22 

6 99.67 5.41 133.98 24.69 

8 165.0 7.03 248.89 58.21 

10 258.31 8.53 334.97 92.96 

 

5.4 Conclusions 

The Maxwell-Stefan (MS) diffusivities of equimolar mixture of CO2 and CH4 in the temperature 

range of 300-500 K in 6FDA-durene polyimide polymer membrane have been investigated here, 

using equilibrium molecular dynamics simulations. The swelling behavior of the polymer upon gas 

sorption has been investigated, and a detailed study of CO2 and CH4 sorption in pure as well as mixed 

gas conditions in 6FDA-durene polymer membrane in the temperature range of 300 to 500 K 

presented. It is found that CO2 is more soluble than CH4 at all temperatures in a 6FDA-durene polymer 

membrane, and this solubility decreases with increase in temperature following the van’t Hoff 

relation. In mixed gas conditions, a decrease in sorption capacity is observed for both the gases and 

this effect is more significant for methane, leading to an increase in solubility selectivity of CO2 over 

CH4. It is seen that a 6FDA-durene polymer membrane is selective for CO2 over CH4. In addition, 

the simulated sorption isotherms were compared with the predictions of IAST and dual mode sorption 

for mixed gases. It is seen that for CO2 the simulation results are consistent with the predictions of 

both IAST and the dual mode sorption for mixed gases, while a large deviation between the theories 

and simulation results is observed for methane. While IAST under-predicts, the dual mode sorption 

for mixed gases over-predicts the sorption of methane in mixed gas conditions compared to the 

simulation results. The large discrepancy with simulation underscores the importance of accounting 

for structural changes in the polymer due to the presence of partner species, when predicting mixed 

gas isotherms. 

Pure component diffusivities of CO2 and CH4 in 6FDA-durene polymer membrane are in the order 

of 10-10 -10-11 m2/sec, and in good agreement with experimental reports. It is seen that the corrected 

diffusivities of the gases increase with increase in loading at 300 K, exhibiting a decrease in methane 
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permeability with increase in pressure, due to swelling reducing sorption, while an increase in CO2 

permeability with increase in pressure occurs above 5 atm, the plasticization pressure of the polymer. 

In addition, corrected diffusivities of the gases in 6FDA-durene polymer membrane follow Arrhenius 

behavior with temperature, with diffusivity selectivity for CO2 being greater than unity at all 

temperatures. The Onsager coefficients indicate that in mixed gas conditions, finite correlation exist 

between the diffusing species in the polymer membrane, and this correlation increases with increase 

in temperature. The MS diffusivities in the mixed gas conditions indicate that membrane’s diffusivity 

selectivity for CO2 is greater than unity at low pressures, while that for CH4 is greater than unity at 

high pressures. It is also found that correlation effects are more significant to the more mobile species 

than for the slower species, and the degree of correlation increases with increase in temperature and 

is significant for CO2 transport at all temperatures. An important aspect of this study is the prediction 

of membrane behavior in practical scenarios, from EMD data, by determining the steady state flux 

across a membrane resulting from a pressure difference, by numerically solving the MS equations. It 

was found that increased feed gas pressure in mixed-gas conditions reduces CO2 perm-selectivity, 

while an increase in perm-selectivity with increase in feed gas pressure is observed in pure gas 

conditions. This can be attributed to the availability of larger FVEs in the polymer membrane due to 

its swelling behavior which is substantial in the presence of CO2, leading to an increase in methane 

diffusivity, this being a lighter and more weakly adsorbing molecule. 
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6.1 Introduction 

Mass transport resistance that include both intra-crystalline and interfacial resistances, determines the 

diffusive transport in porous inorganic materials. The drag exerted by the pore network of the 

membrane on the gas molecules contributes to intra-crystalline resistance, while the interfacial 

resistance includes entrance and exit barriers that arise from potential energy differences between 

activated states in the vicinity of the phase boundary due to symmetry breaking at the interface. These 

interfacial barriers can be distinguished as external fluid phase resistance and internal interfacial 

barriers. External fluid phase resistance exists on the gas side of the phase boundary, and is 

experienced by gas molecules entering the pore network, in the external boundary layer; on the other 

hand, internal interfacial barriers exist on solid side of the crystal and are due to the asymmetric 

potential experienced by the gas molecules inside the crystal but near the phase boundary. 

For thick enough membranes, the contribution of interfacial barriers can be negligible and intra 

crystalline resistance determines the overall mass transfer across the membrane. However, the 

economic success of membrane based large scale industrial gas separations relies on significantly 

reducing the membrane thickness, and thereby lowering the driving force that is required for gas 

transport through nanoporous films for a given flux. This has led to the development ultrathin zeolite 

membranes1 and mixed matrix membranes (MMM) with nanosize fillers.2 At this length scale, 

interfacial barriers that depend on the adsorbent structure, crystal diversity and the potential energy 

landscape near the surface can be significant, and are detrimental to separation kinetics. The 

interfacial barriers are therefore an important paradigm in nanoscale separation and transport.  

For long, intra-crystalline resistance has been extensively explored, and interest in the contribution 

from interfacial barriers to the mass transport is relatively recent. The past decade has witnessed 

substantial progress in understanding the role of interfacial barriers in mass transport both 

theoretically and experimentally. Experimentally, micro-imaging techniques3-5 can quantitatively 

measure these surface barriers in nanoporous materials, and have revealed the presence of an 

interfacial mass transfer resistance in a variety of zeolites. However, the non-ideal nature of these 

crystals can influence the measured transport properties in these materials significantly, and it is 

difficult to experimentally determine the impact of interfacial barriers that are independent of defects. 

On the other hand, molecular dynamics simulations (MD) using dual control volume grand canonical 

MD (DCV-GCMD) simulations6-8 and local equilibrium flux method (LEFM) 7, 9, 10 have been 

successfully employed to investigate surface barriers in nanoporous materials, and their relative 

importance in gas transport. However, these simulations are either computationally demanding or can 

only provide qualitative information about the surface barriers. Kočiřík et al. report large surface 

resistance, especially on a small zeolite crystal using a micro-dynamic model.11 Ahunbay et al.12, 13 
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determined the surface barriers to gas permeation in silicalite that are localized at the crystal surface 

using DCV-GCMD simulations, and found that these barriers can be significant up to a crystal 

thickness of 1 μm. However, Newsome et al. found that these DCV-GCMD simulations are sensitive 

to non-isothermal effects in the interfacial region,7 and reported that contribution of these barriers to 

gas permeation can be negligible at all practical conditions by applying a local thermostat in the DCV-

GCMD simulations as well as  through LEFM method.7, 10 Zimmermann et al.14, 15 determined the 

critical membrane thickness below which the influence of surface barriers plays a role in gas transport 

through extended dynamically corrected transition state theory, by computing self-diffusion 

coefficients. Sastre et al.16 performed MD simulations to study the uptake/release behavior of benzene 

in a finite MFI crystal, showing that pore blockage effects lead to interfacial resistance. Recent work 

from our laboratory using equilibrium as well as non-equilibrium MD simulations has demonstrated 

that the effect of interfacial resistance is significant for gas and water transport in carbon nanotubes.17-

19 However, intra crystalline resistance in these investigations includes the contribution of interfacial 

resistance to gas transport in the crystal.  Thus, while it is evident from these studies that there exist 

interfacial barriers to gas transport at zeolite crystal surfaces, there is no convenient method to clearly 

distinguish and quantify the interfacial barriers that originate solely from the phase boundary, and to 

distinguish barriers on the solid and gas sides of the phase boundary. 

In this chapter, we apply equilibrium molecular dynamics (EMD) simulations to quantitatively assess 

the internal interfacial barriers to the permeation of methane in different classes of zeolites in the 

presence of bulk gas, isolating the barriers on the solid side of the interface.  Further, the effect of the 

presence of dense external media such as polymer on gas permeation in the zeolites is explored. Based 

on the additivity of resistances inside the zeolite, a mathematical expression relating the adsorbate 

diffusion coefficient within the zeolite to length of the crystal is derived and validated against the 

simulation results. In addition, the external fluid phase resistance for gas diffusion is determined and 

its importance relative to internal interfacial barriers discussed. 

6.2 Model and methodology 

6.2.1  Model details: 

Our model system comprises three different classes of all-silica type zeolites: MFI (interconnected 

network of straight and sinusoidal channels), SAS (comprising large cages connected by narrow 

windows, with cage to window ratio 2.2) and PON (having small cages connected by narrow 

windows, with cage to window ratio 1.18) of finite length, with bulk gas regions on either side of the 

crystal as shown schematically in Figure 6-1 (a).  
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SAS and PON zeolites comprise one dimensional pores, whereas MFI has three dimensional pores; 

hence in MFI diffusion along the y-direction is examined owing to the presence of straight channel 

like pore structure that is considered to be favorable for membrane application. Crystals of finite 

length were cleaved in the direction of available pores and all the surface silica and oxygen and atoms 

saturated with -OH and -H groups respectively. This structure was relaxed without modifying the cell 

dimensions by employing conjugate gradient method using VASP software.20-22, and the resulting 

zeolite structure treated as rigid in the entire simulation. We note that gas transport in the zeolite may 

depend on framework flexibility,23 which may need further investigation. However, rigid structure 

representation of zeolite has been shown to be a good approximation when the size of the gas 

molecule is significantly smaller than the pore aperture of the zeolite,24-26 which is the case in this 

investigation. 

In order to investigate the effect of surrounding media, SAS unit cells were sandwiched between two 

(6FDA-durene) polyimide polymer-filled regions by performing EMD simulations in the isothermal-

isobaric ensemble, following the procedure discussed in detail elsewhere.27, 28 This is representative 

of a mixed matrix membrane with nanosized filler, for which we investigate the effect of surrounding 

polymer on gas transport in the zeolite. The system is assumed periodic in all three directions. 

Methane is modeled as a spherically symmetric molecule interacting only with oxygen in the zeolite 

through the Lennard-Jones (LJ) 12-6 potential, with29 
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Figure 6-1: Schematic illustration of (a) simulation box, (b) the pore network inside the zeolite and 

the mean force experienced by the gas molecules at different locations in the pore, and (c) zeolite 

structures investigated in this study and corresponding free energies in the direction of diffusion. 
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4
133.3 Kzeo CH − =  and

4
3.214 Åzeo CH − = . The flexible polymer chains were described by 

considering a combination of appropriate bonded and non-bonded interactions with an all atom 

representation, where all the atoms in the system are defined explicitly based on the polymer 

consistent force field (PCFF).30 The non-bonded interactions between polymer, MFI and gas 

molecules were modelled using a hybrid potential. Lorentz−Berthelot rules were used to obtain the 

corresponding interaction parameters.  

EMD simulations were performed using the LAMMPS31 package to determine the corrected 

diffusivities with the Nose´-Hoover thermostat and Berendsen barostat for temperature and pressure 

control respectively. In all the simulations, a cutoff distance of 1.2 nm was used for potential energy 

calculations. The Verlet method with a time step of 1 fs was used to integrate the particle equations 

of motion and periodic boundary conditions were imposed in all three dimensions. The simulations 

were run for 50 ns in the canonical ensemble with 10 ns allowed for equilibration. The results of 

several independent runs, each starting from a different initial configuration, were averaged to 

compute the corrected diffusivity. The standard deviation of the results was calculated by dividing 

the total simulation run into four equal parts and using it to determine the statistical uncertainties 

associated with the simulations.   

Gas adsorption isotherms in a zeolite crystal of finite length were extracted by performing grand 

canonical Monte Carlo (GCMC) simulations using the DL_MONTE simulation package,32 where gas 

adsorbed in a rigid zeolite of finite length is in phase equilibrium with the ambient gas phase. We 

emphasize that these adsorption isotherms were evaluated by considering the gas adsorbed within the 

zeolite region only.  

6.2.2 Methodology 

Gas diffusion in the zeolite and determination of interfacial resistance: A diffusion coefficient (Dn) 

of n gas molecules in a zeolite crystal of length Lx is computed by calculating its collective coordinate 

n, for which the differential form of n is defined as  

( )

i

i zeolite t x

dz
dn

L

=        (6-1) 

where dzi is displacement of gas molecule i in the z direction during time dt in the zeolite region. The 

mean square displacement (MSD) of n obeys the Einstein relation following the collective diffusion 

model,33  
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2
n

n t
D

t

 
=       (6-2) 

and this can be related to the corrected diffusion coefficient (Do), which describes the collective 

motion of all adsorbed molecules,28, 34, 35  as:27  

2.

.

n x n x
o

c mol

D L D L
D

A N
= =

 
      (6-3) 

where <Nmol> is the ensemble averaged number of gas molecules in the zeolite of cross-sectional area 

Ac and  is the ensemble averaged molar density. This corrected diffusivity is also known as single 

component Maxwell-Stefan diffusivity,35, 36 in the extensively used Maxwell Stefan formulation of 

mass transport. When analyzed in this way,27, 33 the calculation of Do from trajectories in a NVT-

EMD simulation (for the whole system including external reservoirs) allows for temporal change in 

the identity of the molecules within the sub-region of interest (the zeolite). This diffusion coefficient 

represents the internal transport coefficient within the finite crystal of length L, and excludes the 

effect of any external resistance on the gas side of the boundary.  

Using the diffusion coefficient determined from equilibrium molecular dynamics, as above, the net 

molar flux of a gas follows the irreversible thermodynamics-based description of the transport,37 

o

B

D d
j

k T dz

  
= −  

 
      (6-4) 

where T is the temperature of the system.  Assuming there exists a small chemical potential difference 

across the zeolite, eq (6-4) can be readily applied to the zeolite crystal, and can accordingly written 

as  

.

B

o

jLk T

D



 = −      (6-5) 

We define the total internal transport resistance as / c BjA k T− , and note that the total internal 

resistance for flow through the zeolite must additively comprise that for the two interface regions in 

the zeolite, i.e. near the entrance and the exit (Rinterface = Rinterface1+ Rinterface2), and the intra-crystalline 

resistance (Rintra), as shown in Figure 6-1(a).  Combining this series resistance concept with eqn (6-

5) then leads to  

interface

,. .o c o c

L L
R

D A D A  

= +       (6-6) 
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where ,/ c oL A D   is the intra-crystalline resistance in the absence of interfaces (i.e. based on the 

diffusivity Do, in an infinitely long crystal). This provides 

interface

,

1 1
    

. .

c

o o

A R

D D L  

      
= +     

     

      (6-7) 

In addition, the barrier on the gas side of phase boundary, hereinafter referred to as external fluid 

phase resistance, is determined by subtracting the internal transport resistance from the overall 

resistance of the system ( ,/sys sys c sys o sysR L A D= ).  Here Do,sys is the corrected diffusivity considering 

all adsorbed gas molecules (of density ρsys) in a system of length Lsys, including a zeolite region and 

surrounding bulk gas regions, determined by computing the center of mass (COM) motion of all gas 

molecules in the z-direction, following the Einstein relationship: 

2

1

1 1
lim || ( ) (0) ||

2

N

o i i
t

i

D z t z
N t→

=

=  −      (6-8) 

where zi (t) is center of mass position vector of molecule i at time t. This provides  

,. .

sys

external

c sys o sys c o

L L
R

A D A D 
= −       (6-9) 

We note that overall system resistance (Rsys) includes the contribution of external fluid phase 

resistance (Rexternal), interfacial resistance (Rinterfacial) and intra-crystalline resistance (Rintra), following 

Rsys external inetrface intraR R R= + +      (6-10) 

6.2.3 Critical membrane thickness  

The critical membrane thickness ( critical ), below which the contribution of interfacial resistance to 

the gas transport is significant, is determined by computing the fractional contribution of interfacial 

resistance to the overall resistance in the solid (Rsolid =Rinterface+Rintra), as 

interface
critical 

,

= 1- 0.25o

solid o

R D

R D




  
=  

  
;      (6-11) 

We note that value of critical  is sensitive to the lower limit (0.25 in this work) for significance of the 

interfacial resistance. The statistical errors associated with the calculation of Do (up to 10 %) do not 

permit the choice of a lower value for this limit. Nevertheless, one expects that when the interfacial 

resistance is insignificant the total resistance to transport in the solid is dominated by the intra-
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crystalline resistance (i.e. based on the diffusivity in an infinite crystal), and is proportional to length. 

Thus the critical length for critical  of 0.1 would be about 2.5 times larger than that based on critical  of 

0.1. 

6.3 Results and discussions 

6.3.1 Effect of crystal length on corrected diffusivity 

Figure 6-2 depicts the zeolite crystal length variation of the corrected diffusivities of methane at a 

density of 1 mol/u.c. in MFIY, SAS and PON zeolites at 300 K. The corrected diffusivities of methane 

in an infinite and finite crystal differ greatly, with the former diffusing faster by nearly an order of 

magnitude, and thus the surface barriers are sufficiently strong to hinder the gas transport rate in an 

ideal crystal, in agreement with experimental findings of Kärger et al.38. The corrected diffusivity of 

methane in the zeolite increases with increase in crystal length, with 1 . oD varying linearly with1 L

, following eq (6-7). The slope of the linear plot in Figure 6-2 yields a quantitative value of the 

interfacial resistance-surface area product, showing that the interfacial barriers to methane transport 

in PON zeolite are the largest while those in MFIY zeolite are smallest, following the order: PON < 

SAS < MFIY. We emphasize that the calculated diffusion coefficients are intra-crystalline gas 

diffusion coefficients within the zeolite region only, and do not include the effect of any external 

interfacial resistance. 
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Figure 6-2: Length dependence of CH4 diffusivity in MFIY, SAS and PON zeolites at T=300 K at a 

loading of ~1 mol/u.c. MFIY signifies that the diffusivity corresponds to that in the y direction. 

Figure 6-3(a) depicts the variation of corrected diffusivities with zeolite crystal length, for CO2, CH4 

and H2 at a density of 1 mol/u.c. in SAS zeolite at 300 K, showing a considerably larger interfacial 

resistance for the transport of CH4 and CO2 compared to that for H2. The interfacial resistance in SAS 

zeolite increases steeply with increase in kinetic diameter of the gases due to the strong confining 
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effects of the pore walls when the kinetic diameter of the gas and limiting pore diameter of the zeolite 

are comparable, as shown in Figure 6-3(b). Further, we note interfacial resistance reaches a finite 

maximum value when the kinetic diameter of the gas is 70-80 % of the pore limiting pore diameter. 

This suggests that, interfacial barriers could not influence the selectivity of gases of comparable 

molecular size.   

1/L (nm-1)

0.05 0.10 0.15 0.20 0.25 0.30 0.35

1
/(

r
.D

o
) 

(x
1

0
-9

 s
e

c
. 
u

.c
./
m

2
.m

o
le

c
u

le
)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

CH4

CO2

H2

(a)

dgas/dpore

0.6 0.7 0.8 0.9 1.0

R
iA

c
r

 (
s
/m

)

1

10

100

1000

10000

H2

CO
2

CH
4

(b)

 

Figure 6-3: Length dependence of gas diffusivities in SAS zeolite at T = 300 K at a loading of ~1 

mol/u.c, and (b) Variation of interfacial resistance to gas transport with ratio of kinetic diameter of 

the diffusing species to the limiting pore diameter of zeolite 

6.3.2 Effect of loading 

Figure 6-4 depicts the loading variation of the interfacial resistance to CH4 transport in SAS zeolite 

at 300 K. It is seen that interfacial resistance to methane transport decreases with increase in gas 

loading in the zeolite, consistent with the earlier simulation predictions.6 This can be understood by 

noting that at high gas loadings, gas - gas interactions dominate over gas-zeolite interactions, leading 

to lower overall momentum loss from gas-solid collision. As a result, the energy barrier due to 

interfacial resistance can be less significant at higher loadings. This is further supported by increase 

in corrected diffusivity of methane in SAS zeolite with increase in loading as shown the inset of 

Figure 6-4. 
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Figure 6-4: Loading dependence of interfacial resistance for CH4 diffusion in SAS zeolite at T = 300 

K. Loading dependence of corrected diffusivity of methane in infinitely long SAS zeolite is depicted 

in the inset. 

6.3.3  Effect of temperature 

Figure 6-5(a) depicts the crystal length variation of the corrected diffusivity of methane in SAS zeolite 

at various temperatures in the range of 300-500K. The slope of 1 . oD vs. 1 L  decreases with increase 

in temperature, indicating that interfacial barriers are more significant at lower temperature and 

become less pronounced at higher temperature. This can be understood by noting that the energy 

barrier due to interfacial resistance can be more easily overcome by gas molecules at higher 

temperatures due to their high kinetic energy. The inset of Figure 5(a) depicts the temperature 

variation of intrinsic interfacial resistance in SAS zeolite, following the Arrhenius type relation. Here, 

we consider the quantity RiAcρ as intrinsic resistance, because resistance is inversely proportional to 

area. The calculations showed that interfacial barriers have an activation energy of 4.0 (±0.5) kJ/mol, 

comparable to that of the methane diffusivity in an infinite crystal (3 (±0.5) kJ/mol), suggesting that 

interfacial resistance and internal collective diffusion proceed by identical elementary mechanisms. 

Figure 6-5(b) depicts a comparison of fractional interfacial resistance for methane diffusion in SAS 

zeolites at various lengths in the temperature range of 300-500 K, highlighting the increasing 

importance of interfacial resistance at lower temperatures compared to that at higher temperatures.  
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Figure 6-5: Length dependence of methane diffusivity in SAS zeolite, in the temperature range of 300 

K to 500 K at a density of ~1 mol/u.c. Temperature dependence of intrinsic interfacial resistance in 

SAS zeolite is depicted in the inset, and (b) Length dependence of fractional interfacial resistance for 

CH4 diffusion in SAS zeolites at various temperatures 

The interfacial barrier to gas transport in zeolites has also been investigated when a dense external 

media such as polymer is present, as occurs in mixed matrix membrane. Figure 6-6(a) depicts a 

comparison between the effect of surrounding polymer and a bulk gas medium on the variation of 

corrected internal diffusivity of methane with zeolite crystal length. Our simulations results for 

methane transport in zeolite SAS having surrounding polymer medium showed different behavior to 

that of bulk gas, in which interfacial barriers increased when the surrounding medium is polymer. To 

examine the conditions that lead to this behavior, the corresponding free energies in the zeolite as a 

function of reaction coordinate in the presence of polymer and bulk gas have been explored and are 

shown in the Figure 6-7. An internal free energy maximum that exists near the interface 

corresponding to the interfacial barrier due to the phase boundary is observed in both the cases. 

However, in the presence of polymer, a free energy minimum exists that corresponds to favorable 

interaction between polymer and gas compared to that between zeolite and gas, leading to the 

clustering of molecules close to the polymer surface. This is further evident in inset (i) of Figure 6-

6(b), where a density peak near the polymer-zeolite interface is observed that has been extracted by 

diving the simulation cell into bins of 5 Å each. Figure 6-6(b) depicts the mean square displacement 

(MSD) of CH4 in the interface region of the zeolite i.e. first 5 Å from the entrance and exit, in the 

presence of polymer as well as bulk gas, using eq (6-2), showing considerably larger resistance to gas 

diffusion when the surrounding medium is polymer compared to that when it is surrounded by bulk 

gas. Further, this diffusivity is independent of surrounding medium in the region distant from the 

interface as shown in inset (ii) of Figure 6-6(b).  
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Figure 6-7: Free energy profiles of CH4 gas in SAS zeolite at T= 300K in the presence of bulk gas 

and polymer at the loading of ~1 mol/u.c. 

Figure 6-8 depicts the internal interfacial resistance to CH4 transport in a variety of zeolites as 

determined from eq (6-7). The intrinsic interfacial resistance (AcRiρ) to methane transport in the PON, 

SAS and MFIY zeolites is 3300 (±150), 1000 (±50) and 450 (±20) sec/m respectively, despite the fact 

that all these zeolites have limiting pore dimeter of around 4.5 Å. Thus, it is evident that the intrinsic 

interfacial resistance depends on the type of pore network in the zeolite. To investigate this behavior 

further, we calculated their relative interfacial resistance, defined as the ratio of resistances offered 
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Figure 6-6: (a) Length dependence of CH4 diffusivity, and (b) Mean square displacement of CH4 in 

the interface region of SAS zeolite in the presence of bulk gas and polymer at T= 300 K. In (b) inset 

(i) shows density profiles of CH4 gas in SAS zeolite, and inset (ii) shows mean square displacement 

of CH4 in the bulk region of SAS zeolite in the presence of bulk gas and polymer at T= 300 K. 
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by the interface and bulk (having diffusivity of infinitely large crystal) regions, by determining gas 

diffusivities in the respective regions and found that PON, SAS and MFI zeolites have relative 

interfacial resistances of 25(±5), 9 (±3) and 5 (±1)  respectively. Thus, PON zeolite with the most 

uniform pore surface, having window and cage diameter ratio of around 1, enhances relative 

interfacial resistance, which attenuates gas transport, the most. This is consistent with the recent 

findings of Lang et al.18 that the transport diffusion coefficient of CH4 in infinite and finite carbon 

nanotubes differed by 2 orders of magnitude. Further, we note that other factor including crystal 

morphology, surface area, pore size,39 shape34 and tortuosity40 can influence these interfacial barriers, 

which needs further investigation. The inset of Figure 6-8 depicts a direct comparison between the 

intrinsic interfacial resistance to methane transport when the surrounding medium is bulk gas and 

polymer in SAS zeolite, demonstrating that the internal interfacial resistance in the presence of dense 

surrounding medium is twice that in the presence of bulk gas in SAS zeolite. 
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Figure 6-8: Interfacial resistance to methane in zeolites surrounded by bulk gas. A comparison of 

intrinsic interfacial resistance in SAS zeolite surrounded by bulk gas and polymer is shown in the 

inset. 

Excellent agreement between the estimates of corrected diffusion coefficient in an infinitely long 

crystal, calculated from the intercept based on a linear plot of 1/  versus 1/oD L  following eq (6-7), 

and that of intra-crystalline diffusivity obtained by conducting simulations in an infinite crystal, at 

different temperatures as well as in various zeolites confirming the robustness of the equation, as 

shown in Figure 6-9.  
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Figure 6-9: Comparison between gas diffusion coefficients in infinite zeolite crystal obtained from 

eq (6-7), Do,extracted with that directly estimated from simulation, Do,infinite. 

6.3.4 Internal transport resistance vs. External fluid phase resistance  

Figure 6-10 (a) depicts a comparison of the transport resistance of the solid and overall system 

resistance, including internal transport resistance and external fluid phase resistance for methane 

diffusion in SAS zeolite at various loadings.  Close agreement is seen between the estimates of 

internal transport resistance in the solid (Rsolid) and overall system resistance (Rsys), indicating that the 

internal transport resistance dominates over external fluid phase resistance.  Figure 6-10 (b) depicts 

a comparison of fractional external fluid phase resistance for methane diffusion in SAS zeolite at 

various loadings. It is seen that external fluid phase resistance is smaller than the intra-crystalline 

resistance, and is a maximum of 20-25% of the internal interfacial resistance at any given length of 

crystal. Further, it is seen that the relative external fluid phase resistance decreases with increase in 

loading, and goes through a maximum at a length of about 10 nm.  These results suggest that the 

contribution of external fluid phase resistance that exists on the gas side of the interface can be 

neglected, especially at higher loadings.  
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6.3.5 Critical membrane thickness ( critical ) 

Figure 6-11 depicts a comparison of fractional interfacial resistance for methane diffusion in SAS, 

PON and MFIY zeolites at various lengths. The critical membrane thickness, below which the 

interfacial barriers are significant, is taken to be that at which the contribution of interfacial resistance 

to the total resistance is 25%, as in eq (6-11). It is seen that SAS, MFIY and PON zeolites, based on 

methane transport, have a critical membrane thickness of 14 (±2), 65 (±5), and 95 (±5) nm 

respectively.  Thus, the interfacial barriers are significant in the zeolites with uniform pore size, PON 

zeolite in this case, especially when the size of the pore and gas are comparable.  The inset of Figure 

6-11 depicts similar results for various gases in SAS zeolite, showing a critical membrane thickness 

of 3 (±2) , 7 (±1)  and 14(±2) nm for H2, CO2 and CH4 transport respectively. The present results 

would suggest that the critical membrane thickness of zeolites depend on the nature of the pore 

network as well as size of the diffusing species.  

Figure 6-10:(a) Comparison between overall system resistance and total intra-crystalline resistance 

for methane transport at various loadings in SAS zeolite at T = 300 K, and (b) Length dependence of 

fractional interfacial resistance for CH4 diffusion in various zeolites. 
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Figure 6-11: Length dependence of fractional interfacial resistance for CH4 diffusion for various 

zeolites. A comparison of length dependence of fractional interfacial resistance for various gases in 

SAS zeolite is depicted in the inset. 

6.3.6 Adorption isotherms: 

The adsorption behavior of pure component H2 and CH4 in SAS zeolite of finite length was 

systematically investigated by exploring the adsorption isotherms for each gas, by evaluating the 

concentration of adsorbed gas molecules in the zeolite region only. We emphasize that these 

isotherms do not include the contribution of gas that is externally adsorbed in the gas region. Figures 

6-12 (a) and (b) show a comparison of adsorption isotherms of CH4 and H2 in SAS zeolite crystals of 

various length at T= 300 K. It is seen that the CH4 adsorption is strongly affected by the crystal length, 

while H2 shows a weak dependence on crystal length, and gas adsorption in the zeolite increases with 

increase in crystal length at a given pressure. This is due to the strong confinement effect experienced 

by the larger CH4 molecules having size comparable to the limiting pore dimeter of zeolite, as well 

as low adsorption capacity of SAS zeolite for the lighter H2 molecule. The adsorption isotherm of 

CH4 and H2 in SAS zeolite of finite and infinite length was fitted using a Langmuir-mode sorption 

model of the form:  

max  

d

B P
c

K P
=

+
       (6-15) 

where, C is the total concentration of the sorbate in the polymer and P is the pressure. 



147 
 

P (atm)

0 10 20 30

lo
a

d
in

g
 (

c
c

 (
S

T
P

)/
c

c
)

0

20

40

60

80

100

120
L= 3 nm

L= 6 nm

L= 8 nm

L= 10 nm

L= 14 nm

Infinte ly long

1/L (nm-1)

0.0 0.1 0.2 0.3 0.4

S
 /

S
in

fi
n

te

0.80

0.85

0.90

0.95

1.00

(a) CH4

 P (atm)

0 5 10 15 20 25 30

lo
a

d
in

g
 (

c
c

 (
S

T
P

)/
c

c
)

0

2

4

6

8

10

12

14

16
L = 3 nm

L = 6 nm

L = 8 nm

L = 10 nm

L = 14 nm

Infinite ly long

1/L (nm -1)

0.0 0.1 0.2 0.3 0.4

S
/S

in
fi

n
te

0.80

0.85

0.90

0.95

1.00

(b) H2

 

Figure 6-12: Adsorption of isotherms of (a) CH4, and (b) H2 in SAS zeolite of finite length at T=300K. 

Length dependence of solubility coefficients of these gases in SAS zeolite is depicted as inset in the 

respective plots. 

In the low pressure region, when Kd >>> P, eqs (6-12) and (6-15) provide the Henry law relationship 

for adsorbed concentration:  

max( )* *
d

B
C P S P

K
= =       (6-16) 

where S is  the apparent solubility coefficient in the zero-pressure limit. We note that the loading at 

which diffusion coefficients are calculated in this study lies close to this region. The solubility of CH4 

and H2 in SAS zeolite is determined by using eq (6-16). The length dependence of fractional 

solubilities of CH4 and H2 in a finite SAS crystal are depicted in the inset of Figure 6-12 (a) and (b), 

respectively. It is seen that the fractional solubility of these gases decreases with decrease in crystal 

length and this effect is more significant for CH4 than for H2.  

6.3.7  Performance of zeolite membranes: 

Figure 6-13 (a) depicts the crystal length dependence of perm-selectivity of H2 over CH4 in SAS 

zeolite when the surrounding medium is bulk gas at a loading of 1 molecule per unit cell and T = 300 

K. It is seen that selectivity of H2 over CH4 increases with decrease in crystal length. Interestingly, 

SAS zeolite of infinite length is selective for methane over hydrogen, while the finite zeolite is 

selective for hydrogen over methane, exhibiting a selectivity cross over at around a crystal thickness 

of 4 nm. This can be understood by the fact that interfacial barriers considerably attenuate the 

transport of gases having kinetic diameter comparable to that of limiting pore size of the zeolite, CH4 

in this case, thus a larger decrease in the diffusivity of CH4 compared to H2 in the finite zeolites leads 

to increase in the diffusivity selectivity of H2 over methane, as shown in the inset of Figure 6-13 (a).  
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Further, we note that diffusivity selectivity of H2 over CH4 in the finite crystal is around 2-3 times 

higher than that of in infinite crystal.  In addition, the larger decrease in solubility of CH4 in a finite 

crystal compared to that of H2, further contributes to the increase in selectivity of H2 over CH4 in 

finite crystals. Figure 6-13 (b) compares the performance of finite and infinite SAS crystals with the 

Robeson upper bound plot.41 It is seen that the performance of finite zeolites for H2/CH4 separation 

is well above the Robeson plot; nevertheless, the selectivities are too low for practical significance. 
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Figure 6-13: Length dependence of perm-selectivity of H2 over CH4 in SAS zeolite in the presence 

of bulk gas at a loading of ~1 mol/u.c. and T =300 K. Inset depicts length dependence of diffusivity 

selectivity of H2 over CH4 in SAS zeolite in the presence of bulk gas at a loading of ~1 mol/u.c. and 

T =300 K, and  (b) Comparison of separation performance of finite and infinite SAS zeolite 

membranes with Robeson upper bound. 

6.4 Conclusions 

In summary, we have developed an approach to quantitatively assess the internal interfacial barriers 

to gas transport, especially in channel-like nanoporous materials. It is evident that the internal 

interfacial barriers due to the phase boundary contribute significantly to the gas transport resistance 

at the nanoscale in zeolites, especially when the surface has a uniform morphology as well as when a 

dense surrounding media such as a polymer is present. It is seen that the external fluid phase resistance 

that exists on the gas side of the interface is smaller than the internal interfacial resistance by almost 

an order of magnitude, and therefore can be neglected. Further, the interfacial resistance decreases 

with increase in temperature following an Arrhenius type relation, having an activation energy 

comparable to that of the gas diffusivity in an infinite crystal. The critical membrane thickness, below 

which these interfacial barriers are significant, are found be of the order of 0.01 to 0.1 μm. The 

contribution of interfacial barriers to gas transport are significantly higher for CH4 than for H2, due 

to its larger kinetic diameter that is comparable to that of the limiting pore diameter of the zeolite, 
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leading to improved H2/CH4 diffusivity selectivity in finite crystals. Furthermore, the methane 

adsorption is hindered in finite crystals of SAS zeolite, while this effect is not significant for H2. It is 

seen that small crystals of SAS type zeolite are selective for H2 over CH4, while large crystals are 

selective for CH4 over H2.  

Our results demonstrate that a series diffusion resistance model, considering the contributions of 

intra-crystalline and internal interfacial resistance, suffices to explain the transport behavior of gases 

within nano-porous materials. While we validated this here for a gas in an ideal rigid zeolite, the 

method should be extendable also to study other nano-porous materials as well as to non-ideal and 

flexible framework materials. Furthermore, we note that, although this model is extended to study the 

interfacial resistance in zeolites when the surrounding medium is a polymer, the separation 

performance of zeolites and overall membrane performance in the presence of polymer is beyond the 

scope of this investigation and requires further investigation.  This method will be useful in 

considering ways to modify the surface by functionalization in order to reengineer the membrane. On 

the basis of these insights, it is anticipated that interfacial barriers will be of importance in many of 

the new generation separation processes based on ultrathin nano-porous membranes. 
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7.1 Introduction 

Mixed matrix membranes (MMMs) have been conventionally prepared by incorporating inorganic 

fillers such as zeolites,1 metal organic framework (MOFs)2, 3 and carbon nanotubes (CNTs)4 in a 

continuous polymer matrix. However, the ultimate success of these advanced membranes depends on 

the material selection and interface defect elimination. Nevertheless, the past decade has witnessed 

substantial progress both theoretically and experimentally on the selection aspects of these materials 

for a given application by considering fundamental intrinsic material properties of the individual 

phases.5, 6 On the other hand, interface-related problems such as the formation of non-selective voids, 

rigidified polymer and pore blockage are still challenging. Although the polymer-filler interface 

occupies only a small fraction of the membrane volume, it appears to effect the MMM performance 

significantly. Thus, understanding and minimizing interfacial barriers between the polymer and the 

inorganic filler are therefore critical to the design and optimization of such membranes. 

The polymer-filler interface can be of four types depending on the nature of the interaction between 

the constituents. The first is an ideal interface with properties nearly similar to those of the bulk 

polymer, which arises when polymer-filler and polymer-polymer interactions are comparable, leading 

to a homogenous polymer-filler blend. The separation performance of resulting MMM can be 

superior to the corresponding neat polymer membrane and has traditionally been described by the 

Maxwell model, although recent work from this laboratory has shown this model to be accurate only 

at small filler loading below about 20% by volume.7 Secondly, a weak interaction between the 

polymer and filler than the polymer and polymer could lead to the formation of non-selective 

interfacial voids around the filler or ‘sieve in a cage’ configuration.8, 9 Such a MMM results in higher 

permeability with reduction in selectivity, as the gas molecules take the least resistance path offered 

by the voids. Further, these voids can affect the mechanical integrity of the membrane. The third is 

formation of rigidified layer of polymer at the interface,10 due to strongly attractive interaction 

between the polymer and filler than the polymer and polymer. This polymer in the rigidified layer 

has more restricted chain motion than in the bulk, which reduces gas permeability. This results in 

reduction in both permeability and selectivity. The last is plugged sieves, in which the surface pores 

of the zeolites have been partially blocked by the polymer.8 This leads to reduction in the gas 

permeability in the composite system. Thus, the nature of the polymer-filler interface can strongly 

affect the overall membrane performance. This highlights the importance of design of the polymer-

filler interface to achieve better gas separation performance than the corresponding pure polymer 

membrane. 

While much effort has been devoted to the experimental design and fabrication of defect free MMMs 

for gas transport in the literature, success has been modest. Nair et al.11 fabricated a defect free MMM 
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comprising sub-micrometer size ZIF-90 and polyimide (PI), demonstrating superior separation 

performance for CO2 over CH4. Kim et al.12 successfully synthesized a defect free MCM-48 

silica/polysulfone MMM, and reported an increase in gas permeability resulting from increase in both 

solubility and diffusivity without sacrificing selectivity. On the other hand, several investigations 

have reported the presence of interfacial defects in the MMM, 1, 10, 13 and proposed methods to 

improve the polymer-filler compatibility. However, direct experimental characterization of the 

polymer conformation in the presence of inorganic filler is challenging, and indirect measurements 

such as field emission scanning microscopes(FESEM),12 small angle neutron scattering (SANS),14, 15 

positron annihilation lifetime spectroscopy(PALS)16 and differential scanning calorimetry (DSC)17 

are therefore used. Further, the effect of filler size, shape and loading on the structure of the polymer 

at the interface and thus gas separation performance is not clear, and requires trial and error 

experimentation. On the other hand, most of the earlier simulation reports based on either atomistic18 

or coarse grained or multiscale modeling9, 13, 19 simulation approaches have successfully characterized 

the interface between the filler and the polymer. The results indicate the presence of microscopic void 

regions9, 13 or pore blockage19 or the formation of a rigidified region.20 Zhang et al.2 investigated 

H2/CO2 separation performance in a MMM comprising polybenzimidazole (PBI) and zeolitic 

imidazolateframework-7 (ZIF-7) using equilibrium molecular dynamics (EMD) simulations. They 

observed that increase in ZIF-7 loading leads to increase in H2 diffusivity, and attributed this behavior 

to the presence of interfacial voids between ZIF-7 and PBI. Nevertheless, the issue of the influence 

of interfacial structure on gas transport remains an open question; and a thorough investigation of gas 

transport near the interface, including the sorption isotherms considering the structural transitions 

upon gas sorption in-detail through EMD simulations is required to quantitatively understand MMM 

behavior, and provide information necessary for the in silico design for MMMs.  

In this chapter, we investigate the gas transport in a PI-MFI zeolite composite system through EMD 

simulations. PI’s are most extensively investigated membrane materials as they exhibit relatively high 

gas selectivity and permeability. On the other hand, zeolites display superior CO2 adsorption due to 

its higher molecular weight and electrostatic quadrupole moment compared to other light gases. In 

addition, zeolites such as MFI with three dimensional pore networks offer less restrictive pathways 

for gas diffusion, and are therefore attractive materials for the gas separation.    To the best of our 

knowledge, this is the first report that explores the microscopic structure of the polymer at the 

polymer-MFI zeolite interface and its influence on the gas transport in the hybrid MMM system in-

detail through EMD simulations. Further, an important aspect of this study is the insight into the gas 

diffusion at the interface (rigidified region) between the polymer and filler. In addition, we extract 

the sorption isotherms in PI and the PI-MFI composite system by considering the structural transitions 
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upon gas sorption, implementing a two-step methodology combining Grand canonical Monte Carlo 

simulations (GCMC) coupled with NPT (Constant Number of particles, Pressure and Temperature) 

equilibrium molecular dynamics (EMD) simulations.  

7.2 Model system and simulations 

Our system comprises a MFI zeolite unit cell sandwiched between two PI polymer-filled regions, 

representing a model MMM, as depicted in Figure 7-1, in which we investigate the interfacial 

structure of the polymer by considering all the soft matter interactions including different competing 

interactions, and the sorption and transport of pure component CO2 and CH4. The system is assumed 

periodic in all three directions. In what follows we describe the main elements of the model, and the 

corresponding interaction potential parameters used in the simulations. 

 

Figure 7-1: Structure of the (a) PI-MFI hybrid system, (b) BPDA-APB polyimide polymer chain, and 

(c) MFI surface. 

7.2.1 Polymer Model 

The model polymer system is composed of 15 flexible PI chains, each having 10 monomers of 

biphenyltetracarboxylic dianhydride (BPDA) and 1,3-bis(4-aminophenoxy)benzene (APB) and was 

generated by following a self-avoiding random walk technique using Packmol.21  

7.2.2 The MFI Surface  

To model the MFI surface, we considered all-silica-type silicalite (MFI) which consists of 

interconnected network of straight and sinusoidal channels having two sets of interconnected 10-ring 

pores of different sizes. Each O-atom in the zeolite was assumed to interact with other atoms in the 

system through both LJ potential and electrostatic interactions, following 
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while Si-atoms were considered to interact only via electrostatic interactions.  Here qi is the 

electrostatic charge on site i. The Si and O- atoms were assigned partial charges of +2 and -1 

respectively. The potential parameters used to represent the MFI surface.23 A 2 x 2 x 3-unit cell (U.C.) 

is used to study the gas transport in the MFI system. In the case of the PI-MFI system, the surface in 

contact with the polymer was cleaved at the (1 0 0) plane, and all the surface oxygen and silica atoms 

were capped with hydrogen atoms and hydroxyl groups respectively. The resulting structure was 

relaxed by employing conjugate gradient method without optimizing the cell dimensions using VASP 

software.24-26 The structure of the MFI surface after relaxation is shown in Figure 7-1(c). The MFI 

surface is treated as rigid in the entire simulation. 

7.2.3 Methodology 

Diffusion coefficient in different regions: The corrected diffusivity, Do, describes the collective 

motion of all adsorbed molecules, and its overall value for the entire hybrid system can be computed 

from EMD simulations using an Einstein relationship, based on the center of mass (COM) motion,29, 

30 following: 

2
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N t→

=

=  −      (7-2) 

where ri(t) is center of mass position vector of molecule i at time t.  

In addition to the overall transport coefficient of the system, we extracted the collective diffusion 

coefficient of gas molecules in different regions, following the method of Zhu et al.31. Here, for a 

given region of length Lx, we calculate a collective coordinate, n, defined as  

( )

i

i s t x

dz
dn

L

=        (7-3) 

where dzi is displacement of gas molecule i in the z direction during time dt in that region. The quantity 

n(t) can be uniquely determined by integrating the above ODE using the stored trajectory data from 

an EMD run. Gas molecules crossing the channel from one region to the other contribute to n by -1 

or +1 based on whether they are entering or leaving the region respectively. The mean square 

displacement (MSD) of n, over sufficiently long time obeys the Einstein relation following31: 
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The net molar flux ( j) of any gas close to equilibrium conditions can be related to Dn as:31 

.n x

c B

D L d
j

A k T dz


=        (7-5) 

where Ac is cross-sectional area of the region of length Lx, kB is the Boltzmann constant, T is the 

temperature of the system and  is chemical potential. More commonly, the net molar flux of a gas 

is calculated from the irreversible thermodynamics-based description of the transport, considering the 

chemical potential gradient as the driving force for the mass transport and diffusion of a single 

component through the system, following the flux model32-34 

o

B

D d
j

k T dz

  
=  

 
      (7-6) 

where Do is collective diffusivity, and  is the ensemble averaged mass density.  The collective 

diffusion coefficient Do can be related Dn , by comparing eq (7-5) and eq (7-6), to yield: 
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Where <Nmol>is the ensemble averaged number of gas molecules in any given region of length Lx. 

We note that, for single component systems the corrected diffusivity is proportional to the Maxwell-

Stefan (MS) diffusivity.35 

The above method was used to determine the collective diffusion coefficient in both the MFI and the 

interfacial region. The latter region could be unequivocally defined based on our simulation results 

of the polymer structure, which showed its thickness to be 1.2 nm for the chosen PI-MFI zeolite 

system, as discussed subsequently. As a cross-check of the collective diffusivity values for the 

different regions determined by the above method, we note that the total resistance for flow through 

the sandwich must additively comprise that for flow in the zeolite, the two interface regions adjacent 

to the zeolite and the two bulk polymer regions. To demonstrate this, we appeal to eq (7-6), and for a 

very small chemical potential difference, the net flux (j) through the overall system of length L, as 

shown in Figure 7-2, can be accordingly written as 

1 2( )oD f f
j

L f

 −
=       (7-8) 
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where f is fugacity, and 𝑓 = 𝑓1 ∼ 𝑓2 =
1

2
(𝑓1 + 𝑓2). Applying eq (7-8) to each region provides 
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where ,1 ,1 ,2 ,2b b I I s s I I b b

eff

L L L L L

L

    


+ + + +
=  is the overall density in the system, b  and I  

are the mean adsorbate densities in the bulk and interfacial regions of the polymer respectively, and 

s  is the mean adsorbate density in the MFI, at the same fugacity f. Further, Do,eff is the overall 

collective transport coefficient of the entire system, while Do,b, Do,I and Do,s are the collective 

diffusivities in the bulk polymer, interfacial region and the zeolite, respectively. Upon rearranging eq 

(7-9) we obtain  

,1 ,1 ,2 ,2
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The diffusivity in the interfacial region can then be obtained as 
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where ,1 ,2b b bL L L+ =  and ,1 ,2I I IL L L+ = . We note here that since the above analysis is based on a 

very small fugacity difference, the diffusion coefficients and adsorbate densities in eq (7-11) represent 

the values at the same fugacity f. Agreement of the value of Do,I using eq (7-11) with that directly 

calculated for the interfacial region using eq (7-7) from the same EMD run (i.e. at the densities and 

diffusion coefficients corresponding to the same uniform fugacity or chemical potential) provides 

confirmation of the results and validity of the methods used here. 
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7.3 Results and discussions 

7.3.1 Interfacial structure characterization 

The structure of the PI in the vicinity of the MFI zeolite was explored by computing the polymer 

density as a function of distance from the MFI zeolite using a binning procedure, where the simulation 

cell is divided into narrow bins of 1 Å each in the direction normal to the surface. Figure 7-3 (a) 

depicts the density of PI as a function of distance from the MFI surface. In Figure 7-3 (a), the region 

‘S’ having zero polymer density represents zeolite MFI. We note here that no polymer penetration 

into MFI pores is observed. The region ‘I’ represents the interface between PI and MFI. It is seen that 

PI shows the layering behavior near the surface with the first layer being 30-40% denser than the bulk 

polymer, indicating the existence of densified polymer at the interface. We note here that the interface 

region has thickness around 1.2 nm, including 2-3 layers of the rigidified polymer, before being bulk-

like in region ‘B’. We also note that no zeolite is included in the interface region. The reported 

interfacial thickness contrasts with literature reported values of 0.04-0.88 μm,56, 57 based on empirical 

fitting of mixed matrix membrane transport data. On the other hand, the above results are consistent 

with recent findings by Semino et al. that the interface void region is extended up to 9-13 Å.9, 13 in 

polymers of intrinsic microporosity in the presence of ZIF-8. Further, the variation of mass density 

of the PI-MFI system with temperature is shown in the Supporting Information (Figure S9). It is seen 

that mass density of the PI-MFI system decreases linearly with increase in temperature with change 

in slope at 600 (± 25) K, corresponding to the glass transition temperature. The increase in glass 

transition temperature with the incorporation of MFI is consistent with the presence of the rigidified 

region at the interface. 

Figure 7-2: Schematic representation of different regions in MMM with the non-ideal interface. 
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Figure 7-3: (a) Density profile of PI in the PI-MFI composite system at T=300K, (b) Temperature 

dependence of the density of PI and PI-MFI composite. 

 In addition, the local chain confirmation of the PI polymer in the bulk and rigidified region has been 

explored through the radial distribution function (RDF), i.e. atom-atom pair correlation function g(r) 

between the aromatic carbons in PI (Carom- Carom units) separated by a distance r. Figure 7-4(a) depicts 

the Carom- Carom intermolecular RDF of PI polymer in the bulk and rigidified region at 300 K. A very 

slight shift towards left for the first two peaks which corresponds to closest contacts between Carom- 

Carom units in the rigidified region is observed. We note that all the peaks in the rigidified region is 

accompanied by increase in intensity of the intermolecular peaks. This suggests increase in number 

of intermolecular contacts in the rigidified region, an additional indication of the existence of the 

rigidified interfacial region. Further, the distribution of FVEs analysis confirms the absence of free 

volume elements larger than about 4 Å in the rigidified region as shown in Figure 7-4(b). 
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Figure 7-4: (a) Carom−Carom intermolecular RDF of the PI in the bulk and rigidified regions, and (b) 

cumulative distribution of FVEs in PI in the bulk and rigidified regions at 300K. 
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7.3.2 Sorption isotherms in PI-MFI composite 

It is expected that incorporation of MFI into PI will lead to significant increase in the gas sorption 

capacity of the composite system compared to the neat polymer, due to the higher gas adsorption 

capacity of the MFI zeolite. The gas sorption capacity in the PI-MFI composite system is investigated 

by exploring the gas sorption isotherms using GCMC simulations coupled with EMD simulations in 

the isobaric ensemble as described in Chapter 3 and elsewhere.42 Figure 7-5 (a)-(b) shows the sorption 

isotherms of pure component CO2 and CH4 in the PI-MFI composite membrane in the temperature 

range of 300-500 K. It is seen that the gas absorption is significantly enhanced by the incorporation 

of MFI zeolite into PI. Further, we note that gas sorption increases with increase in pressure at a given 

temperature. The sorption isotherm of each gas considered was fitted using a DM sorption model. 

The dashed lines in Figure 7-5, represent the isotherms fitted using DM sorption model. The fitting 

parameters of the DM sorption model, 
'

HC  and kd from this study, are tabulated in Table 7-1 and the 

solubility coefficients of CO2 and CH4 at infinite dilution in the PI membrane, MFI membrane and 

PI-MFI membrane at 300 K are tabulated in Table 7-2. 
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Figure 7-5: Sorption isotherms of (a) CO2 and (b) CH4 in PI-MFI composite membrane at various 

temperatures. The dashed lines indicate the fitted sorption isotherms using the DM sorption model. 
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Table 7-1: Temperature variation of fitting parameters of the DM sorption model in PI-MFI system. 

T (K) '

HC  (cc (STP)/cc.atm) kd (cc (STP)/cc.atm) 

CO2 CH4 CO2 CH4 

300 65.22 4.862 0.21 0.472 

350 16.75 1.495 0.18 0.26 

400 4.50 0.768 0.56 0.14 

450 2.10 0.416 0.24 0.08 

500 0.71 0.175 0.138 0.0263 

 

Table 7-2: Comparison of solubility and diffusion coefficients of CO2 and CH4 in PI, MFI and PI-

MFI composite membranes at 300K. 

Membrane S (cc (STP)/cc.atm) Do (m
2/sec) 

CO2 CH4 CO2 CH4 

PI 16(±1.0) 1.5(±0.5) 5.5(±1.0) x 10-12 1.6(±0.5) x 10-12 

MFI 13(±1.0) 1.2(±0.3) 2.6(±0.8) x 10-9 1.7(±0.5) x 10-8 

PI-MFI 60(±5) 4.8(±0.8) 3.8(±0.8) x 10-12 1.1(±0.4) x 10-12 

 

Further, we note that the presence of the rigidified layer affects the gas sorption the polymer in the 

PI-MFI hybrid system. To demonstrate this, we compared the sorption isotherms in PI in the presence 

of MFI at 300K with those in the neat PI as shown in Figure 7-6 (a)-(b). It is seen that gas sorption 

capacity of PI in the presence of MFI for both CO2 and CH4 is less than that of the neat PI. This is 

due to presence of the 1.2 nm thick rigidified region near the MFI surface. Further, we note that this 

effect is more pronounced for CH4 than CO2.  
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Figure 7-6:Sorption isotherms of (a) CO2 and (b) CH4 in PI with and without MFI at 300 K. The 

dotted lines indicate the fitted sorption isotherms using the DM sorption model. 

Figure 7-7 shows the temperature dependence of simulated solubility coefficients for CO2 and CH4 

in PI-MFI hybrid system at temperatures from 300 to 500 K. It is observed that the solubility of CO2 

and CH4 significantly increases compared to the neat polymer. Further, it is seen that solubility of the 

gases decreases with increase in temperature, leading to negative heat of solutions of for CO2 and 

CH4, consistent with the sorption being exothermic. The heats of solutions, computed from eq (17), 

for CO2 and CH4 are -17.8 (±1.5) kJ/mol and -19.6 (±1.2) kJ/mol respectively.  Interestingly, the heat 

of absorption of CH4 in the composite is larger than that of CO2, although it is lower in both the neat 

PI and the MFI. This is due to the greater reduction of CH4 absorption compared to CO2 in the 

rigidified region, and greater opening up of the pore spaces in this region to CH4 with increase in 

temperature. 

 

 

 

 

 

 

 

Figure 7-7: Temperature dependence of solubility coefficients in PI-MFI composite system. 
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7.3.3 Transport of CO2 and CH4 in PI-MFI composite system  

The diffusion behavior of CO2 and CH4 in the PI-MFI membrane was systematically investigated in 

the direction normal to the surface by computing pure component collective diffusivities of each gas 

in the temperature range of 300-500 K. At 300 K, the calculated values of Do in the direction normal 

to the surface for CO2 and CH4 in the PI-MFI hybrid system are 3.8 (± 0.8) × 10-12 and 1.1 (± 0.3) × 

10-12 m2/sec respectively. Figure 7-8 (a) depicts the temperature dependence of the collective-

diffusion coefficients of CO2 and CH4 in the composite membrane normal to the surface in the 

temperature range of 300-500 K. It is seen that the temperature dependence of the collective-diffusion 

coefficients of CO2 and CH4 follow Arrhenius-type behavior, with activation energies of 19.23 (± 3) 

kJ/mole and 20.95 (± 2) kJ/mole respectively. We note that the overall collective diffusion coefficient 

for both CO2 and CH4 in the PI-MFI hybrid system is lower than that of both the neat polymer and 

the MFI zeolite, which may be attributed the presence of the rigidified region at the interface. The 

diffusion coefficients of CO2 and CH4 in the PI membrane, MFI membrane and PI-MFI membrane at 

300 K are tabulated in the Supporting Information (Table S5). Therefore, to investigate the gas 

diffusion at the interface, we extracted the gas diffusivities in the rigidified region.  

 

 

 

The diffusion behavior of CO2 and CH4 in the interface region in the direction normal to the surface 

was systematically investigated through the collective diffusion model (eqs (7-3) -(7-7)). Figure 7-8 

(b) depicts the temperature dependence of the Do of CO2 and CH4 in the interface region between PI 

and MFI (rigidified region) in the temperature range of 300-500 K, at 5 atm pressure. At 300 K, the 

calculated values of Do of CO2 and CH4 are 2.75 (± 2) × 10-12 and 7.0 (± 2) × 10-13 m2/sec respectively, 

much lower than the corresponding diffusivities in the neat polymer. Further, a moderate decrease in 

Figure 7-8: Temperature dependence of corrected diffusivities of CO2 and CH4 in the a) PI-

MFI composite membrane and b) rigidified interfacial layer. 
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Do with increase in loading is observed for CO2 and CH4, as shown in Figure 7-9 (a). We note that 

gas diffusion at the interface in the xy- direction is slightly higher than the gas diffusion in the z-

direction (normal to MFI surface), as shown in Figure 7-9 (b), which is due to the more uniform 

potential in the xy-direction than that in the z-direction. This suggests that the diffusion in the 

interface layer is slightly anisotropic. In addition, it is seen that the diffusion in the rigidified 

interfacial region is an activated process, with the temperature dependence of the collective-diffusion 

coefficients of CO2 and CH4 following Arrhenius-type behavior. The activation energies for CO2 and 

CH4 in the interface region, computed from eq (18), are 21 (± 3) kJ/mole and 19.0 (± 2) kJ/mole 

respectively. 
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Figure 7-9: Temperature dependence of corrected diffusivities of CO2 and CH4 in z and xy- directions 

in the interfacial region in the PI-MFI hybrid membrane. 

To demonstrate accuracy of the extracted diffusion coefficients in the interface region, we computed 

the gas diffusivities calculated using eq (7-11). Figure 7-10 depicts the comparison of extracted (based 

on the collective diffusion model in eqs (7-3) -(7-7) and calculated (based on eq (7-7)) interfacial gas 

diffusivities, showing good agreement between the estimates, confirming consistency of the methods 

used. This agreement also confirms the additivity of resistances in the zeolite, interfacial layer and 

the bulk-like polymer region in influencing permeation in the composite, as follows from eq (7-11). 
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7.3.4 Effect of zeolite crystal size on interfacial layer properties 

Figure 7-11 (a)-(c) depicts the crystal size dependence of the structure of the polymer near the 

interface and the gas diffusivity in the interface region. We considered crystals of 1, 2 and 4 unit cells 

size in the z-direction and explored the polymer density profiles.  It is seen that the structure of the 

polymer in the interfacial region is independent of the crystal size, with thickness of the interface 

around 1.2 nm in all the cases, and the first layer 30-40% denser than the bulk. In addition, we 

observed that the corrected diffusivity of the gases in the interface region is independent of crystal 

size, due to the structure of the polymer being independent of the crystal size. However, the gas 

diffusion in the zeolite may depend on the size of the crystal as well as framework flexibility, which 

needs further investigation. 

 

Figure 7-10: Comparison of the calculated (eq (12)) and extracted (eq (8)) diffusion coefficients in 

the interface region between the PI and MFI in PI-MFI composite membrane. 
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7.3.5 Separation performance of PI-MFI composite membrane 

Figure 7-12 depicts a comparison of the temperature dependence of the diffusivity selectivity of CO2 

over CH4 in PI, PI-MFI membrane and the rigidified region at the interface between PI and MFI, in 

the temperature range of 300-500 K. It is seen that PI-MFI system shows higher CO2/CH4 diffusivity 

selectivity than the pure PI membrane system at all temperatures, and at 300 K the calculated 

diffusivity selectivity of CO2 over CH4 in the PI-MFI hybrid membrane is 3.6 (± 0.5), which is 16% 

higher than the corresponding neat polymer membrane. This selectivity increase in the composite is 

due to the extra resistance offered in the rigidified region to the gas with larger kinetic diameter, CH4 

in this case. Further, we note that selectivity of CO2 over CH4 in the rigidified region is around 30% 

higher than the pure polymer. It is seen that diffusivity selectivity of CO2 over CH4 decreases with 

increase in temperature for PI-MFI. This may be attributed to the presence of polymer rich phase 

(75% vol) in PI-MFI system, and similar behavior to that of pure PI is expected. On the other hand, 

it is seen that diffusivity selectivity of CO2 over CH4 increases with increase in temperature in the 

rigidified region.  

Figure 7-11:Crystal size dependence of the structure of PI in PI+ MFI composite system. (a) 1 U.C. 

(b) 2 U.C. and (c) 4 U.C. 
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Figure 7-12: Temperature dependence of CO2/CH4 diffusivity selectivity in PI, PI-MFI and rigidified 

interfacial region between PI-MFI. 

This is due to the availability of little free volume in the rigidified region, and the polymer structure 

is consequently less dependent on temperature in this region, as shown in Figure 7-13. Further, it may 

also be attributed to the greater increase in availability of narrow FVEs in the polymer at higher 

temperatures that are kinetically closed to the smaller gas molecule, CO2 in this case, at lower 

temperatures.58, 59 Further, we note that selectivity of CO2 over CH4 in the rigidified region is around 

3 times higher than the pure polymer at 500K. 
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Figure 7-13: Temperature dependence of CO2/CH4 diffusivity selectivity in PI, PI-MFI and rigidified 

interfacial region between PI-MFI. 

Figure 7-14 depicts a comparison of the temperature dependence of the diffusivity, solubility and 

perm- selectivity of CO2 over CH4 in PI, PI-MFI membrane and the rigidified region in the 
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temperature range of 300-500 K. At 300 K, the calculated values of diffusivity, solubility and perm- 

selectivity of CO2 over CH4 are 3.6 (±0.3), 15 (±0.6), and 54 (±8.0) respectively. Further, we note 

incorporation of MFI in PI results in 65% improvement in perm-selectivity for CO2, which includes 

around 15% and 50% improvement in the diffusivity and solubility selectivity respectively at 300K.  
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Figure 7-14: (a) Temperature dependence of selectivity of CO2 in PI-MFI membrane, and (b) 

comparison of separation performance of the PI and PI-MFI membranes with Robeson upper bound. 

The diffusivity, solubility and perm-selectivity of CO2 over CH4 in a neat PI polymer and PI-MFI 

composite membrane at 300 K are compared in Table 7-3, showing the composite PI-MFI membrane 

to have higher selectivity at this temperature. While Figure 7-14(a) shows that this selectivity 

decreases with increase in temperature, the PI-MFI composite is nevertheless more selective to CO2 

over CH4 in the temperature range of 300-500K. Further, we note that this selectivity is higher than 

that of the neat PI membrane selectivity at all temperatures. 

Table 7-3: Selectivity of CO2 over CH4 in PI and PI-MFI composite membrane at 300K. 

 

Selectivity 

Membrane system 

PI  PI-MFI composite 

Diffusivity 3.1 (±0.2) 3.6(±0.3) 

Solubility 10.5 (±0.5) 15(±0.6) 

Perm 32.5 (±2) 54(±8.0) 

 

A comparison of permeability against selectivity of PI membrane and PI-MFI membrane at 300 K is 

shown in Figure 7-14(b). It is seen that incorporation of MFI into PI polymer leads to increase in both 
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permeability and selectivity, exhibiting overall performance slightly above the Robeson upper bound 

plot.60 This is due to the larger resistance offered by the rigidified region to CH4, and the high CO2 

sorption in MFI for CO2, leading to increase in diffusivity and solubility selectivity for CO2 in the 

composite system. On the other hand, decrease in both diffusivity and solubility due to the rigidified 

interface leads to decrease in gas permeability in the PI. However, the latter is compensated by the 

increase in solubility and diffusivity by incorporation of MFI in PI, leading to overall increase in CO2 

permeability as shown in the Figure 7-14(b). Further, by exploring strategies to improve the 

permeability of CO2 in the composite system such as improving the interface between PI and MFI 

zeolite, separation performance well above the Robeson upper bound plot60 should be achievable.  

7.4 Conclusions 

The transport properties of CO2 and CH4 at 5 atm in the temperature range of 300-500 K in a PI-MFI 

composite membrane system have been investigated using equilibrium molecular dynamics 

simulations. It is seen that incorporation of MFI zeolite into PI results in the formation of a densified 

polymer region near the surface having thickness around 1.2 nm, before being bulk-like, contradicting 

earlier empirical fitting-based suggestions of interfacial thickness of the order of 1 micron in MMMs. 

Also, it is seen that crystal size has little effect on the polymer structure at the polymer-filler interface. 

We find that the gas diffusion in the rigidified polymer layer is weakly anisotropic, and is always 

slower than in the bulk polymer, and offers an extra resistance to gas diffusion, especially for the 

molecule having larger molecular kinetic diameter, CH4 in this case. Thus, this rigidified layer 

improves the diffusivity selectivity of CO2 over CH4.  Furthermore, the temperature dependence of 

the collective diffusivity of CO2 and CH4 follows Arrhenius behavior in PI, MFI zeolite and PI+MFI 

hybrid membranes, and at 300 K the calculated diffusivity selectivity of CO2 over CH4 is 3.1(±0.2) 

and 3.6 (±0.3) in the PI and PI-MFI hybrid membrane respectively. The diffusivity selectivity for 

CO2 of pure PI and PI-MFI membranes decreases with increase in temperature.  

The gas sorption isotherms in a PI-MFI hybrid system were extracted via a two-step methodology 

considering the dynamics and structural transitions in the polymer matrix upon gas sorption. Our 

results show that the isotherm curves for gas sorption in PI, MFI and PI-MFI hybrid membranes are 

of ‘dual-mode sorption’ type. It is found that incorporation of MFI into PI improves the solubility 

selectivity of CO2 over CH4, and at 300 K the calculated solubility selectivity of CO2 over CH4 is 

10.5(±1) and 15 (±1) in the PI and PI-MFI hybrid membrane respectively. It is seen that gas sorption 

in the polymer phase of the PI-MFI composite is less than that in the pure polymer due to presence 

of the rigidified region. The solubility selectivity for CO2 of PI and PI-MFI membranes decrease with 

increase in temperature. The perm selectivity of PI-MFI and PI membranes for CO2 are 54 and 32.5 

respectively. In conclusion, a significant increase in CO2 selectivity is observed on incorporation of 
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MFI into PI without compromising the permeability compared to the neat PI polymer membrane, and 

this increase is mediated by the high selectivity of the rigidified interfacial layer.  
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 Interfacial Engineering of Polyimide-ZIF-8 Mixed Matrix 
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8.1 Introduction 

Metal–organic framework (MOF) based mixed matrix membranes (MMM) have received significant 

attention owing to the organic functionality in their bridging ligands, which can interact well with 

polymers.1 This can avoid the presence of non‐selective micro-voids, as evident in MMMs having 

zeolite fillers.2 The future directions for these new filler materials are very promising, primarily 

because of the enormous chemical flexibility of their base structures. Theoretically, innumerable 

MOFs can be fabricated by combining the numerous available linkers and metal ions, to achieve the 

required pore size and chemical flexibility for a gas separation of interest. Substantial work in this 

direction has been done and more than 20000 different MOFs structures being reported within the 

past decade,1, 3, 4 which can then be used as filler materials in MMMs; consequently, screening and 

selection of suitable filler -polymer combination for a given application is challenging. 

Keskin et al.5-7 employed atomistic simulations to investigate gas transport characteristics of neat 

MOF as well as polymer membrane materials, and determined the appropriate MOF/polymer 

combination for gas separation by predicting the performance of a composite membrane based on the 

Maxwell model. However, this model has been shown to be accurate only at small filler loading 

below about 20% by volume.8 Further, this model assumes ideal interface between filler and polymer, 

which is often not the case. Several experimental investigations on MOF-based MMMs report the 

presence of voids at the interface.9-13 and proposed strategies to promote interfacial compatibility 

between the polymer and various MOFs. These strategies include the inclusion of interface agents 

such as ionic liquids (ILs), that serve as wetting agent between the filler and polymer, and show great 

potential due to their unique properties such nonvolatility, high thermal stability, and good intrinsic 

solubility for CO2 gas. For example, Lin et al.12 observed improved gas separation performance when 

a MMM is fabricated with IL-decorated HKUST-1 in PI, as the ILs are successful in restricting the 

formation of nonselective interfacial voids. Vu et al.11 successfully fabricated a MMM having micron-

sized ZIF-67 coated with a thin layer of IL dispersed in PI polymer, leading to significant 

improvement in CO2/CH4 gas separation performance. Further, the most important challenge 

involved in  these membranes are to prevent the aggregation of the particles in the polymer, especially 

at higher filler loadings.10 An effective way to obtain well dispersed MOF and restrain agglomeration 

is by employing “one-pot synthesis” technique, that takes the advantage of using the same solvent for 

MOF synthesis as well as membrane-casting.14 However, the direct experimental characterization of 

the polymer conformation in the presence of inorganic filler is challenging and most of these 

investigations confirmed the presence of leaky interface based on the MMM performance where gas 

permeabilities far beyond the limit of what is theoretically predicted by the Maxwell model have been 

found. 
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While the current imaging techniques such as field emission scanning microscopes(FESEM),15 small 

angle neutron scattering (SANS),16, 17 positron annihilation lifetime spectroscopy(PALS)18 broadband 

dielectric spectroscopy (BDS), small-angle X-ray scattering (SAXS)19, 20 and differential scanning 

calorimetry (DSC) 21 allow characterization of structural defects such as pore blockage, polymer 

rigidification and crystal intergrowth , that of sub-nanometer surface defects is still challenging. 

Further, the effect of filler size, shape and loading on the structure of the polymer at the interface and 

thus gas separation performance is not clear and requires trial and error experimentation. On the other 

hand, many of the earlier simulation reports based on either atomistic22 or coarse grained or multiscale 

modeling23-25 simulation approaches have successfully characterized the interface between the filler 

and the polymer. The results indicate the presence of microscopic void regions24, 25 or pore blockage23 

or the formation of a rigidified region.26  

Recently, Semino et al.27-29 investigated the compatibility between MOF surface and various 

polymers using a multi-scale simulation approach by combining Density Functional Theory (DFT) 

calculations with MD simulations. They found that a micro void region in the vicinity of PIM1-ZIF8 

surface, of 9-15 Å width, exists. This is in agreement with an experimental finding that the 

compatibility between the PIM-1 and ZIF-8 is moderate (REF). In addition, it has been found that 

larger free volume elements of 6-7 Å radius and a higher free volume are available in the interfacial 

region. Further, they also developed a CG model that allows the investigation of much larger systems, 

which can reproduce the salient features of the interface that are in agreement with the findings of 

atomistic simulations.28  By applying this methodology they found that poly(vinyl alcohol) polymer 

penetrates into the open pores of HKUST-1, resulting in surface pore blockage. In addition, Zhang et 

al.30 investigated the H2/CO2 separation performance of a ZIF-7/ PBI membrane through atomistic 

simulations and found that H2 and CO2 have higher permeabilities in the hybrid membrane than the 

corresponding neat polymer membrane. Further, an increase in gas solubility with increase in filler 

loading for both the gases, with little enhancement in H2 selectivity over CH4 has been reported. 

These investigations highlight the capability of atomistic simulations to predict the interfacial 

morphology of the polymer near a surface as well as gas transport characteristics in a model MMM. 

However, the influence of interfacial morphology on gas transport characteristics is yet to be 

investigated. 

In this chapter, the structure of 6FDA-durene PI polymer in the vicinity of the ZIF-8 surface is 

characterized through EMD simulations. Further, an ionic liquid that can be used to promote the 

compatibility between the polymer and ZIF-8 is identified.  In addition, the gas diffusion 

characteristics of 6FDA-durene/ZIF-8 MMM with and without having IL at the interface are 

investigated. Furthermore, we extract the sorption isotherms in PI and the PI/ZIF-8 composite system 
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by considering the structural transitions upon gas sorption, implementing a two-step methodology 

combining Grand canonical Monte Carlo simulations (GCMC) coupled with NPT (Constant Number 

of particles, Pressure and Temperature) equilibrium molecular dynamics (EMD) simulations. 

8.2 Model and methodology 

Our system comprises a ZIF-8 surface sandwiched between two 6FDA-durene PI polymer-filled 

regions, representing a model MMM, in which we investigate the interfacial structure, and the 

sorption and transport of pure component CO2 and CH4. The system is assumed periodic in all three 

directions. In what follows we describe the main elements of the model, and the corresponding 

interaction potential parameters used in the simulations.  

6FDA-durene: Polymer chains each having 35 monomers of 6FDA‐durene (4,4′‐

(hexafluoroisopropylidene) diphthalic anhydride, 2,3,5,6‐tetramethyl‐1,4‐phenylenediamine), as 

depicted in Figure 8-1 (a) is considered. Further, bonded and non-bonded interactions of the polymer 

chains were considered as described in Chapter-3. Further, we note that the partial charges on the 

atoms of polymer were considered in this chapter. To compute the partial charges on atoms of the 

polymer, a short polymer chain having 3 monomers is considered. The positions of all atoms of a 

polymer chain in the system is optimized using Perdew–Burke-Ernzerhof (PBE) function with the 

projector augmented wave (PAW) method, implemented in VASP31-33
 and the charge density files 

generated. Then, the net charges on atoms of the polymer are computed using density derived 

electrostatic and chemical (DDEC6) method, 34, 35 reported to be accurate for the prediction of atomic 

charges in dense molecular systems, such as DNA.35 These atomic charges are used in both EMD as 

well as GCMC simulations. 

                                                                                                  

Figure 8-1: Schematic illustration of structure of (a) 6FDA-durene polyimide polymer, and (b) ZIF-

8. 
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ZIF-8 Surface: To model the MOF surface, ZIF-8 which comprises zinc ions coordinated by four 

imidazolate rings is considered, as shown in the Figure 8-1 (b). We note that ZIF-8 has a pore gate 

size of 3.4 Å, which is larger than the kinetic diameter of CO2 (∼3.2 Å) as well as smaller than that 

of methane (∼3.8 Å), resulting in good separation performance CO2 compared to CH4. The non-

bonded van der Waals (vdW) interactions are incorporated using the Lennard–Jones (LJ) potential 

including the electrostatic interactions of the form: 

12 6

,

4
ij ij i jnon bond

ij ij

i jij ij ij

q q
U

r r r

 
−
    
 = − +           

        (8-1) 

The bonded and non- potential parameters used to represent ZIF-8 are derived on the basis of the 

AMBER force field  as proposed by  Zhang et al.36  This forcefield is successfully employed to 

investigate the structural as well gas transport characteristics  of ZIF-8.37, 38 A 3 x 3 x 3 unit cell (U.C) 

with periodic boundary conditions is used to investigate the gas transport characteristics in the neat 

ZIF-8 membrane system. In the case of the PI/ZIF-8 system, a 2 x 2 x 4 U.C. was considered and the 

surface in contact with the polymer was cleaved at the (0 0 1) plane, and all the surface atoms were 

capped with the imidazolate group. The resulting structure was relaxed by employing conjugate 

gradient method without optimizing the cell dimensions using VASP software.31-33 The ZIF-8 is 

treated flexible molecule in the entire simulation.  

Ionic Liquid:   An ionic liquid, BMIM-BF4 is considered in this investigation to promote the 

compatibility between the polymer and ZIF-8 filler. The bonded and non- potential parameters used 

to represent IL are taken from OPLS/AA forcefield.39 Further, we note that structure of IL’s including 

the density and radial distribution functions computed from our simulations are well in agreement 

with the literature report values.39 

8.3 Results and discussions 

8.3.1 Validation of forcefield 

The ability of the force field to represent 6FDA-durene polymer membrane is illustrated by 

characterizing the polymer structure using volume-temperature relations. Figure 8-2(a) depicts the 

temperature dependence of the specific volume (1/ρ) of 6FDA-durene polymer at 1 atm pressure. Our 

simulation predictions of the density of 6FDA-durene polymer (1.35 (± 0.1) g/cc), are in good 

agreement with the experimental value of 1.31-1.37 g/cc. A linear increase in specific volume of the 

polymer with increase in temperature, with change in slope at 710 (± 10) K corresponding to the glass 

transition temperature (Tg) of the polymer is observed, which compares well with the experimental 

value of 683-697 K. We note here that pressure has negligible effect on the polymer structure up to 

30 atm. Further, the gas- polymer interactions are validated by extracting the gas sorption isotherms 
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Figure 8-2 (b) depicts the pure component sorption isotherms of CO2 and CH4 in 6FDA-durene 

polymer membrane respectively considering the swelling upon gas absorption, at 300 K, and shows 

good agreement with experimental data.  Further, it is seen that the CO2 absorbs strongly than CH4 

in 6FDA-durene polymer membrane. The sorption isotherm of each gas considered was fitted using 

DM sorption model and is shown by the lines in Figure 8-2(b). 

 

Figure 8-2: (a) Variation of specific volume in 6FDA-durene with temperature, and (b) comparison 

of computed gas sorption isotherms at 300 K with experimental data (closed symbols) taken from 

refs. [1,7,40]. 

8.3.2 Gas diffusion in neat polymer and ZIF-8 membranes 

To understand gas diffusion behavior in the neat 6FDA-durene polymer as well as in ZIF-8 

membranes, pure component corrected diffusivities were determined by computing the corrected 

diffusion coefficient of gas molecules by tracking the temporal center-of-mass motion of all the 

adsorbed species in the membrane. Figure 8-3 (a) shows the loading dependence of pure component 

MS diffusivities of CO2 and CH4 in the 6FDA-durene membrane at T= 300 K. It is seen that for 

methane, a moderate increase in diffusivity with increase in loading is observed, while a stronger 

increase in diffusivity with increase in loading, especially at high loadings, is observed for CO2. This 

can be attributed to the plasticization behavior of the polymer at high CO2 loadings. Good agreement 

is found between our simulation predictions and experimentally reported gas diffusivities in the 6FDA-

durene polymer membrane.41, 42 A similar plot showing the loading dependence of pure component 

self as well as corrected diffusivities of CO2 and CH4 in the ZIF-8 membrane at T= 300 K, is depicted 

in Figure 3 (b).  Weak dependency of gas loading on diffusivities of both the gases in neat ZIF-8 

membrane is observed. We note that the flexibility of ZIF-8 is considered while computing the gas 

adsorption as well as diffusion in ZIF-8.  Good agreement is found between our simulation predictions 
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and data from earlier simulations for gas diffusivities in ZIF-8.  We note that both neat polymer and ZIF-

8 membranes are diffusive selective for CO2 over CH4 at all temperatures. 

 

 

 

 

 

 

 

Figure 8-3: Loading dependence of corrected diffusivities of CO2 and CH4 in (a) 6FDA-durene PI 

membrane, and (b) ZIF-8 membrane. Experimental (symbol-stars) and earlier simulation (symbol-

cross) data points are taken from refs. [39,41,42]. 

8.3.3  PI/ZIF-8 composite system 

The system comprises a ZIF-8 unit cell sandwiched between two 6FDA-durene PI polymer-filled 

regions, representing a model MMM, as depicted in Figure 8-4 (a). The system is assumed periodic 

in all three directions. A magnified view of the polymer/ZIF-8 interface is shown in the inset of Figure 

8-4 (a), where sub-nanometer size voids are visually evident. Further, the structure of 6FDA-durene 

in the vicinity of the ZIF-8 was explored by computing the polymer density as a function of distance 

from the ZIF-8 surface using a binning procedure, where the simulation cell was divided into narrow 

bins of 1 Å each in the direction normal to the surface. Figure 8-4(b) depicts the density of PI as well 

as ZIF-8 as a function of position, normal to the surface in the simulation box. In Figure 8-4 (b), the 

region having zero polymer density represents the ZIF-8 surface. It is observed that a low-density 

polymer region exists near the ZIF-8 surface, of thickness around 7 - 10 Å. The reported interfacial 

region thickness is consistent with recent findings by Semino et al.29 that the interface void region is 

extended up to 9-13 Å in polymers of intrinsic micro-porosity in the presence of ZIF-8. We note that 

no polymer penetration into ZIF-8 pores is observed and no ZIF-8 is included in the calculation of 

interface region thickness. 
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Figure 8-4: (a) Structure of 6FDA-durene in the PI-ZIF-8 composite system, highlighting sub- 

nanometer voids at the interface, and (b) density profile of PI in the PI-ZIF-8 composite system at 

300 K. A magnified view of density profile in the interface region is shown in the inset.                            

Further, the structure of polymer in the interfacial region as well as in the bulk region is analyzed by 

computing the distribution of free volume elements (FVE) in the polymer.  The presence of larger 

FVEs of radius 4 – 6 Å in the interfacial region is evident, when compared to bulk region where FVEs 

smaller than 4 Å radius are present, as shown in Figure 8-5 (a). In addition, the diffusion behavior of 

CO2 and CH4 in the interface region in the direction normal to the surface was systematically 

investigated through the collective diffusion model, as described in Chapter-7. Figure 8-5(b) depicts 

the loading dependence of the Do of CO2 and CH4 in the interface region between PI and ZIF-8 (low 

polymer density region) at 300 K. It is seen that gas diffusivity in the interfacial region is much higher 

than the corresponding diffusivity in the neat polymer, due to the presence of larger free volume 

elements in the interfacial region. In addition, the increase in gas diffusivity in the interfacial region 

is more pronounced for methane than CO2. This is because the availability of larger free volume 

elements in the interfacial region promotes methane diffusion, this being a lighter and more weakly 

adsorbed molecule, as opposed to the neat polymer membrane which offers greater resistance to 

methane diffusion, which has larger molecular size (kinetically larger molecule than CO2). 

(a) 
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Figure 8-5: (a) Comparison of distribution of FVEs in PI in the bulk and interface region in a PI -ZIF-

8 composite system, and (b) Variation of relative gas diffusivity in PI in the interface region with 

pressure. 

8.3.4 Interface engineering of PI/ZIF-8 system with an ionic liquid 

To promote interfacial compatibility between the polymer and ZIF-8, we used room temperature ionic 

liquids (ILs), that serve as wetting agent between the filler and polymer.  We note that ILs are 

successfully employed to improve the polymer -filler interface morphology and demonstrate 

improved membrane performance especially when separating the mixtures involving CO2 due to their 

good intrinsic solubility for CO2.
11, 12 Here, we identified a suitable IL to fill the voids that exists at 

the interface between the polymer and ZIF-8, to achieve good compatibility between the polymer and 

filler. It was seen that 1-Butyl-3-methylimidazolium tetrafluoroborate [BMIM]+[BF4] 
– has good 

compatibility with the polymer as well as ZIF-8 and was used as the interface agent to fill the sub-

nanometer gaps between the polymer and filler. A schematic illustration of the polymer-ZIF8 system, 

having an IL at the interface is depicted in Figure 8-6 (a). Further, the structure of the polymer in the 

vicinity of the ZIF-8, having IL at the interface was explored by computing the density profiles of 

polymer and IL in the direction normal to the surface. Figure 8-6(b) depicts the density profiles of PI 

as well as IL, as a function position in the simulation box. In Figure 8-6 (b), the region having zero 

polymer density represents the ZIF-8 surface, as indicated in the figure. It is seen that the bulk 

polymer region is followed by an IL region on either side of ZIF-8 surface having density equivalent 

to bulk density of IL at the given temperature, indicating good compatibility between the IL and 

polymer as well as ZIF-8. We note that, no void region at the interface is observed. However, IL can 

penetrate in to the ZIF8, as seen in Figure 8-6(b).  
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Figure 8-6:(a) Structure of a PI-ZIF-8 MMM having ionic liquid at the interface to improve the 

compatibility between the polymer and filler phases, and (b) density profile of PI, ZIF-8 and IL in the 

PI-IL modified ZIF-8 composite membrane system at 300 K. 

To explore the gas separation characteristics of MMMs having IL at the interface, the gas sorption 

isotherms were extracted via a two-step methodology considering the dynamics and structural 

transitions in the polymer matrix upon gas absorption. Figure 8-7 (a) depicts a comparison of the gas 

sorption isotherms in PI-ZIF-8 MMMs with and without IL at the interface. A decrease in gas 

absorption capacity for both the gases is observed in a MMM having IL at the interface in contrast to 

an increase in gas absorption capacity especially for CO2 in a MMM having IL at the interface, as ILs 

are demonstrated to have good CO2 solubility.  This is due to sub nanometer voids present at the 

interface in PI-ZIF-8 MMM act as strong sites. Although, ILs have good intrinsic solubility for CO2, 

the former dominates resulting in overall decrease in gas absorption capacity in MMMs having IL at 

the interface. Further, the pressure dependence of the solubility selectivity of CO2 over CH4 in PI, PI-

ZIF8 and IL-modified PI-ZIF8 membranes at 300 K is depicted in Figure 8-7(b). No significant 

change in the solubility selectivity in the neat PI as well as PI-ZIF8 composite membranes is observed 

at any given pressure. This is attributed to the similar gas sorption capacity of both neat PI and ZIF8 

membranes, at any given pressure.  



187 
 

 

Further, gas diffusion coefficients of MMMs having IL at the interface at various gas loadings and 

300 K were extracted by computing the pure component corrected diffusivities of the gas molecules 

using EMD simulations. Figure 8-8 (a) depicts a comparison of the corrected diffusion coefficients 

of CO2 and CH4 in a MMM with and without IL at the interface. A decrease in gas diffusion 

coefficient for both the gases is observed in a MMM having IL at the interface; this effect is more 

pronounced for methane, as voids present in the PI-ZIF-8 membrane, which are now filled with IL, 

promote methane diffusivity, as methane is a lighter molecule. This leads to a sharp increase in 

diffusivity selectivity of CO2 over methane in a MMM having IL at the interface as depicted in Figure 

8-8(b). However, the diffusivity selectivity of neat polymer membrane above 4 atm, the plasticization 

pressure of the neat polymer, is higher than that of both the composite systems, and is attributed to 

plasticization resistance of the polymer having inclusion of ZIF-8, which will be discussed 

subsequently. 
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Figure 8-7:A comparison of (a) sorption isotherms, and the (b) solubility selectivity of pure 

component CO2 and CH4 in PI-ZIF8 and PI-IL modified ZIF8 membranes at T = 300 K. Dotted 

lines are given as a guide for the eye. 
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Figure 8-8: Variation of (a) pure-component corrected diffusivities, and (b) diffusivity selectivity of 

CO2 and CH4 in neat PI and PI-IL modified ZIF-8 membranes with pressure at 300 K. 

A comparison of CO2 and CH4 permeabilities in PI, PI-ZIF-8 and PI-IL modified ZIF-8 membranes 

with pressure is depicted in Figure 8-9 (a)-(b). Below plasticization pressure of the polymer, a 3-fold 

increase in CO2 permeability in a MMM having ZIF-8 in 6FDA-durene PI polymer matrix compared 

to the neat polymer membrane, at the cost of perm-selectivity is observed, as shown in Figure 9 (c). 

This further confirms the presence of void region at the interface between polymer and ZIF-8. 

However, with further inclusion of ionic liquid at the ZIF8 surface, the resulting MMM has higher 

gas permeability compared to the corresponding neat polymer membrane, but lower than that of the 

unmodified PI-ZIF-8 membrane, with little improvement in the perm-selectivity.  

The permeability of methane in neat 6FDA-durene PI polymer membrane decreases with increase in 

loading, in all the cases as expected. On the other hand, it is seen that permeability of CO2 decreases 

up to about 4 atm pressure and then increases with increase in loading. This increase in permeability 

with increase in pressure has also been observed experimentally45, 46 at around 5 atm pressure, 

corresponding to the plasticization pressure of the polymer. Beyond the plasticization pressure, sharp 

increase in gas diffusivity dominates the effect of decrease in solubility with increase in pressure, 

leading to increase in permeability with increase in pressure. Although there exists a weak interaction 

between the 6FDA-durene polymer and ZIF-8, the resulting membrane interestingly exhibits 

plasticization resistance even up to 10 atm pressure upon CO2 absorption. Similar behavior is reported 

in the HKUST-1-6FDA-DAM MMM system, with no plasticization up to 50 atm pressure, suggesting 

unusual stability.13 The authors attributed this behavior to the restricted polymer chain mobility in the 

presence of surface.  
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Figure 8-9: Variation of pure-gas (a) CO2 and (b) CH4, permeabilities, and (c) CO2/CH4 perm-

selectivity in neat PI and PI-IL modified ZIF-8 membranes with pressure at 300 K. 

To understand this further, the swelling behavior of neat polymer as well as polymer-ZIF-8 composite 

membranes upon CO2 sorption was investigated and is depicted in Figure 8-10. The swelling of the 

polymer in the presence of a gas at any given pressure is computed, following: 

 

 (%) 100swollen unswolloen

unswolloen

V V
swelling x

V

 −
=  
 

   (8-2) 

where swollenV  and unswolloenV are the polymer volumes in the swollen and initial states respectively. We 

note that the polymer swelling is only considered in the PI-ZIF-8 composite membrane and compared 

with swelling of the neat polymer. It is seen that the neat polymer swells to a greater extent than 

polymer that is physically constrained, as seen in Figure 8-10, where the polymer swelling upon gas 

sorption in the PI-ZIF-8 composite membrane is always less than the corresponding neat membrane 

at any given pressure.  This is due to the solid surface that reduces the degrees of freedom in which 

the polymer can swell in the composite membrane, affecting its internal structure. Further, similar 

behavior is also observed in IL modified ZIF-8 dispersed in 6DA-durene PI polymer membrane. 

Furthermore, it may be worth noting that the polymer swelling upon gas sorption in a MMM with 

rigidified polymer layer at the interface can be very different than for the bulk polymer, resulting in 

completely different gas transport characteristics as predicted from models even with non-ideal 

effects included, especially at high pressures, which needs further investigation. 
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Figure 8-10: Comparison of variation of the swelling of polymer in a neat 6FDA-durene PI and 

6FDA-durene-ZIF-8 membranes in the presence of CO2 

8.3.5 Membrane performance 

A comparison of permeability against selectivity of 6FDA-durene PI, PI/ZIF-8 and IL modified 

PI/ZIF-8 membranes at 300 K is shown in Figure 8-11. It is seen that incorporation of ZIF-8 into PI 

polymer leads to an increase in gas permeability at the cost of selectivity, exhibiting overall 

performance slightly above the Robeson upper bound plot.47 This is due to the presence of low 

polymer density region (void region)  near the ZIF8 surface, which promotes methane diffusion over 

CO2 diffusion, the former being a lighter molecule. On the other hand, incorporation of IL modified 

ZIF8 into PI polymer leads to an increase in both gas permeability as well selectivity, exhibiting 

overall performance well above the Robeson upper bound plot.47 This can be attributed to the absence 

of larger voids in the interfacial region which are filled with IL in this case, that act as low resistance 

paths (leaky interface). However, we note the data presented here assumes gas diffusion through 

MMM occurs when polymer and ZIF-8 are in series, which is not always the case. Thus, the 

performance data based on real membrane characteristics can be somewhat different. 
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Figure 8-11: The separation performance of neat PI, PI-ZIF-8 and PI-IL modified ZIF-8 membranes 

with Robeson upper bound at 300 K and 3 atm pressure. 

8.4 Conclusions 

The transport properties of CO2 and CH4 in pure gas conditions in 6FDA-durene PI-ZIF-8 mixed 

matrix membrane (MMM) are investigated through equilibrium molecular dynamics simulations.  It 

is seen that incorporation of ZIF-8 into PI results in the formation of a low-density polymer region 

near the surface having thickness around 7-9 Å. In this region, large free volume elements of 4 – 6 Å 

diameter is present, as opposed to the bulk polymer region where free volume elements of less than 

4 Å diameter are present. In the low-density polymer region that exists at the interface, CO2 diffuses 

an order of magnitude faster, while methane diffuses 2-orders of magnitude faster than in the bulk 

polymer. Further, a 3-fold increase in CO2 permeability in ZIF-8-6FDA-durene MMM compared to 

the neat polymer membrane, at the cost of perm-selectivity due to the presence of larger voids is 

observed. Interestingly, in a ZIF-8-6FDA-durene PI MMM, no plasticization is observed for CO2 up 

to 10 atm pressure, as opposed to the neat polymer membrane that exhibits plasticization at 4 atm 

pressure. This is due to the solid surface that reduces the degrees of freedom over which the polymer 

can swell in the composite membrane, resulting in lower polymer swelling in the composite 

membrane than in the neat polymer membrane. In addition, to promote the compatibility between the 

6FDA-durene polymer and ZIF-8, an ionic liquid (BMIM-BF4), which has favorable interactions 

with polymer as well as ZIF-8 is identified. The gas diffusion characteristics of 6FDA-durene/ZIF-8 

MMM with and without having IL at the interface are investigated.  

The gas sorption isotherms in PI and PI-/ZIF-8 (with and without modifying by IL) hybrid systems, 

were extracted via a two-step methodology considering the dynamics and structural transitions in the 
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polymer matrix upon gas absorption. Our results show that the isotherm curves for gas sorption in PI 

and PI/ZIF-8 hybrid membranes are of ‘dual-mode sorption’ type. It is found that incorporation of 

ZIF-8 into PI has no significant effect on the solubility selectivity of CO2 over CH4 at 300 K. It is 

seen that voids present near the interface act as strong sorption sites for both the gases, leading to 

higher gas sorption capacity in the PI-ZIF8 composite membrane than expected. A modest increase 

in CO2 solubility selectivity over methane occurs at low pressures, while no significant difference at 

higher pressures than that of neat polymer is observed.  In conclusion, a significant increase in CO2 

permeability is observed on incorporation of IL modified ZIF-8 into PI with little increase in perm-

selectivity of the composite membrane compared to the neat PI polymer membrane, leading to a 

performance well above the Robeson upper bound. 
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9.1 Conclusions 

This thesis has provided a thorough understanding of polymer structure near a surface for the 

information necessary to design advanced membrane-based gas separation technologies such as 

mixed matrix membranes (MMM). Beyond MMMs, understanding of static and dynamic properties 

of polymers at solid surfaces find use in a host of applications such as thin films or polymer-based 

composites.  

The transport properties of CO2 and CH4 in the temperature range of 300-500 K in neat polyimide 

(PI) polymer membranes has been investigated using equilibrium molecular dynamics simulations. 

The corrected diffusivities of CO2 and CH4 in neat PI membranes are in the order of 10-11-10-12 m2/sec, 

and qualitatively as well as quantitatively in good agreement with experimental reports. The gas 

sorption isotherms in neat polymer membranes were extracted via a two-step methodology 

considering the dynamics and structural transitions in the polymer matrix upon gas sorption. Further, 

analysis of membrane behavior under practical conditions using EMD-based transport coefficients 

shows that, while the CO2/CH4 perm-selectivity increases with an increase in pressure based on pure 

component data, the trend is opposite for mixture data. Thus, the commonly used approach of 

screening membrane materials based on pure component data can be misleading, as it overlooks the 

correlation effects arising from the presence of other species in the mixture. 

The analysis of interfacial structure of PI at the surface of a silicalite zeolite indicate the 

formation of densified polymer layers (rigidified region) near the surface. It is seen that interfacial 

region thickness, the polymer region that is affected in the presence of the filler before bulk-like 

behavior of the polymer is attained, is around 1.2 nm, contrary to empirical fits suggesting the 

existence of an approximately 1 micron thick interface between the polymer and filler. Further, the 

gas transport properties are determined in the interface region, including the sorption isotherms 

considering the structural transitions upon gas sorption in detail through EMD simulations. A 

significant increase in CO2/CH4 selectivity as well as gas permeability is observed in the PI-MFI 

composite membrane compared to that in the pure PI polymer membrane, which is correlated with 

the high selectivity of the rigidified interfacial layer in the polymer. Thus, while enhancing transport 

resistance, the rigidified layer is beneficial to membrane selectivity, leading to improved performance 

based on the Robeson upper bound plot for polymers. 

Finally, it is seen that incorporation of ZIF-8 into PI results in formation of sub-nanometer defects 

near the polymer-filler interface, resulting a 3-fold increase in CO2 permeability in ZIF-8-6FDA-

durene MMM compared to the neat polymer membrane, at the cost of perm-selectivity due to the 

presence of larger voids is observed. This investigation also included strategies to minimise interfacial 
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defects such as nano-scale voids to promote compatibility between the polymer and filler, so as to 

achieve the separation performances surpassing the Robeson upper bound limit in the MMMs.  

Further, by considering the contributions of intra-crystalline and internal interfacial resistance, this 

thesis has developed an approach to quantitatively assess the internal interfacial barriers to gas 

transport, especially in channel-like nanoporous materials. It is found that the internal interfacial 

barriers due to the phase boundary contribute significantly to the gas transport resistance at the 

nanoscale in zeolites, especially when the surface has a uniform morphology as well as when a dense 

surrounding media such as a polymer is present.  

9.2 Recommendations 

On the basis of these insights, the work in the following directions are anticipated for improved design 

of new generation separation processes such as MMM and ultra-thin membranes. 

Connecting to the multiscale: The present thesis evaluated the gas transport characteristics of the 

polymer, filler and polymer-filler composite membranes at any given temperature and pressure 

through EMD simulations, which ignores the practical scenario of pressure gradient that exists across 

a membrane of given thickness. Thus, direct validation of EMD results with experimental data is not 

straightforward. Further, that gas diffusion characteristics in the composite membrane are extracted 

assuming the polymer and filler are in series, which is not always true. Depending on the loading and 

distribution of filler particles in the membrane, the gas diffusion behaviour in the composite 

membrane can be very different. A multi-scale simulation approach that combines insights from EMD 

simulations with macroscopic simulations is necessary to predict the real membrane behaviour which 

leads to the future study to be more practical and intriguing. Further, an investigating highlighting the 

effect of size, shape and dynamics of the filler in the polymer matrix is required. 

Strategies to improve the compatibility between the polymer and filler: The present investigation 

highlighted the inclusion of interface wetting agents such as ionic liquids (IL), to promote the 

compatibility between the filler and polymer. However, the effect of loading of IL on the separation 

performance of MMM is not fully understood and requires a detailed investigation. Further, a detailed 

investigation on screening and selection of suitable ILs for a given set of membrane materials as well 

as application through atomistic simulations can be done. In addition, a study highlighting the effect 

of presence of different functional groups on polymer and/or on inorganic surface to find a suitable 

functional group that promote the compatibility between the polymer and filler in the interface region 

is required.  
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Screening of the novel filler materials: The present thesis evaluated the structure of polymer near the 

MFI zeolite as well as ZIF-8, and gas transport characteristics in the resulting MMM. However, a 

detailed investigation on screening and selection of suitable filler -polymer combination for a given 

application through atomistic simulations is necessary. Further, state-of-the-art materials such as 

disordered carbons, 1, 2and covalent-organic framework (COF) materials3 considered attractive for 

various industrial environment and energy related separation processes, can be evaluated for their 

performance as filler materials to achieve the separation performances surpassing the Robeson upper 

bound limit in the MMMs.  

Interfacial barriers to the gas transport: The present investigation evaluated the contribution of 

interfacial barriers to gas transport assuming the framework is rigid. However, the flexibility of the 

framework can significantly influence interfacial barriers, especially when the molecular size of the 

fluid molecule and available pore size in the membrane are comparable. Further, the contribution of 

interfacial barriers to gas transport is remarkable when a dense surrounding medium such as polymer 

is present, requiring detailed investigation to provide the necessary information for the design of 

MMMs. Furthermore, there remain uncertainties about the influence of pore blockage/constriction, 

grain boundaries, internal pore blockage and surface functionalization on the interfacial barriers. 

Work along these lines is yet to be reported, but would appear to be important to explore strategies 

to manipulate the interfacial barriers to improve the membrane separation performance. 
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