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A B S T R A C T

Mixed matrix membrane materials (MMMs) are gaining much interest in the field of gas separation research.
This work investigates the ‘right’ filler and matrix combination (in terms of phase gas transport compatibility)
in an MMM to achieve maximum selectivity in gas mixtures. Through rigorous computational simulations, it
has been found that by adding a filler with comparable permeability of the faster gas to the polymer matrix
can result in maximum change in selectivity in the matrix. These results have also been compared with the
analytical solutions by various models like Maxwell model. This work also examines the role of interfacial
defects in altering the transport properties of mixtures through the MMMs.
. Introduction

Separation of gas mixtures is an active challenge in both scientific
nd industrial processes. Gas separation methods ranging from thermal
istillation to molecular sieving contribute significantly to the total
nergy consumption in process industry [1,2]. The increasing demand
o reduce energy consumption along with the versatility and economic
enefits makes membrane based gas separation an alternate potential
olution for separation problem. It has gained popularity as a part
f ‘Process Intensification’ (PI) strategy which involves reduction in
he size of a chemical plant without compromising the production
bjective [3,4]. Membrane based gas separation processes use pressure
radient across a membrane material to achieve separation of mixtures.
hus, synthesis of membrane materials with suitable permeability and
eparation factors as well as their structure and configuration is cru-
ial to membrane technology. Process level improvements involving
embrane modules and system design also contribute to its success [4].

Even though the majority of membrane research has been devoted
nto creating new membrane materials, more than 90% of current
ommercial membranes are made from very few (≈10) materials [5].
ut of these, the most common membrane materials are the synthetic
rganic polymers which have low production cost with convenient
rocessability [6–8]. But these materials suffer from shorter lifetime
nd are susceptible to chemical and thermal degradation [8]. Examples
f these organic polymers are polydimethyl siloxane (PDMS), poly-
mides like P84, Matrimid®, and cellulose acetate. Another class of
embrane materials include inorganic porous membranes made of
olecular sieves like zeolites, ZIFs (Zeolitic Imidazolate Frameworks)

∗ Corresponding author.
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and MOFs (Metal Organic Frameworks), oxides or elementary carbon
which have advantages like high selectivity and chemical and thermal
stability, even though they have poor processability and high material
production cost [9,10].

Based on Robeson’s extensive study on various membranes, in gen-
eral, there is a selectivity-permeability trade-off for membranes mate-
rials. These are famously presented in the Robeson plots, where the
selectivity between a gas pair is plotted against the permeability of
the more permeable gas [11,12]. It was observed that when a gas
mixture is passed through a membrane material, the separation factor
for the mixture is inversely proportional to the permeability of the more
permeable gas. Most polymeric membrane materials are not able to
overcome this trade-off and are confined below an ‘upper bound’ which
is characteristic of each gas pair. There are several attempts to redefine
this limitation to boost gas separation by synthesising polymers with
intrinsic microporosity [13–15]. Molecular sieves also fared well with
their high selectivities and permeabilities but their low processability
limits their application in industry [16]. The focus is also directed
towards creating polymer composite membranes with selective layer
materials like porous materials or ionic liquids embedded in polymer
substrates [17–19]. Among those class of membranes are the Mixed
Matrix Membranes (MMMs). These membranes have inorganic molec-
ular sieves like zeolites, ZIFs etc. (filler) embedded within a polymer
matrix. With the mechanical strength and processability of a polymer
and high separation properties of inorganic sieves, MMMs have gained
much popularity in gas separation research.

The concept of Mixed Matrix Membranes was first put forward by
Paul and Kemp when they observed a diffusion time lag during the
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Nomenclature

System Terms

𝐿 MMM block edge length
𝑁𝑓 Number of fillers
𝑟𝑓 Filler radius
𝑇 Temperature
𝑤𝑖𝑛𝑡 Interphase width

Greek Letters

𝛼𝑗 Perm-selectivity in 𝑗th MMM phase
𝛼𝑚𝑚𝑚 Effective MMM selectivity
𝛾𝑖 Perm-ratio of 𝑖th species
𝜙𝑓 Filler volume fraction
𝜙𝑠 Interphase volume fraction
𝜙𝑖𝑛𝑡 Interphase ring volume fraction
𝜋𝑓𝑒𝑒𝑑 Feed pressure
𝜋𝑝𝑒𝑟𝑚 Permeate pressure

Subscripts

𝑖 Gas mixture species (1 for CO2 and 2 for
CH4)

𝑗 Mixed matrix membrane phases (𝑓 for
Filler, 𝑚 for Polymer matrix and 𝑖𝑛𝑡 for
Interphase)

𝑟 Position coordinates (𝑥, 𝑦, 𝑧)

Transport Terms

𝐽𝑖 Flux of 𝑖th species
𝐽𝑖,𝑟 Flux of 𝑖th species in 𝑟 direction
𝐽𝑗,𝑀𝐷 Mixture diffusion correction in 𝑗th MMM

phase
𝑀 Reduced mass of the gas mixture
𝑀𝑖 Molar mass of 𝑖th species
𝑃𝑖 Permeability coefficient of 𝑖th species
𝑝𝑖 Partial pressure of 𝑖th species
𝑃𝑖,𝑗 Permeability coefficient of 𝑖th species in 𝑗th

MMM phase

ermeation of a CO2/CH4 mixture through a PDMS polymer membrane
mbedded with zeolite 5 A crystals (1–4 μm in size) [20]. Thereafter
ultiple studies have been reported where increased selectivities were

bserved when a gas mixture is passed through these two phased mem-
rane materials [21–23]. Recently MMM have been widely investigated
or applications ranging from gas separation to tissue engineering in
iomedicine [24–27]. Thus, extensive studies have been conducted
o fabricate, characterise and modify these materials to suit several
pplications.

Following the experimental success of MMMs, computational and
heoretical researchers have also taken interest in developing insights
nto the flux transport through these materials [28–32]. But due to
he complexity of the problem, the computational studies are mainly
onfined to single gas transport and in ideal systems. Several predictive
ermeation models including the Maxwell model (originally used to
escribe dielectric properties of composite materials) have been de-
eloped to explain the effect of fillers in the polymer matrix [33].
heffel and Tsapatsis have provided a simplistic Fickian approach to
olve gas mixture transport by calculating the transport fluxes through
microporous mixed matrix membrane [34]. In spite of these extensive

heoretical analyses, there is less emphasis on how these insights can
e converted into design parameters for synthesising MMMs.
2

Table 1
The permeability terms involved in the simulation based on the species and the
phase.

Evidently, computational methods can be considered as power-
ful tools for explaining and visualising the transport of gas mixtures
through the mixed matrix membranes and can also prove to be bene-
ficial in designing optimum membranes for a specified gas separation.
The research work presented in this paper aims to propose a general
guideline for choosing the ‘right’ combination of filler and matrix prop-
erties for best possible resultant selectivity. The calculations performed
use the model proposed by Sheffel and Tsapatsis as a starting point to
give these design guidelines [34]. This paper also addresses the effect
of competitive adsorption in filler and possible defects that can arise
from filler polymer interactions.

2. Methods

2.1. Theoretical background

For the present study a Mixed Matrix Membrane or MMM is consid-
ered as a two phased material-porous filler particles (𝑓 ) embedded in a
polymer matrix (𝑚). According to the popular solution-diffusion model,
the flux transport of gas through membranes is controlled by perme-
ation, which involves both sorption and diffusion of gas molecules
in and through the membranes [35,36]. In polymers, the sorption is
calculated using solubility constants. The adsorption of gas molecules
in porous materials on the other hand, is better described by IAST (Ideal
Adsorbed Solution Theory) predictive models and adsorption isotherms
[37].

To incorporate the permeation terms for the membrane compo-
nents, the Fickian flux equation for mass transport is rewritten as
Eq. (1), which is also known as Fickian permeation equation [34].

𝐽𝑖 = −𝑃𝑖

(

𝜕𝑝𝑖
𝜕𝑟

)

(1)

Here, 𝐽𝑖 is the flux of 𝑖th species in the system, 𝑃𝑖 is its permeability
coefficient or permeability which is the product of both sorption coef-
ficient and diffusivity and 𝜕𝑝𝑖

𝜕𝑥 is the partial pressure gradient involved
along 𝑟 axis (𝑟 = 𝑥, 𝑦 or 𝑧). Local variations within the phase can be
represented using a position dependent permeability term. However,
for simplicity, this is omitted in this work.

Throughout the simulation runs, the total flux transport of the gas
mixture is calculated as the sum of fluxes of each individual species,
denoted by 𝑖 which can be derived from their permeabilities inside each
MMM phase (given by 𝑗). ( Table 1)

Thus the overall flux equation can be written as,

𝐽𝑖,𝑟 =
∑

−𝑃𝑖,𝑗

(

𝜕𝑝
𝜕𝑟

)

+ 𝐽𝑗,𝑀𝐷 (2)

𝑗
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Fig. 1. 3D representation of gas transport modelling in MMM.

where,

𝐽𝑗,𝑀𝐷 =

∑

𝑖 𝑀𝑖𝑃𝑖,𝑗
𝜕𝑝
𝜕𝑟

𝑀
(3a)

1
𝑀

=
∑

𝑖

1
𝑀𝑖

(3b)

where 𝑖 represents the component species 1 or 2 in the gas mixture, 𝑟
is the flow direction and can be either 𝑥, 𝑦 or 𝑧 and 𝑗 is the phase of
MMM where the component is permeating (either filler (𝑓 ) or matrix
(𝑚)). Here the species 1 is considered as the more permeable or the
faster gas in the mixture. 𝐽𝑗,𝑀𝐷 gives the mixture diffusion correction
involved in the transport inside each phase and is also dependent on
the molar mass of the individual gases, 𝑀𝑖. There are four different
permeabilities, 𝑃𝑖,𝑗 values associated with each species and phases (See
Table 1): 𝑃1,𝑚 and 𝑃2,𝑚 when gases 1 and 2 pass through the matrix
and 𝑃1,𝑓 and 𝑃2,𝑓 , when the gases are in the filler. Two ratios involving
these permeabilities – perm-selectivity and perm-ratio – are defined to
characterise the effective MMM selectivity.

1. Perm-selectivity (𝛼) — This term is used for characterisation of
the gas mixture in each phase (either in 𝑓 or 𝑚). Perm-selectivity
is given by the ratio of permeabilities between each gas (1 and
2),

𝛼𝑗 =
𝑃1,𝑗

𝑃2,𝑗
(4)

𝑗 is either the filler, 𝑓 or the matrix, 𝑚.
2. Perm-ratio (𝛾) — Perm-ratio is the ratio of permeabilities be-

tween two phases (either 𝑓 or 𝑚) of same species, 𝑖 (1 or 2) in
the MMM, i.e,

𝛾𝑖 =
𝑃𝑖,𝑓

𝑃𝑖,𝑚
(5)

2.2. System details

In this study, the MMM is simulated as a cubic block of polymer
matrix, 𝑚, with dispersed spherical filler particles, 𝑓 . The block size,
𝐿 is 300 nm (thin Matrimid film thickness) and the spherical filler
3

Fig. 2. Simulation conditions applied on the MMM along 𝑥-axis (2D projection).

particles are of variable size, 𝑟𝑓 from 15 nm to 148 nm, (nanoparticles)
and number, 𝑁𝑓 (1–40) (Fig. 1).

The concentration of filler particles in the MMM is given by the filler
volume fraction, 𝜙𝑓 which compares the volume of the filler particles
to the polymer matrix.

𝜙𝑓 = 𝑁𝑓
4𝜋
3

𝑟3𝑓
𝐿3

(6)

The filler volume fraction can be varied by changing either 𝑁𝑓 or
𝑟𝑓 .

2.3. Boundary conditions

The boundary conditions applied here are as per the work of Sheffel
and Tsaptasis [34]. To create a pressure gradient for the mass transport
through the membrane, different feed and permeate pressure conditions
are applied at each boundary of the system along the gradient axis (x-
axis). A 2D projection of the system along with the boundary conditions
are shown in Fig. 2.

• Feed — At the feed side (𝑥 = 0), an equimolar concentration of
gas mixture is introduced at a total pressure of 𝜋𝑓𝑒𝑒𝑑 . i.e,

𝑝1 = 𝑝2 = 0.5𝜋𝑓𝑒𝑒𝑑 (7)

The value of 𝜋𝑓𝑒𝑒𝑑 is taken as 5 bar in the simulations arbitrarily.
• Permeate — The gas mixture is then allowed to flow out from the

permeate side at 𝑥 = 𝐿𝑥, as long as the total partial pressure re-
mains at 𝜋𝑝𝑒𝑟𝑚 (1 bar) and the flux continuity is obeyed according
to mass balance [34].

𝑝1 + 𝑝2 = 𝜋𝑝𝑒𝑟𝑚 (8a)

𝐽1,𝑥
𝐽2,𝑥

=
𝑝1,𝑥
𝑝2,𝑥

(8b)

The flow direction is therefore, along 𝑥-axis and along y- and z-axes,
no pressure gradient is applied. All the simulations are performed at a
constant room temperature at 𝑇 = 298 K.

2.4. Simulation details

The equations stated above were solved numerically for steady state
profiles using the finite element method in COMSOL Mutltiphysics 5.5®
for all the systems [38]. Quadratic Lagrange polynomials were used
to for the discretisation scheme. Mesh independence of the simulation
confirmed through examining the relative change in component fluxes
through successive refinement of the mesh until less than a 0.1%
deviation was observed in the component fluxes.
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Table 2
Parameters used for the constraint and flux equations used in the simulations [39,40]
𝑀1 (CO2) 44 g/mol
𝑀2 (CH4) 16 g/mol
𝜋𝑓𝑒𝑒𝑑 8 bar
𝜋𝑝𝑒𝑟𝑚 1 bar
𝑇 298 K

𝑃1,𝑚 7.16 barrer
𝛼𝑚 17.4
𝑃2,𝑚 0.42 barrer
𝑃1,𝑓 3.13 × 103 barrer
𝛼𝑓 1.5
𝑃2,𝑓 2.09 × 103 barrer

3. Results and discussion

3.1. Simulations on pure matrix

To help validate the proposed simulation method, simulations are
performed in a real polymer system, Matrimid® pristine membrane
which is reported by Castro-Muñoz et al. [39] A CO2/CH4 gas mixture
is passed through the pristine membrane matrix and the transport is
governed by Eqs. (2), (7) and (8). The constraint and permeability
values used in the equations are given in Table 2. The permeability
parameters used for the matrix are the experimental obtained values
reported by Castro-Muñoz et al. [39]

The simulated system and the variation of the partial pressure for
the 1st gas (CO2) are shown in Figure-S1 in the Supporting Information.
𝑝1 varies almost linearly from 4 × 105 Pa, at feed side to ≈0.5 × 105

Pa at the permeate side within the system (Figure-S1a). The partial
pressure difference between the feed side and the permeate side drives
the gas mixture through the matrix and depending on the permeability
difference (or selectivity) between the gases, there will be a difference
in flux at the permeate side between gas 1 (CO2) and gas 2 (CH4). The
effective flux selectivity of the polymer membrane is then calculated
from the ratio of these fluxes, 𝐽1,𝑥 and 𝐽2,𝑥 as 𝛼𝑚𝑚𝑚 (Eq-(9)).

𝛼𝑚𝑚𝑚 =
𝐽1,𝑥
𝐽2,𝑥

(9)

Note that 𝛼𝑚𝑚𝑚 is the mixed matrix membrane selectivity and is
related to the fluxes and not mole fraction. The volume averages of
𝐽1,𝑥 and 𝐽2,𝑥 from all domains are found to be 2.8×10−3 and 1.61×10−4

mol∕(m2 s) respectively. The effective flux selectivity between CO2
and CH4 obtained by the ratio of their fluxes, 𝛼𝑚𝑚𝑚 is 17.4. From
the experimental investigations of Muñoz et al. the pristine polymer
showed a perm-selectivity of 17.4 for the CO2/CH4 mixture, which
is consistent with the simulation results [39]. Thus, this serves an
indication that this methodology can be used to satisfactorily explain
the gas separation behaviour of membranes.

3.2. Simulations on mixed matrix membranes (MMMs)

3.2.1. Real system
Following the control simulations with pure polymer (Matrimid®

pristine membrane), ‘real MMM system’ simulations were performed
by introducing a ZIF-8 spherical filler. For the ‘real system simula-
tions’, a spherical filler of 90 nm is introduced to the matrix which is
equivalent to a volume fraction, 𝜙𝑓 of 0.11 in the matrix (Figure-S2).
A CO2/CH4 gas mixture is then introduced at the feed side according
to the boundary conditions and the transport is governed by the flux
equations. Permeability values of the individual gases in the filler are
taken from the studies of Lai et al. and are listed in Table 2 [40]. It is
worth to be noted that the permeability values of the gas mixture in
ZIF-8 membrane include both inter- and intra-crystalline permeation.
Nonetheless, the reported average permeability values have been used
for the simulation. The permeability values of both gases are ≈ 103
4

Fig. 3. Ideal Matrimid®-pristine membrane/ZIF-8 MMM with the CO2 and CH4 gas
mixture.(a) Variation of partial pressure CO2, 𝑝1 in the MMM. (b) Partial pressure drop
and partial pressure gradient of 𝐶𝑂2∕𝐶𝐻4 mixture inside the MMM. (c) Partial pressure
drop and partial pressure gradient of 𝐶𝑂2∕𝐶𝐻4 mixture inside the ZIF-8 filler.

times higher in the filler than the polymer matrix with different selec-
tivities (𝛼𝑚 > 𝛼𝑓 ). The transport of the gases inside the filler and the
matrix are modified accordingly.

The partial pressure profile for the CO2 gas, 𝑝1 is shown in Fig. 3.
Since the permeability values are higher in the filler, the flux lines
are directed towards the filler. There is a drop of 𝑝1 and 𝑝2 at filler
boundaries due to the presence of the filler particle. As seen from
Fig. 3b, the partial pressures of both gases decrease within the polymer
before entering and exiting the filler. However, the pressure gradient
inside the matrix is not linear. The pressure gradients for both gases
decrease non-linearly before it enters the filler and in turn increases
after they exit from the filler. Both the partial pressure drop and
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Table 3
Effective flux selectivities and Maxwell selectivities as a function of volume fraction,
𝜙𝑓 .

𝜙𝑓 𝛼𝑚𝑚𝑚 𝛼𝑀𝑎𝑥𝑤𝑒𝑙𝑙

0.000 17.40 17.40
0.001 17.40 17.40
0.034 17.39 17.39
0.113 17.37 17.37
0.206 17.34 17.34
0.341 17.32 17.30
0.500 – 17.24
0.900 – 16.41

gradient looks almost constant as their slope is too small within the
filler (due to different permeabilities).

A closer look into the pressure variations inside filler is presented
in Fig. 3c. It is now evident that there is an unequal partial pressure
drop within the filler which supports the permeation of the gases. The
gases in the filler also show a significant difference in their partial
pressure gradient. Since the permeabilities inside the filler are higher
comparable to the polymer matrix, the partial pressure variation will
be lower.

The resultant volume averages of 𝐽1,𝑥 and 𝐽2,𝑥 from the modelled
system are found to be 3.86 × 10−3 and 2.22 × 10−4 mol∕(m2 s) re-
spectively which show an increase from the pure matrix. Despite the
increase in fluxes, the flux selectivity, 𝛼𝑚𝑚𝑚 (ratio of fluxes) remains
almost constant (from 17.4 (pristine) to 17.37).

There have been previous experimental reports which analysed
MMMs with MOFs for CO2 separation [41–43]. In particular, Thompson
and co-workers, have found that the addition of ZIF-8 into Matrimid®
has increased the permeability. However, the mixed gas perm-
selectivity in Matrimid® shows a slight decrease when ZIF-8 is added
at low to medium CO2 partial pressures (Figure 7 of Ref. [41]). Our
simulations are in agreement with their findings.

The simulations are repeated for different volume fractions ranging
from 0.001 to 0.34 by changing the size of the filler or 𝑟𝑓 and the flux
values and selectivities are calculated in each case. These values are
then compared with the effective perm-selectivity values obtained from
Maxwell Model. The Maxwell model is used to analytically calculate the
effective permeabilities in an MMM box with spherical fillers.

𝑃𝑖,𝑒𝑓𝑓 = 𝑃𝑖,𝑚 ×

[

2𝑃𝑖,𝑚(1 − 𝜙𝑓 ) + 𝑃𝑖,𝑓 (1 + 2𝜙𝑓 )
𝑃𝑖,𝑚(2 + 𝜙𝑓 ) + 𝑃𝑖,𝑓 (1 − 𝜙𝑓 )

]

(10)

where 𝑃𝑖,𝑒𝑓𝑓 gives the effective Maxwell permeability for the 𝑖th gas
in the MMM. From these values, the Maxwell perm-selectivity can be
calculated using

𝛼𝑀𝑎𝑥𝑤𝑒𝑙𝑙 =
𝑃1,𝑒𝑓𝑓

𝑃2,𝑒𝑓𝑓
(11)

As seen from Table-S1, when 𝜙𝑓 is varied, the component fluxes
from the simulations and permeabilities from the model increase with
𝜙𝑓 . However, their ratios, the selectivities, show no significant change
(from 17.4 to 17.32) (shown in Table 3). It can also be seen that even
at a concentration of an extrapolated value of 𝜙𝑓 = 90%, the Maxwell
model predicts a selectivity difference of only 1.0 (from 17.4 in pure
matrix to 16.4 in the 90% MMM). Though, Maxwell model reportedly
fares poorly at 𝜙 > 0.2, the absence of a significant selectivity difference
in the matrix, even after adding a highly permeable filler is worth to
be investigated. [33]

3.2.2. Model system
Effect of Matrix and Filler Permeabilities and Selectivities on

MMM Selectivity
Since most of the analytical predictions like Maxwell are mainly

based on the permeability values of each gas and the simulations do
not take the competitive adsorption effects inside the filler into account,
5

the constant selectivity is due to the high mismatch between the filler
and the matrix permeabilities. At 𝑃𝑖,𝑓∕𝑃𝑖,𝑚 → ∞, Eq. (10) breaks down
to

𝑃𝑖,𝑒𝑓𝑓 = 𝑃𝑖,𝑚 ×
2(1 − 𝜙𝑓 )
(2 + 𝜙𝑓 )

(12)

which makes the Maxwell selectivity from Eq. (11) equal to matrix se-
lectivity. To investigate the above hypothesis furthermore, simulations
are performed in a model MMM system.

In this system, a filler with higher volume fraction, 𝜙𝑓 = 0.206
(𝑟𝑓 = 110 nm) is embedded in a matrix block of side dimension 300 nm.
An idealised model gas mixture with an arbitrary equivalent mass of 1
(𝑀1 = 𝑀2 = 1) is passed through the membrane with 𝜋𝑓𝑒𝑒𝑑 = 5 bar with
𝑇 = 298 K with different selectivities and permeabilities. The matrix
and filler selectivities are kept constant at two different sets of values.

1. 𝛼𝑚 = 4 and 𝛼𝑓 = 2 — Here, 𝛼𝑚 > 𝛼𝑓 , similar to the simulations
of CO2/CH4 in the Matrimid® pristine membrane/ZIF-8 MMM.

2. 𝛼𝑚 = 1 and 𝛼𝑓 = 200 — A highly selective filler is embedded on
a non selective matrix. 𝛼𝑚 < 𝛼𝑓 .

A parametric sweep of the permeability values of the first gas in both
filler and the matrix is done where both values are varied from 1×10−2

to 1 × 105 barrer.

Fig. 4. The permeability sweep plot of 𝑃1,𝑓 vs. 𝑃1,𝑚 at constant selectivities, 𝛼𝑓 and
𝛼𝑚.

The effective percentage increase in matrix selectivity when fillers
are added (to make an MMM) is calculated as 𝛼 increase % from Eq. (
𝑚𝑚𝑚 13),
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Fig. 5. Comparison of simulation selectivities with the permeation models.

where 𝛼𝑚𝑚𝑚 is the MMM selectivity. It is then plotted as a function of
filler and matrix permeabilities (Fig. 4).

𝛼𝑚𝑚𝑚increase(%) =
𝛼𝑚𝑚𝑚 − 𝛼𝑚

𝛼𝑚
∗ 100 (13)

In the first case, as seen from Fig. 4a, the % 𝛼𝑚𝑚𝑚 change is very
low. Additionally, there seems to be a reduction in the matrix selectivity
(≈−13.0%) at certain pairs of 𝑃 values at a constant fast gas perm-ratio,
𝛾1 (= 𝑃1,𝑓∕𝑃1,𝑚). The value of 𝛾1 is determined to be ≈1. This indicates
that the effect of the filler is maximum when 𝑃𝑖,𝑓 ≈ 𝑃𝑖,𝑚 or when the
permeability values are comparable. In this case, there is a reduction,
since 𝛼𝑓 < 𝛼𝑚.

The plot of the second case (Fig. 4b) shows a similar behaviour of
𝛼𝑚𝑚𝑚 as that in Fig. 4a with a narrow strip of maximum change. How-
ever, in this case, there is an increase in the matrix selectivity of around
120% (as opposed to the decrease of 13% in the previous combination).
Moreover, the narrow strip of increased selectivity occurs when 𝛾1 ≈ 10.
This perm-ratio value at which the effect of the filler is maximum can
be denoted as 𝛾𝑚𝑎𝑥. It is interesting to note that 𝛾1,𝑚𝑎𝑥 has increased
from 1 to 10 when 𝛼𝑚 is decreased from 4 to 1.

This means that the effective selectivity of MMMs depends on the
compatibility between the phase permeabilities (filler and matrix). This
dependence has not been investigated before. To reaffirm this finding
analytically the selectivities from these simulations are compared with
the perm-selectivity values from predictive permeation models like
Maxwell, Higuchi and Lewis Nielsen models and is plotted in Fig. 5 [33,
44–46]. The equations used to obtain the effective permeability values
for the 𝑖th species according to each model are obtained from literature
and are also provided in the Supporting Information [44–46].

From Fig. 5, it is clear that each of these models shows a peak
increase in the effective matrix selectivity starting from 𝛾1 = 1 to
𝛾1 = 100 with 𝛾1,𝑚𝑎𝑥 ≈ 10 confirming the importance of compatible
filler and matrix permeabilities.

As seen from the two cases, where the filler and matrix selectivities
were different from each other, the fast gas perm-ratio (𝑃𝑖,𝑓∕𝑃𝑖,𝑚) or
𝛾 is not only dependent on the phase permeabilities but also on the
selectivities. The effect of 𝛼𝑚 and 𝛼𝑓 on effective matrix selectivity
increase and 𝛾𝑚𝑎𝑥 is presented in Fig. 6. 𝛼𝑚 is varied from 1 to 40
keeping 𝑃1,𝑓 and 𝛼𝑓 constant at 500 barrer and 100 respectively and
for the plot of 𝛼𝑓 which is varied from 2 to 100, 𝑃1,𝑚 and 𝛼𝑚 are kept
constant at 500 barrer and 1 respectively. The analytical value of 𝛾𝑚𝑎𝑥 is
also calculated by solving for the maximum of the Maxwell selectivities.

As the matrix selectivity is increased and reaches 𝛼𝑓 , 𝛾1,𝑚𝑎𝑥 decreases
from 10 to ≈2 and stays around 2 while 𝛾 increases. The 𝛼
6

2,𝑚𝑎𝑥 𝑚𝑚𝑚
Fig. 6. Dependence of 𝛾𝑚𝑎𝑥 and 𝛼𝑚𝑚𝑚 increase on matrix and filler selectivities.

increase goes down considerably with the increase in 𝛼𝑚 as well.
The increase in filler selectivity has the opposite effect on the MMM.
𝛾1,𝑚𝑎𝑥 increases from ≈2 to ≈18 and 𝛾2,𝑚𝑎𝑥 diverges from 𝛾1,𝑚𝑎𝑥 and
remains almost constant at higher filler selectivities. The effective ma-
trix selectivity increases rapidly at lower selectivities before reaching a
saturation at 110% for higher values.

A full sweep of selectivity and permeability ratios between the
matrix and the filler is performed to confirm their compatibility. The
matrix is non selective with a permeability of 500 barrer.Perm-ratio of
first (faster) gas, 𝛾1 (𝑃1,𝑓∕𝑃1,𝑚) is varied from 10−5 to 105 and selec-
ratio (𝛼𝑓∕𝛼𝑚) is varied from 10−2 to 102 at a constant volume fraction
at 0.21. Most of the known polymers and fillers has gas permeabilities
and selectivities in this range. The resultant plot is given in Fig. 7. The
effective change in matrix selectivity varies from ≈105% to ≈−45%.
When 𝛼𝑚 < 𝛼𝑓 (top half of the plot), 𝛼𝑚𝑚𝑚 increase occurs at 𝛾1,𝑚𝑎𝑥 ≈ 10.
There is also a decrease in effective matrix selectivity when 𝛼𝑚 > 𝛼𝑓
around 𝛾1,𝑚𝑖𝑛 = 0.1.

This emphasises the effect of filler on MMM selectivity is maximum
only when the matrix and filler permeabilities are comparable. Addition
of high permeable fillers into a low permeable matrix can increase
the overall fluxes and permeabilities, but the selectivity increase for
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Fig. 7. Compatibility plot of filler-matrix permeabilities and selectivities.
such type of membrane is minimal. The maximum perm-ratio and
the extend of this increase seems to depend on the filler and matrix
selectivities as well. Higher the selectivity gap between the polymer
matrix and the filler yields better MMM effective selectivities. When
selectivity of the filler is lower than the matrix, the effective selectivity
of the MMM reduces at a comparable perm-ratio for the faster gas
and remains unchanged at other ratios. However, for maximum effec-
tive MMM selectivity, matching permeabilities outweigh the selectivity
differences.

The importance of matching permeabilities for a highly selective
MMM can be explained as follows. Consider the case when 𝛼𝑚 = 1
and 𝛼𝑓 = 200. As the gas mixture enters from the feed into the MMM,
it encounters a non-selective matrix. Therefore, both gases experience
similar resistance to permeate through the matrix. When the mixture
enters the high selective filler, where the first gas can permeate much
faster, the second gas experiences higher resistance (compared to the
first gas) to permeate through the filler. This will reduce the flux of the
second gas and increase the effective matrix selectivity. But as the gas
mixture exits the filler into the matrix, the first gas now experiences
a higher resistance in the matrix whereas the slower second gas has
similar resistance both in the filler and matrix. In other words, if
the filler does not have any substantial resistance to the slower gas
(compared to that in matrix), the overall selectivity will be dominated
by the matrix selectivity. When the first gas has comparable perme-
abilities in both filler and matrix, the resistance will be similar when
the gas pass through matrix, filler and back to the matrix, whereas the
second gas experience different resistances due to the different phase
selectivities. This can cause a change in their respective fluxes, which
results in an effective increase in flux selectivity. Thus, matching phase
permeabilities can be crucial for achieving high selectivity during gas
separation through the MMMs.

Effect of Filler Concentration on MMM Selectivity at 𝛾1,𝑚𝑎𝑥
Now that the relation between the transport properties of the filler

and matrix has been verified, the dependence of filler concentration
on the effective matrix selectivity has to be investigated. Filler con-
centration inside a non selective matrix is varied at the maximum
perm-ratio of the first gas, 𝛾 = 10 and filler selectivity of 𝛼 = 200.
7

1 𝑓
Fig. 8. Effect of filler concentration on the overall selectivity at 𝛾1 = 10.

As previously stated, 𝜙𝑓 can be increased by either increasing the size
of the filler or the number of particles. The number increase inside
the filler is limiting due to the inter-filler interactions which can cause
agglomeration [26,47]. Therefore, the number increase simulations
are limited to only 20 filler particles in the 300 nm matrix cube.
For the size increase, the particle radius is increased from 25 nm to
130 nm. The dependence of the effective MMM selectivity on the filler
concentration is given in Fig. 8. Here, 𝜙𝑓 is varied by increasing the
size of the filler particle. Figure-S3 gives the comparison between the
concentration change due to size and number increase. With increase
in concentration, the effective matrix selectivity goes on increasing to
around 250% increase at a high filler packing of 34% compared to
pristine polymer. However, this high fraction is challenging to achieve
without agglomeration.
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Effect of Competitive Sorption in the Filler on 𝛾𝑚𝑎𝑥
For the simulations presented in the previous sections, it was as-

sumed that the permeation of each component gas in the filler is
independent of other. In porous fillers, adsorption plays a major role in
gas permeation. During the adsorption, the gases may find themselves
competing for the adsorption sites in the filler. This can alter the overall
filler permeation. The effect of this competitive adsorption in fillers
on the overall effective MMM selectivity, 𝛼𝑚𝑚𝑚, and the maximum
perm-ratio, 𝛾𝑚𝑎𝑥 is investigated in this section.

To achieve that, Fickian permeation equation (Eq. (1)) is rewritten
using the diffusion and adsorption parameters as, [34]

𝐽𝑖 = 𝐷𝑖𝜌𝑞
𝑠𝑎𝑡
𝑖

𝜃𝑖
𝑝𝑖
∇𝑝 (14a)

where the permeability is,

𝑃𝑖 = 𝐷𝑖𝜌𝑞
𝑠𝑎𝑡
𝑖

𝜃𝑖
𝑝𝑖

(14b)

where 𝐷𝑖 is its diffusivity, 𝜌 the density, 𝑞𝑖,𝑠𝑎𝑡 is the saturation loading
and 𝜃𝑖 is the fractional loading of the component 𝑖.

In the previous simulations, the fractional loading of a component 𝑖
is considered independent of the other gas present in the mixture. This
is in accordance with Henry’s formulation for 𝜃𝑖,

𝜃𝐻𝑖 = 𝑏𝐻𝑖 𝑝𝑖 (15)

where 𝑏𝑖,𝐻 the adsorption parameter for the 𝑖th gas.
One of the simplest expressions which describe competitive ad-

sorption is the Langmuir extended formulation which describes the
fractional loading 𝜃 of each gas as,

𝜃𝐿𝑖 =
𝑏𝐿𝑖 𝑝𝑖

1 +
∑

𝑖 𝑏
𝐿
𝑖 𝑝𝑖

(16)

Here, 𝑏𝐿𝑖 is the Langmuir adsorption isotherm. This means that the
𝜃1 and subsequently 𝑃1 is affected not only by 𝑝1, but also 𝑝2. Since
this study is mainly on the selectivity between the two gases, both
permeabilities can be equated as,

𝑃𝐿
1

𝑃𝐿
2

=
𝑃𝐻
1

𝑃𝐻
2

(

𝑏𝐻2
𝑏𝐻1

)(

𝑏𝐿1
𝑏𝐿2

)

(17)

Even though the competitive adsorption can affect the individual
permeation of the gas, the Langmuir perm-selectivity varies only as the
product of the Henry’s perm-selectivity and the ratio of both Henry’s
and Langmuir adsorption terms. The partial pressure gradient terms
are absent from the selectivity equations. Thus, by Langmuir model,
the selectivities are not greatly affected by the competitive adsorption.

The effect of 𝑃𝐻
1 and 𝑃𝐿

1 on effective selectivity 𝛼𝑚𝑚𝑚 and the
perm-ratio, 𝛾1 of the first gas is plotted in Fig. 9. In this case, we
assume that the competitive adsorption between the gases causes an
increased filler selectivity. That is, 𝛼𝐿𝑓 = 10 × 𝛼𝐻𝑓 . In Fig. 9a, the matrix
selectivity is kept constant at 1, for both cases. The onset of the increase
is almost at equal perm-ratio in both cases. The Langmuir curve is
wider with a slightly higher mean value and higher standard deviation
which dies down at higher perm-ratio of 104. This means that the
competitive adsorption increases the perm-ratio window of the first gas
for maximum effectiveness of the filler by a factor of 10. Still, it does
not change the fact that the filler is ineffective when the fast gas perm-
ratio is very high. As we increase 𝛼𝑚 to 4, the curves flatten and shift
towards the left as expected from the selectivity variation. This study
on competitive adsorption can be made more extensive by including
different adsorption isotherms like Langmuir dual-site model and Toth
model, depending on the nature of gases and adsorbents which can
be out of scope for this work [48]. However, the underlying principle
of comparable filler and matrix permeability values still holds true for
the matrix-filler system even with competitive adsorption. An optimum
value for faster gas perm-ratio, 𝛾 should be reached in order to get the
8

1

Fig. 9. Effect of competitive adsorption of gases on the effective selectivity.

maximum effect of filler on the polymer. Competitive adsorption only
shifts the value of the optimum 𝛾1.

Further studies on the effect of different filler shapes have also
been performed, but they failed to provide significant variation in the
final selectivity values (less than 10% variation from the spherical
counterparts).

3.3. Simulations on non Ideal Mixed Matrix Membranes

Up until now, an ideal case of MMM is considered where there is
no interaction between the filler and the polymer matrix. In real cases,
the filler particles can interact with the polymer and an ‘interphase’ is
created at the filler-polymer interface [49,50]. The nature of MMM is
seen to be altered due to the presence of this interface. In this section,
how this can affect the effective MMM selectivity and the faster gas
perm-ratio (𝑃1,𝑓∕𝑃1,𝑚) for maximum MMM selectivity is investigated.

The filler-matrix interphase can arise as either (i) interfacial voids,
(ii) rigidified polymer around the filler, or (iii) pore blockage [33,49].
The experiments will not be able to isolate the effect of the interphase
since the measurements only take an average of the filler effects. Since
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Fig. 10. Non ideal mixed membrane system.

it is relatively simple in theoretical approaches, this distinction is made
possible by adding an interphase at the filler-polymer interface and is
simulated here at perm-ratio of the faster gas, 𝛾1 = 10. (See Fig. 10a).

There have been previous attempts to analyse the effect of this
interphase on MMM permeabilities of gases including very recent works
by Chehrazi et al. and Wan et al. [51–53] The approach employed
here is similar to the work of Nazari et al. but is extended to gas
mixtures [51]. In the interphase, there can be different permeability
values (𝑃𝑖,𝑖𝑛𝑡) for each gas, selectivity (𝛼𝑖𝑛𝑡) as well as interphase volume
fraction, 𝜙𝑠. The interphase volume fraction or 𝜙𝑠 is the measure
of ‘non-ideality’ in the system. It is dependent on the filler volume
fraction, 𝜙𝑓 and width of the interphase, 𝑤𝑖𝑛𝑡. 𝜙𝑠 is given as

𝜙𝑠 =
𝜙𝑓

𝜙𝑓 + 𝜙𝑖𝑛𝑡
(18a)

𝜙𝑖𝑛𝑡 = 𝜙𝑓 ×

[

3
(

𝑤𝑖𝑛𝑡
𝑟𝑓

)

+ 3
(

𝑤𝑖𝑛𝑡
𝑟𝑓

)2
+
(

𝑤𝑖𝑛𝑡
𝑟𝑓

)3
]

(18b)

The effective increase in matrix selectivity,(𝛼𝑚𝑚𝑚 increase) is cal-
culated as a function of 𝑃𝑖,𝑖𝑛𝑡, 𝛼𝑖𝑛𝑡 and 𝜙𝑠 (or 𝑤𝑖𝑛𝑡) and are plotted in
Fig. 11. They are compared with the values obtained from Modified
Maxwell model. Fig. 11a shows the effect of the ratio, 𝑃1,𝑖𝑛𝑡∕𝑃1,𝑚 on the
overall selectivity increase, when an interphase of width 𝑟 ∕5 (18 nm,
9

𝑓

interphase volume fraction, 𝜙𝑠 of 0.58) and selectivity, 𝛼𝑖𝑛𝑡 = 10 is intro-
duced. It is clear that the maximum increase in 𝛼𝑚𝑚𝑚 occurs when 𝑃1,𝑖𝑛𝑡
lies between 𝑃1,𝑚 and 𝑃1,𝑓 . When 𝑃1,𝑖𝑛𝑡 < 𝑃1,𝑚, the interphase becomes
crystalline with a selectivity, 𝛼𝑖𝑛𝑡 of 10. As the crystallinity increases,
there is a reduction in the overall selectivity increase. This means that
the polymer rigidification (which occurs generally in real cases at the
matrix-filler interface) has a negative effect on the overall selectivity
as the 1st gas find it more difficult than its counterpart to permeate
through that region. When 𝑃1,𝑖𝑛𝑡 exceeds 𝑃1,𝑓 the interphase becomes
slightly rubbery with 𝛼𝑖𝑛𝑡 = 10. There is a reduction in 𝛼𝑚𝑚𝑚 increase
in this rubbery region as well. This can be due to the difference in
resistance between the gases when they go from the highly permeating
interphase region to lower permeating filler.

Fig. 11b gives the dependence of interphase selectivity on the
overall selectivity when a crystalline interphase of width 18 nm is
introduced. As the selectivity is varied between 𝛼𝑚 and 𝛼𝑓 , the overall
selectivity increases only slightly from 16.5% to 20.5% before reaching
almost a saturation value of 20.5% beyond the selectivity value of
50. This reinforces that the permeability in different phases is the
controlling factor on the overall MMM selectivity. In Fig. 11c, the width
of the crystalline interphase is varied from 0 nm to 45 nm (half the size
of the filler) and the 𝛼𝑚𝑚𝑚 increase in calculated. The introduction of an
interphase of even 3 nm reduces the overall increase from 50% to 35%.
The decrease continues till a width of 18 nm where a small plateau is
reached till 36 nm. This shows that the effect of the interphase depends
on its size and an increase in size beyond one-fifth the size of the filler
is not essential. In all these cases, the simulation results resemble those
from the modified Maxwell model.

As shown in Fig. 10b, the orientation of the interphase is altered by
introducing an offset in the interphase by 𝛿 nm from the filler centre.
This yields an asymmetrical interphase. The dependence of the effective
selectivity on the shift 𝛿 is plotted in Fig. 11d The resultant selectivity
is effectively constant (a slight reduction from 20.4 to 20.0%) while
straying from the filler centre towards left or right. This offset in the
interphase can have a greater effect in real cases as the partial pressure
gradient can vary according to the position of the interphase. This
cannot be differentiated in the modified Maxwell model. Thus, these
simulation methods can be beneficial in explaining the gas transport in
a non-ideal MMM containing interfacial defect layers.

4. Conclusions

It is already known that the addition of porous fillers in a polymeric
matrix to create a Mixed Matrix Membrane can increase the overall
permeability values of the membrane. This research study provides an
in depth analysis on how these individual permeability values of gases
in the different phases can affect the overall increase in the MMM se-
lectivity. Major conclusions derived from this study can be formulated
as guidelines to obtain the maximum effective MMM selectivity.

• To increase the effective MMM selectivity, the permeabilities of
the faster gas should be comparable in both filler and matrix.

• Higher filler selectivity and concentration yield better selectivity
values as long as they have matching faster gas permeabilities
with the matrix.

• The notion of comparable phase permeabilities is still valid even
in the presence of competitive adsorption or interphase.

From the above observations and conclusions, it is evident that these
simulations provide clear insights on gas mixture transport through
a mixed matrix membrane. These computational studies can serve
as a starting point for finding the recipe for the right filler-matrix
combination aiming for maximum effective selectivity for separation
purposes.
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Fig. 11. Dependence of interphase parameters on the effective 𝛼𝑚𝑚𝑚 increase.
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