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Recent advances in simulating gas permeation
through MOF membranes
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In the last two decades, metal organic frameworks (MOFs) have gained increasing attention in

membrane-based gas separations due to their tunable structural properties. Computational methods

play a critical role in providing molecular-level information about the membrane properties and

Received 11th January 2021,
Accepted 21st July 2021

DOI: 10.1039/d1ma00026h

identifying the most promising MOF membranes for various gas separations. In this review, we discuss
the current state-of-the-art in molecular modeling methods to simulate gas permeation through MOF
membranes and review the recent advancements. We finally address current opportunities and

challenges of simulating gas permeation through MOF membranes to guide the development of high-

rsc.li/materials-advances

1. Introduction

Membrane-based gas separation has environmental and
economic advantages due to its renewable and continuous
operation, and low energy consumption." Membranes today
have several industrially important gas separation applications
such as nitrogen separation from air (O,/N,), natural gas
purification (CO,/CH,, H,S/CH,4, He/CH,), hydrogen recovery
(H»/N,, Hy/CH,4, H,/CO), and recovery of light olefins (C3Hg/N,,
C,H4/N,, C,H,/Ar, CH,/N,).”> The membrane selectivity and gas
permeability (or permeance) are the key parameters to describe
the performance of a membrane. Although the commercial
market is currently dominated by polymeric membranes due to
their scalability and low cost,’ they possess a trade-off between
selectivity and gas permeability.*® There has been continuous
efforts for developing new membrane materials that can offer
both high gas permeability and high gas selectivity for different
types of gas separation processes.

For the last two decades, metal organic frameworks (MOFs),
which are composed of inorganic metal nodes linked by
organic linkers, have been known as an exciting class of porous
materials.® MOFs are studied in many different fields such as
catalysis,” optics,® sensing,” adsorption,’® liquid'' and gas
separation'” due to their exceptional chemical and physical
properties. Among these fields, MOFs have been widely used in
gas adsorption and separation applications since structural
features such as high porosities, large surfaces areas, and
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performance MOF membranes in the future.

tunable shape-selective pore sizes make them highly efficient
for gas separation. Both thin-film MOF membranes and
MOF-based mixed matrix membranes (MMMs) where MOFs
are used as fillers in a polymer matrix are studied for gas
separations. Since fabricating scalable and defect-free thin-film
MOF membranes is challenging, MOF-based MMMs offer the
advantages of easy processability of polymers and low-cost
manufacturing process for industrial gas separations. Several
excellent reviews in the literature summarize experimental
fabrication and applications of thin-film MOF membranes
and MOF-based MMMs."*™°

Thanks to the existence of various types of organic and
inorganic building blocks, the number of synthesized MOFs
available in the Cambridge Structural Database (CSD)*° is
dramatically increasing in each year and more than 100000
MOFs have been already reported. Performing experiments for
each MOF to assess its desired gas separation performance
is highly challenging since fabrication of thin-film MOF
membranes, characterizing membrane structures, and further
measurements of gas permeation through the pores of new
MOF membranes require long times, extensive efforts and
sources. Therefore, computational studies, especially high-
throughput screening studies, play a significant role in assessing
the performance of MOF membranes in a reasonable time in
addition to providing molecular-level understanding of gas
permeation in MOFs.”' By using molecular simulations, it is
possible to quickly and accurately assess the potential of a MOF
membrane for many different gas separations and under different
operational conditions which may not be easily achieved by
experiments.””> Using the key performance metrics, one can
computationally screen MOFs and identify the best performing
membranes to direct the experimental efforts, time and sources to
these potential candidates. Thus, the membrane community

© 2021 The Author(s). Published by the Royal Society of Chemistry
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significantly benefits from the high-quality computer simulations
not only for unlocking the performance of existing MOFs but also
for the discovery of new MOF membranes.

In this review, we first introduce the current state-of-the-art
for the computational approaches used to simulate gas permeation
through MOF membranes. We then discuss the representative
examples from the literature to reveal the recent achievements
in modeling MOF membranes and finally address both the
opportunities and challenges of these computational methods to
provide some guidelines for future studies.

2. Computational methods for
predicting gas permeation

Fig. 1 represents computational methodologies commonly
followed to compute gas permeation through MOF membranes.
In high-throughput computational screening, MOFs are generally
taken from material databases such as CSD MOF subset,?® the
computation-ready experimental (CoRE) MOF>*! database and
hypothetical (computer generated) MOF database.>® As shown in
Fig. 1(a), structural properties of MOFs such as surface areas, pore
sizes, pore volumes, and densities are first calculated and used to
refine the number of MOFs to be studied. For example, if one
wants to identify the promising MOF membranes for H,/CO,
separation, discarding MOFs with pore sizes less than 3.3 A will be
useful to narrow down the materials space so that both H, (2.8 A)
and CO, (3.3 A) molecules can pass through the membrane’s
pores. It is important to note that pore size screening can be done
to obtain molecular sieving membranes where one type of gas
passes through the pores whereas the others do not.>*>® Although
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the selectivity of molecular sieving membranes such as zeolite
imidazolate framework-7 (ZIF-7) was measured to be very high,
gas permeability was generally quite low due to the narrow
pores.?® Therefore, MOFs with pore sizes larger than the size of
the largest gas molecule can be more preferable to achieve both
high selectivity and high permeability. After the selection of
appropriate MOFs for a given membrane-based gas separation,
molecular simulations can be performed to investigate gas
adsorption and diffusion properties of MOFs.

In molecular simulations, the intermolecular interactions
(between gas-gas and MOF-gas) are described with van der
Waals (vdW) and electrostatic interactions. Several potentials in
different level of accuracy such as Morse,® Mie®' and
Buckingham® can be used to compute intermolecular interactions
in molecular simulations. Among these, Lennard-Jones 12-6 (L])**
and Coulomb* potentials are the most popular to define
repulsion-dispersion forces in vdW interactions and electrostatic
interactions, respectively. L] parameters of MOFs are commonly
taken from the generic force fields such as the Universal Force Field
(UFF)* and DREIDING.® On the other hand, complex interactions
such as the ones between gases and open metal sites of MOFs and
structural flexibility of MOFs may require highly accurate force
fields such as MOF-FF*” and BTW-FF.*® Several studies showed that
although generic force fields are not enough to accurately identify
some specific interactions between gas and MOFs’ atoms, these
force fields generally give reasonable results in high-throughput
screening studies.***® We also previously showed that simulated
data of MOFs obtained with generic force fields such as DREIDING
and UFF agree well with those of experimentally tested MOFs for
several gas separations such as H,/CH,,*' CO,/N,,**** H,/CO,,**
CO,/CH,," He/CH,* and C,Hg/C,H,.*® A variety of gas models can
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Computational methodology

—p Thebest

membranes
MOF selection Structural Molecular simulations for gas Membrane performance
from a material database characterization adsorption and diffusion data evaluation metrics
(b) GCMC +EMD approach (c) NEMD approach (d) TST approach
e ¥t ; ; Widom insertion .
The representation of an experimental membrane system method TST

MC and/or GOMC|——{ EMD |
Unit cell of

Henry’s constant, Diffusion
a single gas uptakes coefficients
- T Y

MOF crystal PRIPPF L

Excess chemical ]

!
Hopping rate
|meres

- o -
Barrier Gas bath

Permeability
Selectivity

MOF layer

potential
Diffusion
Solubility coefficients

Vacuum layer

Permeability
Selectivity

Permeability
Selectivity
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tional screening methodology, (b) GCMC + EMD approach, (c) NEMD approach and (d) TST approach.
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be used to obtain L] parameters for gases. For example, TraPPE" is
generally used for CH, which is considered as single-spherical and
nonpolar atoms. Five-site model*® is also used for CH,, and it was
shown that the single-site model leads to higher gas uptake
compared to the results obtained from simulations with the five-
site model of CH,.** Similar to TraPPE model, Buch model*
assumes a single-site and spherical nonpolar atom, and commonly
used for H,. However, single-site H, model can fail to yield accurate
gas uptake predictions at low temperature (~77 K) due to
the quantum effects. Yang et al.®® used two-site model for H,
adsorption and showed that H, uptakes in IRMOF-1 and IRMOF-18
obtained by using two-site model show better agreement with
the experimental measurements of H, uptake at 77 K. Apart from
two-site model, a three-site model with diatomic molecule and a
dummy atom at the center of mass, is also used for H, to consider
the quadratic Feynman-Hibbs (FH) effective potential.>> EPM2,>* a
linear and three-site model, is commonly used for CO, molecule.
Similarly, a three-site model including a dummy atom at the center
of mass is used for 0,>* and N,.” Adatoz and Keskin®® showed the
accuracy of the gas models (single-site model for CH, and H,,
EPM2 for CO, and three-site model of N,) by comparing the gas
permeance predictions with the experimental measurements for
eight common MOFs (IRMOF-1, Ni-MOF-74, MIL-53(Al)), and a
family of ZIFs (-8, -69, -78, -90, and -95) using GCMC + EMD
approach. A good agreement between predicted pure and mixture
gas permeances of these MOFs and experimental measurements
was reported.

To compute the electrostatic interactions, partial point
charges of MOFs are assigned using either a quick charge
estimation method such as charge equilibration method
(Qeq)57 or a more accurate DFT-based but computationally
costly method such as density derived electrostatic and
chemical (DDEC),”® charges from electrostatic potentials using
a grid (CHELPG)® and repeating electrostatic potential
extracted atomic charge (REPEAT)®® methods. We previously
compared DDEC and Q.q methods for CO,/CH, separation
performances of 1500 MOFs and showed that the selection of
charge method can quantitatively affect the performances of
MOFs but it does not significantly change the ranking of MOFs
based on different performance metrics such as regenerability
and adsorbent performance score in a high-throughput com-
putational screening study.®

To examine the gas permeation through MOF membranes,
the solution-diffusion model®*®* which considers the solubility
and mobility of gas molecules in dense membranes is widely
used. Since MOFs have permanent pores and the solubility
term is based on gas adsorption within these pores, we refer to
this model as “sorption-diffusion”. To compute the permeability
of gas molecules, two common computational approaches,
GCMC + EMD (Fig. 1(b)) and NEMD (Fig. 1(c)) are used. In the
first method (GCMC + EMD), the membrane system is mimicked
by using the unit cell of single MOF crystals rather than using a
real membrane system as shown in Fig. 1(b). Here, MOF crystal
is represented by defect-free and continuous single crystallo-
graphic unit cell with no grain boundaries. Henry’s constants of
different gases (K{ and K;) for adsorption are calculated by
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performing Monte Carlo (MC) simulations at zero-coverage by
the Widom particle insertion method.®* In this method, a ghost
particle is inserted to consider only the interactions between gas
and framework atoms. It is important to note that since GCMC +
EMD approach assumes that the molar volume of the fluid in the
membrane phase is the same with the one exists in the bulk
phase, this method is more reliable when different gases in the
mixture do not have a strong interaction with each other at low
pressures.®” Single-component self-diffusivities (D, Df) of gases i
and j are then calculated by performing equilibrium molecular
dynamics (EMD) simulations at infinite dilution. Gas-gas inter-
molecular interactions are generally switched-off in EMD
simulations to mimic infinite dilution. We note that there is
generally an inverse relationship between the adsorption and
diffusion properties of gases since strongly adsorbed gas molecules
(having high affinity to the framework atoms) generally diffuse
slower than the weakly adsorbed ones.** Gas permeability of MOFs
() at infinite dilution is estimated as the multiplication of
adsorption (mol kg™ " Pa~") and diffusion (m* s™') terms which
are directly obtained from MC and EMD simulations:

P} =K} x D} 1)

Self-diffusivities can be computed from the mean square dis-
placement of a tagged particle by using Einstein relation.®® At
non-dilute adsorbate loadings, both self- and corrected diffusivities
can be obtained from EMD simulations. While self-diffusivities
identify the motion of one tagged gas molecule in the framework,
corrected diffusivities describe the collective motion of multiple
adsorbed gas molecules. To compute single-component gas
permeability by using the corrected diffusivities, transport (Fickian)
diffusivity (D;) is defined as the multiplication of corrected

diffusivity and thermodynamic correction factor including
concentration (¢) and partial pressure ( f):
olnf
D.(0) = Do(e) (G5) ®

We note that self- and transport diffusivities of gases for MOFs
differ at high loadings. For example, Skoulidas and Sholl®” showed
that self- and transport diffusivities of Ar, CH,, CO,, N, and H, in
MOF-5 are similar at infinite dilution whereas the diffusion
coefficients are found to be different at high concentration. They
also showed that while self-diffusivities of gases in MOF-5 are
inversely proportional to the gas loading, transported diffusivities
enhance with the increase in gas loading. More detailed discussion
for comparison of transport and self-diffusivities can be found in
previous papers.®®® Gas flux, J;, (mol m 2 s') can be then
calculated using transport diffusivity (m*> s™*) and concentration
gradient (mol m~*) in Fick’s law as follow:

Ji= —D/c)Vc (3)

Gas permeability, P;, (mol m~* s™! Pa™') is then calculated by
using the gas flux, membrane thickness, L,, (m) and the partial
pressure drop, Af;, (Pa) of the gas species as follows:

Ji
b= ML

4)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Gas permeability is generally reported in “Barrer”. Mixture gas
permeabilities (P™™) are calculated using the concentration of
the gas at the upstream face of the membrane, ¢™~, (mol m~?)
obtained from the GCMC simulations at a specified pressure
and gas diffusivities obtained from the EMD simulations, DX
(m?> s") based on the partial pressures of gases in the mixture,
fi» (Pa) as follows:
P}nix _ C?lix x D?lix
fi

We note that adsorbed gas loadings taken from GCMC simula-
tions are used as the input of EMD simulations. Specifically, the
atomic coordinates of adsorbed gas molecules are defined at
the initialization step in EMD simulations. In addition to the
GCMC + EMD and NEMD approaches, transition state theory
(TST)”® can be used to compute diffusion properties of gases
and TST approach has been used to compute membrane
properties of MOFs as shown in Fig. 1(d) in several
studies.”””* In this approach, adsorption properties of MOFs
are computed with the Widom particle insertion method.”
A single gas molecule is inserted into the MOF’s pores and the
energy between MOF atoms and gas molecule is computed.
By using the intermolecular energy, U™, (J), and the thermo-
dynamic beta, B, (J '), the excess chemical potential, x, (J mol )
is obtained as follows:

()

= = Infexp(—f x U™)] ©)

The gas solubility, S, (cm® (STP) J ') is then calculated by using

#ex:
'uex
— 7

o(hr) O
In TST approach, diffusion is described as successful hopping
rates of a molecule from one cage to the adjacent cages. Hopping
rate is also multiplied with a correction factor considering the
failure thermalization to the new state after the successful jump
of the gas molecules which is called dynamically corrected TST.”
By using the hopping (exiting) rate, diffusivity of a single gas
molecule (D) is computed as follows:

1
Dy; = ZkEXlle (8)

3
o _ 22400 cm® (STP) 1

‘ mol RT X

where kgxrr is the exiting rate, [ is the length of jump of gas
molecule (hopping distance between two neighboring cages) and
n is the dimensionality of diffusion. To compute gas permeability,
gas solubility and diffusivity are multiplied as follows:

Pi = DO,i X Si (9)

Membrane selectivity (S3;°™) is then calculated as the ratio of

permeability of different gas pairs (i and j).
P; Pix

mem __ i mem __ mem __ (10)

i/ _E7 i/ Fi’ i/ _Pl_nix
J E J

Selectivity of a MOF membrane can be dominated by either
equilibrium-based selectivity or Kkinetic-based selectivity

© 2021 The Author(s). Published by the Royal Society of Chemistry
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depending on the MOF-gas interactions. The former is attributed
to the thermodynamic selectivity (or adsorption selectivity) and it
can be defined as the separation efficiency based on the
adsorbed gas amounts and their adsorption heats at equilibrium
whereas the kinetic-based selectivity is considered as shape
selectivity (or diffusion selectivity) and the separation efficiency
is based on transport properties of gas molecules through the
pores of the membrane.

Non-equilibrium molecular dynamics (NEMD) simulations
are performed by constructing a more realistic representation of
the membrane system. Fig. 1(c) shows a typical computational
membrane system, which is constructed by gas bath, MOF and
vacuum layers to perform NEMD simulations. An external force
is generally applied for introducing a pressure gradient for gas
molecules considering permeate and retentate sides of the
membrane and feed depletion problem can be tackled using
this external force. Due to periodicity of the unit cell, the
pressure gradient between gas bath and vacuum layer can cause
the gas molecules to escape towards vacuum layer. Therefore, as
shown in Fig. 1(c), a physical barrier such as graphene layer
before gas bath is required.”® The interaction between gas
molecules and the physical barrier should be switched off to
eliminate the effect of physical barrier on membrane gas
separation. NEMD simulations consider mass transfer resistance,
which is a resistance on membrane surface caused by the
diffusion of gases through membrane pores.”””® High mass
transfer resistance on the membrane surface can lead to the
blockage of the membrane pores and diminishes permeability
and membrane selectivity.”” For example, Wenk et al.*® showed
that mass transfer coefficient for O, in a polymeric membrane
decreases as the membrane thickness increases. Although the
thickness of experimentally tested MOF membranes is higher
than the computationally simulated ones, the thickness of MOF
membranes is taken as approximately 40-50 A in computational
studies to save computational time.*®* Therefore, considering
mass transfer resistance in simulations is important to mimic the
real gas separation unit. Different than the GCMC + EMD
approach, membrane properties are directly computed from
NEMD simulations. The amount of gas molecules transported
through the unit area of MOF membrane per unit simulation time
can be calculated as gas flux (J;). Gas permeability (P;) is then
calculated by using eqn (4) as we mentioned above.

In the literature, although a variety of techniques to consider
non-equilibrium conditions in MD simulations has been used
to make more accurate representation of a membrane
system,®*7%¢ the number of studies on NEMD simulations to
estimate gas permeation through MOFs is limited. The most
important reason is that performing NEMD simulations takes
considerably longer times for getting membrane properties of
MOFs compared to performing GCMC + EMD simulations,
which promotes GCMC + EMD approach especially in high-
throughput computational screening studies as we discuss below.

So far, we focused on modelling of pure MOF membranes
for gas separation. MOFs can be also used as filler particles
incorporated into polymers to improve gas permeability and
selectivity of polymers. Fig. 2 shows two different methods used

Mater. Adv., 2021, 2, 5300-5317 | 5303
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in computational studies to estimate selectivity and gas
permeability of MOF-based MMMs. In the first method known
as combination of atomistic and continuum modeling, gas
permeabilities of MOFs are obtained from atomic simulations
and permeability of MOF-based MMMs are estimated by using
a theoretical permeation model (Bruggeman,®” Pal,®® Felske,®’
and Maxwell®® etc.) as shown in Fig. 2(a). When these models
are used, gas permeability data of polymer is generally obtained
from the single-component gas measurements available in the
literature. For example, in Maxwell model, permeability of
MMM is dependent on the volume fraction of MOF filler (¢)
and permeabilities of pure polymer (P) and pure MOF (PM°F)
as follows:

2% (1= ) + (1 +2¢) x (PMOF/pP)
(2+¢) + (1 —¢) x (PMOF/PP)

PMMM — PP %

(11)

Since defect-free and rigid MOF assumptions are generally
used in molecular simulations, representation of MMM
morphologies depends on the selection of theoretical permeation
models. For example, Maxwell model assumes ideal MMMs where
MOF particles are perfectly dispersed in a polymer matrix and no
defects in the polymer-particle interface are observed whereas
Felske model accounts for non-ideal morphologies which include
interface voids and polymer rigidification around particles.
We previously showed that using Maxwell model among the
theoretical models based on the ideal morphology and the
modified Felske model among the ones considering interfacial
morphology make accurate predictions for gas permeation
through MOF-based MMMs.”!

5304 | Mater. Adv, 2021, 2, 5300-5317

In the second method referred as the fully atomistic
approach (Fig. 2(b)), both polymer and MOF are atomically
modelled and the effects of interface interactions on properties
of MOF-based MMMSs are considered in simulation. In this
method, three main steps are generally followed: (i) equilibration
of the selected monomer chains with various EMD simulation
steps at several NVT and NPT ensembles to reach the desired
density of a polymer, (ii) combining polymer and MOF surfaces
having the lowest surface energy within the same simulation
box, (iii) performing several EMD runs for equilibration of the
MMM. This method is nontrivial since creating a proper polymer
matrix and considering the appropriate model for MOF/polymer
interface is computationally costly. After constructing a fully
atomistic representation of MOF-based MMMSs, either GCMC +
EMD or NEMD simulations can be used to predict properties
of MMMs.”>** We note that in fully atomistic simulations,
considering the structural flexibility of MOFs and interfacial
interactions between MOF surfaces and polymers is important
since these interactions play a significant role in identifying
MOF/polymer interface compatibility.®***

3. Simulated membrane properties of
MOFs

Achieving high gas purity using polymer membranes is still
challenging. For example, polymers only have ~10% commercial
use for the natural gas purification due to their low CO, perme-
ability and low CO,/CH, selectivity.” Since polymers dominate the
current market, outperforming the performance of polymers is
the primary goal of developing new membranes for industrial use.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma00026h

Open Access Article. Published on 22 July 2021. Downloaded on 11/1/2025 2:27:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

With the development of efficient MOF membranes and
MOF-based MMMs, high separation performance can be achieved
for various gas pairs.

We compare the performance of MOF membranes and
MOF-based MMMs with that of polymers in Fig. 3 by collecting
all the experimental and computational data available in the
literature for three important gas separations, CO,/CH,, CO,/
N,, and H,/CO,. The performance limit of polymer membranes
is defined with the Robeson’s upper bound®”® for different gas
separations. The upper bound shows the single-component gas
permeation data of polymers generally measured at 35 °C and
1-2 bar. Robeson upper bounds provide empirical relationships
for membrane-based gas separation.®” These upper bounds for
several gas separations show the trade-off between membrane
selectivity and gas permeability for polymeric membranes.
The origin of the trade-off comes from the nature of glassy
and rubbery polymers. Glassy polymers have restricted chain
motions which yield low gas permeability, but they exhibit high
membrane selectivity due to their strong size sieving ability.?®
On the other hand, rubbery polymers exhibit high gas

Experimental MOF membranes

% Computational MOF membranes

View Article Online
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permeability due to their high molecular chain mobility, but
they provide low selectivity due to the ease of gas penetration
through the flexible chains.’® Since polymeric membranes have
been commonly used for industrial applications, the performance
of new membranes such as MOFs is assessed by considering
these upper bounds. Due to a wide range of chemical environments
and high porosities of MOFs, gas permeability and membrane
selectivity of MOFs have been reported in a very large
range.”° In addition, when molecular sieving mechanism is
used to assess the gas separation performances of MOF,
extremely high membrane selectivities (up to 10°) are reported
in the literature.”® For these reasons, it is difficult to observe a
trade-off or define the upper-performance limits of MOF
membranes. We used the experimental data of MOF membranes
and MOF-based MMMs from a recent study™* and collected the
computational data from the corresponding studies listed in
Table 1. The conditions for experimental and simulated
permeation data that we collected from the literature are different
in some cases and we direct the readers to the corresponding
studies listed in Table 1.
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Fig. 3 Experimental and computational performance of MOF membranes and MOF-based MMMs for (a) CO,/CHyg4, (b) CO,/N,, and (c) H,/CO,

separations. The experimental data was redrawn based on the literature.

4 (d) Comparison of simulated and experimental gas permeabilities of 10

different MOFs. Filled (unfilled) symbols represent the single-component (mixture) gas permeability.
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Table 1 Computational studies on MOF membranes and MOF-based MMMs
Performance
MOFs Gas separation Computational methodology Simulation conditions metrics Ref.
CAU-1 H,/CH,4, CO,/CH,, CO,/H,, CO,/N,, NEMD (dual-control plane (DCP)) 1 bar, 298-600 K Prm, Spem 101
Kr/Xe (SC, BM)
Cu-BTC CH,4, C,Hg, C;Hjg (SC, BM, TM) GCMC + EMD 4-55 bar, 298 K D, Sditt, Smem 117
ZIF-8 CH,, C,Hs, C,H, (SC), C,Hs/C,Hg  NEMD (Concentration gradient 2-40 bar, 300 K F, P, Spmem 84
(BM) driven (CGD)-MD)
Bio-MOF-11 CO,/N, (BM) GCMC + EMD 0-20 bar, 298 K P, Saitr, Smem 118
Cu-BDC CO,/CH, (BM) NEMD 4.5-20 bar, 298 K F, P, Smem 119
ZIF-8 H,/N,/CO, (TM) GCMC + EMD, NEMD (CGD-MD) 35 atm, 300 K D, F, Smem 65
ZIF-8, ZIF-67 C3Hg, C3H; (SC) Maxwell-Stefan model NA D, Saist 120
NH,-MIL-53(Al) CO, (SC) GCMC + EMD 273 K D 121
CAU-10-H MOF CO,, N,, CH, (SC) GCMC + EMD, TST Infinite dilution, 300 K Prm, P, Spem 122
MOF-508a, MOF-508b C,H, (SC) EMD 300-900 K D 123
4 mixed-ligand MOFs  CH,/H, (BM) GCMC + EMD 0-20 bar, 298 K P, Sait, Smem 124
MOF-5, CuBTC, ZIF-8,  H,/CH, (SC, BM) GCMC + EMD, NEMD 1 bar, 2-4.5 bar, 298 K F, P, Smem 83
MEFMEQ
ZIF-8, ZIF-67 C,H,, C,H; (SC) EMD, TST 308 K D, St 125
ZIF-8, ZIF-7-8 CO,, CHy, N, (SC) EMD, TST Infinite dilution, 308 K D, Sqisr 71
ZIF-8, ZIF-67, BelF-1, He/CH,, H,/CH,, 0,/N,, CO,/CH,, TST Infinite dilution, 308 K P, Smem 72
ZIF-7-8, Co-ZIF-7-8 CO,/N, (SC)
8 MOFs CO,, H,, He, N,, CH, (SC) GCMC + EMD ~1 bar, ~298 K Prm 56
8 MOFs Xe/Kr, Xe/Ar (BM) GCMC + EMD 0.1-25 bar, 298 K P, Smem 126
ZIF-8/PIM-1 MMM H,/CH, (SC, BM) NEMD (CGD-MD) 5 bar, 300 K P, Smem 92
IL-modified ZIF-8/PI CO,/CH, (SC) GCMC + EMD 1-10 bar, 300 K D, P, Saisr, 127
MMM Smem
ZIF-7/PBI MMM H,/CO, (SC) GCMC + EMD Infinite dilution, 300 °C D, P, Smem 93
NUS-8/PIM-1 MMM CO,/N,, CO,/CH, (BM) NEMD (CGD-MD) 10 bar, 298 K P, Sthem 128
102 MOFs N,/CH, (BM) GCMC + EMD 0.01 bar, 10 bar, 298 K P, Sqir, Smem 129
115 MOFs Xe/Kr, Xe/Ar, Rn/Xe (BM) GCMC + EMD 1 bar, 298 K P, Smem 130
172 MOFs H,/CH, (BM) GCMC + EMD 10 bar, 298 K P, Saitt, Smem 102
175 MOFs C,Hg/C,H,, C,HG/CH, (BM) GCMC + EMD 10 bar, 298 K P, Sditt, Smem 131
234 MOFs H,/CH, (SC) GCMC + EMD Infinite dilution, 300 K D, P, Smem 132
278 MOFs C,He/C,H,, C,Hs/CH, (BM) GCMC + EMD 10 bar, 298 K D, P, Saitr, 46
Smem
288 COFs H,/CO, (BM) GCMC + EMD 10 bar, 298 K P, Smem 133
298 COFs and 116 MMMs CO,/CH, (BM) GCMC + EMD + MMM model 10 bar, 298 K P, Smem 134
500 MOFs He/N, (SC) GCMC + EMD Infinite dilution, 298 K Saiet, Smem 135
504 MOFs + 165 Zeolites H,/CH, (SC) GCMC + EMD Infinite dilution, 298 K P, Sthem 136
1163 MOFs CO,/N, (SC) GCMC + EMD Infinite dilution, 303 K D, P, Sqirr, 40
Smem
1525 MOFs 0,/N, (BM) GCMC + EMD 1 bar, 298 K D, P, Sairr, 137
Smem
2932 MOFs CO,/CH, (BM) GCMC + EMD 1 bar, 298 K P, Saitr, Smem 61
3080 MOFs C,H,/C,Hs (SC) TST Infinite dilution, 298 K D 73
3432 MOFs Xe/Rn, Ar/Kr, Kr/Xe (SC) GCMC + EMD, TST Infinite dilution, 298 K D, Saift, Smem 138
4764 MOFs Hexane Isomers (SC, BM) GCMC + EMD Infinite dilution, 298 K, P, Smem 139
10 bar, 433 K
4764 MOFs CO,/N,/CH, (TM) GCMC + EMD 10 bar, 298 K D, P, Saier, 97
mem
5600 MOFs Xe/Kr (BM) GCMC + EMD 1 bar, 298 K D, Saitt, Smem 140
6013 MOFs CO,, CHy, O,, N,, H,, H,S, He (SC) GCMC + EMD Infinite dilution, 2908 K P, Smem 141
12020 MOF and 78806  0,/N, (SC, BM, TM) GCMC + EMD + MMM model Infinite dilution, 1 bar, P, Sgigt, Smem 142
MMMs 298 K
54 808 MOFs CO,/H, (SC) GCMC + EMD Infinite dilution, 2908 K P, Saitf, Smem 44
54808 MOFs CO,/N, (SC, BM), CO,/N,/H,0 (TM) GCMC + EMD Infinite dilution, 1 bar, P, Sgig, Smem 43
298 K
54 808 MOFs and 64 CO,/CH, (SC, BM) GCMC + EMD + MMM model Infinite dilution, 10 bar, D, P, Sqir, 143
MMMs 298 K Simem
54 808 MOFs and 78 H,/N,, H,/N,/CO,/CO (SC, BM, QM) GCMC + EMD + MMM model Infinite dilution, 1 bar, P, Sqitfy Smem 144
MMMs 298 K
67675 MOFs CO,/CH,, H,S/CH, (SC, BM) GCMC + EMD Infinite dilution, 10 bar, D, P, Smem 145
298 K
70551 MOFs H,/CO, (SC) GCMC + EMD Infinite dilution, 208 K P, Saiff, Smem 99
70589 MOFs and 109 508 CO,/N, (SC, BM) GCMC + EMD + MMM model Infinite dilution, 1 bar, P, Smem 146
MMMs 298 K
137953 hMOFs CO,/N,/CH, (SC, TM) GCMC + EMD Infinite dilution, 10 bar, D, P, Sqigr, 147
298 K Smem
112 888 MOFs and CO,/N; (SC) GCMC + EMD + MMM model Infinite dilution, 298 K D, P, Sqiss, 98
1015992 MMMs Simem

SC: single-component, BM: binary mixture, TM: ternary mixture, QM: quaternary mixture, P: permeability, F: flux, D: diffusivity, Prm: permeance.
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Fig. 3(a) shows that although many MOF membranes and
MOF-based MMMs, investigated either computationally or
experimentally, exceed the Robeson’s upper bound, there is
still a trade-off between gas permeability and membrane selectivity
for CO,/CH, separation. While experimentally reported CO,
permeabilities of MOF membranes are between 4-2.8 x 10°
Barrers, selectivities are in the range of 1-13, indicating that
experimentally measured MOF membranes are generally close
to the upper bound. On the other hand, simulated CO,/CH,
selectivities and CO, permeabilities of MOF membranes
are much higher than the experimental data which may be
attributed to the high number and variety of MOFs considered
in molecular simulations. Thin-film MOF membranes are
frequently fabricated on a substrate and weak adhesion between
MOF and the substrate may lead to nonselective openings for gas
molecules. Defect formations and structural instability issues
can also occur during fabrication of thin-film MOFs.'% Because
of these challenges in fabrication of thin-film MOF membranes,
the variety of experimentally studied MOF-based MMMs is much
more than that of thin-film MOF membranes. CO,/CH, selectivities
of MOF-based MMMs (9-164) are higher compared to those of
pure MOF membranes but they still suffer from low permeability
(0.5-5677 Barrers) to exceed the upper bound. We note that while
the simulated performances of MOF membranes are well above the
Robeson’s upper bound due to the high gas permeability or high
membrane selectivity, the simulated performance of MMMs is
close to the upper bound because polymer phase dominates the
performance of MMMs.

Fig. 3(b) shows that MOF membranes provide extremely
high CO, permeability and CO,/N, selectivity based on the
results of molecular simulations. Here, we note that experimental
gas permeance data for this separation is not currently avail-
able for many simulated MOFs; therefore, validation of the
simulations is required to assess the actual performance of
these membranes. Fig. 3(c) shows that simulated H,/CO,
selectivities are much lower compared to the experiments,
although calculated H, permeabilities are much higher than
the experimental H, permeabilities for many MOF membranes.
The lighter and weakly adsorbed H, molecules diffuse faster
through the pores than the strongly adsorbed CO, molecules,
which enhances diffusion selectivity (Sqier) towards H,. However,
adsorption of CO, is much stronger than that of H, and CO,
adsorption dominates the separation process. Therefore, calculated
CO, permeabilities for many MOF membranes are much higher
than H, permeabilities, leading to low membrane selectivity
towards H,. We note that structural flexibility is generally neglected
in molecular simulations which also affects the separation
performance of MOF membranes. To understand the accuracy of
predicted gas separation performances of MOFs in Fig. 3(a)-(c),
we compare simulated and experimental gas permeabilities of
10 different MOFs at the same conditions. We collected
computational****'°1% and experimental studies'**™** reporting
single-component and mixture gas permeabilities of the same
MOFs. Fig. 3(d) includes gas permeability data for 10 different
MOF membranes (Zn-bdc-ted, ZIF-69, CAU-1, ZIF-78, ZIF-8, ZIF-90,
ZIF-95, IRMOF-1, MIL-53 and Ni-MOF-74). In Fig. 3(d), different
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computational methodologies were used to simulate gas perme-
abilities of MOFs. For example, Adatoz and Keskin®® used GCMC +
EMD approach to compute H,, N,, CH, and CO, permeabilities of
ZIF-69 and ZIF-8 and a good agreement was found between the
theoretical and the experimental results of ZIF-8''* and ZIF-69.'%
Zhai et al.**" performed NEMD simulations to predict H,, N,, CH,
and CO, permeabilities of CAU-1 and compared their predictions
with experimental results reported by Yin et al'? Similarly
to GCMC + EMD approach, NEMD method also agreed with
experiments as shown in Fig. 3(d). However, simulated gas
permeabilities generally overestimate experimental ones because
MOFs are generally modelled as perfect, defect-free membrane
materials which may not be true in experiments. Overall,
Fig. 3(d) showed that although there can be generally
deviations between predicted and experimental data of MOF
membranes, the potentials of computational, not experimentally
tested MOF-based membranes are shown. In the next section,
we review some illustrative computational studies on MOF
membranes.

3.1 Thin-film MOF membranes

We provided the information about computational studies on
MOF-membranes and MOF-based MMMs in Table 1 by listing
computational methodology, simulation conditions, and
calculated membrane-based performance metrics. We provided
the initial number of MOFs considered in high-throughput
screening studies in Table 1. For example, Altintas et al.*® firstly
investigated the adsorption-based separation performances of
278 MOFs (we noted this number in Table 1) and then calcu-
lated membrane properties of only top 5 MOFs. Although
thousands of MOFs have been synthesized and deposited into
the CSD, the number of MOFs for which membrane properties are
simulated and reported is very limited. Early computational works
examined a very small number of MOFs. Table 1 demonstrates
that ZIFs, especially ZIF-8, are widely studied due to their high
potential in kinetic-driven gas separation, especially for gases
having similar sizes with the pore sizes of ZIFs."'* Due to their
easy synthesizability and high chemical and thermal stabilities,
available experimental data related to gas separation performances
of ZIF membranes has rapidly increased."™ This motivated
computational researchers to focus on ZIF membranes. For
example, GCMC + EMD simulations were performed to estimate
the membrane properties of 8 different MOFs, including ZIF-8.°°
Predicted H, permeabilities of ZIF-8 at different conditions
agreed well with the experimental measurements, showing that
using this computational approach is reasonable and time-
efficient to make accurate predictions about the properties of
MOF membranes. Krokidas et al.”> computationally investigated
ZIF-8 and its tailored analogues based on the metal and/or linker
replacement to assess their ideal He/CH,, H,/CH,, O,/N,, CO,/
CH,, and CO,/N, separation performances. Instead of classical
EMD simulations, they used TST''® at infinite dilution to
compute diffusivity coefficients. This study revealed that the
systematic modification based on the replacement of building
units of ZIF-8 can alter the performance of membranes by
improving gas selectivity.
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Table 1 shows that molecular simulations of MOF membranes
are generally performed at single-component gas conditions.
However, separation performance of MOF membranes for gas
mixtures can be different at industrial operating conditions due to
the competitive adsorption and diffusion between gas molecules.
Therefore, mixture simulations which consider industrially
relevant gas compositions are needed to unlock the real gas separa-
tion performances of MOF membranes. For example, Li et al''®
predicted performance of Bio-MOF-11 membrane using GCMC
+ EMD approach for CO,/N,:15/85 and CO,/N,:50/50 mixture
separations and showed that membrane selectivity of Bio-MOF-
11 increases from ~50 to ~80 without a significant change
in its CO, permeability (from 3.4 x 10* Barrer to 1.2 x 10*
Barrer) when the mixture conditions are used in molecular
simulations.

Based on the development in computational algorithms,
high-throughput computational screening methodologies have
gained a momentum in the MOF research. The advantage of
screening studies is to identify the best membrane candidates
from a very large number of MOFs. These studies produce a
vast amount of data on MOFs which can be further used to
establish structure-performance relations for the design and
development of high-performance MOF membranes for a target
gas separation. For example, 4240 MOFs in CSD MOF subset
(over 10000 in 2021) were screened by using GCMC + EMD
approach and MOFs which have generally Cd, Cu, and Zn
metals with narrow pores sizes (3.8-6 A), low surface areas
(<1000 m*> g7'), low porosities (<0.75) were found to be
promising for H,/CH, separation.*' This kind of quantitative
structure-performance relations are useful to choose the right
membrane among the existing ones. In another study, 298
CoRE COFs (covalent organic framework), emerging class of
crystalline networks consisted of covalently bonded light elements
(H, C, N, O, B) with organic linkers,"*® were screened by GCMC +
EMD simulations for membrane-based CO,/CH, separation.'**
CO,/CH, selectivities of COFs were found to be enhanced
approximately 100 times by incorporating F~ and Cl~ groups
into the framework compared to the selectivities of unmodified
COFs. This result indicated that structural modifications can
be a useful strategy to improve the separation performance of
MOF and COF membranes to exceed the upper bound of
polymers.

In addition to synthesized MOFs, computationally generated
MOFs which are called hypothetical MOFs (hMOFs) were also
screened to explore the structure-performance relationships.
For example, Qiao et al.'*” used GCMC + EMD approach for
137953 hMOFs*® and showed that MOF membranes having
narrow pore sizes (~3 A) and large pore size distributions (PSD) in
the range of 33-42% are the promising candidates for upgrading
natural gas. They first performed simulations at infinite dilution and
then for a small number of high-performing MOFs, simulations
were repeated at practical operating conditions. This is a
common strategy used in a multi-step screening approach to
identify the promising MOF membranes. Recently, high-
throughput screening approach was combined with the
machine learning algorithms to predict performance metrics
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of 6103 CoRE MOFs with respect to six descriptors (pore
limiting diameter (PLD), the largest cavity diameter (LCD), porosity,
surface area, density, PSD) for different gas separations.'*! PLD was
determined as the key parameter for predicting the membrane
properties of MOFs especially for mixtures having more than three
components. For the separation of binary gas mixtures, LCD and
porosity were found to be more important. Using machine learning
together with high-throughput computational screening can be
effective to analyze the structure-property relations to guide the
design of novel MOF membranes for a target gas separation.

In most of the computational studies, MOFs are assumed to
be perfectly crystalline without any defects since accurate
representation of the molecular interaction mechanism of gases
on a defective surface is challenging. However, synthesized MOFs
may have different types of intracrystalline defects which may affect
their gas separation performance. To understand the effect of
intracrystalline defects on H,/CH, separation performances of
MOF membranes, Kim et al'? used 234 DFT-minimized
MOFs'*® and generated their defected structures with a Python
script by randomly removing linkers. They used GCMC + EMD
approach at infinite dilution to compute membrane properties.
With the addition of linker vacancies, although many MOFs
remained as promising, selectivities of the top performing MOFs
significantly decreased as shown in Fig. 4(a) and (b). Therefore,
it can be concluded that considering defects in molecular
simulations can change our overall assessment about the top
performing membranes. Thus, the selection of MOFs whose
performances do not change when the linker vacancies are
introduced will be a useful strategy to identify promising MOFs
for industrial applications.

So far, we discussed GCMC + EMD approach which is based
on the equilibrium conditions to predict membrane properties
of MOF membranes. Velioglu and Keskin®* compared calculated
H, and CH, permeabilities and selectivities of ZIF-8 obtained
from GCMC + EMD and NEMD simulations with the experiments
in Fig. 5(a)~(c). Instead of using a fully flexible ZIF-8, they tethered
the framework atoms during NEMD simulations and observed a
faster gas diffusion compared to EMD.

Velioglu and Keskin®® also provided the NEMD snapshots
for pure and mixture gas permeations for H,/CH, separation. In
Fig. 5(d), they showed that CH, layer in the feed side is thick,
referred to as concentration polarization at 1 ns whereas it
reduces at 40 ns since at the starting point of the simulation
an external force was applied. However, the concentration
polarization was not observed for the binary mixture since H,
accelerates the diffusion of slowly diffusing CH, (Fig. 5(e)).
ZIF-8 was reported as a H, selective membrane in experiments
(Fig. 5(c)). However, results obtained from GCMC + EMD
simulations gave a higher CH, permeability, suggesting a CH,
selective ZIF-8 membrane, compared to those obtained from
NEMD. For this reason, NEMD simulations gave a better
agreement with experiments as the range is represented with
pattern-filled columns in Fig. 5(a)-(c) for both the single-
component and mixture permeation of H, and CH, within
ZIF-8 membrane. Thus, GCMC + EMD approach was suggested
to quickly identify the most promising materials and then more

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparison of H,/CH4 membrane selectivity and H, permeability of pristine (red) and defective (blue) MOFs. The black dashed line represents
the upper bound. The green area indicates H,-selective region. The blue line is the least squares fit for the logarithm of the selectivities of pristine and
defective structures. Reprinted from the study of Kim et al.**?

detailed NEMD simulations which require longer simulation
time (at least several days) are suggested to be used for the best
membranes candidates to observe the mass transfer resistances
on the pore entrance.

Namsani et al.®® developed a new NEMD simulation method,
concentration gradient driven molecular dynamics (CGD-MD),**
to investigate H,/N, and H,/CO, separation performances of
ZIF-8. Both GCMC + EMD and CGD-MD methods were applied
by using four different force fields for ZIF-8. Regardless of the
force field they used, ZIF-8 was identified as a H, selective
membrane when the CGD-MD method was used whereas the
membrane was found to be CO, selective when GCMC + EMD
approach was used. Since the results of CGD-MD simulations
agreed well with the experimental one,"*° this study reveals that
at moderate or high-pressure conditions, a NEMD method such
as CGD-MD is better to accurately predict the gas separation
performance of MOF membranes.

All these studies show that accurate representation of the
system and the operating conditions are important to model
gas permeation through MOF membranes. In high-throughput
screening studies, performing GCMC + EMD simulations is a
practical approach to narrow down the materials space to point out
the promising membranes due to the less computational power
and time required compared to NEMD simulations. However, it
should be kept in mind that GCMC + EMD simulations provide
reliable results when gas molecules do not have a strong interaction
with each other, especially at low pressures. On the other hand,
mass transfer resistance on the membrane surface which affects
the gas separation performance is not considered in this approach.
For this reason, computationally costly NEMD simulations should
be performed for the best performing membranes to ensure their
potential for industrial applications. Here, if the MOF structure is
flexible, considering the intramolecular forces is also important to
figure out the realistic pore properties and performances of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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materials. We note that structural flexibility can be investigated
by using GCMC + EMD or NEMD approaches. However,
performing flexible simulations for screening applications is not
convenient due to the enormous computational time and the
difficulty to define intramolecular forces for each MOF structure.
The effect of structural flexibility of MOFs on CO,/CH, separation
was investigated in our previous works.'**'>! Results showed that
although membrane selectivity and permeability of a MOF having
large pores slightly change when structural flexibility is considered,
separation performances of MOFs having narrow pores close
to the kinetic diameters of gases are dramatically affected.
We finally conclude that both GCMC + EMD and NEMD
approaches are useful to understand gas transport mechanisms
in MOF membranes. However, researchers should be aware of the
aforementioned limitations of these two approaches.

3.2 MOF-based MMMs

To overcome the trade-off between gas permeability and
selectivity for polymeric membranes, MOFs are used as fillers
in a polymeric matrix. Keskin and Sholl*>* used two theoretical
permeation models, Maxwell®® and Bruggeman,®” to assess the
separation performances of MOF-based MMMs. A good agreement
between simulated and experimental permeation data of IRMOF-1/
Matrimid was found indicating that theoretical models can give
meaningful results for the performance prediction of MMM
performances. Various gas permeation models such as Maxwell,”
Modified Felske'** were later used to compute the gas permeability
of different types of MOF-based MMMs.*®'**

Since the number of available MOFs and polymers is very
high, using permeation models is practical in high-throughput
computational screening to evaluate gas separation perfor-
mances of a large number of MMMs. In some early studies,
the best MOF membranes were initially selected via molecular
simulations and properties of MMMSs made of these MOFs were
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Fig. 5 Simulated (a) H, and (b) CH4 permeabilities, (c) H,/CH4 membrane selectivity obtained from GCMC + EMD, NEMD simulations and their
experimental values for ZIF-8. The hashed half-bars represent the range of experimental data reported in different studies. NEMD snapshots for
permeation of (d) pure CHy, (e) Ho/CH4 mixture at the 1st and 40th ns. The dark blue, white, cyan, and colors represent zinc, hydrogen, and carbon atoms,
respectively in (d and e). Black (red) colors also represent H, (CH,) molecules, respectively in (d and e). Reprinted from the study of Velioglu and Keskin.&*

then predicted using permeation models.***'** Another way is
to compute gas permeability of a large number of MMMs
considering many MOF/polymer combinations and then
identify the best ones offering the desired MMM properties."*®
It is important to note that the properties of MOF and polymer
have a synergetic effect on those of MMMs. In our previous
studies,**™**'*® we showed that when a MOF filler is incorpo-
rated into a low permeable polymer, it generally affects gas
permeability without any change in membrane selectivity.
On the other hand, when the same MOF is incorporated into a
highly permeable polymer, it can probably change both gas
permeability and membrane selectivity of the polymer since
the identity of MOF filler gains importance for highly permeable
(>1000 Barrer) polymers. Therefore, a careful selection of MOF
and polymer pairs for high performing MMMs is very important.
We note that these approaches assume perfect compatibility
between MOF/polymer interface. Gas separation performance of
polymer dominates the predicted separation properties of
MOF-based MMMs which is called percolation threshold.">*
The reason is that rubbery polymers having flexible chains are
commonly used to make defect-free and compatible MMMs, but

5310 | Mater. Adv,, 2021, 2, 5300-5317

these flexible chains lead to highly permeable regions for gas
molecules. This was clearly represented in the literature®® in
which properties of CORE MOF-based MMMs were predicted via
atomistic and continuum approach at infinite dilution for CO,/
N, separation. In Fig. 6(a), while square symbol represents the
CO, permeability of pure polymers, the line represents the
relationship between CO, permeability of MMMs and the ratio
of permeability of MOF and polymer. This figure gives an
important message to understand the effect of the MOF-
polymer relation on the separation performances of MMMs.
Fig. 6(a) showed that when MOF filler exhibits lower gas
permeability than the related polymer, the gas permeability of
the MMM consisting of this MOF-polymer pair is lower than
pure polymer and vice versa. On the other hand, if gas
permeability of MOF is higher than that of polymer, it may
enhance the permeability of polymer. Perhaps the most critical
result is that if gas permeability of a MOF is at least 10 times
higher than that of the polymer, polymer performance
cannot be further improved. Therefore, even if gas permeability
of a MOF is extremely higher than that of polymer, the
maximum achievable gas permeabilities of MMMs is ~2 times

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the permeability of related polymers based on Maxwell
model.”®'*3

Similar results were also observed in our recent work
where O, permeability and O,/N, selectivity of 78 806 MMMs
composed of 5629 MOFs and 14 different polymers were
estimated by using the Maxwell model. The effect of membrane
selectivity of MOFs and polymer (PIM-1 as a reference polymer)
on the overall selectivity of MMMs was examined as a function
of the ratio of gas permeability of MOFs and polymer. As shown
in Fig. 6(b), if selectivity of MOF is lower than selectivity of
polymer, it is not possible to obtain a MMM selectivity higher
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than that of polymer regardless of the gas permeability ratio. In
other words, improving the O,/N, selectivity of polymer is only
possible by using MOFs having higher selectivity compared to
polymer. In high-throughput screening studies on MMMs,
although polymer permeability data used in theoretical models
is generally measured at single-component gas conditions,
simulations of MOFs are performed at infinite dilution to
reduce the computational cost.”®**® We also showed that when
molecular simulations of MOFs are performed at infinite dilution
(considering only one gas molecule in the framework), the results
underestimated O,/N, membrane selectivities of MMMs
calculated at single-component gas conditions (1 bar, 298 K).
This result can be explained by the existence of gas-gas interactions
at 1 bar and showed that simulation conditions of MOFs affect the
predicted performance of MMMs. Therefore, using the same
simulation conditions with experimental ones is critical to unlock
the potential of MMMs.

Although gas permeation models are useful to predict gas
permeabilities and selectivities of MOF/polymer MMMs, they
do not consider the size and morphology of MOFs and the
interfacial compatibility between polymer and MOF phases.
We noted that MOF-polymer compatibility can be different
based on the selection of MOF-polymer pairs, and it depends
on not only the properties of MOF such as crystalline size and

© 2021 The Author(s). Published by the Royal Society of Chemistry

shape but also the properties of polymer such as rigidity.
Therefore, fully atomistic simulations which consider models
for both MOF and polymer phases are necessary. The first
example of a fully atomistic simulation for MOF/polymer
MMMs was reported for ZIF-7/PBI for H,/CO, separation.’®
ZIF-7/PBI MMM model membranes were constructed considering
different ZIF-7 cages and sorption and diffusion properties of H,
and CO, were predicted using GCMC + EMD approach at 300 °C
and infinite dilution. The relationship between gas transport
mechanism and gas density distributions in 1-cage ZIF-7/PBI
membrane revealed that CO, cannot diffuse through the small
interfacial voids at the interface between ZIF-7 and PBI in contrast
to H, molecules which locate at both ZIF-7 cages and PBIL
Therefore, CO, diffusion decreased with the increase in the
number of ZIF-7 cages. Overall, results showed that permeability
of H, and CO, in ZIF-7/PBI MMM is enhanced with the increase in
ZIF-7 loading compared to those in pure PBI whereas H,/CO,
selectivities do not significantly change. Although these results
are encouraging, a critical part which is the modelling of the
interfacial morphology between MOF and polymer phases was
missing.

To fabricate a high-performance MOF-based MMM, the
proper selection of MOF and polymer pairs is important
because the interfacial compatibility between those is generally
poor and agglomeration which diminishes the gas separation
performance of membranes may occur.'>*'*® Recently, Dutta
et al.'” examined the interfacial characteristics of ZIF-8/6FDA-
durane polyimide MMMs for CO,/CH, separation using GCMC +
EMD approach. To enhance the compatibility of the interface
between ZIF-8 and polymer, they used an IL (ionic liquid), which
filled the larger voids in the interface between ZIF-8 and 6FDA-
durane polyimide polymer. With the incorporation of IL, CO,/CH,
membrane selectivity of MMM increased without a significant
change in its permeability and this MMM surpassed the upper
bound. Maurin’s group® developed an interface model to
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understand the compatibility between ZIF-8 and PIM-1 (polymer
of intrinsic microporosity-1). The compatibility at ZIF-8/PIM-1
interface was shown with the interactions between CN groups of
PIM-1 and NH groups of ZIF-8. This model was also applied to
different MOF/polymer systems such as UiO-66/6FDA-DAM'*® and
HKUST-1/poly(vinyl alcohol)."””” In the further study of this
group,” they showed that if atomistic and continuum modelling
are used to predict ideal H,/CH, membrane selectivities of ZIF-8/
PIM-1 MMMs, higher selectivities are obtained compared to those
obtained from CGD-MD simulations. Ozcan et al.>> showed that
H,/CH, selectivity of ZIF-8/PIM-1 MMM is lower (4.6) than the
selectivity of the pure ZIF-8 (5.1) and PIM-1 (6.3) due to non-
selective regions occurred at the interface. This result again
supports the idea that properties of MOF and polymer have a
synergetic effect on the property of MMMs. On the other hand,
when CGD-MD were performed for equimolar H,/CH, mixture for
PIM-1/ZIF-8 MMMs, lower H,/CH, selectivities were found than
those computed at single-component gas condition. Overall,
simulation conditions affect the gas separation performances of
MOF-based MMMs and accurate definition of these conditions in
molecular simulations is important. We also noted that there is a
common idea in the literature that interfacial porosity has a
negative effect on the gas separation performances of MMMs.
However, Fan et al."*® very recently showed that the porosity at the
interface of NUS-8/PIM-1 MMM leads to an increase in membrane
selectivity for MMMs due to the enhanced CO,-MOF interactions.

3.3 Comparison of simulated and experimental performances
of MOF membranes

Molecular simulations are highly useful to provide insights into
the gas permeation through MOF-based MMMSs. To show the
validity of computational methodologies for predicting gas
permeation through membranes, comparing simulation results
with experimental measurements for various gas separations is
required. For validation, molecular simulations are computed

~
&
~’
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at the same pressure and temperature with the experiments and
then compared with the experiments in several studies.***** For
example, Wilmer et al.°® calculated CO, and N, permeabilities of
11 different MOF-based MMMs using Maxwell Model and
compared their predictions with experimental measurements as
shown in Fig. 7(a). The good agreement between predicted and
experimental gas permeabilities validated their computational
methodology. Similarly, our group compared experimental and
simulated CO, and N, permeabilities of 13 MOF-based MMMs
composed of 6 different MOFs and 7 different polymers at the
same conditions with experiments.'*® We showed that although
simulation results agree well with experiments, they generally
underestimate experiments as the weight percentage of MOF in
polymer increases. In molecular simulations, we generally assume
that MOFs are defect-free crystals and MOF/polymer pairs are
perfectly compatible to generate MMMSs. However, experimentally
fabricated MMMs may have defects which can enhance gas
diffusion through membranes. In addition, an increase of MOF
loading in the polymer may cause agglomeration in MMM, which
may play a critical role in creating non-selective regions for gas
transport. In computational studies, theoretical permeation
models such as Modified Felske and Maxwell are generally used
to predict gas permeabilities of MMMs and these models do not
consider particle interactions, an important issue especially at
high filler loadings. Therefore, these models are noted to be
applicable to the MMMs for which low loadings (filler volume
fraction range < 0.2) of MOF filler are incorporated into the
polymer.™® For these reasons, a much higher gas permeability
can be reported by the experiments compared to simulations.
On the other hand, direct comparisons of simulation results
with experiments are not available in some studies due to the
lack of available experimental data in the literature. For example,
as we discussed before ZIF-7/PBI MMM was constructed to
investigate its H,/CO, separation performance.”® In Fig. 7(b),
to validate the accuracy of their predictions, it is required to
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(a) Comparison of experimental and simulated CO, (blue) and N, (green) permeabilities of 11 different MMMs. Reprinted from the study of

Budhathoki et al.°® (b) The relationship between H, permeability of ZIF-7 and temperature. The line is the Arrhenius fit based on the simulation data
(squares). The circle is the available experimental data at 220 °C and the star is extrapolated at 300 °C. Reprinted from the study of Zhang et al.”®
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compare the simulated H, permeability with experimental data
at the same conditions. Since there is no available H, perme-
ability data of ZIF-7 at 573 K, Zhang et al.*® first fitted simulated
data at various temperatures by using Arrhenius equation.
Then, they used the Arrhenius fit line to extrapolate available
experimental data at 493 K to the data at 573 K. Although
predicted H, and CO, permeabilities were 461 and 32 Barrers,
extrapolated gas permeabilities were reported as 408 and 22
Barrers, respectively, resulting in a fairly good agreement
between experimental and simulated permeabilities. We noted
that the change in temperature can affect the gas permeability
and membrane selectivity. As temperature increases, the amount
of adsorbed gas molecules decreases whereas the diffusivity of
adsorbed molecules increases. Since gas permeability is the
combination of adsorption and diffusion properties of MOFs,
it also changes with temperature. The relationship between gas
permeability and temperature can be also described by Arrhenius
equation, (P oc exp(—E,/RT)) where E, is the activation energy
(J mol "), R is the ideal gas constant (] K * mol "), and T is
the temperature (K). Several studies also showed that, gas
permeability generally increases as temperature increases based
on Arrhenius equation.”>"**™'®" In addition, although an inverse
relationship between membrane selectivity and temperature can
be observed in the literature,’®® the effect of temperature on
membrane selectivity depends on the type of gas separation
applications. Overall, the validation step is critical for assessing
the reliability of computational methodologies and molecular
simulations should be performed under the same conditions
with the experiments to make a direct comparison.

4. Outlook

In this study, we reviewed the current state-of-the-art computational
methods to predict gas permeation through MOF membranes and
MOF-based MMMs. We finally address the following topics to be
considered in future studies:

e As we discussed throughout this review, the membrane
performances of pristine MOF membranes and MOF-based
MMMs can be predicted by different computational methodologies
such as GCMC + EMD and NEMD. Perhaps, the most important
step to prove the reliability of these methods is to compare
simulation results with the experimental data. However, due to
the lack of available experimental data on a variety of MOFs, this
crucial step is missing in many studies. Therefore, the results
obtained from simulations should be compared at least with
the available experimental measurements before providing all
simulated data of different types of MOF membranes.

e The number of MOFs for which membrane properties are
simulated and reported is very limited because EMD and
NEMD simulations require higher computational time (up to
hundreds of CPU hours per material) compared to GCMC
simulations. Since computing diffusion properties of MOFs
are computationally demanding, more practical ways for
predicting diffusion coefficients are needed to increase the num-
ber of studies on MOF membranes. Recently, Wu and Zhou*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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developed a massively parallel graphic processing unit (GPU)-
accelerated string method by using TST to calculate the diffusivity
for MOFs. They showed that by using this method, diffusion
calculations can be completed significantly faster (<30 seconds)
than conventional MD simulations.

e Currently, all computational studies identify the best MOF
membranes or MOF-based MMMs based on the ability of
membranes to surpass the Robeson’s upper bound. Since
Robeson’s upper bound is defined for single-component gas
permeation, the upper limits of gas separation performances of
polymers can be different for mixtures, thus it should be a
reference line rather than a standard line for gas mixtures.
In addition, separation performance of real MOF membranes can
be also significantly different when gas mixtures at industrial
conditions are considered. Therefore, performing computational
studies considering gas mixtures at different operation conditions
is necessary to get a more realistic predictions for the membranes.

e The thickness of the thin-film MOF membrane directly
affects the measured gas flux and selectivity. For example,
synthesis of one of the thinnest ZIF-8 membranes, 300-
400 nm, revealed that this ZIF-8 gives one of the highest
propylene/propane selectivity (120) among other reported
ZIF-8 membranes in the literature.’®® In NEMD simulations,
the thickness is defined in the range of 40-50 A to save
computational time and sources.®>'®* However, the thickness of
fabricated MOF membranes is generally much larger (>25 um).
Membrane thickness considered in simulations can also affect
gas separation performances of membranes. For example,
Wang et al.'®* performed NEMD simulations to understand the
effect of carbon membrane thickness on gas flux for O,/N,
separation. Their results showed that as the membrane thickness
increases, both O, and N, fluxes decrease due to the increase in
membrane resistance. Overall, using larger membrane thickness
when calculating gas flux in NEMD simulations can be important.

e In molecular simulations, defect-free, purely crystalline
and rigid MOF structures are generally assumed. Considering
structural stability in molecular simulations is not a trivial task
since it requires DFT calculations. However, at least for the
promising membrane candidates, DFT calculations can be
performed to ensure the structural stability of membrane
material. In addition, predictions for mechanical properties
of MOF membranes such as Young’s modules and mechanical
strength will also be highly useful to guide experimental
studies. Coudert and coworkers performed molecular simula-
tions to understand the mechanical properties of MIL-53,¢
Ui0-66,"°>'%” and ZIF-8.'°® Moghadam et al.'® performed a
multi-level computational analysis to predict mechanical
stability of MOFs and investigated the relationship between
structural properties (i.e., topology) and mechanical strength
(bulk modulus) of 3385 hypothetical MOFs. Examining
experimentally synthesized MOF subsets would be also inter-
esting. In addition, the mechanical strength of MOFs should
be also investigated during gas separation process, which is
currently missing in the literature.

e In high-throughput computational screening studies on
MOF-based MMMs, 143146 molecular simulations for MOFs
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are generally performed at infinite dilution or at 1 bar, 298 K
regardless of the measurement conditions of polymers.
However, combining the performance data of a polymer tested
at a different pressure range (up to 10 bar)'”°'7® with the
performance data of MOFs predicted at infinite dilution may
lead to unrealistic gas separation performance for MOF-polymer
pairs. Therefore, simulation conditions for MOFs should be the
same with the experimental conditions of polymers.

e The ultimate aim of high-throughput computational
screening is to identify the top MOF membranes considering
their ranking based on gas permeability and/or selectivity.
However, the top membranes identified from high-throughput
computational screening studies should be experimentally
tested. Collaborative studies in which both experimentalists
and theoreticians including engineers, chemists, materials
scientists work together will be extremely useful for the design,
development and testing of new MOF membranes.
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