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ABSTRACT

It has become a significant challenge to select the best metal organic frameworks (MOFs)
for membrane-based gas separations because the number of synthesized MOFs is
growing exceptionally fast. In this thesis, high-throughput computational screening was
used to identify the top MOFs used as pure membranes or fillers in polymer membranes
for flue gas separation. Firstly, grand canonical Monte Carlo and molecular dynamics
simulations were performed to assess adsorption and diffusion properties of CO2 and N>
in 3806 different MOFs. Using this data, selectivities and permeabilities of MOF
membranes were predicted and compared with those of conventional membranes,
polymers and zeolites. The best performing MOF membranes offering CO2/N:
selectivity>350 and CO2 permeability>10° Barrer were identified. Ternary CO2/N2/H-0
mixture simulations were performed for the top MOFs to unlock their potential under
industrial operating conditions and results showed that the presence of water decreases
both the CO2/N; selectivity and CO, permeability of MOF membranes. Secondly,
molecular simulations were also performed to calculate CO, and N2 permeabilities of
7822 synthesized MOFs with the aim of evaluating their performances as fillers in mixed
matrix membranes (MMMs). This data was then combined with the experimentally
reported gas permeability data of 14 different polymers using a theoretical permeation
model. As a result, CO permeabilities and CO2/Nz selectivities of 109508 different types
of MOF-based MMMs were estimated. The top 50 MOFs that significantly improve
CO2/N2 separation performances of highly permeable polymers were identified and their
potentials for separation of binary CO2/N2 mixture were examined at practical operating
conditions. Results showed that several MOFs offer significant improvements both in the
gas permeability and selectivity of polymers when used as fillers in MMMs for flue gas
separation. As a result of this stepwise screening procedure, the number of promising
MOFs to be investigated for flue gas separation in future experimental studies was
narrowed down from thousands to tens. Throughout the thesis, the MOF structure-
membrane performance relations were also investigated to understand which properties

of MOFs lead to the greatest promise for flue gas separation.



OZET

Membran-temelli gaz ayirimlari i¢in en iyi metal organik yapilari (MOF) se¢mek 6nemli
bir zorluk haline gelmeye baslamistir, ¢ilinkii sentezlenmis MOF sayis1 olaganiistii bir
sekilde artmaktadir. Bu tezde, membran-temelli baca gazi ayiriminda membran olarak ya
da karigik yatakli membran igerisinde (MMM) dolgu olarak kullanilacak en iyi MOF
malzemelerini belirlemek igin yiiksek ¢iktili hesaba dayali molekiiler benzetim
yontemleri kullanilmistir. Tezin ilk kisminda karbondioksit (CO2) ve nitrojen (N2)
gazimin 3806 MOF’daki adsorpsiyon ve diflizyon 6zelliklerini degerlendirmek igin Grand
Canonical Monte Carlo (GCMC) ve Molekiiler Dinamik (MD) simiilasyonlari
uygulanmistir. Bu veri kullanilarak, MOF membranlarin gaz segicilikleri ve
gegirgenlikleri tahmin edilmis ve bunlar geleneksel membranlar olan polimerler ve
zeolitler ile kiyaslanmistir. CO2/N; segiciligi icin >350 ve CO2 gegirgenligi icin >10°
Barrer kosulunu saglayan en yiiksek performansli MOF membranlari belirlenmistir. En
iyi MOF’larin potansiyellerini gostermek i¢in bu malzemeler {izerinde ti¢lii CO2/N2/H20
gaz karigimi simiilasyonlari uygulanmistir. Sonuglar su buhariin varliginda hem CO2/N2
seciciliginin hem de CO2 gegirgenliginin distiigiinii gostermektedir. Tezin ikinci
kisminda, karigik yatakli membranlarda (MMM) destekleyici bir katman olarak
MOF’larin performanslarin1 degerlendirmek amaciyla 7822 sentezlenmis MOF un CO2
ve Nggazlarmin secicilik ve gecirgenligi molekiiler simiilasyonlar araciliiyla
hesaplanmistir. Bu veri daha sonrasinda 14 farkli polimerin deneysel olarak raporlanan
gaz gecirgenlikleri ile teorik bir model kullanilarak birlestirilmistir. Bunun sonucunda
109508 farkli MOF-dolgulu MMM’nin CO2 gegirgenlikleri ve CO2/N2 segicilikleri
hesaplanmugtir. Oldukga gecirgen olan polimerlerin CO2/N2 ayirma performansint 6nemli
bir sekilde gelistiren 50 en iyi MOF belirlenmis ve onlarin pratik uygulama kosullarinda
ikili CO2/N2 karigimmin ayirimindaki performanslari incelenmistir. Sonuglar birgok
metal organik yapimnin (MOF) baca gazi ayirimi igin karigik yatakli membranlarda dolgu
olarak kullanildigi zaman hem gaz gegirgenligini hem de segiciligi 6nemli olgiide
gelistirdigini gosterilmistir. Bu ¢alisma ile, baca gazi ayiriminda gelecekte deneysel
caligmalarda incelemek i¢in saf membran olarak ya da MMM’lerde dolgu olarak
kullanilabilecek MOF sayis1 sayist binlerden onlara indirilmistir. Tez boyunca,
MOF’larmn hani 6zeliklerinin onlar1 en iyi performansa gotiirdiiglinii anlamak i¢in MOF

yapist ve membran performansi arasindaki iliski de ayrica incelenmistir.
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Chapter 1: Introduction 1

Chapter 1: Introduction

Considering the increasing energy demand of our world, it is not possible to entirely
stop the use of fossil fuels and resulting anthropological CO, emission. As a result of
burning of fuels, 41 billion ton of CO> has been released to the atmosphere.[1] On the
other hand, it is possible to reduce the greenhouse gas emissions by CO; capture. There
Is a tremendous incentive to achieve CO- separation from power plant flue gas, which is
mostly consists of N2, with high efficiency. A number of commercial technologies are
available for CO./N> separation including chemical absorption, adsorption, cryogenic
distillation and membrane-based separations. Chemical absorption is a widely used
process based on the basic principles of mass transfer with a reversible acid-base reaction.
In adsorption-based CO> separation, gas molecules (adsorbate) contacting with a solid
material (adsorbent) basically form chemical or physical bonds with the material and
attach to the surface of the material. This process is very significant for gas mixtures, but
regeneration cycle of the adsorbent materials is highly important. Cryogenic distillation
process needs low temperature meaning that this process consumes large amount of
energy. In addition to these commercial technologies, novel methods such as
photosynthesis, enzymatic and catalytic routes have been also developed to achieve CO;

separation using a scalable, cost-effective technology.[2]

Among these technologies, membrane-based CO. separation from flue gas, a gas
mixture mainly consists of CO2 and N2, has been proved to be a potential alternative to
the traditional separation methods due to the cost and energy efficient nature of the
membranes in addition to their environmentally benign and versatile characteristics.[3]
Compared to the other methods for CO> separation, membrane based separation process

have generally lower operating cost because of not need to be regenerated like absorption
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and adsorption CO» separation process. In addition to this, membrane-based separation
systems have generally simple flowsheet which have no complex control schemes or no
mobile equipments excluding pump and condenser. In membrane-based processes, the
start-up time required by the process is also considerably shorter than many other
processes.[3]

In membrane-based separation process, polymeric membranes have been widely
used for CO2/N2 separation due to the ease of processability and large-scale production
and extensively reviewed in the literature[4-6] in addition to the discussion of the
strategies that can improve the construction of more efficient polymeric membranes.[7]
Polymeric membranes offer good thermal and mechanical properties for an effective gas
separation process even at elevated temperatures but the well-known trade-off between
the gas permeability and selectivity of the polymeric membranes has directed the
researchers to develop new membrane materials. Polymers having high gas
permeabilities generally suffer from low selectivity and polymers offering high
selectivity have limited gas permeabilities requiring high surface area-membranes that
increase the capital cost of the membrane-based separation process.[8]

Metal organic frameworks (MOFs) are porous structures combining metals with
organic linkers.[9] The utmost advantage of MOFs over traditional porous materials is
that a very large variety of MOFs having different pore shapes/sizes and chemical
functionalities. Thousands of MOFs can be synthesized by changing the combination of
metal clusters and organic ligands. MOFs have received significant interest for
membrane-based separation process thanks to their interesting physical and chemical
properties such as very large surface areas (up to 6000 m?/g), low densities (0.2-1 g/cm?)
high porosities, a wide range of pore sizes.[10] MOFs are new generation porous
materials composed of metal clusters or ions connected by organic ligands to create
highly porous frameworks. Due to the large diversity of available metals and ligands,
many MOFs with unique physical and chemical properties have been synthesized and

reported to date. Large surface areas, high pore volumes, good thermal and mechanical
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properties, tunable pore sizes and functionalities of MOFs make them great candidates
for gas separation applications.[11-13] Recently, because of the large variety of MOFs,
there have been significant efforts on the development of MOF membranes with high
stability, high selectivity and high gas permeability in order to achieve efficient CO>
separations.[14] The variety of MOFs provide an advantage in finding an ideal membrane
material compared to the limited number of other nanoporous membranes such as zeolites
because tailoring of MOFs for specific applications is easier than zeolites which have
rigid and unchanging tetrahedral oxide skeletons to form their pores. The Cambridge
Crystallographic Data Centre (CCDC)[15] includes a huge library of MOFs with more
than 70,000 entries for synthesized, real MOFs compared to the International Zeolitic
Association (IZA) which has 229 zeolitic frameworks. In addition to this, there are many
studies to compare adsorption-based CO> separation performance of zeolites with those
of MOFs and results shows that MOFs are strong alternative to traditional adsorbents.[16]

Mixed matrix membranes (MMMs) combine the processability and mechanical
strength of polymers with the good gas separation properties of porous fillers. MMMs
are hybrid membranes where the porous fillers are incorporated into the polymer matrix
to enhance the permeability and selectivity of the pristine polymer. Early works focusing
on zeolite-based MMMSs have some practical problems due to the incompatibility
between polymer and zeolite but this area has been revitalized by the discovery of
MOFs.[17] MOFs have been recently used as filler particles in polymers to make
MOF/polymer MMMs showing significantly better gas separation performances than the
polymer membranes and some MOF-based MMMs have been presented to exceed the
Robeson’s upper bound[8] established for polymeric membranes.[18-21] It has been
reported that the presence of organic linkers in MOFs enables potentially better
interaction with polymers compared to those with zeolites, reducing the non-selective
defects at the MOF-polymer interface.[20] It is also important to note that incorporation
of MOFs as fillers into polymers is much practical to accelerate the industrialization of
MOFs compared to making pure, thin-film MOF membranes since fabrication of MOF-
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based MMMs can be envisioned with the minor adaptation of the currently existing

membrane technology used for polymers.

Examining MOFs as membranes using purely experimental methods is not
straightforward because fabrication and performance tests of a new membrane for a target
gas separation require a long time. Therefore, it is not possible to test the performance of
every MOF materials for membrane-based CO2/N. separation. Computational studies,
especially molecular simulations, provide very useful information for adsorption,
diffusion and separation of gases in MOFs.[22] Results of molecular simulations are used
to quickly investigate a large number of MOFs to classify a handful of promising
materials for a desired separation process. In this way, experiments can be directed to
promising materials for accelerating the development of useful MOF membranes. Similar
to pure MOF membranes, only a few different types of MOFs such as Cu-BTC, ZIF-8,
MIL-53, and UiO-66 were experimentally used in MOF-based MMMs .[23] The large
numbers of MOFs create a wide material space to be used as filler particles in the MMMs,
however it is also very challenging to select the most appropriate MOF fillers for a given
polymer and experimentally fabricate/test the gas separation performances of all possible
MOF-based MMMs. Computational studies that can predict the gas separation
performances of MOF/polymer MMMs prior to experimental studies play a very
important role in identifying the best performing MMMs for a gas separation of interest.
On the other hand, there are also time-consuming and more complicated parts in
molecular simulations such as collecting diffusion data to compute the performance of
membranes and simulating gas mixtures to mimic real conditions. Therefore,
computational studies in the literature have been generally focused on adsorption data of
single-component gases. For membrane-based gas separation, diffusion data of MOFs is
also required, and simulation should be performed to mimic operating conditions of flue
gas separation to predict the real potential of MOFs as membranes or filler particles in
MMMs.
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In this thesis, a high-throughput computational screening method was used to
predict the performances of pure MOF membranes and MOF-based MMMs for CO2/N;
separation and the best materials were identified. In Chapter 2, a detailed literature review
Is about MOFs, polymers and MOF/polymer MMMs. In this chapter, experimental and
computational studies which have investigated MOF membranes or fillers of MMMs for
flue gas separation are given. In Chapter 3, details of molecular simulations used in this
study are provided. In Chapter 4, 3806 MOF membranes were examined for CO2/N>
separations and the best materials were selected. Humidity effect on the separation
performance of membranes was also investigated in this chapter. Chapter 5 demonstrates
the performance results of 109508 MOF-based MMMs for CO2/N2 separation. In Chapter
4 (5), the relationships between structural properties such as pore sizes, density, porosity,
surface area of MOFs and the performance of MOF membranes (MOF-based MMMs)
are given. Finally, outcomes obtained from this thesis, challenges and opportunities of
high throughput computational screening of MOF membranes and MOF/polymer MMMs

are summarized in Chapter 6.
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Chapter 2: Literature Review”

In the beginning of this chapter, structural properties, chemical characteristics of
MOFs and their related experimental and computational gas separation applications are
summarized. In the second part, polymers which are the main materials used as
membranes, their limitations and Robeson’s upper bound for CO2/N, separation are
summarized. Finally, utilization of polymers and MOFs together in different applications

is covered and previous works related with MOF/polymer MMMs are discussed.

2.1. Membrane-based Separation by MOFs

MOFs have been considered as novel materials for gas separation process. Gas
separation, specifically CO- separation using MOFs as adsorbents has been very widely
investigated.[24-28] Studies on gas separation with MOF membranes are still limited
compared to the adsorption-based separations with MOFs due to the difficulties in
fabricating defect-free, thin-film membranes.[29-31] Although several thousands of
different MOFs have been deposited to the database, only a very small number of these
materials has been fabricated as gas separating membranes.[23] The first attempt was
reported by Fischer and co-workers.[32] They modify the crystals of MOF-5 and Cu-
BTC to synthesized thin film MOF membrane in 2005. Since then, some of the well-
known MOFs such as IRMOF-1 (MOF-5),[33, 34] CuBTC (HKUST-1),[35] ZIF-8
(zeolite imidazolate framework),[36] and ZIF-90[37] have been fabricated and tested as

membranes for gas separation applications. These MOF membranes offered high gas

* The literature review about MOF and MOF/Polymer MMM membranes given in this chapter was published in
Journal Physical Chemistry C and Advanced Theory & Simulations with following references: Daglar, H..;
Keskin, S., Computational Screening of Metal-Organic Frameworks for Membrane-Based CO2/N2/H,O
Separations: Best Materials for Flue Gas Separation. Journal of Physical Chemistry C. 2018, 122 (30), 17347—
17357.; Daglar, H..; Keskin, S., High-throughput Screening of MOFs as Fillers in Mixed Matrix Membranes for
Flue Gas Separation. Adv. Theory & Simul., 2019. This chapter is the reformatted version of the mentioned
research papers.
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selectivities suggesting that they can replace the traditional membrane materials for CO>
separation processes in the future.[14] In addition to experimental studies of MOF
membranes, computational studies provide very useful information for adsorption,
diffusion and separation of gases in MOFs.

Similar to experimental studies, in computational screening, several studies have
been reported which have used grand canonical Monte Carlo (GCMC) simulations to
screen hundreds of different MOF structures in order to identify the best materials for
adsorption-based separation of CO2 from N2.[38-41] Compared to adsorption-based
separation, computational studies of membrane-based gas separation in the literature are
still limited. Membrane-based CH4/N2 and CO2/CHa4 separations were examined for
MOFs by molecular simulations.[40] Keskin et al. recently examined membrane-based
H2/CH4 separation performances of MOFs using molecular simulations.[42] However,
there is no large-scale molecular simulation study in the literature that screens the entire
MOF database for membrane-based CO2/N2 separation. One reason is that predicting
membrane-based gas separation performances of MOFs requires diffusivities of gas
molecules through the membrane material which are obtained from computationally
expensive molecular dynamics (MD) simulations of gas mixtures. Adsorption data
obtained from GCMC simulations should be combined with the gas diffusion data
obtained from MD simulations to estimate permeability and selectivity of the MOF
membranes. GCMC and MD simulations of CO2/N2 mixture are computationally
challenging since they require calculation of the electrostatic interactions between
adsorbate-adsorbate (CO2-CO2, CO2-N2, N2-N2) and adsorbate-MOF (CO2-MOF, N:-
MOF). Both CO2 and N are polar, multi-atom, linear molecules to non-polar, single
atom, spherical representation of H> and CHs. Due to the computational expense and
longtime requirement of modeling polar, multi-atom molecules, this type of high
throughput molecular simulation study has not been performed for CO2/N> separation.
Molecular simulations generally examined a single type of MOF membrane such as
IRMOF-1,[43] CuBTC,[44] MgMOF-74,[45] ZnMOF-74,[45] MOF-177,[45] ZIF-
8,[46] BioMOF-11[47] for CO2/N. separation. Sumer and Keskin[48] computed CO>
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selectivity and permeability of 5 different MOFs for CO2/N2:15/85 mixtures Yilmaz et
al.[49] predicted CO2/N2 separation performances of 15 different MOFs using molecular
simulations. The only study that examined a large number of MOFs for membrane-based
CO2/N2 separation was performed by Watanabe and Sholl[50] who computed selectivity
and permeability of 179 MOF membranes at infinite dilution using GCMC and MD
simulations. Their reported CO2/N> selectivity and CO permeability of MOFs were 2-
2.6x10* and 1-108 Barrers, respectively.

2.2. Membrane-based Separation by Polymers

Polymeric membranes have gained importance as the most used materials in gas
separation technology because of their easy processability and low cost.[3] Membrane-
based gas separation technology was firstly industrialized thanks to asymmetric
polymeric and composite membranes used in sea demineralization. These polymeric
membranes basically have a composite configuration and they include selective defect-
free thin layer and a porous and strong substrate to separate gases from each other.[51]
Polymeric membranes have been used for flue gas separation to separate CO> from other
gases. In membrane-based gas separation, three important criteria are required for good
performing polymeric membranes. One is the permeation capacity of the gas through the
membrane; second is their ability to separate the gas from other gases and the third criteria
is about their thermal and mechanical ability.

Hard Block Soft Block
Glass Polymer Segments Rubbery Polymer Segments
\‘ VAN
H n

Provide thermal and mechanical properties Provide microdomains for gas permeation

Figure 2.1. Synthetic strategy for polymer structure used as CO; separation
membranes.[52]
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To be clearer, it is explained that the most widely used polymers are constructed
with two main parts which are hard block and soft block as shown in Fig.2.1. Hard block
is consisted of glassy polymer segments to improve thermal resistance and provide
mechanical support. On the other hand, soft block is consisted of rubbery polymer
segments to gain flexibility to polymer. Flexible chains make easier the transportation of
gas molecules that improve gas permeability. The relationship between hard block and
soft block in polymers identifies performance of separation of gas molecules. Thus,
polymeric membranes have a trade-off between permeability and selectivity.[52] In the
literature, many recent review papers were published on the performance of polymers for
flue gas separation.[51] In 2008, Robeson collected the gas separation performance data
of many polymeric membranes for CO2/N2 separation and derived an upper bound to
explain the relationship between selectivity and permeability of CO2 as shown in Fig. 2.2.
Therefore, it is important to exceed the upper bound and solve this trade-off problem

between selectivity and permeability to use polymers flue gas separation efficiently.

1000 T Y =TI T ¥ T T

.3

\ Upper Baund
N

ALPHA
CO./N

" 1 A 1 I 1
0.0001 001 1 100 10*
P(CO.) Barrers

Figure 2.2. Robeson’s upper bound for membrane based CO2/N. separation.[8]

2.3. MOF/Polymer Mixed Matrix Membranes (MMMs) for Flue Gas Separation
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The difficulties in synthesizing defect-free pure MOF membranes and performance
limitations in polymeric membranes have directed the researchers to the combination of
MOFs and polymers to make more efficient membrane materials. To improve gas
permeability and selectivity together, incorporation of MOFs into polymers has been
investigated experimentally and computationally. For example, when Car et al.[53]
incorporated two different MOFs (CuBTC and Mn(HCOO),) as filler particles into two
different polymers (polydimethylsiloxane (PDMS) and polysulfone (PSf)), they showed
that the CO2/Nz> selectivity of four MMMs slightly higher than the CO2/N> selectivity of
polymeric membranes. Basu et al.[54] measured the mixture gas permeation properties
of CuBTC/Matrimid and CuBTC/Matrimid/PSf and they also obtained improvements in
both CO. permeability and CO2/N. selectivity. Recently, Duan et al. [55]synthesized
MMM s incorporated CuBTC into Ultem. Their results showed that using CuBTC as filler
particles enhance the CO> permeability of Ultem approximately 3 times and whereas do
not change the CO2/N: selectivity of the polymer. Kim et al.[56] also used CuBTC to
combine with two different polymers (amorphous poly (2-ethly-2 oxazoline and
semicrystalline poly(amide-6-b ethylene oxide)). They investigated significant
improvement in ideal CO> selectivity over N2 of these polymers. As seen these studies,
experimental data on the gas permeability of MOFs is very limited due to the difficulty
of these measurements. As a result, almost all the computational screening studies on
MOF-based MMM s utilized molecular simulations to estimate the gas permeability of
MOFs. This data is then combined with the available experimental gas permeability data
of polymers using a theoretical permeation model in order to estimate the gas separation
performance of MOF-based MMM:s. In the early studies, gas permeabilities of only a
small number of selected MOFs have been examined using molecular simulations Yilmaz
and Keskin[49] incorporated 15 MOF and 5 ZIF into 16 different polymers to performed
CO2/N2 separation performance of composed MMMs. They also investigated the effects
of flexibility of fillers, loading and operating temperature on the gas separation
performance of MMMs. Sumer and Keskin [57] also calculated gas permeability and

selectivity of 700 MMMs composed of 70 MOFs and 10 polymers for CO2/N2 separation.
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Keskin’s group also examined the performance of 80 MMMs composed of different MOF
and polymers for CO2/CH4 separation[58] and several MOF fillers have been shown to
improve the gas separation performance of pristine polymers. Lately, with the
establishment of computation-ready MOF databases[59, 60] and with the advancement
of molecular simulation techniques, high-throughput computational screening of MOFs
has been done for different gas separations. High-throughput computational screening is
very useful to efficiently identify the most promising MOF/polymer MMMs for target
gas separations. For example, Altintas and Keskin[61] applied a multi-level, high-
throughput computational screening methodology showing increasing computational
expense and complexity at each level to study ~3800 MOFs for CO,/CHa separation.
They identified the top 8 MOF fillers from their screening approach and then estimated
gas permeabilities and selectivities of MOF-based MMMs composed of these top MOFs
and 8 different polymers. Results showed that incorporation of MOFs significantly
enhances CO. permeabilities of all polymers and even enhances CO2/CHys selectivities of
some polymers. Azar et al.[62] used a high-throughput computational screening approach
to identify the best MOF fillers for Hz2/N2 separation and presented that incorporating
MOFs into polymers almost doubles H> permeabilities and some MOFs provide slight
enhancements in Ha/N2 selectivities of polymers. Wilmer et al.[63] computationally
screened a large number of real and hypothetical MOFs for CO2/N2 separation to predict
the cost of carbon capture as a function of selectivity of MOF-based MMMs. They
predicted that a large number of MMM s yields a cost of carbon capture <$50 per tonne
CO2 removed. Yan et al.[64] recently performed high-throughput computational
screening of covalent organic frameworks (COFs) for CO2/CHa separation and 3 well-
performed COFs identified from their computational screening were examined as fillers
in MMMs composed of 4 different polymers. Their results showed that some COFs can

promote the polymers above the Robeson’s upper bound.

As can be seen in this literature review, studies on pure MOF membranes used for

CO2/N2 membrane separation investigated by permeability and membrane selectivity are
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very limited to identify the promising materials. In order to expand the literature about
the flue gas membrane-based gas separation, Chapter 4 in this thesis covered
computational screening of 3806 MOFs and their membrane-based CO2/N; separation
performances. In Chapter 4, the top MOF membranes having high selectivity and high
permeability have been selected. These top membranes have been also studied for
separation of binary CO2/N2 mixtures. However, flue gas includes a small amount of
water vapor and this can affect the separation performance of membrane materials. To
mimic real operating conditions, humidity effects in flue gas separation have been also
investigated as simulating ternary CO2/N2/H20 mixture for top MOF membranes in this
computational study. It is shown throughout this thesis that H.O effect is important for
determining the real performances of MOFs for flue gas separation. Results showing
important relationships between structural properties of MOF membranes and their gas
separation performances are given in Chapter 4.

In the literature review, it is also seen that studies investigating promising
MOF/polymer MMMs is limited. Experimental studies use certain types of MOFs and
polymers for preparing MOF/polymer MMMs. In addition, there is a limited number of
computational studies and only a small fraction of MOFs and polymers was studied. Both
experimental and computational studies that are summarized above showed that MOF
fillers increase gas permeation . However, to identify the best MOF and polymer pairs
offering the best MMMs which have high selectivity and high permeability for CO2/N>
separation, it is important to expand the knowledge about new MOF/polymer
combinations. Because of impossibility of synthesizing all available MOF/polymer
MMMs, large-scale computational screening studies are very important. With this
motivation, 7822 real MOFs and 14 polymers leading to 109508 real MMMs were studied
in Chapter 5. In addition to this, 200 MOF-based MMMs were studied for CO2/N2
mixture separation. This is the largest number of MOF-based MMMs for which

synthesized, real MOFs were considered as fillers using high-throughput molecular



Chapter 2: Literature Review 13

simulations. Results of this chapter will help to accelerate the experimental studies aiming

to identify MOF and polymer pairs.
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Chapter 3: Computational Methods

In this chapter, all computational methods used in this thesis are covered. In the
first part, criteria of MOF selection, steps before molecular simulations are described in
detail and in the second part, utilization of Grand Canonical Monte Carlo (GCMC) and
Molecular Dynamics (MD) simulations to calculate the separation performance of MOFs
is summarized. In the last part, calculation of membrane evaluation metrics and

theoretical model used for MOF-based MMMs are discussed.

3.1. MOFs and Polymer Selection

Our high-throughput computational screening approach was designed to have
increasing complexity and computational cost. In this thesis, two different version of the
non-disordered MOF subset of the Cambridge Structural Database (CSD)[60] were used.
In Chapter 4, 3806 MOFs having a large variety of chemical and structural properties
were studied. These MOFs were taken from the recent collection of MOFs[65] which
consists of 54808 non-disordered structures. In Chapter 5, 7822 different types of MOFs
representing various structural properties were examined as fillers. These MOFs were
taken from the updated version (December 2017) of CSD MOF subset consisting of
70589 MOFs. Except for their version of non-disordered MOF subset of CSD, our
elimination procedure of MOF sets used in Chapters 4 and 5 were the same. First, solvent
molecules were removed from the pores of these two different set of MOFs using the
Python script[60] of the database to imitate the experimental activation procedure of
MOFs. Zeo++ software[66] was used to calculate geometrical descriptors of MOFs such
as pore limiting diameter (PLD), the largest cavity diameter (LCD), accessible
gravimetric surface area (SA), and porosity (¢). For surface area calculations number of
trials and probe size were set to 2000 and 1.86 A. In addition, number of trials and probe

size of pore volume calculations were set to 50000 and 0 A, respectively. We only
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considered the MOFs with non-zero accessible surface areas. Therefore, refined this large
database to only include the MOFs with PLDs >3.75 A were refined so that both CO;
(3.3 A) and N2 (3.64 A) molecules can pass through the MOFs’ pores.

In Chapter 5, we also used 14 different polymers, Matrimid,[67] Ultem,[68]
polyurethane (PU),[69] poly(ether-b-amide) (Pebax),[70] polymethylpentene (PMP),[71]
poly(bis(2-(2-methoxyethoxy)ethoxy)phosphazene)(MEEP),[72] 6FDA-2,2-bis(3,4-
carboxyphenyl) hexafluoropropanedianhydride-diaminomesitylene (DAM) (6FDA-
DAM),[73] 6FDA-2,3,5,6-tetramethyl-1,4-phenylenediamine  (6FDA-durene),[74]
polymers of intrinsic microporosity-7 (PIM-7),[75] poly(dimethylsiloxane) (PDMS),[76]
modified poly(dimethylsiloxane)  (modified PDMS),[77] polymers of intrinsic
microporosity-1 (PIM-1),[78] poly(trimethylgermylpropyne) (PTMGP),[79] and
poly(trimethylsilypropyne) (PTMSP)[79] . Among these polymers, Matrimid, Ultem,
PU, Pebax, PMP, PDMS, 6FDA-DAM and 6FDA-durene were studied since they are
commonly used in the experimental studies. Additionally, MEEP, PIM-1, PIM-7,
modified PDMS, PTMGP and PTMSP were examined since these polymers are close to
the Robeson’s upper bound established for CO2/N> separation.[8] Single-component CO>
and N2 permeabilities of these polymers were collected from the literature and given in
Table A.1.

3.2. Molecular Simulations

In this thesis, performances of MOFs for membrane-based gas separation were
computed by using two different simulations which are Grand Canonical Monte Carlo
(GCMC) and Molecular Dynamics (MD) simulations for single-component gas, binary
mixture and ternary mixture data.
3.2.1. Grand Canonical Monte Carlo (GCMC) Simulations

Grand canonical Monte Carlo (GCMC) simulation is commonly used for gas-
solid adsorption. In GCMC, chemical potential («), volume (V) and temperature (T) are
kept constant while the number of molecules (N) are fluctuated to represent experimental

conditions considering that chemical potential and temperature of solid adsorbent is the
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same with those of outside of the adsorbent. In a GCMC simulation, force field
parameters are required for solid materials (MOFs) to calculate energetic interactions
including dispersion forces and electrostatic interactions. To represent repulsion and
dispersion forces, electrostatic interactions were calculated by using equation of potential
energy as follows:

Oij 12 Oij 6 1 q4ixq;
U(ry) = 4¢;; [(T—j) - (—’) e X — (3.1)

Tij Tl]

This equation is the combination of Lennard Jones potential (LJ 12-6)
representing with LJ potential (e;;) and LJ potential diameter (o;;) and Coulomb
potential representing with the partial charge on atoms (gq; and g;) and the dielectric
constant (g,) for energy between two atoms i and j at a distance (r;;). Lorentz-Berhelot
mixing rule were used to LJ parameters between dissimilar atoms as:

GU+GU

2 , gij == \/(Sii X 8]]) (32)

O-ij =

In the literature, there are many force fields directing the accuracy of molecular
simulations. Universal force field (UFF)[80] and DREIDING[81] force field are widely
used to define potential parameters of MOF atoms in molecular simulations. In this thesis,
UFF was used for MOF atoms. Dokur and Keskin[82] showed that although there are
significant quantitative differences between some adsorbent evaluation metrics computed
using different force fields, rankings of the top MOF materials represented by UFF and
DREIDING, separately, for CO> separations are generally similar. CO> was modeled as
a three-site rigid molecule with LJ 12-6 potential and its partial point charges were
positioned at the center of each site.[83] N2 was also represented as a three-site molecule,
two sites were located at the N atoms and the third site was located at the center of the
mass with partial point charges.[84] and H2O was represented using the TIP4P[85] model.
These values are also shown in Table 3.1
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Table 3.1. Parameters used in the modelling of adsorbate molecules.

Gas e/ks .
Molecules Atoms o (A) (K) q(€)
CO; C- CO» 280 27.00 0.70
0—=—0=0 0O- CO; 305 79.00 -0.35
N2 N- N, 331 3640 -0.40

=0 COM- N, 0.0 0.0 0.80
H20 H- H,O 0.0 0.0 -0.52

(ﬁb O-H0 315 77.94 104

Since both gas molecules have quadrupole moments, the electrostatic interactions

between gas molecules and MOF atoms must be computed. Charge equilibration method
(QEQ)[86] present in RASPA[87] was used to assign partial point charges to MOF atoms.
The electrostatic interactions were calculated by the Ewald summation.[88] The charge
assignment method was shown by the good agreements between simulation results and
measured CO, and N adsorptions of many MOFs using experiments in earlier
studies.[41, 48, 89] During GCMC simulations, insertion, deletion, rotation and
translation which are four types of moves of molecules were employed to create a new
molecule in randomly, delete an existing molecule, rotate an existing molecule randomly

and translate a randomly selected molecule, respectively.

In this thesis, molecular simulations for single-component CO> and N> gases in
two different MOF sets were performed. In order to save computational time, molecular
simulations of MOFs were initially performed at infinite dilution to compute gas
permeabilities. In GCMC, Henry’s constants (K°) of CO, and N; at infinite dilution,
respectively, as implemented in the RASPA simulation code. Henry’s constant represents
only adsorbent-gas molecule interactions without the presence of gas-gas interactions in

infinite dilution. In the second level of calculations in Chapter 4, GCMC simulations were
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done for the top 15 MOF membranes considering binary CO2/N2:15/85 mixtures at 1 bar
and 298 K to represent industrial operating conditions for the flue gas separation. After
binary mixture simulations in Chapter 4, we run the molecular simulations for the best
MOF membranes identified from the second level of screening for a ternary gas mixture
of CO2/N2/H20:10/87/3, which mimics flue gas streams that are usually saturated with
water for the industrial post-combustion processes. The partial pressure of water was
fixed at 3280 Pa to maintain the relative humidity at 80% whereas the partial pressures
of CO2 and N2 were set as 9672 and 87048 Pa, respectively to represent the post-
combustion process.[90] In Chapter 5, after gas permeabilities of all MOF-based MMMs
were estimated at infinite dilution, we aimed to examine mixture separation performance
of MOF-based MMMs. We identified the top 50 MOF fillers for highly permeable
polymers which lead to the MMM s having the highest CO. selectivities. We searched for
the available CO2/N2 mixture gas permeability data of polymers and obtained this data
for 4 polymers, Pebax, 6FDA-DAM, Matrimid and PIM-1 as reported in Table A.2. In
order to predict the CO2/N2 mixture permeabilities of MOF-based MMMs composed of
these polymers, we performed GCMC for the top 50 MOF fillers considering the same
gas compositions under the same measurement conditions of these polymers as given in
Table A.2. Both adsorbate-adsorbate and adsorbate-MOF interactions were considered
for all binary and ternary simulations. A cut-off distance of 13 A was used to truncate the
intermolecular interactions and the simulation cell lengths were increased to minimum
26 A along each dimension. GCMC simulations were performed for 10000 cycles, the

first 5000 for initialization and the last 5000 cycles for getting the ensemble averages.

3.2.2. Equilibrium Molecular Dynamics (EMD) Simulations

Equilibrium Molecular Dynamics (EMD) simulations were performed with the
aim of solving the equation of motion of N molecules in three dimensions in a
thermodynamically equilibrated system. In this thesis, EMD simulations of adsorbed
molecules obtained from GCMC were performed to calculate self-diffusivity of MOFs.

Self-diffusivity is the molecular motion of a marked species among other identical
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molecules in the fluid.[91] Based on the Einstein’s relation, self-diffusion coefficients
(D) of gases were computed from the slope of the mean square displacement of gas
molecules obtained from EMD simulations. The mean square displacement (MSD) of

gas molecules was computed using the equation:

MSD() = (S [r(®) - 1,(0)])") (3.3)

Here, N is the number of molecules and 7 (¢) is the three-dimensional position
vector of molecule | of species i at time, t. These molecular simulations were performed
for 10° cycles in the NVT ensemble and a time step of 1 fs was used. The numbers of
initialization and equilibration cycles were set as 1000 and 10000, respectively. The

Nosé-Hoover thermostat[91] was used in NVT-EMD simulations.

In the first level of EMD simulations, adsorbate-adsorbate interactions were
switched-off and 30 adsorbate molecules were inserted into every single MOF to mimic
the infinite dilution condition in order to reach a high accuracy in this thesis. We only
considered the MOFs in which both CO2 and N self-diffusivities were calculated to be
>10"8 cm?/s, the limit for which diffusion of gases can be readily described using EMD
simulations. This restriction eliminates the MOFs for which diffusion selectivity could
be very high due to the slow diffusing gas component, but this is necessary to eliminate
uncertainties resulting from the time scale limitation of EMD simulations. In chapter 4,
for the second level of EMD simulations, the initial states of the mixture EMD
simulations were taken from the binary (ternary) GCMC simulations which were carried
out for CO2/N2:15/85 (CO2/N2/H20:10/87/3) mixtures at 1 bar and 298 K. Minimum 3
trajectories were collected from these simulations to calculate the self-diffusivities of gas
molecules. In Chapter 5, mixture EMD simulations were also performed for the top 50
MOF fillers considering the same gas compositions under the same measurement

conditions of the polymers as given in Table A.2.

In Chapter 4, both GCMC and EMD simulations were also repeated in the first

level of screening by switching-off the electrostatic interactions between guest molecules
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and MOFs to investigate their effects on the performance predictions of our molecular
simulations. The results of simulations (with and without charges) were compared to
elaborate on the necessity of calculating framework charges, which is a computationally
time-consuming process in large-scale MOF screening studies. Details are provided in
Chapter 4.

3.3. Calculating Membrane Properties of MOFs
K® and D° values of gases were employed to compute permeabilities of MOFs
using the following equation:
PY=K?xD? (3.4)
Gas permeabilities were reported in Barrer to be consistent with the literature.
Selectivities of the MOF membranes were computed using the ratio of permeabilities of

gas species as follows:

S?nem,COz/Nz :P0C02 /PIQIZ (35)

Keskin and Sholl [92] estimated that membrane selectivity can be calculated by
multiplying adsorption and diffusion selectivities because combination of adsorption and
diffusion performances of MOFs represents the performance of membrane-based
separation. Adsorption and diffusion selectivities of MOFs were calculated by dividing

Henry’s constants and self-diffusion coefficients, respectively as follows:

Sgds,c02/]\12 :K(():Oz /Kl%z' Sgiff,COZ/N2 :DOCO2 /Dl(zb (36)
Both adsorption and diffusion selectivities were computed for CO> over N2 to be
consistent with the definition of membrane selectivity.

In the second level of calculations, results of GCMC and MD simulations were used

to compute mixture permeabilities in the

PMX=cMmixx DM /f; 3.7)
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where c;, D; and f; represent the adsorbed loading of the gas component in the MOF, self-
diffusion coefficient of the gas in the mixture and partial pressure of the gas at the feed
side of the membrane, respectively. Permeate pressure of the membrane was assumed to
be vacuum as validated before.[43] Selectivities of the MOF membranes for gas mixtures
were calculated as the ratio of permeabilities of gas species in their corresponding

mixtures and referred as ‘mixture selectivity’ throughout the Chapter 4 as follows:

S =PE, /PR (3.8)

3.4. Calculating Membrane Properties of MOF/Polymer MMMs

In Chapter 5, since there are two different materials (MOF and polymer) used in
equations for MMM, the notations of this chapter are slightly different from those of
Chapter 4.

Using the results of molecular simulations, gas permeabilities of MOFs at infinite
dilution (PMF) were computed as follows where i represents the gas species:
PMOF=K D! (3.9)
Selectivities of MOFs (Slg&%z) were computed using the ratio of permeabilities of gas
species as follows:
Stoun, = PG /PNOF (3.10)
In a previous study, Erucar and Keskin[58] showed that predictions of the modified
Felske model has the best agreement with the experiments reporting the CO:
permeabilities of IRMOF-1/Matrimid MMMs among the theoretical permeation models
that consider non-ideal interfacial morphology. Motivated from these results, the
modified Felske model was used in this study to estimate the separation performance of
all possible MOF-based MMMs for which experimental gas permeability data is not
currently available. The modified Felske model predicts the gas permeabilities of MMMSs

(PMMM) hased on the gas permeability of polymer (P?), permeability of MOF (PMOF),
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volume fraction of MOF filler (¢) within the polymer matrix and several constants

accounting for the interfacial morphology as follows:

pMMM_pP . [ 1+ 2X[B-y)/(B+27)]<¢
1-[(B-v)/(B+27)]x¢>

(3.11)

B=(2+ 87)¥hmp - 2X(1-8") Ny, ¥=(1+2%8") - (1- 8 XD, =1+

ER) PR
(¢m)2l ¢ (3.12)

In this model, A, is the permeability ratio of PMOF/P®, ;) is the permeability
ratio of P'/P”, P! is the permeability of interphase, P"/5* where the value of f* was taken
as 3 following the literature,[93, 94] A, is the permeability ratio of PMOF/P!, § is the ratio
of outer radius of the interfacial shell. Parameters used in Eq. (3.12), 6 and ¢_, were taken
as 1.18 (obtained for Matrimid/carbon molecular MMM system[95]) and 0.64
(representing the maximum packing volume fraction of the fillers[96]), respectively,
from the literature. Furthermore, we also showed that gas permeability predictions of the
modified Felske model are in good agreement with the experimentally measured CO- and
N2 permeability data for various MOF-based MMMs composed of different MOFs and
polymers as discussed in Chapter 5. The volume fraction of MOF fillers in MMMs was
used as 0.3 throughout this work following the experimentally fabricated MOF-based
MMMs. More details about the usage of this permeation model are available in our
previous works.[58, 97] Once the gas permeability of MOF filler computed at infinite
dilution as explained above, PMOF  experimentally reported gas permeability of polymer
collected from the literature, P¥, and the volume fraction of MOF filler, ¢, were inserted
into Eq.(3.11), gas permeability of MMM (PM"M) was calculated. Selectivity of a MOF-

based MMM (Sgoin,) was calculated as the ratio of gas permeabilities as follows:

StoaN,=PtoS /PR (3.13)

Mixture permeabilities of MOF fillers were computed using,

PMOF, mix_ C?ﬁx ><D{nix /fi (3.14)

1
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where ci, Dj, and fi correspond to the adsorbed gas loading of species i computed from
GCMC simulations, self-diffusion coefficient of gas species i computed from MD
simulations and feed side partial pressure of the gas species i, respectively. Selectivities
of MOF fillers at the binary mixture conditions were computed as the ratio of gas
permeabilities as follows:

MOF, mix__yMOF, mix ;5 MOF, mix
SCOZ/N2 —PCO2 /PN2 (3.15)

MOF, mix
i

Once the mixture gas permeability of MOF filler, P , experimentally

reported gas permeability of polymer collected from the literature, P™*, and the volume
fraction of MOF filler, ¢, were inserted into Eq.(3.11), mixture gas permeability of MMM
(PMMM-miy \as calculated. Mixture selectivity of a MOF-based MMM (Sgoi,™) was

calculated as the ratio of mixture permeabilities as follows:

MMM, mix_pMMM, mix ., MMM, mix
SCOz/Nz _PC02 /PN2 (316)
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Chapter 4: Computational Screening of MOFs for Membrane-based
CO2/N2/H20 Separations: Best Materials for Flue Gas Separation®

In this chapter, we screened the most complete and recent MOF database[60]
maintained by the Cambridge Structural Database (CSD)[98] to find out the best
membrane materials for CO2/N> separation. This recent MOF database has not been
investigated for any membrane-based CO: separation application to date. A high-
throughput computational screening approach of increasing complexity and
computational cost was used: First, GCMC and MD simulations were performed to
acquire adsorption and diffusion data of CO2 and N2 in all MOFs at infinite dilution
condition. Using this adsorption and diffusion data, MOF membranes’ selectivity and gas
permeability were estimated. Predicted CO2/N2 selectivities and CO2 permeabilities of
3806 MOFs were compared with those of widely studied polymers and zeolites.
Promising MOF membranes that can exceed the upper bound[8] were identified. We also
repeated both the GCMC and MD simulations by switching-off the gas-MOF electrostatic
interactions to reveal the influence of these interactions on the predicted performance of
MOF membranes. GCMC and MD simulations of CO2/N2:15/85 mixtures were then
carried out for the top 15 MOF materials to evaluate their flue gas separation
performances under practical conditions, 1 bar and 298 K. Finally, molecular simulations
were performed for ternary CO2/N2/H20:10/87/3 mixtures to investigate the effect of
presence of water in the flue gas streams on the selectivity and permeability of the top
MOF membranes. By applying this stepwise screening procedure, the number of
promising MOF membranes for flue gas separation was narrowed down from thousands

to tens. Structural properties of MOFs were examined to gain molecular-level insights

T The results given in this chapter were published in Journal of Physical Chemistry C with following reference:
Daglar, H..; Keskin, S., Computational Screening of Metal-Organic Frameworks for Membrane-Based
CO./No/H,0 Separations: Best Materials for Flue Gas Separation. J. Phys. Chem. C, 2018, 122 (30), 17347-
17357. This chapter is the reformatted version of the mentioned research paper.
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about the influence of physical and chemical belongings of materials on the membranes’
performances. The quantitative structure-performance relationships provided will be used
as a guide to direct the design of new MOF membranes having extraordinarily good
performances for flue gas separation. The structural properties and the results of gas
separation performance of 3806 MOFs in this chapter are given in a publicly accessible

database (https://cosmoserc.ku.edu.tr/).

4.1. Screening of MOF Membranes

Before analyzing the results of the computational screening of MOF membranes,
predictions of our molecular simulations with available experimental data for CO, and
N2 permeabilities of different MOF membranes were compared in Figure 4.1. Conditions
of the molecular simulations were same with the experiments. Details of these conditions
together with the experimental membrane references are available in Table A.3. Figure
4.1 shows that there is a remarkably good agreement between our molecular simulations
and experimental measurements for single-component CO2 and N2 permeabilities of
IRMOF-1, MIL-53 (Al), Ni-MOF-74, ZIF-90 and ZIF-95 membranes in addition to the
CO2/N2 mixture permeabilities reported for ZIF-69 membrane.


https://cosmoserc.ku.edu.tr/
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Figure 4.1. Comparison of our simulated gas permeabilities with the experimental data
for various MOF membranes. Measurement conditions and related experimental

references are given in Table A.3.

Molecular simulations generally overestimate the gas permeabilities compared to
the experiments due to the perfect, defect-free membrane assumption, which may not be
true in experiments. The good agreement shown in Figure 4.1 demonstrated validity of
our computational method. Motivated from this, we used the same method to study 3806
MOFs for membrane-based CO2/N. separation with the aim of identifying the best

membrane candidates.



Chapter 4: Computational Screening of MOFs for Membrane-based CO2/N2/H>O

Separations: Best Materials for Flue Gas Separation 27
105 i 0
diff.COzs’Nz

3.9=10™

Figure 4.2. Adsorption, diffusion and membrane selectivities of 3806 MOFs for CO2/N>
separation computed at infinite dilution at 298 K. Stars represent the top 15 MOF

membranes.

Adsorption, diffusion and membrane selectivities of MOFs computed at infinite
dilution were shown in Figure 4.2 to assess the impact of adsorption and diffusion of
gases on the membrane performance. All selectivities were calculated using the equations
described in Chapter 3. Adsorption selectivities of all MOFs favor CO- over N2 since CO>
is more strongly adsorbed than N2 and they are between 1.72 and 8.8x10* To be
consistent with the adsorption selectivity, both diffusion and membrane selectivities are
given for CO2 over N in Figure 4.2. Diffusion selectivities for CO2/N2 range from
3.94x10*t0 4.31. In a very large number of MOFs (3664) shown by red and blue points,
diffusion selectivities are less than 1 since CO- diffuses slower than N». In 65 MOFs, N>

diffusion is significantly faster than that of CO, resulting in diffusion selectivities
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between 3.9x10#-0.01 as shown by blue points. In 142 MOFs, CO> diffuses faster than
N2 and diffusion selectivities become larger than 1, represented by orange points in Figure
4.2. In fact, those points represent the MOF membranes in which both adsorption and
diffusion favor CO> over N.. Membrane selectivities of MOFs computed at infinite
dilution (S?nem, co,N,) were between 0.76-2288. Almost all the MOFs (3795) were
identified to be CO; selective membranes for flue gas separation. Only 11 MOFs have
membrane selectivities less than 1 (0.76-1) indicating that they are very weakly N>
selective. MOFs combining high adsorption selectivity towards CO2 with low diffusion
selectivity towards N2 become the top promising membranes and stars in Figure 4.2

represent the best membrane candidates, as it is discussed in detail below.
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Figure 4.3. Predicted CO2/N2 selectivity and CO> permeability of 3806 MOF membranes
at infinite dilution at 298 K. Red stars represent the best membrane candidates.

Figure 4.3 shows our predictions for CO2/N: selectivities and CO. permeabilities
of MOF membranes. Polymer membranes have been widely used for CO2/N> separation
and Robeson[99] defined the upper bound for the separation performances of polymers
as shown with a line in Figure 4.3. The CO2 permeabilities of MOF membranes were
calculated to be considerably larger than those of polymers, ranging from 296 to 6.72x108
Barrer since MOFs are highly porous structures compared to polymers. Therefore, we
extended the upper bound in Figure 4.3. A significant number of MOFs (2922), almost
77%, were found to surpass the upper bound due to their very high CO2 permeabilities,
>108 Barrer, as shown by blue points. Highly permeable membranes are strongly desired
because they require low surface area, hence low capital cost for the membrane-based

gas separation process. Figure 4.3 indicates that many MOF membranes may replace
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conventional polymer membranes. We specifically focused on the MOFs that have
Sglem, co,/N,>350 and P‘éoz>106 Barrer to identify the promising membranes having high
CO2/N: selectivities and high CO, permeabilities. The red stars in Figure 4.3 represent
the top 15 MOF membrane candidates that satisfy those two criteria. For these MOFs,
binary CO2/N2 and ternary CO2/N2/H>O mixture simulations were performed to assess
their potentials under industrial operating conditions and results are discussed in the

section 4.2.

with charge

without charge

Top MOFswith charge
Top MOFs without charge
Robeson's upper bound

Bote s

10° 10° 10° 10° 10"
p’ (Barrer)
COE

Figure 4.4. Comparison of CO2/N2 selectivity and CO2 permeability of MOF membranes
computed with and without framework charges at infinite dilution at 298 K. Red and

black stars represent the best membrane candidates computed with and without charges.

As we discussed in the beginning, one challenge of studying adsorption and

diffusion of CO2 and N2 molecules in MOFs is calculating the electrostatic interactions
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between gases and framework atoms which requires computation of partial point charges
for MOF atoms. This is a time-consuming process considering the facts that some MOFs
have very large structures with several thousands of atoms and there are already
thousands of MOFs that we aim to study. In order to understand the effects of electrostatic
interactions between the adsorbate molecules and frameworks on the membranes’
performances, we repeated all molecular simulations by switching-off the gas-MOF
electrostatic interactions. Our aim at that point was to examine whether screening MOF
membranes for separation of two polar molecules (CO2/N>) can be done by skipping the
tedious charge assignment procedure to save significant computational time. Figure 4.4
compares CO2/N: selectivities and CO permeabilities of MOF membranes calculated
from molecular simulations considering electrostatic interactions (referred as with
charges) with the ones computed by neglecting these interactions (refereed as without
charges). The range of calculated CO, permeabilities decreased from 296-6.72x108
Barrer to 81-4.18x108 Barrer when the framework charges were neglected. Similarly, the
range of predicted CO./Nz selectivities changed from 0.76-2288 to 0.37-1405. As can be
seen from Figure 4.4, the top 15 MOFs that we identified would have been missed if the
electrostatic interactions between gas molecules and MOFs were neglected. In fact, most
of the promising MOF membranes were located under the upper bound when framework

charges were absent.
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Figure 4.5. Comparisons of (a) Henry’s constants (b) self-diffusivities(c) permeabilities

of gases computed with and without charges at infinite dilution at 298 K.

Effects of the electrostatic interactions on the gas adsorption and diffusion in MOFs
were studied in detail. Figure 4.5(a) represents the Henry’s constants (K®) of COz2and N
in MOFs computed with and without charges. K° values of CO; are larger than those of

N supporting the fact that MOFs are CO; selective in adsorption. Comparison of K°
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values calculated with and without charges showed that neglecting charges significantly

underestimates the K‘éo2 in many MOFs whereas the effects of charges is less pronounced

for K%Z due to the slighter quadrupole moment of N2 (4.7 cm?) compared to CO; (13.4
cm?).[100] Figure A.1(a) represents adsorption selectivities of MOFs calculated at
infinite dilution as the ratio of Henry’s coefficients of gases and neglecting charges
resulted in lower CO2/N; adsorption selectivities since K‘(’;OZ was underpredicted. There
are many MOFs for which adsorption selectivity significantly decreased from thousands
to tens in the absence of framework charges. Effect of framework charges on the self-
diffusion coefficients (D°) of gases is shown in Figure 4.5(b). D%o2 (DIO\IZ) values vary
between 1.21x108-6.19x10* (3.95x108-1.61x10%) cm?/s. Simulations without MOF
charges overpredicted CO: diffusivities because CO> molecules are less strongly
adsorbed in MOFs in the absence of electrostatic interactions and therefore they diffuse
faster. The effects of charges on N2 diffusivities were insignificant. As a result of this,
CO2/N2 diffusion selectivities were overpredicted when the electrostatic interactions were
switched-off as shown in Figure A.1(b). Neglecting MOF charges decreased the
adsorption of CO> but increased the diffusion of CO,. The decrease in CO2 permeability
in the absence of charges shown in Figure 4.5(c) indicates that adsorption is the dominant
factor in determining CO. permeability of membranes. Overall, switching-off the
electrostatic interactions between gas-MOF underestimates both CO> permeabilities and
CO: selectivities whereas N2 permeabilities are almost unchanged. There are significant
differences between the CO, permeability predictions of simulations considering MOFs’
charges and the ones neglecting charges as shown in Figure 4.4. On the other hand,
correlation between the rankings of MOFs in terms of CO2 separation performances
obtained from those two sets of simulations is good. We computed the Spearman’s
ranking correlation coefficient (-1<SRCC<1) for the MOFs ranking obtained from
simulations with and without charges. The SRCC for the rankings of MOFs in terms of
CO2 permeability (CO2/N2 selectivity) obtained from simulations with and without

charges was calculated to be 0.85 (0.77). These results indicate that neglecting the gas-
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MOF electrostatic interactions may be a reasonable approximation in quickly ranking
MOF membranes in terms of CO. permeabilities and selectivities. This would save
tremendous amount of time since assigning partial charges to thousands of MOFs is
computationally costly even if approximate methods are used. On the other hand, caution
should be warranted because neglecting charges does not accurately identify the most

promising MOF membranes as shown in Figure 4.4.

4.2. Binary and Ternary Mixture Separations

All the membrane properties of MOFs discussed above were calculated using
single-component adsorption and diffusion data of gases at infinite dilution. It is
discussed that multi-component mixture effects could impact the membrane
selectivities.[101, 102] However, performing computationally demanding MD
simulations for several thousands of MOF membranes is not trivial. Considering the fact
that MOF membranes with low ideal membrane selectivities are unlikely to exhibit high
mixture selectivity at practical operating conditions, we performed GCMC and MD
simulations for binary CO2/N2:15/85 mixtures only for the top 15 MOF membranes which
were identified in the first-level of screening based on the criteria of S?nem, co,/N,>350 and
POCOZ>1O6 Barrer. Mixture simulations were done at 1 bar and 298 K to represent post-

combustion CO> capture conditions. Table 4.1 summarizes separation performances of
the top 15 MOF membranes for binary CO2/N2 mixture. Mixture selectivities of MOF
membranes were estimated to be high, 16.4-819. Nine of the top 15 MOFs have CO2/N;
selectivities>100. CO2 permeabilities of these MOFs were also calculated to be high,
1.19x10°-1.95x10° Barrer. One common feature of top MOFs is that they all have high
adsorption selectivities, generally >100.
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Table 4.1. Predicted CO2/N> mixture separation performances of the top 15 MOFs.

MOFs are ranked based on their membrane selectivities.

MOF PLD, LCD (&) (?ncqﬁ’;s) ( CI:?nI\IZZ/S) (BP ;‘Cr)ér) (Bl;T\rI;er) ads, COy/N,  Sdiff, COyN, Sﬁé’fn, COy/N,
VIHHIE 4.55,6.17 8.48x106  2.33x10° 1.87x10%  2.28x10%  2251.99 0.36 819.86
LUPQES 4.03,4.70 8.18x107  2.69x10 1.19x105  1.75x102  2234.37 0.30 680.99
AFEJEA 3.77,4.56 3.64x10%  4.60x10 2.72x10%  6.06x10? 567.36 0.79 449.33
NURVAZ 6.00, 6.58 5.80x106  2.33x10° 9.35x105  3.04x10°  1238.62 0.25 307.77
PEXSAO 4.26,5.95 5.41x10%  2.03x106 3.56x10%  1.23x10° 108.25 2.66 288.45
SAJFEO 6.00, 6.63 5.67x10%  2.51x10° 9.16x10° 3.26x10° 124593 0.23 280.89
PEXROB 4.29,5.91 5.95x10%  2.92x10 3.94x105  1.65x10° 117.46 2.04 239.15
LIFWON 3.91,5.03 1.97x10° 5.41x10° 1.95x108  1.07x104 499.68 0.36 182.30
PEXSES 4.25,5.93 2.03x10% 2.45x10 1.81x10°  1.09x103 200.67 0.83 165.80
ICORAV 4.39, 4.98 2.04x10%  2.69x10° 2.07x10°  4.76x103 574.94 0.08 43.57
KIPJUQ 6.98, 7.29 2.49%10%  5.71x10° 1.82x105  6.24x103 670.43 0.04 29.21
OGALOZ 3.80, 6.36 8.24x10%  4.22x10° 4.93x10° 2.31x104 109.01 0.20 21.28

OGAHOV 3.83, 6.27 8.85x10%  4.05x10° 5.01x105  2.50x104 91.97 0.22 20.08
OGAMOA 3.80, 6.37 9.36x10% 5.11x10° 5.36x10°  2.99x10* 97.83 0.18 17.91
OGALIT 3.84,6.37 7.67x10%  4.78x10° 4.40%x105  2.69x104 102.27 0.16 16.38

According to Table 4.1, VIHHIE is the most promising membrane candidate with
the highest selectivity, 820. This high membrane selectivity can be explained with the
very high adsorption selectivity of this MOF for CO2 over N, 2252. Table 4.1 illustrates
that top MOFs, including VIHHIE, are generally the ones having narrow pores. PLDs
and LCDs of the top MOFs are between 3.77-6.98 A and 4.51-7.29 A, respectively. MOFs
possessing small pores offer high CO2/N2 adsorption selectivity because of the strong
confinement of the adsorbate molecules as demonstrated in Figure A.2(a). Strongly
adsorbed CO2 molecules diffuse slower than the weakly adsorbed N in the narrow pores
and diffusion selectivity favors N2 in all top MOFs except two, also supported by Figure
A.2(b). As a result, high adsorption selectivity towards CO, dominates the diffusion
selectivity towards Nz in these narrow-pored type materials, leading to high membrane
selectivities as shown in Figure A.2(c). Figure A.2(a) also shows that MOFs with large

pore sizes (>15 A) and high porosities generally have low adsorption selectivities. Both
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gas molecules diffuse in similar rates in large pores and CO2/N> diffusion selectivities
become unity in these MOFs as shown in Figure A.2(b). As a result, membrane-based
separation potential of the large-pored MOFs becomes low as shown in Figure A.2(c) and

these MOFs are absent in the top material list.

We also compared selectivities and permeabilities of the top MOF membranes with
zeolite membranes. Kusakabe et al.[103] reported the CO2/Nz selectivity of NaY zeolite
membrane as 20 and its CO, permeance was measured as 1.6x107" mol/(m?xsxPa)
(corresponding to 9.5x10% Barrer) at 303 K for a CO2/N2:50/50 mixture. Selectivity of
ZSM-5 membrane was reported to be 68 for an equimolar mixture at room
temperature.[104] Li and Fan[105] used SAPO-34 membranes and reported CO2/N2
selectivity in the range of 21-32 and CO. permeance of 1.5x107° mol/(m?xsxPa)
(corresponding to 2.2x10* Barrer) for an equimolar mixture. Molecular simulations of
Krishna and van Baten[45] for CO2/N2:15/85 mixture at 10 bar and 300 K showed that
several zeolites such as FAU, MFI, DDR, and CHA membranes exceed the upper bound
with CO2/N2 selectivities of 7, 10, 20, 40, respectively. These results showed that top
MOF membranes given in Table 4.1 have higher selectivities and permeabilities than
zeolite membranes under similar conditions. Results of our molecular simulations for
MOFs were also compared with the previous simulation works on MOF membranes.
CO2/N2 selectivities of Mg-MOF-74, Zn-MOF-74, and MOF-177 were computed as 18,
6, and 2, respectively considering CO2/N2:15/85 mixture at 1 bar and 300 K.[45] Our
computed CO2/N2 selectivities for these MOFs, 12, 5, and 1, agreed well with the
literature. We calculated CO2/N2 selectivity of ZIF-8 as 5.2, in a good agreement with the
previously computed value of 5.7 at infinite dilution.[46] Li et al.[47] computed CO2/N.
selectivity of bio-MOF-11 membrane as 22 for CO2/N2:15/85 mixture at 1 bar and 298
K. This value is close to the selectivity computed in this work, 18. Watanabe and
Sholl[50] predicted CO2/N2 selectivities of 179 MOF membranes in the range of 2-
2.6x10* at infinite dilution. Selectivity of the MOFs we studied in this work is lower than

theirs because they only considered MOFs with very narrow pores, 2.2<PLD<3.6 A, to
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study molecular sieve effects of MOF membranes whereas the lowest pore size in our
MOF database was 3.75 A to let both gas molecules to diffuse through the pores.
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Figure 4.6. Comparison of (a) adsorption and membrane selectivities, (b) gas

permeabilities calculated for binary CO2/N2 mixture and ternary CO2/N2/H20 mixtures.

(c) Comparison of separation performances of the top MOF membranes computed using

single-component gas, binary gas mixture and ternary gas mixture simulations.
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We finally examined the influence of humidity on the flue gas separation
performances of the top MOF membranes using molecular simulations. A ternary gas
mixture of CO2/N2/H,0:10/87/3 was considered to mimic flue gas streams for the
industrial post-combustion processes. It is important to note that ternary MD simulations
were performed only for 10 of the top MOFs due to the difficulty of equilibration of
highly polar H.O molecules in the MOFs during GCMC and MD simulations. GCMC
simulations showed that H,O molecules adsorb in MOFs and compete with the strongly
adsorbed CO2 molecules rather than the weakly adsorbed N2> molecules. The amount of
adsorbed CO: decreases in the presence of H>O in agreement with the literature[41, 106,
107] whereas N2 adsorption is not significantly affected. Therefore, CO2/N2 adsorption
selectivities computed for ternary mixtures were found to be less than those calculated
for binary mixtures in Figure 4.6(a). Diffusivities of gases do not significantly differ in
the binary and ternary mixtures. Consequently, permeabilities and membrane selectivities
of MOFs computed mimicking the presence of humidity were found to be generally less
than those computed for binary mixture as shown in Figure 4.6(b). There are significant
decreases in the gas permeabilities of 3 MOFs when a ternary gas mixture was
considered. A detailed analysis on these materials showed that these 3 MOFs have the
narrowest pore sizes among the top MOFs. Therefore, the reduction in their CO2/N;
adsorption selectivities was more distinct than the others, resulting in more observable
reductions in their gas permeabilities. Figure 4.6(c) compares the selectivities and
permeabilities of the top MOF membranes computed from different levels of our
screening approach, using single-component gas data, binary mixture data and ternary
mixture data. The top MOF membranes identified at the first level of screening (infinite
dilution) are above the upper bound at the more detailed steps of the screening when
binary and ternary mixture simulations were performed. These results indicate that
screening MOFs in terms of membrane selectivity and permeability considering single-
component gases or binary flue gas mixture works well for accurately identifying the best
performing MOF membranes for separation of humid flue gas mixture. Finally, we would

like to note that our molecular simulations did not give any information about the stability
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of MOF membranes under water vapor. Some MOFs are known to lose their crystal
structures under humid atmospheric conditions.[108] This type of membranes may not
be useful although they possess very high CO2 selectivities. This issue is more likely to

be examined by further experimental studies on the top materials.

4.3 Structure-Performance Relationship of MOF Membranes

One of the advantages of studying a large material database is to get insight on the
structure-performance relationships. If clear relationships can be established between
structural descriptors of MOFs (size of the pore openings, pore volume, surface area) and
their membrane performance such as selectivity, one can easily estimate flue gas
separation performance of a newly synthesized MOF by just examining its structural
properties. If these relations also include direct structural information such as metal type
and lattice type of the MOFs, it can facilitate experimental studies to make MOFs with
the appropriate structural properties that can lead to materials having high separation
performance. With this motivation, we investigated the distribution of PLD, LCD, ¢, SA,
p, metal type and Bravais lattice on all MOFs and on the top 15 MOFs. Figure 4.7 shows
that 35 (54) % of all MOFs and 73 (53) % of the top 15 membranes have PLDs<4.5 A
(6<LCD<12 A). None of the top MOF membranes have pore sizes >12 A. 80% of the top
MOFs have porosities between 0.5 and 0.75. Half of the MOFs we considered and 80%
of the top membranes were found to have SA<1000 m?/g. MOFs with large SA>2000

m?/g are not top membrane candidates.
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Figure 4.7. Effects of structural properties on the CO2/N separation performances of
MOFs. Black columns represent all 3806 MOFs, red columns represent the top 15 MOFs

that have Sﬁlem,cozm2>350 and high CO: permeabilities, P((’;OZ >106 Barrer were chosen.
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An interesting feature of Figure 4.7 is that although only a small fraction of the
MOFs (190 MOFs) have lanthanides among the 3806 MOFs we considered, a significant
number of the top 15 materials (11 MOFs) have lanthanides. Previous work on
adsorption-based separation of CO2/N also demonstrated that MOFs with lanthanides
outperform other MOFs due to the combination of high CO> selectivity and capacity.[40]
We also examined the effect of the difference between the heat of adsorption of CO; and
N computed at infinite dilution, AQ%:, on the membrane performances of MOFs. In fact,
AQC% is not a direct structural property but it is a good representative of the affinity of the
framework for adsorbate molecules. Figure 4.7 shows that although quarter of the MOF
database was found to have AQ%<20 kJ/mol, none of these MOFs is in the top membrane
list. A small portion of the MOFs, 18%, has high AQ%>30 kJ/mol and these MOFs
become 67% of the top membranes.

This knowledge may be useful to rapidly screen MOFs after gas adsorption
measurements to identify the potential membrane candidates. Overall, MOFs with
3.75<PLD<4.5 A, 6<LCD<12 A, 0.5<¢<0.75, SA<1000 m?/g, 1.0<p<1.5 g/cm?® and the
ones having lanthanides and monoclinic lattice types are the most promising MOF

membranes.
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Chapter 5: High-throughput Screening of MOFs as Fillers in Mixed

Matrix Membranes for Flue Gas Separation*

In this work, we aimed to computationally screen the recent, synthesized MOF
database to evaluate the potential of all possible MOF-based MMMs for CO2/N>
separation. Combination of the state-of-the-art molecular simulations, grand canonical
Monte Carlo (GCMC) and molecular dynamics (MD), were used to assess the single-
component CO2 and N2 permeabilities of 7822 of MOFs and this data was then combined
with the experimentally reported gas permeability data of 14 different polymers using a
theoretical permeation model to predict CO, and N2 permeabilities of 109508 different
types of MOF/polymer MMMs. The impact of using MOF fillers on the gas separation
performance of each polymer was evaluated in detail and the top 50 MOF fillers that
significantly improve the CO2/N> separation performances of polymers by carrying them
well above the upper bound were identified. Assessing gas permeabilities of MOF-based
MMMs for mixtures is important for industrial separation applications but there is very
limited data on the mixture permeabilities of both MOFs and polymers. In order to unlock
the flue gas separation performances of MOF-based MMMs, we computed CO2/N2
mixture permeabilities of the top 50 MOFs by performing molecular simulations under
the same conditions with the experiments that reported mixture permeabilities of
polymers. Permeabilities and selectivities of MOF/polymer MMMs for separation of
binary CO2/N2:15/85 mixture were predicted and compared with those calculated using
the single-component gas data. Finally, we investigated the impact of structural properties
of MOF fillers such as porosity, pore size, accessible surface area on the CO2/N2

selectivity of MOF-based MMMs to provide insights into the proper selection of MOF

£ The results given in this chapter were published in Advanced Theory and Simulations with following reference:
Daglar, H..; Keskin, S., High-throughput Screening of MOFs as Fillers in Mixed Matrix Membranes for Flue
Gas Separation. Adv. Theory & Simul., 2019. This chapter is the reformatted version of the mentioned research
paper.
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fillers. These results will be useful to accelerate the design and development of new

MOF-based MMM s for high-performance flue gas separation.

5.1. Validation of Predicted Results

We first compared simulated gas permeability of MOF-based MMMs with the
experimental gas permeability data available in the literature. In order to be consistent
with the experimental conditions, we carried out our molecular simulations under the
same pressure and temperature, using the same gas composition and membrane thickness
reported in the experiments. Details of these conditions are given in Table A.4 of
Appendix. Figure 5.1 shows the good agreement between experimentally measured and
simulated single-component CO, and N2 permeabilities for 10 different MOF-based
MMMs and CO2/N2 mixture permeabilities of 3 different MOF-based MMMs.
Simulations generally underestimate the experimentally reported gas permeabilities
especially as the weight percent of MOF fillers in the MMM s increases. Experimentally
fabricated MMMs may have defects which may act as non-selective regions resulting in
high gas permeabilities. Furthermore, the increase of the filler loading in the polymer
matrix may cause agglomeration of the MOF particles in some regions of the polymer,
which results in high gas permeabilities for the experimentally fabricated MOF-based
MMMs.
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Figure 5.1. Comparison of experimental and simulated gas permeabilities of MOF-based
MMMs. Red (blue) colors represent CO2 (N2) permeabilities of MMMs. Arrows
represent increase of MOF loading in the MMM. Details of the experimental permeability

measurements are given in Table A.4.

Our calculations are based on a theoretical permeation model that considers the non-ideal
morphology of the MMM, however mathematical permeation models are generally
limited in terms of representing the distribution and agglomeration of the filler particles
in polymers especially at high filler loadings.

As shown in Figure 5.1, only a small variety of MOFs (MIL-53(Al), UiO-66, UiO-
66-NH2, Cu-BTC, ZIF-71, MIL-69(Al)) and polymers (Pebax, PIM-1, 6FDA-DAM,
PMP, Matrimid, PU, PI) has been used to fabricate MOF-based MMMs to date.
Therefore, we have limited data on the CO2/N separation performances of MOF-based
MMMs. Considering the existence of high numbers of synthesized MOFs and polymers,
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a large diversity of MMMs which may offer higher CO2/N; selectivities and higher CO>
permeabilities can exist. Motivated from the good agreement between experiments and
simulations for the CO2/N. separation performances of MOF-based MMM s as shown in
Figure 5.1, we aimed to predict CO> permeabilities and CO2/N. selectivities of all
possible MOF/polymer MMMs for which experimental gas permeability data is not
currently available. In order to predict the gas permeability of MOF-based MMM,
permeabilities of MOFs are required as described in Eq.(3.11).

5.2 Single-component Gas Screening and Selection of Top MOF Fillers

MOF
CON,

10°  10° 10° 10° 10 10° 10° 10°
PY>" (Barrer)

Figure 5.2. Simulated CO2/N selectivity and CO2 permeability of MOFs computed at
infinite dilution at 298 K. Red line represents the Robeson’s upper bound for membrane-

based CO2/N. separation.
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We used molecular simulations to compute CO2 and N2 permeabilities of 7822
MOFs at infinite dilution to save significant computation time and showed the results in
Figure 5.2 together with the Robeson’s upper bound. The CO, permeabilities of MOFs
were computed to range from 4.94x10° to 8.13x10° Barrer whereas their CO2/N;
selectivities were calculated to be between 7.68x102and 6167. The red line represents
the Robeson’s upper bound[8] established for the CO2/N> separation performances of
polymers. Experimental CO> permeabilities of polymers were reported to be between 5
and 7x10* Barrer and CO2/N; selectivities were reported to be between 8 and 220. Since
MOFs generally have higher CO, permeabilities than the polymers, we extended the
upper bound using dashed lines in Figure 5.2. These results suggest that MOFs can be
promising filler particles to be used in MMM applications to enhance both the CO;
permeabilities and CO2/Nz selectivities of polymers.

Using the simulation results of 7822 MOFs and experimentally reported data of 14
polymers, we predicted the CO, permeability and CO>/N: selectivities of 109508
different MOF-based MMM s as shown in Figure 5.3. We highlight that this is the largest
number of MOF-based MMMs for which synthesized, real MOFs were considered as
fillers using high-throughput molecular simulations. Figure 5.3 shows that using MOFs
as fillers in polymers having CO, permeabilities <250 Barrer, (Matrimid, Ultem, PU,
Pebax, PMP, and MEEP) improves the CO. permeabilities of these polymers without
significantly changing their CO2/N: selectivities. For example, every MOF can increase
the CO2 permeability of Matrimid from 8.5 to 10.6 Barrer without changing its CO>
selectivity. Regardless of the identity of the MOF incorporated into Matrimid, all
MOF/Matrimid MMM s are located under the upper bound. In other words, none of the
MOFs we examined in this work is able to carry Matrimid, Ultem, PU, Pebax, PMP above

the upper bound due to the very low CO, permeabilities of polymers.
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Figure 5.3. Predicted CO2/N2 selectivities and CO> permeabilities of 109508 MOF-
based MMMs. The squares (circles) represent pure polymers (MOF-based MMMs).

6FDA-DAM, 6FDA-durene, PIM-7, and modified PDMS represent the polymers
having CO2 permeabilities between 550 and 2050 Barrers. The CO2 permeabilities of
these polymers increase upon the incorporation of MOF fillers while CO2/N; selectivities
of MOF-based MMMs become either higher or lower than those of pristine polymers.
For instance, the CO2 permeability of PIM-7 is 1100 Barrer while the CO> permeabilities
of MOF/PIM-7 MMMs range from 1200 to 1369 Barrer, showing the permeability
improvement upon the incorporation of MOF fillers into the polymer. The CO2/N2
selectivity of PIM-7 membrane is 26.2 whereas selectivities of MOF/PIM-7 MMMs were
computed to be in the range of 23-32.5, indicating that some MOF fillers enhance the
selectivity of PIM-7 whereas some other MOFs may decrease it. Finally, we examined
the effect of using MOF fillers in the polymers having already high CO2 permeabilities,
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>3000 Barrer, such as PDMS, PTMSP, PIM-1, and PTMGP. Figure 5.3 shows that the
identity of the MOF is very important for these polymers because MOFs can increase or
decrease both CO. permeabilities and CO2/N: selectivities. For example, PTMSP has the
highest CO. permeability, 29000 Barrer, among the 14 polymers we studied. The CO-
permeabilities of MOF/PTMSP MMMs were computed to be 20294-36102 Barrers,
showing that some MOF fillers improve the CO, permeability whereas some others
decrease it. The CO2/N. selectivity of MOF/PTMSP MMMs was calculated to be
between 6.2 and 18.3 whereas selectivity of the pure polymer was 10.7. This example
shows the importance of the appropriate selection of MOF for the polymers offering high

permeability but suffering from low selectivity.

Robeson's upper bound
PIM-1

PTMGP

® PTMSP b
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Figure 5.4. Predicted CO2/N: selectivities and CO permeabilities of MOF-based MMMs
composed of PIM-1, PTMGP, and PTMSP. The stars represent the top 50 MOF fillers
providing the highest CO2/N: selectivity for MMMs.
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The most important feature of Figure 5.3 is that PIM-1, PTMSP, and PTMGP are
the polymers that are close to the upper bound and with the addition of some MOF fillers,
MMMs of these polymers can exceed the upper bound. Therefore, we specifically
focused on these three polymers in Figure 5.4 and identified the top 50 common MOF
fillers that lead to MMMs having the highest CO2/N2 selectivities. Stars in Figure 5.4
show the top 50 MOF fillers that significantly enhance the CO2/N. separation
performances of PIM-1, PTMGP and PTMSP in MMM applications and the refcodes of
the top 50 MOF fillers are given in Table A.5. For example, CO2 permeability and CO2/N>
selectivity of PIM-1 are 4700 Barrer and 19.3, respectively, locating this polymer under
the upper bound. We predicted the CO. permeabilities and CO2/N2 selectivities of
MOF/PIM-1 MMMs composed of the best 50 MOF fillers in the range of 5462-5848
Barrers and 19.4-31, respectively. Due to the enhanced CO: permeabilities and
selectivities, MOF/PIM-1 MMMs exceed the upper bound. Similarly, the same 50 MOF
fillers enhanced the CO> permeability of PTMGP from 14000 Barrer to 14711-17402
Barrers. Except 2 MOFs, the CO> permeability of PTMSP also increased from 29000
Barrer to a range of 30010-35986 Barrers. The CO2/N> selectivity of PTMGP (PTMSP)
also increased from 14 (10.7) to 14.3-24.4 (11.5-18.3) with the addition of the top MOF
fillers. We note that MMMs composed of PTMGP and PTMSP and the top 50 MOFs all
exceed the upper. It is also important to note that achievable gas permeability of a MOF-
based MMM that we predicted is actually limited by the theoretical permeation model. If
the gas permeability of the MOF is significantly higher than that of the polymer,
PMOF>>pP - then the modified Felske model given in Eq.(3.11) reduces to
pMMM=pP5 1 24 at a filler volume fraction of 0.3. That means the maximum achievable

gas permeability of a MOF-based MMM is 1.24 times higher than that of the polymer.

5.3. Binary Mixture Simulations
We so far predicted CO2/N> separation performances of MOF-based MMMs using
the single-component gas simulation data of MOFs performed at infinite dilution and

using the experimentally reported single-component gas permeability data of polymers.
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This approach was used because (a) pure gas permeabilities of polymers are commonly
measured and reported in the literature due to the complexity of multi-component mixture
permeability measurements, (b) performing mixture simulations for thousands of MOF
fillers at a pre-defined pressure is computationally much more expensive compared to
performing single-component gas simulations at infinite dilution where the adsorbate-
adsorbate interactions are neglected. It would be very useful to assess the CO2/N2 mixture
separation performances of MOF-based MMMs under practical operation conditions to
unlock their real potentials for industrial applications. With this motivation, we
performed molecular simulations of adsorption and diffusion of CO2/N2:15/85 mixtures
at 1 bar, 298 K for the top 50 MOF fillers.
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Figure 5.5. Predicted CO2/N; selectivities and CO2 permeabilities of the top 50 MOFs
using single-component gas simulations performed at infinite dilution and using binary

CO2/N2 mixture simulations performed at 1 bar, 298 K.

Figure 5.5 compares the CO2/N2 selectivities and CO> permeabilities of the top 50
MOFs computed at mixture conditions with those calculated at infinite dilution. MOFs
generally have lower CO, permeabilities (4.03x103-6.34x10° Barrer) and lower N,
permeabilities (6.9-1.41x10%) at the binary mixture conditions compared to CO;
permeabilities (4.54x10%-6.6x10° Barrer) and N2 permeabilities (9.4x10%-2.23x10%)
computed at infinite dilution. Since the decrease in N2 permeabilities is more pronounced
than the decrease in CO2 permeabilities, higher CO2/N2 selectivities (8-16628) were
generally observed at binary mixture conditions compared to the ones computed at
infinite dilution (21-1679). The decrease in the gas permeabilities can be explained by

the decreases in the adsorption amounts and self-diffusivities of the gas components due
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to the competition between CO2 and N2 molecules.[109] An important result of Figure
5.5 is that the best 50 MOFs were still above the upper bound when their permeabilities
were computed using the mixture simulations. This indicates that screening the MOFs at
infinite dilution condition using the single-component gas simulations is an efficient
strategy to quickly identify the best MOFs for the separation of binary CO2/N2 mixture.
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Figure 5.6. Predicted CO2/N: selectivities and CO permeabilities of MOF-based MMMs
for mixture separation. The squares (circles) represent gas permeability and selectivity of
polymers (MOF-based MMMs).

In order to estimate the CO2/N. mixture separation performances of MOF/polymer
MMMs, we collected available mixture permeability data of polymers from the literature.
Gas permeabilities of Matrimid, Pebax, 6FDA-DAM and PIM-1 were experimentally
reported at different pressures for different gas compositions. We performed GCMC and
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MD simulations of MOFs under the same conditions with these experiments. Figure 5.6
shows the CO: permeabilities and CO2/N: selectivities of 200 MOF-based MMMs
composed of the top 50 MOF fillers and 4 polymers, Pebax, 6FDA-DAM, Matrimid, and
PIM-1. This is the largest number of MOF-based MMMs for which CO2/N2 mixture
separation performances were predicted. Results shown in Figure 5.6 indicate that
MOF/polymer MMMs are promising for the separation of binary CO2/N2 mixtures with
various compositions. For example, the CO2 permeability and CO2/N: selectivity of
Pebax were reported as 44 Barrer and 63, respectively, at 2 bar, 298 K for CO2/N2:15/85
mixture.[73] The CO. permeabilities and CO2/N> selectivities of MOF/Pebax MMMs
were predicted as ~54 Barrer and 63-67, respectively, showing both the permeability and
selectivity improvement upon the incorporation of MOF fillers. However, these
improvements were not enough to carry the Pebax above the upper bound. The CO>
permeability and CO2/N> selectivity of Matrimid were measured as 550.3 Barrer and 17,
respectively, at 10 bar, 308 K for the separation of CO2/N2:35/65 mixture.[110] Predicted
CO- permeabilities and CO./Nz selectivities of MOF/Matrimid MMMs were in the range
of 418-676 Barrers and 16.8-27.9, respectively, but these improvements were not enough
to locate the Matrimid-based MMMs above the upper bound. The CO> permeability and
CO2/N: selectivity of 6FDA-DAM were reported as 780 Barrer and 26, respectively, at 1
bar, 298 K for separation of CO2/N2:15/85 mixture.[111] We predicted CO:
permeabilities of MOF/6FDA-DAM MMMs in the range of 863-970 Barrer and CO2/N:
selectivities as 26-44 under the same operating conditions. These results showed the
positive effect of using MOF fillers on the CO2/N2 mixture separation performance of
6FDA-DAM. Figure 5.6 also shows that 4 MOFs could carry 6FDA-DAM membrane
above the Robeson’s upper bound. The CO2 permeability and CO2/N; selectivity of PIM-
1 were reported as 7500 Barrer and 19, respectively, at 1.25 bar 303 K for the separation
of CO2/N2:12.5/87.5 mixture.[112] We predicted CO, permeabilities and CO2/N>
selectivities of MOF/PIM-1 MMMs as 5976-9256 Barrer and 18.4-35.2, respectively.

Some MOFs were found to increase the CO2 permeability of PIM-1 at the expense of a
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slight decrease in its selectivity and all MOF/PIM-1 membranes are located above the
upper bound.

For the 4 polymers that we studied in Figure 5.6, single-component gas
permeability data also exist in the literature and we compared the predicted gas
permeabilities of MOF-based MMMs composed of these polymers at single-component
and mixture cases. Although operating pressure, temperature and composition of the gas
mixtures are different for the polymeric membranes, Table 5.1 shows that CO:
permeabilities and CO2/N: selectivities of MOF-based MMMs that we computed at
mixture conditions are generally higher than the ones computed at single-component gas
condition. For example, for MOF/6FDA-DAM MMMs, the maximum CO_ permeability
and CO2/N: selectivity was predicted as 684.7 Barrer and 17.7 at single-component gas
conditions at 1 bar, 298 K. The maximum value of CO2 permeability and selectivity of
MOF/6FDA-DAM MMMs were calculated as 970.2 Barrer and 44.1, respectively for the
separation of CO2/N2:15/85 mixture under the same pressure and temperature. The higher
CO2 permeability and selectivity of MMMs at mixture condition compared to the single-
component gas condition can be explained by the higher CO2 permeability and selectivity
of pristine polymer. For example, Jorge and coworkers[111] reported both the single-
component and mixture permeabilities of 6FDA-DAM and showed that CO, permeability
increased from 550 to 780 Barrer when CO2/N2 mixture was considered whereas N
permeability decreased from 38 to 30 Barrer because of the higher solubility of CO2 in
glassy polymers, resulting in higher mixture selectivity than the ideal selectivity. Similar
discussion is valid for PIM-1. Single-component CO2 and N2 permeabilities of PIM-1
were measured as 4700 and 243 Barrers, respectively.[113] We predicted single-
component CO; and N2 permeabilities of MOF/PIM-1 MMMs as 5462-5849 Barrers and
185-301 Barrers, respectively with ideal CO2/N; selectivities of 19.4-30.9 as shown in
Figure 5.3. For CO2/N2:12.5/87.5 mixture, CO2 and N2 permeability of PIM-1 were
measured as 7500 and 395 Barrer, respectively.[112] Mixture CO2 and N2 permeabilities
of MOF/PIM-1 MMMs were predicted as 5976-9256 and 255-482 Barrers, respectively.
Mixture selectivity of MOF/PIM-1 MMMs was calculated to vary between 18.4-35.2
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whereas that of PIM-1 was 19. These results show that the maximum achievable CO>
permeability and CO2/N selectivity of MOF/PIM-1 MMMs for separation of CO2/N;

mixture are higher than those computed for single-component gas separation.

Table 5.1. Comparison of separation performances of 4 polymers that have both single-

component and mixture permeability measurements.

PMMM PMMM
o CO, N, SMMM
Polymer Condition P, p]\fl’z . (Barrer) (Barrer) €0, /N,

Sco,/N;
(Barrer)  (Barrer) . . .
Max. Min.  Max.  Min. Max.  Min.

SG

Pebax tobar a0sk 544 17 320 677 677 21 21 324 320
GM
Pebax (15/85) 440 07 629 548 544 09 08 668 628
2 bar, 298 K
_ sG
Matrimid 125 L oosk 85 0.2 200 106 106 03 03 290 291
GM
Matrimid ~ (35/65) 5503 324 170 6761 4175 394 300 279 168
10 bar, 308 K
6FDA-  SG
o il 550 38 145 6847 6786 473 385 177 145
6FDA-  CM
o (15/85) 7800 300 260 9702 8632 373 215 441 259
1 bar, 298 K
PIM-1 SG 47000 2430 193 58494 54621 3007 1854 309 194

Isochoric, 313 K
GM (12.5/87.5)
1.25 bar, 303 K

* SG: Single-component gas, GM: Gas mixture.

PIM-1 7500.0  395.0 19.0 9256.4 5975.7 4819 2551 35.2 184

5.4 Structure-Performance Relationships of MOF-based MMMs

We finally aimed to reveal the relations between the structural properties of MOF
fillers and overall gas separation performance of MOF-based MMMs. Since MOF-based
MMMs composed of PIM-1 have the widest range of CO2/N. selectivities, we
specifically focused on this polymer to investigate the effect of structural properties of
MOFs on the selectivity of MOF/PIM-1 MMMs. Figure 5.7 shows the porosity of MOFs
as a function of their pore sizes and accessible surface areas and we color-coded 7822
MOFs based on CO2/N; selectivities of MOF/PIM-1 MMMs computed at infinite
dilution. In each figure, red symbols show MOF/PIM-1 MMMs having CO2/N>
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selectivities (13.8-19.3) lower than the selectivity of PIM-1 (19.3). The MOFs used as
fillers in these MMMs have a very wide range of LCDs (4.09-71.64 A), PLDs (3.75-
71.50 A), porosities (0.32-0.94) and surface areas (41.84-22299 m?/g). Green symbols
show MOF/PIM-1 MMMs having almost similar CO2/N> selectivity (19.3-19.5) with that
of PIM-1. These MOFs have relatively narrower LCD (PLD) ranges between 3.92-26.78
A (3.75-25.49 A), narrower porosities (0.28-0.86) and lower accessible surface areas
(13.44-10239) than the MOFs shown with red color. Blue symbols represent MOF/PIM-
1 MMM s having significantly higher CO2/N> selectivities (19.5-30.9) than the selectivity
of pristine PIM-1. These MOFs have a narrow range of LCDs (4.62-7.48 A), PLDs (3.75-
5.12 A), porosities (0.41-0.55) and surface areas (81.38-784.54 m?/g). Figure 5.7(a)
shows that as the porosity and LCD of MOFs decrease, the CO2/N2 selectivities of
MOF/PIM-1 MMMs increase. The MMMs composed of the top 50 MOF fillers are
shown with stars. The top 50 MOF fillers that offer the highest CO2/N> selectivities
possess porosities between 0.41 and 0.58 and LCDs between 4.2-7.5 A. Similarly, Figure
5.7(b) shows that MOFs having narrow PLDs, 3.75-5.12 A, with low porosities also result
in highly selective MMMs. None of the MOFs having large pore sizes (LCD>12 A,
PLD>6 A) leads to highly selective MMMs. Finally, Figure 5.7(c) shows that MOFs
having accessible surface areas of 81.4-934 m?/g are the best fillers for highly selective
MMMs.
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Figure 5.7. Porosity as a function of (a) LCD, (b) PLD (c) accessible surface area of 7822
MOFs. The color scaling represents the CO2/N: selectivity of MOF/PIM-1 MMMs and

stars represent the MMMs composed of the top 50 MOF fillers.

At that point we would like to note that gas separation performance of MMMs
depends on several factors other than the structural properties of MOF fillers that we

examined in Figure 5.7. For example, all our calculations predicting the gas separation
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performances of MOF/polymer MMMs simply assume that there is no specific
compatibility problem between the MOF and the polymer such as no-adhesion between
the polymer and MOF phases. In fact, the MOF/polymer interface dictates the feasibility
and stability of the MMMs, therefore fundamental understanding of this interface is
critical. Several excellent studies described the computational methods combining the
density functional theory (DFT) calculations and MD simulations to model
MOF/polymer interfaces,[114-116] which can be used to examine the potential affinity
between different MOF surfaces and polymers once the appropriate force field
representing the correct description of the MMM is defined. It is also important to note
that all our results are for single-component and binary mixture permeabilities of MOF-
based MMMs and we neglected the presence of H,O in the flue gas stream. In Chapter 4,
we showed the presence of humidity can reduce both the CO2 and N» permeabilities of
pure MOF membranes. In an experimental study,[112] the decrease in CO. and N>
permeabilities was observed in the presence of water. Based on these studies, one can
expect lower CO. and N2 permeabilities for the MOF-based MMM s in the presence of
humidity. We believe that after the best MOF candidates are computationally identified
for MMM applications, it is more likely to investigate the compatibility, stability and

reusability issues of membranes using experimental manners.
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Chapter 6: Conclusions and Outlook

As a result of human activity, CO. emission has become a big problem to solve by
researchers. Especially, flue gas which is an exhaust gas in the industry has been
considered as one of the biggest reasons of CO, emission. For the last two-decade, MOFs
have been accepted as remarkable materials for CO, separation process because of the
variety of pore sizes and the presence of very large number of structures. The large
number of MOFs has directed researchers to computational screening in order to save
time, resource and energy. In this thesis, computational screening methods, mainly
molecular simulations have been used to investigate the gas separation performances of
MOFs and MOF-based MMMs.

In the first part, we used high-throughput molecular simulations to screen the most
recent MOF database for membrane-based CO2/N. separations. Single-component gas
adsorption and diffusion calculations performed at infinite dilution were used to assess
CO. permeabilities and CO2/N2 selectivities of MOF membranes. Adsorption and
diffusion of binary CO2/N2 mixtures in MOFs were then computed for the top MOFs
identified from the first level of screening under post-combustion CO. separation
conditions. Top 15 MOF membranes were found to exhibit CO; selectivities of 15-820
and CO; permeabilities of 3.57x10%-1.95x10° Barrers for the separation of CO2/N:15/85
mixture at 1 bar and 298 K. High membrane selectivities of MOFs were attributed to the
strong adsorption affinity towards CO. which dominated diffusion selectivity towards No>.
We finally examined ternary CO2/N2/H.O mixtures to better assess separation
performances of the selected top membranes. Results showed that selectivities and
permeabilities calculated from the ternary mixture simulation are generally lower than
the values computed using binary mixture simulations, indicating that humidity can
negatively affect the performances of MOF membranes. Structure-performance analysis

demonstrated that pure MOF membranes with narrow pores (3.75<PLD<4.5 A), low
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surface areas (<1000 m?/g), monoclinic and lanthanides-containing structures are the best

candidates for CO2/N2 membrane-based gas separation.

In the second part, CO./N> separation performances of a very large number
(109508) of MOF-based MMMs composed of 7822 different types of MOFs and 14
different polymers were predicted by using high-throughput molecular simulations.
Among the MOF-based MMM s that we examined, the maximum CO2/N2 selectivity was
computed as 64.3 and the highest CO> permeability was estimated as 36103 Barrers. It
has been recently discussed that CO>/Nz selectivity greater than 50 and CO> permeability
over 100 Barrer are required for an economic operation of CO, capture from flue
gas.[117] There are several MOF-based MMMs which were predicted to have CO2/N>
selectivities and CO, permeabilities well beyond these desired values, highlighting the
great potential of using MOFs as fillers in polymer membranes. Many MOFs can improve
both the selectivity and permeability of 6FDA-DAM, 6FDA-durene, PIM-7, PDMS,
modified PDMS, PIM-1, PTMGP, PTMSP. Since highly permeable PIM-1, PTMGP and
PTMSP are very close to the upper bound, using MOFs as fillers in these polymers results
in exceeding the Robeson’s upper bound. We also examined binary CO2/N2 mixture
separation performances of MOF-based MMMs and showed that MOFs have a great
potential to improve the mixture selectivity of 6FDA-DAM from 26 to 44.1 and PIM-1
from 19 to 35.2. We finally showed that selecting MOF fillers with narrow pore sizes and
low porosities lead to MMM s exhibiting high CO2/N> selectivities.

In this thesis, some assumptions were used throughout computational screening.
Firstly, rigid MOF assumption was used in all molecular simulations. This assumption
saves tremendous computational time and it is necessary for large-scale screening studies
which consider thousands of MOF structures. On the other hand, the rigid framework
assumption may overpredict the diffusion selectivity towards small gas molecule (CO,)
by underestimating diffusion of large gas molecule (N2). Erucar and Keskin[118]
previously presented that MOF flexibility has an insignificant effect on the selectivity

and permeability of MOF structures having large pores whereas it affected permeability
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without varying selectivity for materials having narrow pores. In this thesis, we
specifically considered MOFs having pore openings greater than the kinetic diameters of
the adsorbates (CO2 and Nz), hence it can be expected that MOF flexibility has a
negligible effect on the results of this thesis. Another point is that Qeq method was used
to assign partial charges to MOFs since this approximate was readily implemented within
RASPA. The good agreement between experiments and our molecular simulations for
CO2 and N2 permeabilities of several MOF membranes indicated that Qeq method can
accurately estimate properties of MOF membranes and MOF-based MMM, respectively.
Furthermore, it was recently showed that adsorption selectivities do not significantly
change depending on the method by comparing the results of GCMC simulations using

Qeq and density-derived electrostatic and chemical charge method (DDEC).[119]

In addition to these assumptions, all our calculations predicting the gas separation
performances of MOF/polymer MMMs simply assume that there is no specific
compatibility problem between the MOF and the polymer such as no-adhesion between
the polymer and MOF phases. In fact, the MOF/polymer interface dictates the feasibility
and stability of the MMMs, therefore fundamental understanding of this interface is
critical. Several excellent studies described the computational methods combining the
density functional theory (DFT) calculations and MD simulations to model
MOF/polymer interfaces,[114-116] which can be used to examine the potential affinity
between different MOF surfaces and polymers once the appropriate force field
representing the correct description of the MMM s defined. It is also important to note
that all results given in Chapter 5 were for single-component and binary mixture
permeabilities of MOF-based MMMs and we neglected the presence of H.O in the flue
gas stream. In Chapter 4, the results of ternary CO2/N2/H2O mixture simulation showed
the presence of humidity can reduce both the CO2 and N2 permeabilities of pure MOF
membranes. In an experimental study,[112] the decrease in CO2 and N2 permeabilities
was observed in the presence of water. Based on these studies, one can expect lower CO>
and N2 permeabilities for the MOF-based MMM s in the presence of humidity.
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As a conclusion, MOFs are considered as promising both as pure membranes and
as fillers for MMMs in gas separation applications. It is important to note that research
area in the way of identifying the top MOFs is growing fast and the gas separation
performance data of MOFs has been widened. Thus, it is possible to identify the best
MOF membrane or MOF/polymer MMMs which can outstandingly perform as an energy
efficient material for flue gas separation. In order to estimate promising MOF membrane
and MOF/polymer MMM membranes for gas adsorption and separation applications with
higher accuracy, there are many directions that can be considered as the future work:

Fully atomistic modelling approach of MMMs where the MOF and polymer are
simulated together is important subject for future studies since they provide deep
exploration of the interfacial interactions between MOF filler and polymer matrix in
computational studies. In addition to this, fully atomistic simulations are better in
representing the real conditions in which a polymer may easily pack with a flexible MOF
designed as fillers compared to rigid MOF simulations. These simulations can also be
performed for sorption, diffusion and permeation of gas molecules in MMMs separately
by the way of modelling not only MOF filler but also polymer matrix. To the best our
knowledge, there is a very limited number of studies on fully atomistic simulations
because of their computational cost and complexity. Jiang et al.[120] performed fully
atomistic simulations for H2/CO. separation in MMM composed of ZIF-7 and
polybenzimidazole (PBI) for the first time. They used a complex force field considering
flexibility to describe ZIF-7 atoms. Their simulated permeabilities of CO, and H> were
relatively different from experimental results because of the difficulties in representing
all interfacial interactions between MOF and polymer. To deeply understand interfacial
interactions between MOF and polymer, Maurin et al.[121] focused on the microscopic
model of ZIF-8/PIM-1 MMM using a hybrid computational methodology integrating
quantum and force field simulations. They used DFT optimization for MOF surface and
21 MD equilibration steps for polymer surface. Then, after combining of optimized MOF
and equilibrated polymer, they also repeated 21 MD steps for equilibration of ZIF-8/PIM-
1 MMM. Because of the complexity of performed simulations, their results are valuable
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for the literature. It is not straightforward to apply fully atomistic modelling approach for
high throughput screening of thousands of MOF/polymer MMMs because of the
computational cost. Instead of this, fully atomistic modelling approach can be applied to
a small number of MMMs which are selected as promising material from initial
computational screening approach.

Experimental testing of pure MOF membranes and MOF-based MMM s is another
important issue because the majority of computational studies about MOF membranes
assume the ideal and nondefective crystal structures. Sholl et al.[122] reviewed that
MOFs have generally two different types of defects which are point defects associated
with metallic or organic parts of MOF and extended defects associated with imperfections
in the structure. These defects that are not considered in computational studies may cause
to stability and feasibility problems. In addition to this, computational studies generally
assume that used MOF materials are fully activated meaning that the structures are
exactly solvent-free. However, in fabricating process, removal of solvent molecules could
not be completed. In summary, the results of computational studies offer promising
MOF/polymer combinations that can form the best MMMs, but it may not be possible to
combine them in practice because of their different chemical and mechanical stabilities.
In future studies, these issues can be investigated to assess the full potential of the best
MOF membrane and MOF/polymer MMMs.
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APPENDIX A: Supplementary Information for Chapter 4 and 5%
Table A.1. Single-component gas permeability and selectivity of polymers.
Polymer PCo, (Barrer) Py, (Barrer) SEOZ/N2 Ref.
Matrimid 8.5 0.29 29 [67]
Ultem 14 0.06 25 [68]
PU 38.4 0.98 39.2 [69]
Pebax 54.4 1.7 32 [70]
PMP 76.1 3.7 20.5 [71]
MEEP 250 4 62.5 [72]
6FDA- DAM 550 38 145  [111]
6FDA-durene 678 38.8 17.5 [74]
PIM-7 1100 42 26.2 [75]
modified PDMS 2050.4 60 34.2 [77]
PDMS 3800 400 9.5 [76]
PIM-1 4700 243.5 19.3 [113]
PTMGP 14000 1000 14 [79]
PTMSP 29000 2700 10.74 [79]

Table A.2. Mixture permeability and selectivity of polymers.

Polymer Pressure (bar) '(rgn perature PCo, (Barrer)  PX, (Barrer) Sto,n, Ref.
Pebax 2 298 44 0.7 629  [73]
Matrimid 10 308 550.3 32.4 17 [110]
PIM-1 1.25 303 7500 395 19 [112]
6FDA-DAM 1 298 780 30 26 [111]

$ The supplementary information about MOF and MOF/Polymer MMM membranes given in this chapter was
published in Journal Physical Chemistry C and Advanced Theory & Simulations with following references:
Daglar, H..; Keskin, S., Computational Screening of Metal-Organic Frameworks for Membrane-Based
CO./No/H,0 Separations: Best Materials for Flue Gas Separation. Journal of Physical Chemistry C. 2018,
122 (30), 17347-17357.; Daglar, H..; Keskin, S., High-throughput Screening of MOFs as Fillers in Mixed Matrix
Membranes for Flue Gas Separation. Adv. Theory & Simul., 2019. This chapter is the reformatted version of

the mentioned research papers.
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Table A.3. Permeability measurement conditions of MOF membranes.

Membrane
MOF Measured gas P(bar) T (K) thickness  Reference
membrane permeances
(m)

IRMOF-1 CO2, N2 1.06 298 25 [33]
MIL-53 (Al) CO2, N 0.7 298 60 [123]
Ni-MOF 74 CO2 N2 1 298 25 [124]

ZIF-90 CO2, N2 1 475 20 [37]
ZIF-95 CO2 N2 1 600 30 [125]
ZIF-69 CO2/Na: 50/50 1 298 40 [126]
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Table A.4. Experimental gas permeability data of MOF-based MMMs shown in Figure

5.1.
MMM Gases Volume Fraction (%)  Pressure (bar) Temperature (K)  Ref.
MIL-53(Al)/Pebax  COz Ny 6.0 10 308 [70]
12.0
17.3
23.0
Ui0-66/PIM-1 COz N; 8.9 1 298 [127]
16.4
2238
28.3
MIL-69(Al)/ Pebax CO: 20.9 1 205 [73]
MABANBEDA- ¢, 23.8 1 295 [73]
Ui0-66-NH, /PIM-1  COy, Ny 4.6 1 298 [127]
8.4
Cu-BTC/PMP COz N; 47 2 303 [71]
95
143
19.1
UiO-66/Matrimid COz Ny 10.0 4 310 [128]
Ui0-66/PU COs N; 42.0 4 298 [69]
ZIF-71/PIM-1 COz Ny 10.4 35 308 [129]
20.7
31.0
MIL-53(Al)/PI COs N; 73 6 208 [110]
MIL-69(Al)/Pebax Cl%%'\éz: 20.9 2 208 [73]
IB/I'LIR;l69(AI)/6FDA— c%//Sr\éz. r3g , 203 73
MIL-53(Al)/Matrimid  CO2N? 12.6 10 308 [110]
35/65
245

35.8
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Table A.5. The refcodes of top 50 MOF fillers.

ATIBAG
ATIBOU
AWAWUQ
BEBYIT
BOZGII
CANVOF
CAQFIM
CAXRUQ
CEWDUF
DACZUF

DAKZEW
DEBGUO
FIQSAA
GIFLEP
GUPBOJ01
HAYQIK
IHIMAPO1
1JOMOJ06
JAWGIA
JIXWUJ

JIXWUJ0L
JOQSIT
KEPMUQO5
KEPNAX01
KEPNAX04
KEPNAX06
LIBJUD
MIXKIO
MUMZAX
NADFUU

NIKZENO2
OGAJEN
PUQYAC
RATCULO3
RIYWIH
SEHSAC
TIVXOM
TUMBIO
UHELAU
UNABIW

VAGTUU
VAHTOQ
VORZE]J
WUZBAV
XEFKIC
XEGSIO
XEGVOX
YANBAR
YANBARO2
YECTUW
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Figure A.1. Comparison of (a) adsorption and (b) diffusion selectivities of all MOFs
computed with and without charge at infinite dilution, 298 K.
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Figure A.2. (a) Adsorption selectivities, (b) diffusion selectivities, (c) membrane
selectivities of all MOFs computed at infinite dilution as a function of pore limiting
diameter and porosity.
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