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Abstract

The study presented in this thesis involves the design, preparation and evaluation of metal-
organic frameworks (MOFs) for gas separation applications, with a focus on the development
of MOF membranes with both high gas permeability and good selectivity. Here, two types of
membranes, including crystal glass composite membranes (CGCMs) and mixed matrix
membranes (MMMs), were prepared and characterized, followed by a comprehensive

evaluation of their performance for CO; separation.

Separating gases using membranes is an appealing due to their efficiency and low energy
requirements. Recently, glasses have been discovered that are produced by the melt-quenching
of ZIFs. In chapter 2, we propose that useful membranes can be prepared by combining ZIF
glasses with MOFs. We prepared these crystal-glass composite membranes by ball milling ZIF-
62 with various crystalline MOFs followed by pressing into a tablet, heating to melt the ZIF-
62 into a glass, and subsequent cooling. This fabrication process delivers membranes with
homogenous dispersion of crystalline MOF particles in a ZIF glass matrix. As an alternative,
we show how pre-forming ZIF-62 glass allows membranes to be formed with MOFs with
relatively low stability. The resulting crystal-glass composite membranes show ultrahigh CO>

permeance.

MMM offer great potential for gas separation through the integration of nanofillers into
polymers with excellent processability. Among these, MOFs based MMMs have emerged as
promising candidates for advanced gas separation applications. However, a major obstacle
hindering their performance is the inherent interfacial incompatibility between MOFs particles
and the polymer matrix. In this thesis, we present a viable solution utilizing a scalable ball
milling approach to address this challenge, specifically targeting the interfacial incompatibility
between MUF-16 and the polymer matrix. Significantly, our approach involves the production
of MUF-16 with varying crystal sizes through ball milling prior to MMM fabrication. In
chapter 3 and 4, we illustrate that the nanosizing of MUF-16 (nsMUF-16) enhances its
dispersion within three different polymer matrices (Pebax, 6FDA-DAM and 6FDA-Durene),
effectively minimizing non-selective voids around the particles. Importantly, MMMs
incorporating nsMUF-16 consistently exhibit superior CO> separation performance compared
to those utilizing micro-sized MUF-16. Overall, this study highlights a versatile methodology
employing engineered approaches to develop high-performance membranes with enhanced

interfacial compatibility for gas separation. Furthermore, this approach holds promise for
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extending the processability of other MOF adsorbents into matrix materials, thereby

broadening the scope of potential applications in gas separation technologies.

Due to the distinctive structural arrangement of MUF-15, where the phenyl rings of the ipa
ligands protrude into the void space, there exists a potential for substituting the ipa ligand with
various functional groups. This opens avenues for obtaining analogues of MUF-15. These
functionalized variants, denoted as MUF-15-X (with X representing substituents such as F, Br,
CHs, and NO»), offer the prospect of imbuing MUF-15 with diverse gas sorption properties.
Consequently, our interest is piqued to explore the structural characteristics and gas separation
capabilities of these analogues across different functional groups. In chapter 5, we present a
comprehensive investigation into 6FDA-DAM-based MMMs incorporating MUF-15 and its
analogues for CO; separation from CHs. Notably, this study constitutes the pioneering
utilization of MUF-15 analogues as fillers in MMMSs specifically designed for CO2/CH4
separation. It introduces a spectrum of emerging MUF-15 derivatives as potential filler
materials for MMM development and underscores the efficacy of pore structure

functionalization in augmenting the separation performance of MMMs.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 The purpose of carbon capture and storage (CCS)

In recent years, the rapid development of industrialization and globalization has driven
intensive energy consumption. This has inevitably led to a sharp increase in the carbon dioxide
(CO2) concentration in the atmosphere and an irreversible environmental damage, including
melting polar ice, rising sea levels, hurricanes and droughts.!”? Reducing greenhouse gas
emissions and mitigating the impacts of global warming has become the most urgent mission
for human society. The combustion of fossil fuels, such as coal and natural gas, is the primary
CO, emissions source has pushed atmospheric CO, concentrations to record levels.> And
capturing or isolating the CO> produced by burning fossil fuels has the potential to lower the
atmospheric CO> levels. As a result, CO; capture and storage (CCS) was proposed to achieve
CO; reduction and carbon neutrality.*> The International Energy Agency’s (IEA) Blue Map
scenario, for example, envisions a 19 % CO» reduction using CCS by 2050.® Overall, CCS
plays a significant role in lowering CO> emissions and mitigating climate change.

In addition, removing CO: from natural gas is another approach to minimize CO> emissions.
By removing CO; from natural gas, the resulting gas can have a lower carbon content, reducing
its carbon footprint when use as a fuel. Natural gas demand has risen in the recent years because
of the lower CO, emissions than burning other fossil fuels.” Methane (CHs), the main
component of natural gas, has a low carbon-to-hydrogen ratio, resulting in a lower emission of
carbon.® However, impurities such as CO», N> and hydrocarbons also present in the natural gas.
In recent years, landfill gas has become a growing source of natural gas. However, high content
of undesirable gas contaminants, mainly CO», preclude landfill gas from being widely used.
The industrial landfill gas contains about 40 — 60 % CO».” As a result, separation of CO, from

natural gas can enhance the quality of the gas and minimize pipeline damage.!%-12

1.2 Current CO; separation technologies

The need to lower the atmospheric CO2 emissions has inspired researchers to explore
strategies for efficient CO> capture. To date, CO> has been captured via oxyfuel-combustion
capture, pre-combustion capture, and post-combustion technologies.!?> Oxyfuel combustion
employs Oz (> 95%) to generate flue gas containing just CO; and water vapor. In the pre-
combustion approach, the focus of CO: separation is on the capture and removal of CO; from

the syngas during the conversion of fossil fuels to syngas (H> and CO) by partial oxidation.
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This process is challenging because the fuel conversion process is complicated. Post-
combustion is a process that involves capturing and removing CO> from the flue gases
produced during the combustion of fossil fuels, which is a more frequent approach to CO>
separation. However, its flexibility and ease of operation can vary depending on specific
circumstances.!'*!> Advances in technology and ongoing research may contribute to making it
more efficient and cost-effective in the future. On an industrial scale, the selection of an
appropriate separation process is determined by many criteria such as capital cost, efficiency,
purity, and recovery, etc. For post-combustion CO; separation, numerous techniques based on
physical adsorption, chemical absorption, cryogenic technology, and membrane separation are
commonly employed (Fig. 1.1). The conventional separation approaches of adsorption,
absorption, and cryogenic distillation dominate the current market of commercial CO>
separation.!6-!® As an emerging technology, membrane separation possesses the advantages of
low energy consumption and carbon footprint in contrast to the conventional methods.

For chemical absorption'®2°, liquid absorbent compounds, especially liquid amines, are
frequently used. To date, diethanolamine (EDA),?!?? methyldiethanolamine (MDEA),?-%*
monoethanolamine (MEA),>>2¢ diglycolamine (DGA),?”-?® triethanolamine (TEA),*-*° and

piperazine (PZ)3!-3?

et al. have been used in chemical absorption technology because they can
react with CO; to create a nitrogen-substituted carbamic acid.*® The carbamic acid decomposes
at high temperatures, thus reversibly releasing CO> and regenerating the amine. In addition to
this substantial energy input, certain irreversible salts can form when SO, and NOx are present,
and some degraded amines can generate hazardous and corrosive mixtures.

Pressure swing adsorption (PSA) and temperature swing adsorption (TSA) are the two main
physical adsorption methods used for carbon capture. PSA and TSA are appealing for CO»
separation when a preferential and reversible adsorption can be achieved in the mixed gaseous
compounds under pressure or temperature control.>* In the natural gas field, physical
adsorption using an adsorbent bed has been extensively employed for over half a century.®
And researchers are working to create high-performance adsorbent materials for the PSA and
TSA processes that have a large adsorption capacity and quick adsorption kinetics. Generally,
an adsorbent bed is made of solid-state components, such as zeolites, carbons, etc.’
Microporous materials with high surface area and porosity are often used as solid absorbents
because of their high absorption selectivity to CO,. This selective is benefit from their sieving
effect or strong CO» affinity. These techniques allow CO> to remain in the adsorption column
while the low affinity gases easily pass through an adsorption bed. Both PSA and TSA are

widely used in industrial CO; separation by using multiple adsorption chambers or beds in
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parallel. These processes enable continuous operation while allowing for adsorption and
regeneration cycles to occur simultaneously.’” Although the adsorption approach is simple to
operate and could produce gas of high purity, it requires significant energy input for the
regeneration of the adsorbents.

Compared to the conventional distillation methods , cryogenic distillation operates at a
lower temperature for effective separation based on the difference in boiling points of mixed
molecular components.®® Cryogenic distillations for CO> separation have attracted wide
attention due to the high-purity.® However, the entire condensation process necessitates
complicated equipment and heating integration, which results in lengthy start-up and shut-
down periods, and large capital costs. The majority of the expense in distillation is linked with
pressurizing and chilling all the columns for gas condensation, which is the primary form of
energy consumption.***> Consequently, while cryogenic distillation can achieve separation
with a high degree of concentration, it is unavoidably energy intensive and expensive.

Recently, membrane technology has been highlighted as the most promising candidate for
advanced separation applications that can provide an energy-efficient alternative to the
aforementioned conventional separation methods.****¢ A membrane is a continuous semi-
permeable barrier that can selectively isolate the target components from a mixture. Membrane
separation processes is featured with low energy consumption, low capital costs, ease of
operation, high efficiency, and environmental friendliness. These benefits make membrane
separation technologies to be widely used in industrial separation systems, especially for gas
separation. 748

Until now, gas separation membranes have been widely used for separating a variety of gas
pairs, such as CO»/N, and CO»/CHj4 separations.*” The market for gas separation membrane is
expected to be on a continuous and rapid grow, and it is predicted that membrane separation

can alleviate environmental burden by capturing a high concentration of CO,.>°
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Figure 1.1 CO> separation techniques are used in carbon capture and storage processes.

1.3 Gas separation membranes
1.3.1 Introduction to membranes

What is a membrane? A membrane is a separating barrier that can selectively allow
permeable substances to pass through while blocking or selectively retaining the others. The
membrane-based gas separation technology separates gas mixtures by allowing the selective
permeation components of the gas mixture. The driving force in gas permeation processes
results from the partial pressure difference between the feed and permeate of the respective
components. As a result of this pressure differential, the more permeable gas can pass through
the membrane and accumulate on the permeate side. Meanwhile, the less permeable or non-
permeable gas is swept away from the membrane as a retentate stream (Fig. 1.2). Gas

permeability refers to the ability of a material or membrane to allow the passage of a specific
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gas through it. Gas permeability is often quantified using the permeability coefficient, which
represents the rate of gas flow per unit area and per unit of pressure difference across the
material. The permeability coefficient is often reported in units such as Barrer (1 Barrer = 1010
cm®  (STP)-cm/(cm?s'cmHg)) or gas permeation units (1 GPU = 10° cm?
(STP)/(cm?-s-cmHg)). And the selectivity of a gas separation membrane can be calculated by
the ratio of the permeability of one gas to another. For example, in the case of a membrane
separating gas A and gas B, the selectivity is defined as the ratio of the permeability of gas A

(Pa) to the permeability of gas B (Ps).

P ° s ©
® . "..
o.'.o o‘.. °
° o)
Permeate ® _®_.® o o o o
° ' ® o ® o
® O o (e)
L )
n

Figure 1.2 Schematic of membrane separation. The gas with high permeability is shown as

blue spheres. The gas with lower permeability is shown as purple spheres.

1.3.2 Categories of membrane materials

Membranes can be broadly divided into three major categories based on membrane

materials, namely polymeric membranes, inorganic membranes, and mixed matrix membranes
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(MMMs). Among these membranes, polymeric membranes are the most used in industry due
to their advantages of solution processability, ease of manufacturing, mechanical strength, low

31-52 However, polymeric

capital consumption, and considerable separation performance.
membranes face the trade-off effect and some substantial challenges, especially the aging
process of gas separation membranes. Furthermore, the key obstacles for polymeric
membranes that should be considered include limited stability under extreme circumstances
(eg. high temperature, serve pH value, and polar solvents). Therefore, the search for novel
membrane materials that have better performance in terms of gas separation and stability than
polymers is needed.

Inorganic membranes, a type of membrane material that is composed of inorganic
compounds, have gained considerable interest for gas separation due to their excellent thermal
and chemical stability, and the resistance to harsh operating conditions. To date, a series of
materials, including carbons, silicas,>* zeolites,> ceramics,’® and metal-organic frameworks
(MOFs)*” have all been employed to construct inorganic membranas for separation
applications. Nevertheless, the high capital cost and brittleness have hampered their universal
application on a large scale.

To address the shortcomings of inorganic and polymer membranes, MMMs incorporate
organic/inorganic fillers into a polymeric matrix to combine the processability of the polymers
with the high gas permeability of filler particles (Fig. 1.3).>®* MMMs are well-known for their

ease of fabrication, excellent efficiency, and low cost. To date, several filler particles, including

) 63-64 ) 65-66
b b

zeolites, %0 MOFs,%!6? covalent-organic frameworks (COFs graphene oxide (GO
carbons,®”® and metal oxides®-7° have been used in the MMMs. To overcome the performance

barriers, high gas permeability and selectivity can be achieved simultaneously.

Filler particles

‘),)4‘

Mixed-matrix membrane Polymer matrix
(MMM)

Figure 1.3 Schematic diagram of MMMs.



Chapter 1 Introduction

1.3.3 Trade-off effect in polymeric membranes

From the analysis of extensive literature data, the polymeric membranes are found
confronting a trade-off between gas permeability and selectivity, i.e. high gas permeability
correlates with low selectivity and vice versa. This phenomenon was originally presented by
Robeson in 1991, which was updated in 2008 and 2019 by Freeman.”!"”® The trade-off is
depicted by the log-log plot of gas permeability (Pa) versus selectivity, i.e. log(Pa/Pg), which
is known as the Robeson upper bound plot. And it has been established for various gas pairs.
On the CO2/N2 upper bound plot, for example, if a given polymeric material has both high gas
permeability and selectivity, the upper bound line may be surpassed, indicating that this type

of material has outstanding gas separation performance in the ‘target region’ (Fig. 1.4).
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Figure 1.4 A Robeson plot showing the upper bounds for polymer membranes for CO»/N;

separation.

1.4 MOFs-based membranes: Next-generation materials for advanced gas separations

MOFs, also known as porous coordinated polymers, are made of metal nodes or metal
clusters that are linked together by organic linkers. Faced with the challenges of separation

performance and stability issues based on polymeric membranes, new materials for membrane
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separations have been explored and developed. In this regard, MOFs have been identified as
one of the most promising materials for gas separation membranes.’

This thesis will center on three types of MOF membranes: polycrystalline MOF membranes,

crystal-glass composite membranes and MOF-based MMMs (Fig. 1.5).

(1) MOF polycrystalline membranes have already showed impressive gas separation
performance due to their tunable pore environment and diverse chemical
functionality.

(i)  MOF glasses are a new class of porous materials with an amorphous structure that
are formed by heating certain crystalline MOFs above their glass transition
temperature. The porous nature of MOFs glasses makes them excellent materials
for gas separation applications. Moreover, crystal-MOF glass composites have
showed enhanced gas sorption capabilities, allowing them to be used as
membrane materials for advanced separations.

(iii))  The generally good compatibility of MOFs and polymers allows MOF particles to
be used in MMMs. In this thesis, we are aiming to fabricated high-performance

CO; separation MMM s with both high permeability and selectivity.

Crystal-glass . )
MOF polycrystalline composite Mixed-matrix
membrane
membrane membranes (MMM)
(CGCM)

Figure 1.5 Three types of MOF-based membranes used for gas separation.

1.4.1 MOF polycrystalline membranes

MOF polycrystalline membranes, in general, are composed of an intergrown layer of MOF
crystals on a robust and porous substrate that provides additional mechanical strength. The
produced membranes often exhibit outstanding separation performance due to the consistent

pore size of crystalline MOF materials.
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To date, several MOF polycrystalline membranes have been developed and applied in gas

separations, including CCS,”>7® H, purification,”8! hydrocarbon separation,®83 ion

84-86 and chiral resolution.?”® Nevertheless, developing compact and defect-free

extraction
MOF polycrystalline membranes on porous supports remains challenging due to unregulated
MOF crystal growth or inadequate adhesion or bonding between the selective MOF layer and
the porous support. Additionally, the existence of intercrystalline flaws in the membrane can
significantly degrade the intrinsic membrane’s separation ability. To address these issues,
several approaches have been used and developed to construct defect-free MOF polycrystalline
membranes.

(1) In situ solvothermal growth.

In situ solvothermal growth is a method used for the synthesis of MOFs directly on a
substrate or support material. This approach involves the growth of MOF crystals under
solvothermal conditions, typically using the same synthesis conditions as MOF crystallization
in solution. By immersing a porous support in the MOF precursor solution, nucleation takes
place on the porous support, followed by the production of the MOF layer (Fig. 1.6). MOF-5
membrane growth on a porous alumina support was the first polycrystalline MOF membrane
created via in situ solvothermal growth.”® However, fabricating a defect-free polycrystalline
MOF membranes is difficult due to a lack of nucleation sites on the porous support. To address

this issue, prior modification of the porous support is typically used to facilitate the

heterogeneous MOF layer formation.

¢
—
. Synthetic MOF layer
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Figure 1.6 Schematic illustration of MOF crystalline membrane fabrication via in situ

solvothermal growth.

(2) Secondary growth
Secondary growth, also known as seed-assisted secondary growth, can produce thin MOF
layers by increasing the number of heterogeneous nucleation sites on the membrane supports.

In this process, MOF crystal seeds are first planted on porous supports, and then the porous
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supports with the seeds are immersed in the MOF mother solution for secondary growth (Fig.
1.7). The seeding approach can thus offer enough nucleation sites on the support surface to
generate a continuous MOF membrane. In this way, thick, defect-free MOF layers for
improved molecular separations can be created. For example, Liu et al. used oriented secondary

growth method to create a ZIF-8 membrane for H, purification.”!

.
p—
Seeding layer . Synthetic MOF layer
solutions 4
) . / —
diifih
Porous support —

Figure 1.7 Schematic illustration of MOF crystalline membrane fabrication via secondary

growth approach.

(3) Layer-by-layer growth

Layer-by-layer (LBL) growth is a technique used to fabricate thin films or membranes with
precise control over their structure and properties, which can also be adapted for the growth of
MOF membranes.’? Normally, LBL growth process can be started by alternately immersing
the modified substrate in separate solutions containing the MOF building blocks. The building
blocks typically consist of metal ions and organic linkers specific to the desired MOF. For each
immersion step, the substrate is exposed to one of the building block solutions to form a layer
on its surface. After each immersion, rinse the substrate to remove any excess or unreacted
species. Then repeating the MOF layer deposition step multiple times can achieve the desired
number of MOF layers. In the LBL approach, the membrane thickness can be precisely
adjusted by regulating the precursor concentration and the growth cycles (Fig. 1.8). Eddaoudi
et al. developed the first ZIF-8 membrane by using the LBL growth technique and controlling
the growth cycles.”® Another advantage of LBL is that it can be coupled with automated
equipment to make MOF membranes, simplifying and expediting the membrane fabrication
process. Hurrle and co-workers used the LBL approach and the scheduled spraying technique
to manufacture large-area membranes.”* Although the LBL approach is the most promising
choice for realizing scale-up MOF membrane production, considerable volumes of solvents are
often required throughout the membrane growth process. Moreover, LBL is unfavorable to

MOFs synthesized in severe conditions (high temperature and high pressure).
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MOF A layer MOF B layer
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Figure 1.8 Schematic illustration of Layer-by-layer growth for MOF crystalline membrane

fabrication.

(4) Electrochemical synthesis

The electrochemical synthesis approach, which employs electrochemical principles to
facilitate fast and continuous MOF layer generation by boosting ligand deprotonation, has
emerged as an innovative paradigm for the fabrication of MOF membranes (Fig. 1.9). Because
of the benefits of self-healing and self-inhibited growth, a continuous and defect-free MOF
membrane can be created in this manner. Zhou’s group reported the first current-driven
synthesized ZIF-8 membrane in 2018, demonstrating fast MOF membrane fabrication within
20 min at ambient temperature using an H-shaped electrolytic cell.”® Specifically, carbon rods
were wired to the counter electrode, while a conductive porous support was connected to the
cathode. Zn** ions could flow towards the cathode and accumulate on the porous support
surface. Simultaneously, the ZIF-8 ligand was deprotonated and then interacted with Zn?* ions
to generate ZIF-8 on the support surface. As a result, any exposed defects on the support surface
exposed to the precursor solution were healed by the production of additional ZIF-8 crystals at
these bare spots. High-quality ZIF-8 membranes could be obtained due to the self-elimination
of defects. This straightforward strategy represents a direct approach to other MOF membrane

fabrications.83: 96-98
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Figure 1.9 Schematic illustration of electrochemical synthesize MOF crystalline membrane.

(5) Post-modification

Post-modification of MOF polycrystalline membrane is an effective method of
strengthening MOF structures to improve the stability of membranes. Additionally, this
approach demonstrates the advantages of defect healing and pore structure correction, which
result in the increased membrane separation performance. For example, Lee and co-workers
developed a ligand exchange strategy to produce ZIF-8 membranes.”® This work revealed how
imidazole-2-carbaldehyde (Ica) was used to substitute the ZIF-8 ligand (2-methylimidazole,
mlm) to increase the pore size of resulting membrane (Fig. 1.10). The ligand exchange mostly
altered the upper layer’s pore size, whereas the bottom ZIF-8 layer maintained a good
C3He/C3Hg separation. As a result, CsHg¢ permeance was considerably increased while
C3He/C3Hs selectivity was slightly diminished. Similarly, post-modification using long-chain
amines can enhance the pore size of ZIF-94 polycrystalline membranes.!% Although the post-
modification approach can increase separation performance, it usually requires lengthy
operations. Moreover, the pore size modulation is difficult to regulate and can occasionally
result in a noticeable drop in selectivity. Therefore, post-modification may not be the primary

choice for producing MOF polycrystalline membranes.
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Figure 1.10 Schematic illustration of the post-modification of ZIF-8 membrane by a ligand

exchange strategy.

1.4.2 MOF glasses and MOF glass membranes

Recently, certain MOFs have been discovered to have the capacity to form glasses, and
these glassy MOFs exhibit promise in gas separation. Normally, MOF glasses are produced by
heating crystalline MOFs above their glass transition temperature (7g).!°! In this approach, the
highly ordered MOF becomes disordered (glassy) phase while keeping its porous nature. The
generation of a liquid by melting offers benefits of processability and inter-particle defect
healing. Glass-forming ability has been observed for several MOFs, including ZIF-4,'%? ZIF-
62,19 ZIF-76,'% and TIF-4.19 When compared to other MOF glasses, ZIF-62 has a lower
melting temperature and a wider melting range prior to decomposition so it is a good option
for membrane separation. To date, a pure ZIF-62 glass membrane has been successfully
produced and exhibited good gas separation performance.!’ In another report, a TIF-4 glass
membrane was created on the a-Al,O3 substrate using the same method as ZIF-62.'7 These
MOF glass membranes demonstrated good CO; separation performance and stability. When
combined with other functional materials, MOF glass composites can show enhanced gas
adsorption or separation capabilities.!?8-1%

Three distinct suggested configurations for glassy thin-film composites have been offered:
glass mixed matrix film (GMMF), asymmetric layered glass composite film (LGCF) and
crystal-MOF glass composite membrane (CGCM), as shown in Fig. 1.11. For GMMEF, its
separation layer has a similar configuration to MMMs as the filler particles are incorporated
into a continuous glassy matrix, which is deposited onto a porous substrate. Instead, since the
filler particles and glassy matrix have the same inorganic properties, it is promising to produce
a good filler-matrix interface that can assure good separation performance. For example, MIL-

53 was embedded into the ZIF-62 glass and the composite demonstrated improved gas uptake

13
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due to the good contact between MIL-53 and ZIF-62.!1° This strategy can be explored for the
GMMF fabrication.

It is possible to construct the LGCF configuration by developing various layers of MOF
glass and composites to create an asymmetric layer. This hierarchical structure enables broader
pore size variation throughout the membrane as well as stepwise reaction flow via the selective
layer. Small molecule separation benefits from hierarchical pore size variations. MOF
polycrystalline film with hierarchical arrangement displayed good separation performance for
monovalent ions.!''! As a result, a MOF glass composite in LGCF configuration may also
achieve hierarchical pore distribution in thin film. A membrane with LGCF design can be
fabricated using this approach for enhanced molecular separation.

Inspired by the manufacturing principle of MMMs, we proposed a unique idea of CGCM,
which can be produced by inserting MOF crystals into the glass phase. Free-standing CGCMs,
like MMM, can be fabricated by directly incorporating MOF crystals into glass-former phase.
It has the potential to combine the advantages of porous MOF crystals with high gas sorption
capacity and the processable MOF glass phase. As a result, free-standing CGCMs may be
practical for improving the gas separation performance. In this thesis, we have prepared and
analyzed the gas separations of a series of CGCMs (including ZIF-8, UiO-66, MIL-53, and
MUF-16 CGCMs) and investigated their gas separation in this study.

14
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Figure 1.11 Three suggested MOF glass composite membrane configurations (GMMF and

LGCEF are inspired from Ref !12)).

1.4.3 MOF-based MMMs

The first MMMs were developed by Paul and Kemp in 1973 by incorporating zeolite type
5A into a silicon rubber matrix.!!3 Subsequently, to increase gas separation performance, a
variety of filler particles have been used in the fabrication of MMMs. MOFs have attracted
wide attention as a filler material because of their exceptional gas separation capabilities.''*
The incorporation of MOF particles in MMMs offers a distinct advantage in terms of the gas
diffusion pathway through the membrane, this unique gas diffusion pathway can create a
selectivity towards certain gas molecules. Certain gas molecules can diffuse through the porous
MOF particles preferentially, resulting in a high permeability (the solubility and diffusivity
contributions to the permeability are discussed later). The permeability of other gas molecules
is not enhanced by the presence of MOF particles and are compelled to pass a longer and
tortuous pathway around the particles. In this manner, a high selectivity can be realized (Fig.

1.12).
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High gas permeability

High selectivity Low gas permeability

Figure 1. 12 Gas transport pathways in MOF-based MMMs exemplified by a showing CO»
with a high permeability and N> with a low permeability.

For the manufacture of gas separation MMMs, many subclass kinds of MOFs, including
Zeolitic Imidazolate Frameworks (ZIFs), University of Olso (UiO) and Materials of Institute
Lavoisier (MILs), have been employed (Fig. 1.13). In addition, some emerging MOFs with
enhanced separation performance have been designed MUF-15 (MUF = Massey University
Framework).!’> MUF-15 and its derivatives together with MUF-16 were employed in the
preparation of MMM s in our study, and these MMMs all showed enhanced CO» separation
performance compared to the pristine polymers, which will be presented in detail in the

subsequent chapters.
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1.4.3.1 Fabrication of MOFs-based MMMs

Figure 1.13 Types of MOFs used for the fabrication of MMMs.

1) In-situ growth

Two approaches are included in the in-situ growth method: in-situ growth of MOFs and in-
situ polymerization (Fig. 1.14). In the first case, the polymer is first dissolved in a solvent, then
the MOF fillers precursors and organic linkers are dispersed into the target solution, before
being added to the polymer solution and mixed to generate the homogeneous casting
solution.!'®-!7 The MOFs fillers can therefore be generated during the casting solution creation.
A uniform membrane with well-dispersed MOF particles can be constructed. Another option
is to perform in-situ polymerization by mixing MOFs fillers with polymer monomers prior to
polymerization. In brief, MOFs fillers are first dispersed into solvent before being added to the
polymer monomer, and then heating induces polymerization after casting. Because of the
creation of creation of chemical linkages between MOFs fillers and polymer matrix during in-

situ polymerization, high interfacial compatibility between MOFs fillers and polymer matrix

can be obtained.
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Figure 1.14 Approaches for MOFs-based MMM s fabrication using in-situ growth method.

2) Solution mixing

In the solution mixing method, the polymer is first dissolved in solvent to form a
homogeneous solution, and then the MOF fillers are added to this solution (Fig. 1.15). To
minimize agglomeration, ultrasonication can aid in the separation of any clumped MOFs fillers.
There are three common approaches for producing casting solutions by solution mixing: 1)
dispersing MOFs fillers in a solvent before adding polymer, ii) dissolving polymer in solvent
before adding MOFs fillers and iii) dissolving MOFs fillers and polymer before combining
them together. The solution is then poured onto a glass plate and allowed to evaporate at a
certain temperature. Given its simplicity, solution mixing is the most used approach for

fabricating MOFs-based MMMs.
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Figure 1.15 Approaches for MOFs-based MMM s fabrication using solution mixing method.

1.4.3.2 Challenges in the fabrication of MOF-based MMMs

Developing MMMs with optimal separation performance is challenging due to the
occurrence of non-idealities in MMMs manufacturing, which may impede the simultaneous
enhancement of gas permeability and / or selectivity. In practice, problems relating to the
dispersibility of MOF fillers, interfacial voids between the polymer and MOFs fillers, polymer
chain rigidification around MOF fillers, and pore blockage of the MOFs by polymer chains.

and MOF loadings, and particle size can result in suboptimal performance (Fig. 1.16).
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Figure 1.16 Typical challenges of MOF dispersion states in MMMs.

Membrane permeability generally increases with increased loading of the MOF fillers.
However, overloading may result in agglomeration and sedimentation. The aggregation of
filler particles can cause non-selective voids and even membrane defects, undermining
selectivity due to non-selective bypasses for gas molecules around the filler particles (Fig. 1.17).
Meanwhile, the membrane becomes brittle at a high MOF loading. As a result, optimum MOF

loading is critical to combining good separation performance and physical characteristics.

Poor MOF dispersion and polymer-MOF coexist can also result in low selectivity. The
rigidification of the polymer chains around the filler particles can result in a zone of reduced
free volume and chain mobility, lowering the permeability. In addition, the pore blockage by
the polymer chains may reduce permeability and render the porous filler worthless if its pores
are entirely blocked. In certain circumstances, particle pore blockage may boost selectivity if
the decrease in pore size just matches the size of the target permeate, however, the permeability
is always compromised. Moreover, controlling the degree of polymer rigidification and the
extent of pore blockage is challenging. To the formation of ideal morphologies in the MMM

system, polymer rigidification and pore blocking must be avoided.
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Figure 1.17 Schematic illustration of the relationship between MOF filler dispersion status in

MMMs and the corresponding membrane separation performances.

1.4.3.3 Strategies to improve interfacial compatibility.

To reduce interfacial voids between the polymer matrix and MOF fillers, several

approaches can be employed.
(1) Functionalization of MOF fillers

The MOF particles can be modified by adding some functional groups. MOFs fillers can
be functionalized with amino groups to enhance their compatibility with polymer matrix. The
amino groups in MOFs can provide additional interaction sites for bonding with the polymer
chains, thus improving adhesion and compatibility between MOFs and polymers.!!3-11 MOFs
fillers can be modified to incorporate amine functional groups using simple procedures such as

120-121 or vigorous stirring.!22-123 As a result of the improved interaction between

reflux heating
the dispersed modified MOFs fillers and the polymer matrix, the resultant MMMs can perform
better. And the link between polymer and MOFs fillers is formed due to the presence of
hydrogen-bonding, which can cause MOF fillers to the agglomerate in membrane.!** For
example, UiO-66-NH: could display enhanced stability in polymethyl methacrylate (PMMA)

solution after NH> group induction in UiO-66, since it can create hydrogen bonds between the
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amino groups and carbonyl groups of PMMA.!% In other cases, even modest MOFs loading
can result in unsatisfactory interfacial morphologies of prepared MMMs because the polymer
and MOF are poorly compatible.!?¢ Therefore, selecting a good polymer-MOFs pair is critical

for the preparation of MMMs.
(2) Geometry tuning

Another endeavor is to modify the morphologies of the distributed MOFs in the polymer
matrix by tuning the geometry of the MOF filler particles. MOF particles can be shaped during
their synthesis process by altering the conditions or the preparation procedures. To date, MOFs
of various forms (rods, sheets, spherical particles etc.) have been used to fabricate MMMSs. The
separation performance of the same polymer-MOF combination with different MOF filler
geometries may differ. For example, Deng et al. fabricated membranes embedded with three
distinct ZIF forms (particles, microneedles, and sheets) and showed that the separation results
correlated with the morphologies of the ZIF fillers.'?” There are two primary methods for
obtaining MOF nanosheets. Bottom-up is a simple approach for changing the shape of MOF

fillers by varying the reaction time or the MOF precursor ratios.!?8

The top-down technique,
on the other hand, is preferred due to its ease of operation, high yield and even greater
membrane performance.!?*-13° Besides, exfoliation method can fabricate high-quality MOF
nanosheets with large lateral dimensions, and mechanical or sonication techniques are normally

applied to break apart the bulk crystals into individual nanosheets.!3!-132

In addition, the size of the MOF fillers is a significant aspect that can impact the final
membrane performance. Normally, when the size of the filler particles decreases, the interfacial
area between the MOFs particles and the polymer rises. Smaller MOF particles have a higher
surface area—to—volume ratio than large particles. The increased surface area can provide more
contact points for interaction with the polymer matrix, resulting in the enhanced interfacial
adhesion.!** And the smaller MOF particles are easily to disperse into polymer matrix due to
their smaller size, this enables them to migrate into regions with better MOF-polymer contact,
leading to increased interfacial interaction. In this case, smaller MOF particles are present on
the gas diffusion pathway to encounter more gas molecules in the membrane, thus improving
the gas separation performance.!** For example, ball milling is an excellent approach to
decrease the particle size of MOFs without losing their crystalline structure. For our MUF-16,
it is vital to note that the differences in MOF particle size have no effect on the aperture size

and the molecular sieving characteristics.!¥
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(3) Dual filler incorporation

Another way to improve interfacial compatibility is to combine MOFs with an additional
filler. For example, graphene oxide (GO) is widely used in combination with MOFs due to its
high compatibility with polymer matrices.!3¢!37 Moreover, GO has a sheet morphology, which
can act as a substrate for MOFs growth or immobilization via its functional groups (epoxy,
hydroxyl, carboxyl groups).!*® Also, combining MOFs with carbon nanotubes as fillers in

MMMs can also increase improved interfacial characteristics and separation performance. '3’
1.5 Fundamentals of gas permeation through membranes
1.5.1 Technical terms used in gas permeation membrane science

Diffusion: Diffusion is the process by which molecules are move from areas of high
concentration to areas of low concentration. There three important forms of diffusion in a
membrane: solution diffusion, Knudsen diffusion, and molecular sieving. These will be

discussed in more detail later.

Fick’s law: Fick’s law states that a gas will diffuse from a region of high concentration to a
region of a low concentration zone. The flux is the magnitude and direction of the gas flow and

this is proportional to the concentration gradient.

Henry’s law: Henry’s law is a gas law of developed by William Henry in 1803. It states that
the amount of a gas dissolved in a solution is proportional to its partial pressure above the
solution. The Henry constant is the name given to this proportionality factor. The concept can

be transferred from liquids to membranes.

Fractional free volume: The free volume of a polymer refers to the unoccupied space or voids
between the polymer chains. It represents the accessible space that is not filled by the polymer
chains themselves. Therefore, the free volume can provide pathways and voids for gas
molecules to move and diffuse within the polymer structure. Direct investigation of the pores
in polymeric membranes is not feasible because the gaps occur at the molecular level. The
difference between the measured experimental specific volume of polymer (¥, cm?/g), and the
theoretical volume occupied by the polymer chain segments (¥, cm?/g) is used to determine

the fractional free volume (FFV). Therefore,

0 1.1
FFV = :
vV

The term V) is typically estimated using group contribution theory as described by Bondi

V, = 1.32 Vi 1.2
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I, is the van der Waals volume of functionality comprising the polymer chains. Finally, FFV

can be expressed as:

1.3

Permeability: Gas permeability refers to the ability of a material or membrane to allow the
passage of a specific gas through it. Gas permeability is often quantified using the permeability
coefficient, which represents the rate of gas flow per unit area and per unit of pressure

difference across the material.

Selectivity: This term defines the membrane’s ability to allow some components to pass
through while blocking others. The membrane’s capacity to separate two gases (4 and B) is

defined as the ratio of their permeabilities ( a4).
B

Kinetic diameter: The kinetic diameter of a gas molecule is its sphere of influence that can lead

to a scattering event (Table 1.1). It can be calculated from
d?=— 1.4

Where [ is the mean free path length of the molecule, d is the kinetic diameter of the molecule

and n is the number of molecules per unit volume.

Table 1.1 Molecular weights and kinetic diameters (&) of common gases.

Molecule Molecular weight Kinetic diameter (A)

H» 2 2.89
CH4 16 3.8

N 28 3.64

02 32 3.46

CO2 44 3.3
C2H: 26 3.3
C2Hq4 28 3.9
CsHe 42 4.5
C3Hs 44 4.3

Glassy and rubbery polymers: The glass transition temperature is the temperature at which
the first polymer chain movement begins, causing a shift from the glassy, solid, and hard state
to the soft, flexible, and rubbery state.!*! The glass glass transition temperature (7g) of glassy

polymers is greater than their operating temperature. It should be emphasized that the glassy
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temperature occurs only for the amorphous portions of the polymers and not for the crystalline
regions. The polymer modules and the temperature in Fig. 1.18 illustrate the glassy transition
temperature. Below their glass transition temperatures, glassy polymers are rigid and stiff.
Polyimides (PI), such as 6FDA-DAM and 6FDA-Durene (used in this thesis), Matrimid and
PIM-1 are commonly employed in membrane construction. In contrast, rubbery polymers
operate beyond their glass transition temperature, making them soft and flexible. These
polymers have a lower 7g as well as being fully amorphous. Poly(vinylidene fluoride) (PVDF),
polyvinyl acetate (PVA) and polyvinylamine (PVAm), and Pebax-1657 (used in this thesis)

are popular rubbery polymers used in membrane applications.

A

Modulus

Glassy <—i—> Rubbery

Tg
Temperature (K)

Figure 1.18 Polymer modulus versus the temperature and occurrence of glass transition

temperature (7).
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Table 1.2 Glassy transition (7g) temperatures for some of the common polymeric materials.

Polymers Tg (°C) Ref.
6FDA-DAM 391 142

6FDA-Durene 409 143

Glassy

Matrimid 302 144

PIM-1 371 143

PVDF -39 146

Rubbery PVA 52.4 147
Pebax-1657 -51.7 148

1.5.2 Transport mechanisms for gases through membranes

The most common types of gas separation membranes in use today are still the dense
polymeric membranes, where gas transport is based on Fick’s law.

Fick’s law describes the diffusion of molecules or particles through a media, such as a gas

or liquid, which can be represented as:
dCi

— ijd_x 1.5

Ji =
Where Ji is the flux of component i (mol/[m?s], Dj; is the diffusion coefficient (m?/s), % is

the concentration gradient for component i over the length x (mol/[m?*-m)].

When applied to membrane separation, Fick’s law yields d,, = [ (membrane thickness),
and dc; = concentration difference (i.e. particle pressure differences) across the membrane.
And the D;; varies according to the dominating transport mechanism.

The gas permeance P// (mol/[m? Pa s] (SI units) for a given gas (i) is defined by:

P y
l Apl )

Where P/I can be expressed as (m*[STP]/(m? bar h), Ap; is the partial pressure difference
(bar or Pa).

Therefore, gas permeability can be expressed as:

i

= 1.7
Ap;

P;

Membrane permeability is typically expressed in units of Barrer:
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mol-m
1Barrer = 335x 10710 ———
m*-s-Pa 18
CMgpp3 * CM ’
=1x10-10__—STP" =~
cm?-cm-Hg
In addition, membrane permeance can be expressed in a unit of GPU:

1 GPU=3.35 x 10710 2L 1.9

m2-s-P,

This equation demonstrates the relation of flux between the partial pressure difference and
the membrane thickness. That is, the flux through the membrane is proportional to the pressure
difference across the membrane and inversely proportional to the membrane thickness. The
ideal selectivity between gas components can be expressed as the ratio of the pure gas

permeabilities for each gas component 7 and j:
af == 1.10

For mixed gases, the separation factor a;; is expressed by the mole fractions of the
components on the feed side (x) and the permeate side (y) of the membrane, respectively:

_yily;
=/ 1.11

Dense polymeric materials often used for gas separation membrane applications. Gas
permeation through this type of membrane can be viewed as following the solution-diffusion
mechanism. Moreover, Knudsen diffusion and molecular sieving are another two main types

of gas diffusion through the membrane (Fig. 1.19).

Dense membrane Porous membranes
‘e’. @ C Feed
[ ]
° o U o o : ...
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\\ YR\ | \\ :\\N N
: 0
° s . | %o v
. : Permeate
Solution-diffusion Molecular sieving Knudsen diffusion

Figure 1.19 Schematic diagram of the mechanism of gas transport through membranes.
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Solution-diffusion

The solution-diffusion mechanism is one of the primary mechanisms used in gas separation
membranes. It describes the process by which different gas molecules are dissolved in the
membrane material and then diffuse through it at different rates, resulting in the selective
separation of gases based on their solubility and diffusivity.
Derived from Fick’s law, the gas permeability P can also be written as the product of the
diffusion (D) and solubility (S) of the gas passing through the membrane according to the
solution-diffusion mechanism:

P=D-§ 1.12

The diffusion coefficient D reflects the mobility of the individual gas molecules in the
membrane materials, and the gas sorption (solubility) coefficient S, reflects the number of gas
molecules dissolved in the membrane (in the case of a polymer) or adsorbed (in the case of a
porous material).

Therefore,

2Bl

Where % is the ratio of the diffusion coefficients of the binary gas molecules and can be
]

considered as the mobility selectivity, reflecting the diffusivity differences of the gas molecules.

Si . . . .
And 5—‘ is the ratio of the sorption coefficients of two gas molecules and can be regarded as the
]

sorption or solubility selectivity, indicating the relative solubilities of the gas molecules.
Molecular sieving

Molecular sieving is a transport mechanism where the pore size is comparable to the target
molecular dimensions. In molecular sieving, the porous material or membrane can act as a
sieve, allowing smaller molecules to diffuse through the interconnected pores, while larger
molecules are unable to enter or pass through. The selectivity of this process is primarily
determined by the size and geometry of the pores.
The separation can be achieved by exploiting the differences in molecular size and shape
between the gas molecules.
In molecular sieving process for gas separation the following aspects are important:

(1) Adsorption. The gas mixtures contact with the porous membrane, then the gas

molecules reach the surface of the pores and are adsorbed onto the pore walls due

to the interactions such as van der Waals forces.
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(i1))  Diffusion. The adsorbed gas molecules diffuse through the interconnected pores of
materials or membrane. Smaller gas molecules can easily pass through the smaller

pores, while larger gas molecules are limited or excluded.

Knudsen diffusion

Knudsen diffusion occurs in microporous inorganic membranes or through pinholes in
dense polymeric membranes. Knudsen flow is characterized by the mean free path (1) of the
diffusing molecules being larger than the pore dimensions (d,, ).

While the exact threshold for Knudsen diffusion can vary depending on the specific gas
and conditions, a common rule is that Knudsen diffusion becomes prominent when the ratio of
the pore diameter to the mean free path (also known as the Knudsen number, Kn) is in the

range of 0.1 to 10. Knudsen diffusion can be described as:

’SR ’
Dy = —p = =485-d 1.14
Kn ™ 3 ™, My

Where Dy is the Knudsen diffusivity, d, is the average pore diameter (m), V, is the
average molecular velocity (m/s), M, is the molecular weight of gas component A (g/mol), R
is the gas constant, and T is the temperature (K).

As a result, the selectivity of gas i over j based on Knudsen diffusion is:

D; M;
a; = _tkn _ 1T 1.15
7En Djgn M;

These selectivity values are not very high, which means that effective membrane separation

processes rely on other transport processes.

Table 1.3 Ideal Knudsen selectivity of several commonly-encountered binary gas mixtures.

Gas mixtures COz/N 2 COz/ CH4 Hz/ C Oz Hz/N 2 Hz/ CH4 C3H6/ C 3Hs
Ideal Knudsen
0.80 0.60 4.69 3.74 2.8 1.02
selectivity

1.5.3 Modelling of gas transport properties in MMMs

Several empirical models have been used to describe the gas transport properties of MMMs,
which are typically functions that combine the gas permeabilities of the continuous (polymer
matrix) and dispersed (filler particles) phases.'* The Maxwell model'®® is the most widely

used model for predicting the influence of filler loading on gas permeability through MMMs,
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and it can extrapolated to predict the permeability of a pure MOF from MMM permeability
measurements:

PS+2PP_2®S(PP_PS)

)2 =p 1.16
MMM =P p 4 2P, + @, (Pp — P,)

Where Pmmu is the permeability of mixed matrix membrane; Pp is the permeability of the
polymer matrix (pure polymer); Ps is the permeability of the dispersed filler particles, and @
is the volume fraction of filler particles in mixed matrix membrane:

M fillers

Q)S — pfillers 117
Mfillers + Mpolymer

pfillers ppolymer
1.6 Experimental aspects of permeability calculations

This section will introduce the equipment and method used to calculate membrane

permeabilities in this thesis.
1.6.1 Mass spectrometer calibration

In our work, gas permeability measurements were carried out via a Wicke-Kallenbach
apparatus (Fig. 1.20a). And the corresponding schematic of this apparatus is shown in Fig.
1.20b. Taking CO2/N; mixture as an example, the mass spectrometer needs to be first calibrated

for CO; and No.
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Membrane

Feed

Retentate

ﬁ Membrane holder

il =&

Figure 1.20 (a) Photo of Wicke-Kallenbach apparatus for gas permeability test of membranes

Oring

in our work. (b) Scheme of Wicke-Kallenbach apparatus used for gas permeation

measurements in this work.

(1) N2 calibration

For the calibration of N, the capillary line of MS was exposed to air. Then the sample
valve was turned on, followed by clicking “sensitivity tuning” under “Head menu” on the RGA
software, waiting for about 60 s.

The “mass selection” of N> was set as 28 AMU (atomic mass unit). When the
environmental pressure is 760 torr, for N», 78 % accounts for the indoor air pressure. Therefore,
N2 pressure can be calculated: 0.78 % 760 torr =592.8 torr. In our MS, 92.6 % of N> gives a
signal at AMU 28, so the reference pressure reading should be 545 torr. The sensitivity factor
was measured several times to obtain a steady value. Once the calibration of N> was achieved

the MS reads a pressure value of 545 torr from lab air.
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As for other gases, the scale factor as shown in Table 1.4.

Table 1.4 Scale factor of commonly used gases.

Selected gas fragments

Gas %
CO» (44) 78.4314
N2 (28) 92.5926
H> (2) 95.2381
He (4) 100
CHa4 (16) 45.9348

(2) CO; calibration

a) A CO; and N; mixture gas of known concentration was introduced into the gas line, with

precise control by the mass flow controller.
b) The MS was initiated to measure the partial pressures of CO2 and N> in the mixture gas.

c) The CO; partial pressures were corrected to the known values by adjusting the scale

factor/ratio to the N> partial pressure, and this scale factor was recorded in the system.

With a similar procedure, He, H>, CH4 and other gases can be calibrated by obtaining the

corresponding scaling factors.
1.6.2 Gas permeability and selectivity tests

A schematic of the apparatus is shown in Fig. 1.20b. Briefly, the mass flow rate was
controlled using Alicat mass flow controllers (MFC). Helium (20 sccm) was used as the carrier
gas in each test. The permeate gas was analyzed via the mass spectrometer. For single (pure)
gas permeation tests, N2, CHs4, and CO> were tested in order. Each gas was tested for 30 min to
reach a steady state, then the permeate gas compositions were recorded by averaging 10 sets
of data points. The feed pressure was in a range of 1 bar to 5 bar, and the temperature was
maintained at 20 °C. To further investigate the separation performance, mixed gas permeation
tests were conducted. Here the ratio of mass flow rates for CO> to N2 and CHy4 was 2:8. The

feed gases were delivered to feed side of the membrane as a mixture.

32



Chapter 1 Introduction

1.6.3 Data analysis

This section outlines how the measure data was transformed into permeability and

selectivity values using CO» as an example.
(1) Background collection

The mass spectrometer was purged by He since there were often residual gases that were
difficult to clean out. When the readings of each gas on RGA were sufficiently low, the
background could be collected. Normally, 10 groups of data were collected, and their average

value is the background.
(2) CO; real pressure = CO; raw value — CO2 background value

Where CO; raw value represents the test pressure of CO2 in RGA; CO; background value

is the averaged CO; pressure from the He flush in RGA (see below).

Background He H2 CH4 N2 02 co2 N2-14 CH4-16
50070.453 752.01 0.25343 0.087446 0.19744 0.035415 0.20691 0.082052 0.026494
50075.469 755.78 0.25795 0.15033 0.17307 0.03156 0.22406 0.10085 0.036177
50080.484 755.07 0.25308 0.11314 0.11105 0.02609 0.17109 0.10771 0.091317
50085.484 757.46  0.2528 0.032225 0.22372 0.017663 0.12003 0.036072 0.038732
50090.500 751.2 0.24101 0.067998 0.24755 0.052271 0.085354 0.052076 0.050164
50095.516 758.36 0.24376 0.081058 0.23157 0.051284 0.34142 0.073669 0.066033
50100.516 753.69 0.2332 0.1377 0.17686 0.012911 0.10707  0.1133 0.045591
50105.531 742.03 0.23438 0.070553 0.20936 0.049222 0.14975 0.12143 0.058367
50110.531 747.47 0.22663 0.068424 0.15303 0.022773 0.16385 0.11762 0.034294
50115.547 746.65 0.24185 0.094402 0.29793 0.056754 0.081544 0.012702 0.053526

Average "4DIV/0!  751.972 0.243809 0.090328 0.202158 0.035594 0.165108 0.081748 0.05007

Raw data 2180.156, 74199 0.2321 7.17E-02 0.96735 0.25821  7.7057 0.25597 0.49537
2185.172, 740.63 0.23651 6.89E-02 0.93692 0.27938 7.6711 0.18008 0.53265
2190.172, 754.24 0.23712 0.12044 0.83419 0.26668 7.8188 0.21077 0.53097
2195.188, 752.6 0.24368 0.10196 0.71828 0.20703  7.3485 0.19888 0.41186
2200.203, 750.22 0.24452 0.067134 0.70839 0.23205 7.1444 0.2612 0.45305
2205.156, 758.9 0.24022 0.087606 0.75126 0.29747 7.2614 0.20554 0.41544
2210.219, 747.45 0.21608 8.79e-02 0.78423 0.24475 7.3117 0.17984 0.48876
2215.219, 750.36 0.22893 0.11379 0.86108 0.27592  7.2321 0.19792  0.4779
2220.235, 754.02 0.2257 0.12084 0.81771 0.43485  7.5818 0.19055 0.45249
2225.250, 75294 0.2477 0.12922 0.85296 0.31825 7.8284 0.26049 0.46022

Average '#DIV/OI 7SO.335| 0.235256! 0.096938 0.823237 0.281459 7.49039 0.214124 0.471871

real value 0.621079 7.325282

Then CO; actual pressure was used for the CO; permeability calculation.
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(3) CO; permeability calculation

Table 1.5 CO» permeability calculation.

CO; permeability test
Membrane parameters
Dimension (mm) 10
Thickness(um) 65
Testing conditions
Feed pressure (psi) 29
Sweep gas flow rate (sccm) 20
Gas compositions
Gas He CO,
Panel reading 7.50E+02 7.33E+00
Fragment factor 1.00E+00 7.84E-01
Actual pressure (torr) 7.50E+02 9.34E+00
Gas compositions (%) 9.88E+01 1.23E+00
Results
Total flow (sccm) 2.02E+01
Permeate flow (sccm) 2.49E-01
Area (m?) | 7.85398E-05
Permeate flux (mol/s-Pa) 6.18E-13
Permeance (mol /s-Pa-m?) 7.87E-09
Permeability (mol-m/s-Pa-m?) 5.12E-13
Permeability (Barrer) 1.53E+03
L X g;
Pi="32 2 1.18

L: membrane thickness (average value: 65 um, obtained from a micrometer).
A: the effective area of the membrane. The prepared membrane was sealed into an aluminum
foil, the effective diameter of membrane was controlled at 10 mm (Fig. 1.21). (A=7.85398E-

05m? d=10 mm, S = ©r?).
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Figure. 1.21 Photo of membrane sealed into an aluminum foil.

AP;: the partial pressure of component i (feed pressure set as 29.0 psi as an example).

q;: the mass flow rate of the permeate CO> (sccm).

Using the sweep gas (He) to back-calculate the CO» permeate flow rate, since the flow rate
of He is fixed at 20 sccm during the gas permeation test and the actual pressure of He can be
read at 750 torr in the mass spectrometer. For CO2, the 0.784314 of partial gas pressure can be
read in the mass spectrometer. Therefore, the actual pressure of CO, could be obtained using
dividing the real pressure by its fragments factor (see Table 1.4).

In this case, the CO» real pressure is 7.33 torr, therefore the actual pressure of CO- is 9.34
torr (7.33 torr / 0.784314 = 9.34 torr) (see Table 1.5).

When the actual pressure of CO> and He is determined, the corresponding gas compositions
of the COz and He could be obtained.

Therefore, the compositions of CO2 and He in the permeate side could be calculated:

CO, composition = _Feo, 1.19
Pco, + Phe
N 9.34
CO, composition = 934 + 750
1.23%
He composition = L 1.20
Pcoz + Pye
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750
ition = ——————— = 98.789
He composition 934 1 750 Yo

In our test, pure He was used as the sweep gas during the test, and its gas flow rate was

constant at 20 sccm, therefore the total flow rate can be obtained using sweep gas flow rate.

sweep gas flow rate
Total flow rate (sccm) = He composition 1.21

20 scem

Total f1 t =———=20.2
otal flow rate (sccm) 98.78% sccm

Afterwards, permeate flow rate of CO; can be calculated through multiplying the total flow
rate by CO2 composition.
CO, Permeate flow rate (sccm) = Total flow rate X CO, composition 1.22

CO, Permeate flow rate (sccm) = 20.2 X 1.23% = 0.249 sccm

Note:
mol
1sccm = 7.45 X 1077 —
s 1.23
1 psi = 6894.76 Pa
Therefore, CO> permeate flux can be calculated using equation 1.6.
co, P te f1 mol
, Permeate flux (S-Pa)
_ €O, permeate flow rate x (7.45 X 1077) x 6894.76( mol )
"~ (feed pressure + 14.7) — (14.7 x CO, composition) \S - Psi 1.24
Note: AP is the pressure difference between the two sides of the membranes (29.0 Psi as
an example).
coop to fl ( mol ) _0.249 x (7.45 x 1077) x 6894.76
2 Permeate flux (=50 ) = 5901 14.7) = (14.7 x 0.197%)
= (6.18x 107%) ol )
- S - Psi
mol ) _ CO, permeate flux 125

CO, permeance (

s+ Pa-m? membrane area

(6.18 x 10~13) (%) mol
C0O, permeance = = (7.87 x 107%)
(7.85398E — 05)m? s Pa-m?
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CO; permeance converted to CO2 permeability via multiplying CO2 permeance by membrane

thickness (equation 1.7).

mol-m

CO, permeability ( ) = C0, permeance X thickness 1.26

s Pa-m?

Finally, the unit of CO; permeability can be converted to barrer.

Since 1 barrer = 3.35 X 10—16772"&
m<-s-Pa

Therefore,

CO, permeability (mol % "S- pa)
3.35x 10716

C0, permeability (barrer) = 1.27

Using the same method, N> and CH4 gas permeabilities can be obtained.
Finally, the selectivity of CO2/N> for the membrane can be calculated through equation 1.10.

1.6.4 Solubility (S) and diffusivity (D) calculations related to the solution-diffusion

mechanism

The solubility coefficient (S) represents the thermodynamic contribution to transport. It

can be measured independently by pressure-decay sorption and expressed as:

Si=— 1.28

Where ¢; is the concentration of a gas adsorbed in the sample, and f; is the corresponding
upstream fugacity driving force of component i. This can be estimated experimentally from

gas adsorption isotherms.

For a rubbery polymer (such as Pebax) and its mixed matrix membranes, the adsorbed gas

concentration can be described by Henry’s law:
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¢ =cpi=kp,fi 1.29

Where cp; is dissolved gas concentration, kj, ; is the Henry’s law sorption coefficient,

which can be estimated by an adsorption isotherm.

For MOF crystals, the adsorbed concentration of gases can also be described by a Henry’s
law equation where their adsorption isotherms are linear. For non-linear isotherms the adsorbed
concentration of gas can be described by the Langmuir model:

Csatbifi

_ 1.30
WL T b,

Ci =

Where cy ; is the dissolved gas concentration in the Langmuir mode, cg4,1s the Langmuir
capacity constant, and b; is the Langmuir affinity constant.
Once P and S are known, the diffusion coefficient (D) of the gas in the membrane can be

calculated from the solution-diffusion mechanism (P =S - D):

1.6.5 Apparatus validation

To validate our apparatus, a range of polymers including Pebax-1657, 6FDA-DAM and
6FDA-Durene, was used to prepare pure membranes and their gas separation performance was
tested. The obtained results are close to those reported in the literature.

Taking Pebax-1657 as an example, 3.0 wt% Pebax solution (EtOH/H20) was used to
prepare a pure Pebax membrane. Its permeability was tested in a sequence of CO2, N> then CHy
(at 20 °C with a feed pressure of 1 bar). The permeability results from our Wicke-Kallenbach

apparatus are shown in Table 1.6.
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Table 1.6 Comparison of experimental separation performance of a Pebax membrane using

our Wicke-Kallenbach apparatus with literature results.

Experimental
Literature
Membrane Gas Permeability
value'™!
(Barrer)
CO2 69.0 +2.07 71.25
Nz 1.78 £ 0.06 2.15
Pebax CH4 5.54+0.17 6.27
CO2/N» 38.76 £ 1.16 35.91
COy/CHy  1245+0.37 12.54
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Chapter 2 Metal-Organic Framework Crystal-Glass Composite
Membranes for Gas Separation

2.1 Introduction

Membrane-based separation technologies have been regarded as an attractive candidate
due to their low energy consumption and environmental friendliness.>® 132 While polymeric
membranes have made remarkable progress on a commercial scale, there is still a significant
market expansion in terms of their separation performance and stability challenges.’* >3 And
the trade-off effect between membrane permeability and selectivity is another obstacle to
their wider application.” In this context, the development of novel membrane materials with
superior gas separation performance is possible to address the aforementioned issues. To this
end, several materials, including metal-organic frameworks (MOFs),!3415¢ covalent-organic
frameworks (COFs)!57-15% and zeolites!®%16! etc. have been extensively explored for
advanced membrane separation in recent years. In particular, MOF membranes have
demonstrated impressive gas separation performance due to their large surface area, tunable

74, 162

functionality, and good chemical stability. However, interfacial defects and/or grain

boundaries present in MOF membranes caused by uncontrollable crystal size growth

generally exhibit undesirable separation performance.!®’

Therefore, it is still challenging to
construct pure MOF membranes without interfacial defects for superior gas separation

performance.

As a recently developed material, MOF glass has attracted a wide range of applications
in the fields of gas sorption,'®* sensors,!%> photonics'®® and ion conduction.!$” Normally,
MOF glass can be formed by melt-quenching its crystalline phase. To date, some zeolitic
imidazolate frameworks (ZIFs), such as ZIF-4,'9%-16 7]F-62,19 and ZIF-76,'"° have
displayed the glass-forming ability by quenching their liquid phase at a temperature range
of liquid melting (7,) and glass transition (7). Notably, ZIF-62 [Zn(Im);.75(bIm)o.25], a MOF
consisting of mixed linkers of imidazole (Im, C3H3N>") and benzimidazole (bIm, C7HsNy"),
is considered as a good candidate for glass formation due to its relatively low melting
temperature and high thermal stability. The advantages of high porosity and ease of
fabrication enable ZIF-62 glass (agZIF-62) to be used in gas separation membranes. Jiang
et al. first reported an agZIF-62 membrane with enhanced gas molecular sieving capability
by melt-quenching crystalline ZIF-62 membrane on an alumina support.'® This work
provided a blueprint in the manufacture of gas separation membranes. Later, Li and co-

workers developed a hybrid ZIF-8/ZIF-62 glass membrane via a flux-melting approach for
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C3He/C3Hg separation.!”! Zhong and co-workers developed free-standing agZIF-62 foam

membrane for advanced CH4/N> separations.!”?

Although these glass membranes displayed ultra-high gas permeance, the corresponding
selectivity cannot meet the need for actual separation. To simultaneously achieve high gas
permeance and good selectivity, MOF crystal-glass composite (MOF-CGC) membranes
were developed by incorporating crystalline MOFs into a MOF glass matrix, the chemical
properties of crystalline MOFs can be preserved by glassy MOFs, and the enhanced gas
adsorption ability could improve the resulting selectivity.!”>17* To date, reports about the
use of MOF crystal-glass composites membranes for CO; separation are rare. Similar to the
manufacturing process of mixed matrix membranes (MMMs) (incorporation of filler
particles into a polymer matrix), we proposed the crystal-glass composite membranes
(CGCMs), which can be constructed by incorporating MOF crystals into the glass phase
using pressing and quenching treatments (Fig. 2.1). To improve the CO» separation ability,
we designed several CGCMs with enhanced CO; adsorption capacity by incorporating

MOFs crystals into glass matrix.

Here, we have developed a series of CGCMs with different MOF crystals that are derived
from different metal precursors [UiO-66 (Zr), ZIF-8 (Zn), MIL-53 (Al) and MUF-16 (Co)
(Massey University Framework - 16)] and investigated their gas separation performance.
Notably, these MOF crystals with varying sizes were used to investigate the interfacial
cohesion with glass phase in membrane. To ensure the final CGCMs with continuous
morphology without boundary voids, MOF crystals (UiO-66, ZIF-8, and MIL-53) were first
homogeneously mixed with ZIF-62 via a ball mill treatment to form the composite (CGC),
respectively. The resulting CGCMs were obtained after sequential tableting (CGC tablet)
and melt quenching processes. As expected, the fabricated CGCMs showed improved CO»
adsorption uptake, and the gas separation results of the fabricated CGCMs demonstrated
improved CO: permeance compared to the pure agZIF-62 membrane. Overall, this strategy
provided one promising way to fabricate high-performance membranes. In addition, another
MOF with high CO; adsorption capacity (MUF-16) was combined with agZIF-62 and then
re-melted to form the CGCM, further expanding the applications of MOF glasses in gas

separation.
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porous

Retentate ® MOF material
etentate i

glass matrix

Permeate

Figure 2.1 Scheme showing the use of a crystal-glass composite membrane (CGCM)

for gas separation.

2.2 Results and discussion
2.2.1 Characterization of crystalline ZIF-62 and agZIF-62

Crystalline ZIF-62 (Fig. A. la, Electronic Appendix) can form a glass (Fig. A. 1b,
Electronic Appendix) after melt-quenching treatment. The PXRD pattern of ZIF-62 prior to
melting displays its highly crystalline nature. On the other hand, the Bragg diffraction peaks
of agZIF-62 are all dispersed due to the loss of the original crystalline structure after the
melting process (Fig. 2.2a). In addition, compared with the sorption capacity of crystalline
ZIF-62 (Fig. 2.2a), although agZIF-62 showed a reduced gas uptake volume, CO> uptake
value remained at a high level, indicating the high porosity of agZIF-62 (Fig. 2.2b), which
is consistent with the previous reports.!® In addition, TGA (Fig. 2.2¢) of ZIF-62
demonstrates that there is no mass loss, indicating its good thermal stability. Moreover, 'H
NMR spectra (Electronic Appendix, Fig. A. 2) showed that agZIF-62 the organic chemical

composition (benzimidazole and imidazole) of ZIF-62 after melt quenching.
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Figure 2.2 (a) PXRD patterns of crystalline ZIF-62 (black) and agZIF-62 (red) (inserted
figures are crystalline structures and micrographs of ZIF-62 and agZIF-62). (b) CO>
adsorption (filled circles) and desorption (open circles) isotherms of ZIF-62 and agZIF-62
measured at 293 K. (¢) TGA of ZIF-62 and agZIF-62.

2.2.2 Characterization of crystal fillers

The UiO-66, ZIF-8, MIL-53, and MUF-16 MOFs with crystals of different sizes were
synthesized using reported methods (see experimental procedures in Electronic Appendix A,
and molecular structures can be observed in Fig. A. 3). Notably, to minimize the interfacial
boundaries in the resulting membranes, a microemulsion synthesis strategy was applied to
fabricate nano-sized UiO-66. And MUF-16 was post-treated via a ball mill to obtain nano-
sized crystals. Moreover, TEM images of crystalline ZIF-8, UiO-66, MIL-53, and MUF-16
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are shown in Fig. 2.3, and the corresponding crystal size can be seen in Table. 2.1. Before
fabricating CGCMs, all the synthesized crystals were first checked, and the PXRD patterns
of as-synthesized MOF crystals were all in good agreement with the simulated results (Fig.
A. 4, Electronic Appendix). Finally, a series of CGCMs were fabricated using these MOF

crystals as described in experimental procedures (Electronic Appendix A).

Figure 2.3 TEM images of (a) ZIF-8, (b) UiO-66 and (c) MIL-53(Al) and (d) ball milling
treated MUF-16.

Table 2.1 Crystal size of synthesized MOF crystals in this work.

MOF Ui0-66 ZIF-8 MIL-53 MUF-16

Crystal size (nm) 30 55 790 500
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2.2.3 CGCM fabrication process

The fabrication process for CGCMs, illustrated in Fig. 2.4a using UiO-66 as a
representative case, follows a sequence of steps. First, UiO-66 crystals were blended with
crystalline ZIF-62 in a ball mill to form a homogeneous composite. Subsequently, this
amalgamated composite was pelletized into tablets using a mold under elevated pressure (5
tons). These tablets were then undergoing controlled heating at 409 °C within an inert
atmosphere, followed by a precisely regulated quenching process. The outcomes of these
processes give rise to two distinct products: the pressed composites are termed as (UiO-
60)x(ZIF-62)1« tablets, while the membranes take on the designation as ag[(UiO-66)x(ZIF-
62)1x] CGCMs. Here, x represents the mass fraction of incorporated UiO-66 crystals. The
details of the compositions for all the CGCMs fabrication are shown in Table. S3.2 to S3.5.
Through this systematic approach, UiO-66 CGCMs with different loadings were fabricated.
For better comparison, the pure agZIF-62 membrane was fabricated as a blank membrane.
Using the similar method, a series of CGCMs with different crystals incorporation (ZIF-8
and MIL-53) were fabricated. In addition, the details of MUF-16 CGCMs are shown in Fig.
2.4b. The composition of all CGCMs can be seen in Tables A. 1 to A. 4 in Electronic

Appendix.
(a) Y Pressing
ZIF-62 l 1 l

Heating
o —p — —p
Ui0-66 or 409 °C, Ar
ZIF-8
or MIL-53
UiO-66 or ZIF-8
or MIL-53
Ball mill Tableting CGCM
b
( ) O Pressing
agZIF-62

Heating
— —_ —
\ ' 330 °C, Ar
P
=
MUF-16
Ball mill Tableting MUF-16 CGCM

Figure 2.4 Scheme illustration of CGC membranes fabrication process.
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2.2.4 Characterizations of CGCM
PXRD of CGCMs

Detailed analysis via PXRD patterns reveals that the initial crystalline structure of ZIF-
62 undergoes a transformative shift into an amorphous glass state due to the high-pressure
and quenching treatment. Remarkably, the crystalline integrity of UiO-66 remains unaltered
throughout this intricate procedure (Fig. 2.5a: 40 wt.% UiO-66, Fig. S2.5: all UiO-66
loadings). By following this approach, a series of UiO-66 CGCMs with varying loadings
was successfully fabricated. Analogously, an array of CGCMs using diverse MOF fillers
(ZIF-8, MIL-53 and MUF-16) and exhibiting a range of loadings (ranging from 10 wt.% to

40 wt.%) was also fabricated with precision.

PXRD patterns pertaining to ZIF-§8 CGCMs yield a noteworthy observation, the
crystalline ZIF-8 remained remarkably intact even after the rigorous quenching treatment.
This intriguing finding demonstrates the absence of any significant structural alterations
within ZIF-8 during the melting process (Fig. 2.5b and Fig. A. 6 in Electronic Appendix). In
contrast to the scenarios in which flux melting typically occurs, an interesting facet emerges
from this study. This peculiarity can be attributed to the low temperature employed for the
ZIF-62 melting process. Notably, the synthesis of ZIF-62 involves a mechanochemical
approach using nano-ZnO, thereby leading to a comparatively reduced melting
temperature.!”> Consequently, the energy available to affect the melting of ZIF-8 crystals via

the ZIF-62 flux at the elevated temperature of 409 °C is severely limited.
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Figure 2.5 PXRD patterns of (a) ZIF-62, UiO-66, [UiO-66¢.4/Z1F-62] CGC, [UiO-
660.4/ZIF-620.6] tablet and [UiO-660.4/agZIF-626] CGCM. (b) ZIF-62, ZIF-8, [ZIF-
80.4/ZIF-620.6] CGC, [ZIF-80.4/Z1F-62¢¢] tablet and [ZIF-8¢.4/agZI1F-62¢] CGCM.

The exploration of structure disorder within the realm of MOFs presents a captivating
avenue of study. MIL-53, a MOF centered around aluminum 1,4-benzenedicarboxylate
(BDC) linkers. Distinguished by its three-dimensional framework, MIL-53 boasts corner-
sharing A104(OH): octahedra, forming an intricate lattice.!’® A remarkable characteristic of
MIL-53 is its intrinsic flexibility, exhibiting what is commonly termed as a breath effect.
This phenomenon allows MIL-53 to seamlessly transition between distinct states, altering
between a configuration with narrow pores (np) and another featuring expanded large pores
(Ip).!7” Notably, the as-synthesized MIL-53 encapsulates certain HoBDC ligands within its

pore network, and these ligands can be selectively eliminated through controlled thermal
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treatment. Consequently, MIL-53-as can undergo a transformation to an open-pore structure
that we designate as MIL-53-Ip.!"817 In a fascinating convergence, the manufacturing
process of composite membranes offers an opportunity for the integration of MIL-53-1p into
the agZIF-62 matrix (Fig. A. 6a, Electronic Appendix). The structural fidelity of MIL-53-lp
within these composite membranes is strikingly evident in the PXRD patterns (Fig. A. 6b,
Electronic Appendix), underscoring its sustained existence within the membrane structure

(all MIL-53 loading see Fig. A. 7, Electronic Appendix).
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Figure 2.6 (a) Diagram of the MIL-53 transition in the [MIL-53/agZIF-62] CGCM. (b)
PXRD patterns of ZIF-62, MIL-53-as, MIL-53-Ip, [MIL-53¢.4/Z1F-6206] CGC, [MIL-
530.4/Z1F-62¢ ] tablet and [MIL-53¢.4/agZIF-62¢6] CGCM.
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Furthermore, in pursuit of enhancing the CO> separation efficiency of CGCMs, the
spotlight turns to a promising MOF, MUF-16. This choice is underpinned by MUF-16’s
remarkable attributes, including its elevated CO; adsorption capacity and its exceptional
preference for CO; over other gases.!® However, MUF-16 is susceptible to decomposition
at approximately 350 °C (Fig. A. 8, Electronic Appendix). To prevent MUF-16
decomposition during the vitrification of the ZIF-62 matrix, pre-formed agZIF-62 was
blended with the MUF-16 crystals to produce (MUF-16)x(agZIF-62),x (Fig. 2.7a). This
union can be achieved by subjecting the agZIF-62 matrix is then gently re-melted at a
relatively low temperature of 330 °C. The final membranes are recorded as [MUF-
16x/agZ1F-621.x] CGCM, signifying the composite membranes that stand as a statement to
this amalgamation. Evidently, the crystalline nature of MUF-16 is preserved after the re-
melting process (Fig. 2.7b and Fig. A. 9, Electronic Appendix) and no interfacial voids are
present (Fig. A. 23, Electronic Appendix). This strategy produces ideal MUF-16 CGCMs.

[MUF-16, /agZIF-62, ] CGCM

[MUF-16, ,/agZIF-62, ;] Tablet

[MUF-16, /agZIF-62, ;] CGC

MUF-16

agZIF-62

5 10 15 20 25 30 35 40 45 50
20

Figure 2.7 (a) PXRD patterns of (a) agZIF-62, MUF-16, [MUF-16¢.4/agZIF-62¢6] CGC,
[MUF-160.4/Z1F-6206] CGC tablet and [MUF-160.4/agZIF-6206] CGCM.

FTIR spectra of CGCMs

The FTIR spectrum (Fig. 2.8a) of agZIF-62 displays almost the same intermolecular
vibrations as its crystalline counterpart, indicating the unchanged integrity of its organic
linkers following the melt-quenching procedure. Notably, the (UiO0-66)0.4(ZIF-62)o6 tablet
interweaves the vibrational signatures of both UiO-66 and ZIF-62 (Fig. 2.8a and Fig. A. 10,
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Electronic Appendix). Impressively, no discernible peak shift occurs, affirming the absence
of any newly-formed chemical bonds. Furthermore, the unchanged peak profiles within
[Ui0-660.4/agZIF-620s] CGCM indicate the stability of organic linkers. These patterns of
structural robustness extend to other CGCMs as well. [ZIF-8¢.4/agZIF-62¢¢] and [MIL-
530.4/agZ1F-6206] CGCMs, along with the MUF-16 CGCMs, display the unchanged FTIR
spectra (Figs. 2.8b to 2.8d, and Figs. A. 11 to A. 13, Electronic Appendix). This collective
fidelity further reaffirms that the intricate membrane fabrication process leaves the chemical
compositions and structures unaltered, resulting in a series of composite membranes to meet

the demands of their resulting gas separation performances.
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Figure 2.8 FTIR spectra of (a) [UiO-66)0.4/agZIF-62¢5¢], (b) [ZIF-80.4/agZI1F-62¢], (¢)
[MIL-530.4/Z1F-62¢¢] and (d) [MUF-16¢.4/agZIF-6206] CGCM.

TGA curves of crystal-glass composites (CGCs)

For (UiO-66)x(ZIF-62)1.x composite, a mass loss at around 250 °C was caused by the
removal of strongly adsorbed DMF within ZIF-62 pores (Fig. 2.9). A key issue is that all
(Ui0-66)x(ZIF-62)1x CGCs display the good stability up to around 500 °C, ensuring the
integrity of UiO-66 within the resulting agZIF-62 matrix. Similarly, ZIF-8 and MIL-53
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CGCMs show the similar trend (Figs. A. 14 and A. 15, Electronic Appendix). Moreover,
MUPF-16 can be decomposed at 350 °C, so it was first mixed with agZIF-62 to produce a
tablet and then agZIF-62 could be remelted at a low temperature (330 °C), which could
confer the stability in the resulting membrane (Fig. A. 16, Electronic Appendix).
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Figure 2.9 TGA curves of [UiO-66,/Z1F-62x] CGCs.
DSC curves of CGCs

During the second DSC scan, the distinct 7g shift can be observed across the different
CGCMs. This Tg variation provides a tangible understanding of the inherent glassy nature
of these membranes with different crystal loadings. The incorporation of crystals, including
Ui0O-66 (Fig. 2.10), ZIF-8 (Fig. A. 17, Electronic Appendix), and MIL-53 (Fig. A. 18,
Electronic Appendix), introduces an intriguing interplay within the agZIF-62 matrix and
consequently leads to the increased 7g along with their crystal loadings. Similarly, the
incorporation of MUF-16 also yields a comparable outcome, resulting in an indelible
increase in 7g (Fig. A. 19, Electronic Appendix). These collective observations highlight the
complex interplay between the incorporated crystals and agZIF-62, which ultimately

determines the thermal behavior of the resulting composite membranes.
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Figure 2.10 DSC curves of (a) (Ui0-66)0.1(ZIF-62)0.9, (b) (Ui0-66)0.2(ZIF-62)03s, (c) (UiO-
66)0.3(ZIF-62)0.7 and (d) (UiO-66)0.4(ZIF-62)0.6 CGC.

SEM morphologies of agZIF-62 membrane

In terms of membrane morphology, a visual assessment of the SEM images of MOF
composite tablets prior to the heating process displays the pronounced gaps, cracks, and
pinholes that highlight the initial state of the composite. Prior to the melting process, the
cross-sectional morphology of the pure ZIF-62 tablet shows visible cracks, which is a direct
consequence of the inherent grain boundaries and crystalline structure of the polycrystalline
ZIF-62 crystals (Figs. 2.11a and 2.11b). Throughout the heating treatment, the molten ZIF-
62 infiltrates the interstices of the polycrystalline voids and acts as a unifying agent bridging
the gaps (Figs. 2.11c and 2.11d). Upon the subsequent cooling to ambient temperature, a
well-integrated agZIF-62 membrane was formed with encapsulation of the structural

cohesion. Therefore, this continuous agZIF-62 membrane is promising to achieve good

separation performance.
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Figure 2.11 Cross-sectional morphology of (a) pressed ZIF-62 tablet and (b) high
resolution image of the white box in ZIF-62 tablet. Cross-sectional morphology of (c)
agZIF-62 membrane and (d) high resolution image of the white box in agZIF-62

membrane.

SEM morphologies of UiO-66 CGCM

UiO-66 CGCMs reveal an excellent integrity without observable crystalline boundaries
or unfavorable morphological traits even after undergoing vitrification. Moreover, there is
no major difference between the UiO-66 CGCMs when the loading is increased from 10 wt.%
to 30 wt.% and even up to 40 wt.% (Figs. 2.12a to 2.12d). This uniformity can be attributed
to the small particle size of UiO-66 (Fig. 2.3b). This remarkable observation is supported by
the analysis of the cross-sectional elemental distribution, which clearly confirms the uniform
distribution of UiO-66 within the agZIF-62 phase (Fig. A. 20, Electronic Appendix). By
preserving the crystalline essence of UiO-66 through integration with agZIF-62, the
formation of interfacial voids between the crystals and agZIF-62 is judiciously minimized.
This intricate interplay allows for the optimal gas separation performance that occurs with
other CGCM counterparts. These results fit into the broader landscape of CGCM research

and suggest the durability and potential of these innovative composites.
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Moreover, SEM morphologies of other CGCMs with ZIF-8, MIL-53 and MUF-16 are
shown in Figs. A. 21 to A. 23 (Electronic Appendix). And the Optical photographs the
prepared CGCMs with UiO-66, ZIF-8, MIL-53, and MUF-16 are shown in Figs. A. 24 to A.
27 (Electronic Appendix).

(a) (b) (c) (d)
1pm 1pm 1pm

surface

Cross-section

Figure 2.12 Surface and cross-sectional SEM images of [UiO-66x/agZIF-62;.x] CGCMs
with different loadings (a) 10 wt.%, (b) 20 wt.%, (c) 30 wt.% and (d) 40 wt.%. The
corresponding high resolution cross-sectional SEM images from the white box are

included.

HR-TEM images of UiO-66 CGCM

High resolution transmission electron microscopy (HR-TEM) of [UiO-66¢.4/Z1F-62¢¢]
CGCM shows the lattice stripes of crystalline phase of UiO-66 in the white box regions (Fig.
2.13a). While most of the remaining regions tend to be amorphous, indicating its disordered
state caused by glass transformation. And the crystal plane spacing (d = 3.49 A) corresponds
to (6,0,0) spacing for UiO-66. Importantly, the integrated structure in this region displays no
interfacial voids between the crystalline UiO-66 phase and the amorphous glass phase. In
addition, the [Ui0-66¢.4/agZIF-62¢6] CGCM was detected by energy dispersive X-ray (EDX)
mapping to verify the distribution of crystalline UiO-66 in the glass phase, both Zn and Zr
elements can be uniformly observed in the target region, demonstrating the homogeneous
distribution of UiO-66 in the glass matrix (Fig. 2.13b). It is notable that these observations
likely to extend their validity to other CGCMs within the study, underlining a consistent
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pattern of structural soundness across the materials examined (Figs. A. 28 to A. 30,

Electronic Appendix).

Figure 2.13 (a) HR-TEM images of [Ui0-660.4/agZ1F-6206] CGCM, the yellow dashed
boxes show the crystal phase, and the other regions are the amorphous phase. And the
crystal plane spacing d = 3.49 A, corresponding to (6,0,0) spacing for UiO-66. (b) EDX
mapping of Zn and Zr in [UiO-66¢.4/agZ1F-62] CGCM.

2.2.5 Gas adsorption isotherms and IAST selectivity

The adsorption isotherms of agZIF-62 for CO, and N illustrate the preservation of its
microporosity following the quenching treatment (Fig. 2.14a, Table A. 5 in Electronic
Appendix). At 293 K and 1 bar, the gas adsorption capacities for CO; and N for agZIF-62
stand at 11.3 and 1.2 cm?/g respectively. For [UiO-66x/agZIF-621.x] CGCMs, compared with
to pure agZIF-62 membrane, as the UiO-66 loading increases, the adsorption capacity of all
gases CO» and N all increased. The doping of UiO-66 crystals into agZIF-62 matrix could
improve the adsorption capacity (Figs. 2.14¢ to 2.14f, Table A. 5 in Electronic Appendix).
This enhancement in CO> uptake also carries the potential to confer a heightened CO;

permeance compared to that of the pure agZIF-62 membrane.

Interestingly, a similar trend can be observed in all ZIF-8, MIL-53, and MUF-16 CGCMs
(Figs. A.31to A. 33, Tables A. 6 to A. 8 in Electronic Appendix). These observations further
hold potential for manufacturing CGCM:s that are not only adept at gas adsorption but also

exhibit promise for the efficient separation of COs».

56



Chapter 2 Metal—-Organic Framework Crystal-Glass Composite Membranes for Gas Separation

(@ 3 (b) 35
agZIF-62 UiO-66 COg
25 30 -~
2 T s ] e
@ 20 » /
= 250
S15 § :
% Co2 % 15 ’
< o <
210+ —— 210 ) /
@ , 'v‘ﬂ/ 8 /
© 5 ol ©s5f{ N,
f —’_‘Nz 0 4{—.‘“ -8-07-0-0-0-)—0—0-C——0—
0+ 2060000¢ 9-0-02-0-8-0- )—0—0—— 00—
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Pressure (Bar) Pressure (Bar)
25 25
(c) [UiO-66, ,/agZIF-62, o] (d) [UiO-66, ,/agZIF-62, ]
= 20 - 20+
o
= =
@ ) co,
g mg, 15 1 /
£ £
L L
(] (]
s <10
g g
8 8 s
NZ
4 04 Fmacresecee-coe-esee-—o—c *—
0.0 0.2 0.4 0.6 0.8 1.0 010 0f2 0:4 016 0t8 110
Pressure (Bar) Pressure (Bar)
25 25
(e) [UiO-66, 5/agZIF-62, ;] (f) [UiO-66, ,/agZIF-62, 4]
20 204 Cco,
> co| E
5 — S s e
215 " =15 el
2 o~ 2
< 10 - (',A X 10
2 " 2
® 51 "/ O 51 f N
N, ,a 2
7 7 A
0 Fmecrese 0] Amcreseree-cee-e

0.4 0.6 0.8

Pressure (Bar)

0.0 0.2

T

1.0 0.4 0.6

Pressure (Bar)

T T
0.0 0.2

Figure 2.14 CO; and N adsorption (filled circles) and desorption (open circles) isotherms
of (a) agZIF-62, (b) UiO-66, (c) [UiO-66¢.1/agZIF-62¢.9] CGCM, (d) [UiO-660./agZIF-
620.8] CGCM, (e) [UiO-660.3/agZIF-62¢.7] CGCM and (f) [UiO-66¢.4/agZIF-62¢s] CGCM

at 293K.

Ideal Adsorbed Solution Theory (IAST) selectivities at 1 bar of the UiO-66 CGCMs (Fig.

2.15a, Table A. 5 in Electronic Appendix) were performed using adsorption isotherms at 293

K. Notably, the results showed increased selectivities in CO2/N> binary mixtures (50/50). In
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addition, the TAST results on ZIF-8 (Fig. 2.15b, Table A. 6 in Electronic Appendix) and
MIL-53 (Fig. 2.15c, Table A. 7 in Electronic Appendix) CGCMs demonstrated their

significant efficiency in favoring CO: separation. MUF-16 CGCMs also exhibited the

commendable CO; selectivity, which is attributed to their porous structure which facilitates

the higher CO> adsorption capacity than N> (Fig. 2.15d, Table A. 8 in Electronic Appendix).
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Figure 2.15 CO2/N; (50/50) IAST selectivity of (a) [UiO-66,/agZIF-621«], (b) [ZIF-

2.2.6 Pore volume and pore size distribution analysis

8x/agZIF-621«], (c) [MIL-53x/agZIF-62.x] and (d) [MUF-16x/agZIF-621]
CGCMs at 293 K under 1 bar.

To characterize the micropores and their corresponding pore size distribution, adsorption

isotherm curves of CGCMs were carried out. These curves were derived from the analysis

of CO> adsorption isotherms at 273 K using the utilization of the Non-local Density
Functional Theory (NLDFT) method. As the UiO-66 loading within the CGCMs increased,
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a notable enhancement in both CO; uptake (Fig. 2.16a) and total micropore volume (Fig.
2.16b, Table A. 9 in Electronic Appendix) was observed. The increased pore volume
demonstrates the porous nature of UiO-66 CGCMs and have the potential for efficient
separation. Notably, all UiO-66 CGCMs showed the main micropore of approximately 5.2
A in diameter, the constancy of this pore size across the various CGCMs suggests the
robustness of membranes amidst the evolving UiO-66 content. In addition, when compared
to pure agZIF-62 membrane, the pore volume around 3.8 A and 9.4 A remained relatively

consistent, further indicating the stability of pore structure of UiO-66 CGCMs

In addition, ZIF-8, MIL-53, and MUF-16 CGCMs display a similar trend of increased
pore volume and a consistent pore width of 5.3 A (Fig. A. 34, Table A. 10 in Electronic
Appendix), 5.7 A (Fig. A. 35, Table A. 11 in Electronic Appendix), and 3.6 A (Fig. A. 36,
Table A. 12 in Electronic Appendix), respectively. These results indicate that the embedded
MOF crystals within the glass matrix could form the continuous porosity and thus improving

the improve the gas storage capability.
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Figure 2.16 (a) CO, adsorption—desorption isothermal curves of agZIF-62 and UiO-66
CGCMs at 273 K. (b) Micropore size distribution of agZIF-62 and UiO-66 CGCMs
calculated by the NLDFT method using CO, adsorption isotherm curves.

2.2.7 Gas permeation tests

The gas permeation properties of as-fabricated CGCMs were evaluated using the Wicke—
Kallenbach method.!!> For the single gas permeation test, all UiO-66 CGCMs displayed the
ultrahigh gas permeance (Fig. 2.17a, Table A. 13 in Electronic Appendix). With the increase
of UiO-66 loading in membrane, the corresponding CO: permeance increased, which is

mainly caused by the increased pore volume of the membranes. In this way, the gas transport
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and diffusion could be enhanced. In addition to the adsorption differences between CO> and
N2, the enhancement in ideal selectivity of CO2/N2 could be observed. When the loading of
UiO-66 is 40 wt.%, the ideal selectivity value of CO2/N» is 4.7, exceeding their
corresponding Knudsen selectivity value (0.80), which are determined by the inverse of the
square root of the molecular masses. This result suggests the UiO-66 CGCMs have the
potential for CO; separation. And the mixed gas permeation test (50/50) of [UiO-66¢.4/ZIF-
620.6] CGCM shows the slightly lower gas permeance than pure gas permeance (Fig. 2.17b,
Table A. 17 in Electronic Appendix), which is mainly due to the competitive adsorption of

mixed gases.
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Figure 2.17 Gas permeance and selectivity results of (a) [UiO-66,/agZIF-621.x] CGCMs
and (b) comparison of single gas and mixed gas test of [Ui0-66¢.4/agZIF-62¢6] CGCMs (1

bar, room temperature).

For ZIF-8 CGCMs, the main pore width is close to that of UiO-66 CGCMs, the
separation results of ZIF-8 CGCMs demonstrates the similar trend of increased gas
permeance and selectivity values as UiO-66 CGCMs (Fig. 2.18a, Table A. 14, Electronic
Appendix). ZIF-8 crystals in membrane could provide gas transport channels, when its
loading reaches 40 wt.%, the corresponding membrane displayed the ideal selectivity of
CO2/N; is 5.4. This is probably due to the aperture size of ZIF-8 (3.4 A), which plays a

certain role in sieving effect for N».!8!

It should be noted that MIL-53 is present in the membranes with large pores, the resulting
membranes show the consistent pore width (5.7 A) and increased pore volume with the
increased MIL-53 loading. The pore size in MIL-53 CGCMs is larger than that of UiO-66
(5.2 A) and ZIF-8 CGCMs (5.3 A). Therefore, MIL-53 CGCMs show the increased CO2
permeance, while the corresponding ideal CO2/N; selectivities are lower than those of UiO-

66 and ZIF-8 CGCMs (Fig. 2.18b, Table A. 15 in Electronic Appendix). In addition, the
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mixed gas permeance and CO2/N selectivity of all CGCM with 40 wt.% MOF loading are
shown in Table A. 17 (Electronic Appendix).
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Figure 2.18 Gas permeance and selectivity results of (a) [ZIF-8,/agZIF-621x] CGCMs and
(b) [MIL-53y/agZIF-621x] CGCMs (1 bar, room temperature).

MUF-16, known for its exceptional CO; separation capabilities, presenting an exciting
opportunity to engineer membranes with enhanced CO2/N> and CO2/CHg selectivities. As
anticipated, MUF-16 CGCMs have demonstrated the higher selectivity than the previously
reported counterparts. With increasing MUF-16 loading in the membrane increased, a
corresponding rise in the pore volume of the membranes could be observed (Fig. A. 36a,
Electronic Appendix). It is notable that the pore volume at the width of 3.6 A also increased
and exhibits greater values than the pore of around 5.2 A (Fig. A. 36b, Electronic Appendix).
This distinctive 3.6 A pore, attributed to MUF-16, has the potential to facilitate CO» transport
due to its strong adsorption capability for CO».'% At the same time, MUF-16 barely absorbs
either N2 and CH4. Consequently, a clear cut-off effect for CO» versus N2 and CH4 molecules
becomes evident in [MUF-16,/agZIF-62:x] CGCMs. As a result, the CO2/N; selectivity of
MUF-16 CGCMs increased with the increasing MUF-16 loading. When the loading of
MUF-16 is 40 wt.%, the corresponding ideal selectivities reached 5.7 for CO2/N» (Fig. 2.19,
Table A. 16 in Electronic Appendix). Overall, all CGCMs in this work display enhanced
CO; permeance compared to the pure agZIF-62 membrane (CO> permeance: 19700 GPU).
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Figure 2.19 Gas permeance and ideal selectivity results of [MUF-16x/agZIF-621.x] CGCM

(1 bar, room temperature).

2.3 Conclusion

In this study, we have successfully fabricated a series of CGCMs with different loadings
of crystalline MOF derived from diverse metal precursors integrated into the agZIF-62
matrix through the glass transition treatment. And these MOF crystals with different crystal
size in the membranes show the excellent interfacial combability, which retain their
crystalline porosities and ensure efficient gas transport. [ZIF-80.4/Z1F-6206] CGCM display
a high CO; permeance of 109000 GPU, and selectivity of CO2/Nz (5.4). In addition, we also
developed the remelting process at a lower temperature to fabricate CGCM, which could
preserve MUF-16, which is not stable at high temperatures. Here, the resulting [MUF-
160.4/agZ1F-62¢6] CGCM displays the high CO> permeance of 204000 GPU, and good
selectivity of CO2/Nz (5.7). This work provides a practical approach for the preparation of
high-performance membranes and broadens the application of glassy materials for the

development of multifunctional CGCMs.
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Chapter 3 MUF-16/Pebax Mixed Matrix Membranes for
CO; Separation

3.1 Introduction

As the primary greenhouse gas, the escalating emissions of CO> are giving rise to
significant environmental challenges.!®?-!%* Nowadays, growing concerns about global
warming and the demand for clean energy have driven researchers to seek effective ways to
capture CO> from other gases such as N> and CHa.!'3%-18¢ Membrane separation technology,
with its low capital cost and energy consumption compared to traditional separation
approaches, has potential for economic and environmentally friendly CO» capture.!87-188
Notably, polymeric materials dominate the commercial membrane market due to their
comparatively low cost, ease of scale-up, and their applicability to complex gas-pair
separations. '8 However, polymeric gas separation membranes face a trade-off between
permeability and selectivity, i.e. high gas permeability correlates with low selectivity and
vice versa.”!"’? To overcome this limitation, the development of MMMs is considered the
most promising method and has emerged as the research hotspot for gas separation
membranes.*”: 1! By combining the processability and mechanical properties of the polymer
matrix with the high separation performance of the filler particles, MMMs offer a synergistic
effect of enhanced permeability, while maintaining excellent separation selectivity. MMMs
can overcome the trade-off barrier by creating nanochannels with improved separation
properties that transcend the Robeson upper bound.

To date, various filler particles, primarily MOFs,!2 192 zeolites,!**-19* COFs,!*>-196 and
other 2D materials '°7-1%% have been used in the preparation of MMMSs. Among the numerous
filler particles, MOFs are the most promising due to their exceptional porosity, high
modularity, and diverse functionalities.”* The MOF-incorporated MMMs have attracted
considerable attentions in recent research due to their potential for the separation of
important gas pairs. For example, Jin and co-workers used polyimide-based MMMs
incorporating M-gallate MOF particles (where M represents Ni, Co, or Mg) to achieve highly
efficient separation of CoH4/C2Hs gas pairs, exceeding the upper bound limit of pure polymer
membranes.'”” Jiang et al. prepared MMMs by adding amino-functionalized ZIF-7 to a
matrix of polymers with intrinsic microporosity (PIM-1). The nano-sized ZIF-7-NH;
exhibited strong interfacial affinity to the polymers,??® and the CO,/CHj selectivity of the
fabricated MMMs was significantly improved.

However, the challenge is to fully exploit the advantages and realize the full potential of

MMMs. Despite the potential of MMMs to provide exceptional gas separation performance,
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poor compatibility between the polymer matrix and the MOF fillers can lead to the formation
of non-selective defects or voids at their interface, which significantly reduce the separation
selectivity. To address this problem, efforts have been made to improve MOF-polymer
compatibility via crystal engineering or polymer modification. Zhu et al. reported a
fabrication strategy for UiO-66-CN@sPIM-1 MMMs to enhance CO> capture efficiency.
To achieve this, they converted -NH; to -CN groups in the UiO-66 backbone, resulting in
improved compatibility between the polymer and MOF components. The experimental
results revealed an exceptionally high CO; permeability (22665 Barrer) and favourable
CO2/N; selectivity (29.6) compared to a pure PIM-1 membrane (CO; permeability = 15433 .4
Barrer and CO»/N, = 24.6).2°! Smith et al. developed a method to construct defect-free
MMMs with uniform particle dispersion by functionalizing the surface of UiO-66-NH: filler
with a polyimide chain,?*? which increased CO, permeability and CO,/CHj selectivity by
48 % and 15 %, respectively.

In addition to improving the interface affinity between filler and polymer, the
incorporation of novel MOFs with a high affinity for CO> represents a promising approach
to enhance the CO> selectivity of MMMs. MUF-15 (MUF = Massey University Framework),
[Cos(u3-OH)(ipa)2.5(H20)]), exhibited exceptional performance in discriminating CO, from
N>. It had been incorporated into PIM-1 for CO, separation.!!> The layered crystalline
structure of MUF-15 promoted CO> transport in MMMs while maintaining a remarkable
selectivity. This research breakthrough set a valuable precedent for the MMM community,
encouraging the exploration and use of new MOFs as fillers, expanding the options beyond
the conventional choices such as ZIF-8 and UiO-66. However, the low stability and limited
dispersibility in polymeric materials may prevent MUF-15 from being widely used in

practical separations.

MUPF-16 is another MOF developed previously by our group as a standalone material.
Constructed from 5-aminoisophthalic acid (Haip) and cobalt acetate, MUF-16 is a very
stable filler that can absorb a large amount of CO; while barely adsorbing other gas
molecules, resulting in high selectivity for CO2 over N2 and CHs and other light
hydrocarbons.!8% 29 Importantly, MUF-16 is a low-cost, durable, recyclable adsorbent with
a high affinity for CO2, making it an ideal candidate for the preparation of MMMs for CO»
separation. The choice of polymer to be combined with MUF-16 is critical, as it should have
inherent selectivity for CO2 over other gases and offer favorable interfacial compatibility
with the filler. Among the various polymer materials available, Pebax-1657, a commercially

available polymer, was selected as the continuous phase in our study. Pebax-1657 is a well-
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known rubbery copolymer consisting of a hard segment of polyamide (PA) and a soft
segment of polyethylene oxide (PEO). This combination gives the material excellent

mechanical strength and good CO; selectivity (CO2/N2 = 34 and CO»/CHs4 = 14).2%4

In this chapter, a MMM was prepared from Pebax-1657 and MUF-16 and tested for CO»
separation from N> and CH4 (Fig. 3.1). The effect of the incorporation of MUF-16 into the
MMMs was investigated in terms of morphologies, CO, permeability, and selectivities
(CO2/N; and CO2/CHg). The thermal properties and stability of the prepared MMMs were

also investigated.

Retentate

Permeate

Pebax-1657

Figure 3.1 Schematic diagram of gas transport in Pebax/MUF-16 mixed matrix membrane.

3.2 Results and discussion
3.2.1 Characterization of the MUF-16 filler

Small particle fillers are preferred for MMM fabrication because they effectively reduce
the chance of undesired non-selective gas permeation pathways forming at the filler-polymer
interface.?®> Using the conventional solvothermal synthesis protocol, the MUF-16 crystals
have a bulky flower-like structure with a large cluster size of ~100 um (Fig. 3.2a). These
bulky crystals are likely to lead to aggregation and poor dispersion in the Pebax-1657 matrix.
In this context, it is important to manage the size of MUF-16 fillers for a good dispersion.
Accordingly, a simple and scalable ball-mill method was developed for producing nano-
sized MUF-16 crystals. After two hours of grinding MUF-16 in a ball mill, well-ordered and
uniform nano-sized MUF-16 (nsMUF-16) was produced (Fig. 3.2b). The matching PXRD
patterns revealed that the structure of MUF-16 was maintained (Fig. 3.2c). Overall, this

simple and cost-effective method is suitable for industrial and commercial applications.
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Figure 3.2 SEM morphologies of (a) solvothermal-synthesized MUF-16, (b) nsMUF-16
(ball mill treatment), and (c) PXRD patterns of MUF-16, nsMUF-16, and calculated MUF-

16.

FTIR of MUF-16 and nsMUF-16.

The FTIR spectra of nsMUF-16 and solvothermally synthesized MUF-16 are identical,

indicating that the chemical structure has not changed during the ball mill process (Fig. 3.3).
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Figure 3.3 FTIR spectra of MUF-16 (solvothermal-synthesized) and nsMUF-16.

Stability test of MUF-16

To evaluate the durability of MUF-16 (solvothermal-synthesized) in different solvents,
it was stored at room temperature for two years in ethanol (EtOH), methanol (MeOH),
dimethylformamide (DMF), chloroform (CHCI3), dichloromethane (DCM) and acetone. The
PXRD of MUF-16 in various solvents retains the same patterns as the original MUF-16,
indicating the excellent stability (Fig. 3.4a). In addition, MUF-16 was also dispersed in water
and DMF under boiling conditions for two hours. The PXRD shows the same pattern as
pristine MUF-16 (Fig. 3.4b). Overall, the stability tests reveal that MUF-16 is a highly stable
MOF. Moreover, the nsMUF-16 crystals seem to share the good stability exhibited by the

larger crystals.
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Figure 3.4 PXRD patterns of MUF-16 and MUF-16 soaking in various solvents over a
two-year period. (b) PXRD patterns of MUF-16 after in boiling H>O and DMF for 2 h.

Gas adsorption of MUF-16 and nsMUF-16.

The CO; adsorption capacity of MUF-16 was examined before and after ball milling to
produce nsMUF-16. The isotherms are almost identical (Fig. 3.5). This finding confirms that
the ball milling process did not affect the structural integrity of MUF-16, which is consistent
with the PXRD and FTIR results.
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Figure 3.5 CO; adsorption (filled cycles) and desorption (open cycles) isotherms of MUF-
16 and nsMUF-16 at 293 K.

3.2.2 Fabrications of MMMs

nsMUF-16 crystals were dispersed in ethanol/H2O (70/30 wt.%) and sonicated for 30
minutes. Pebax-1657 pellets (3.0 g) were then dissolved in this solution under reflux (80 °C)
over 2 hours. The MMMs were fabricated by solution casting (Fig. 3.6). Prior to casting, the
solution was sonicated for 30 minutes at room temperature to remove air bubbles. The
casting solutions with different contents of MUF-16 were then poured into PTFE Petri dishes.
The film was dried at ambient temperature for 24 hours and then kept in a vacuum oven at
80 °C for another 24 hours. The obtained MMMs were designated as Pebax/MUF-16(x) (x
=25 wt.%, 33.3 wt.%, 37.5 wt.%, and 43.4 wt.%), where x represents the proportion of
MUPF-16 in the total weight (MUF-16 + Pebax). Notably, the thickness of the MMMs was
controlled to around 70 um by using a constant total weight (MUF-16 + Pebax).
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Figure 3.6 Schematic illustration of the fabrication process of Pebax/MUF-16 MMMs.

3.2.3 Characterization of MMMs
SEM morphology

SEM was used to determine the morphologies of MUF-16/Pebax MMMs. The pure
Pebax membrane had a comparatively smooth surface (Figs. 3.7a and 3.7b). After
incorporating nsMUF-16 into the Pebax matrix, a similar continuous morphology was
obtained, indicating excellent compatibility between the nsMUF-16 crystal and the Pebax
phase and good dispersion of the filler particles (Figs. 3.7c and 3.7d). The MMMs still
maintained a well-integrated appearance and defect-free appearance when the loading of
nsMUF-16 was varied from 25.0 wt.% to 43.4 wt.% (Figs. B. 1 to Fig B. 4, Electronic
Appendix B). EDS mapping of the MMMs revealed that nsMUF-16 was uniformly
distributed throughout the MMMs with 40 wt. % of nsMUF-16 (Fig. 3.20). Notably, high
magnification of the membrane cross section with 40 wt.% nsMUF-16 loading highlights
the excellent dispersion of the crystals in the polymer matrix and an absence of defects or
voids (Fig. 3.7¢). A photo of Pebax/nsMUF-16 membrane with 40 wt.% loading is shown in
Fig. 3.71.
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Figure 3.7 SEM morphologies of (a) surface and (b) cross-section of pure Pebax

membrane, (c¢) surface and (d) cross section of MMM with 40 wt.% nsMUF-16 loading,
and (e) high magnification of cross-section of Pebax/nsMUF-16 membrane with 40 wt.%
loading (nsMUF-16 particles are shown as white dashed circles). (f) Photograph of
Pebax/nsMUF-16 membrane with 40 wt.% loading.
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XRD patterns

All MMM showed prominent peaks corresponding to the MUF-16 in the XRD patterns.
This indicates the preservation of MUF-16 crystal structure without the formation of any

new phases during the MMM preparation (Fig. 3.8).

43.3wt%

l 40.0wt%
37.5wt%
33.3Wt°/o

25.0wt%

20

Figure 3.8 XRD patterns of Pebax, MUF-16 and corresponding MMMs with different
nsMUF-16 loading.

FTIR spectra

Fourier transform infrared (FTIR) spectroscopy was performed to investigate any
changes in chemical bonding of the fabricated MMMs. As shown in Fig. 3.9a, no new peaks
appeared in the FTIR spectra upon incorporation of nsMUF-16 into the Pebax matrix.
However, some minor peak shifts were observed (Figs. 3.9b and 3.9¢). Specifically, the peak
at around 3300 cm™!, which is attributed to stretching of the N-H groups in the Pebax matrix,
shifts to higher frequencies. Similarly, the peak at around 1642 cm!, which can be attributed
to C=0 stretching in the Pebax matrix, shifts to higher frequencies with increasing nsMUF-
16 loading in the membranes. These shifts are a result of interactions between the glassy
polyamide segment of Pebax and the nsMUF-16 filler. Hydrogen-bonding could occur at the
interface between nsMUF-16 and Pebax matrix. The amino groups on the nsMUF-16 surface
and the (C=0) of polymer chains can form hydrogen bonds, leading to improved adhesion

and interfacial interactions (Fig 3.9d).2°6-2% As a result, the formation of hydrogen bonds in
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membranes enhanced their mechanical stability compared with the pure Pebax membrane,

as measured by tensile tests (Fig 3.9¢).
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Figure 3.9 (a - ¢) FTIR spectra of nsMUF-16 and corresponding MMMs with different
nsMUF-16 loadings. (d) Hydrogen bond between Pebax and MUF-16. (e) Comparison of
tensile tests of pristine Pebax and MMMs with 40 wt.% nsMUF-16 loadings.

TGA analysis
Thermogravimetric analysis (TGA) of neat Pebax-1657, MUF-16 and MMM with 40

wt.% nsMUF-16 loading recorded under N> is shown in Fig. 3.10. Residual water and

solvent loss can be observed up to 100 °C. When the temperature is increased to around 350
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°C, none of the samples show any weight loss, indicating the stability of both the MUF-16

and the polymer. Further increases in temperature cause the MUF-16 to decompose.

100 - Pebax
| < —\ —— MUF-16
—40.0wt%

80

X 60
=
=

9 40 -
=

20

0

1 v 1 v I v I v 1 v
100 200 300 400 500 600

Temperature (°C)

Figure 3.10 TGA curves of Pebax membrane, nsMUF-16 power and MMM with 40wt%
nsMUF-16 loading.

3.2.4 Gas separation performance of MMMs
3.2.4.1 Single gas permeability tests

The permeability of the nsMUF-16/Pebax MMM s to single gases was measured (Figs.

3.11ato 3.11c). Several clear trends were observed.

e CO; permeability increased with increasing nsMUF-16 loading up to 40 wt.%.

e CH4 permeability decreased with filler loading.

e N permeability was largely unaffected by the MOF loading, however the
presence of the filler decreased the permeability relative to pure Pebax.

e The permeability of all gases increased with increasing feed pressure.

e The absolute values of the permeability decrease in the order CO2 >> CHg4 > Na.

A series of significant conclusions may be drawn from these results:

i.  The filler particles do not introduce non-selective voids at the filler-polymer
interface, indicating good interfacial compatibility.
ii.  MUF-16 promotes CO; transport in MMMs while inhibiting the passage of N»

and CH4 molecules.

74



Chapter 3 MUF-16/Pebax Mixed Matrix Membranes for CO2 Separation

iii.  The gas separation selectivities that can be predicted from these single gas

experiments are high (Figs. 3.11d and 3.11e).

Assessing the results in more detail, as the nsMUF-16 loading in MMM s increases, the
CO; permeability increased first, reaching a peak of 231 Barrer when the nsMUF-16 loading
is 40.0 wt.% at a feed pressure of 5 bar at 293K (Fig. 3.11a). At this pressure, the CO2/N;
and CO»/CHj selectivities reached 243 and 211, respectively. For single gas tests, the CO»
permeability increased from 75.6 of the pure Pebax membrane to 231 (3.1-fold increase) of
the MMM with 40 wt.% filler loading at 5 bar. The corresponding ideal CO»/N, and
CO,/CHy selectivities increased from 35.2 to 243 (6.9-fold increase) and from 27.2 to 211
(7.8 times higher), respectively (Figs. 3.11d and 3.11e).

Interestingly, increasing the nsMUF-16 filler loading to 43.4 wt.% caused a decrease in
CO: and CH4 permeabilities and a slight increase in N> permeability. As the nsMUF-16
loading increases, the increased gas transport resistance can lead to the formation of
pathways that were less permeable to gas molecules. In addition, the tortuosity of the gas
transport path may also increase due to the formation of agglomerates. This could increase
the length of gas diffusion pathways, resulting in reduced gas permeability. A concomitant
decrease in calculated CO2/N2 and CO2/CHy selectivity is observed at the 43.4 wt.% MOF
loading.
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Figure 3.11 Gas permeability of (a) COz, (b) N2, (c) CH4 using pure gases and calculated
(d) CO2/N3 and (e) CO2/CHjs selectivities (1-5 bar, 293 K).

Using the selectivities calculated from these single gas permeation experiments, the
MMMs with different nsMUF-16 loading almost all surpass the 2008 and 2019 Robeson
upper bound limits (Fig. 3.12a and 3.12b). Moreover, compared to the other Pebax-based
MMMs with different fillers, our membranes show exceptional performance (high
selectivity and moderate permeability) for the separation of CO; from both CO»/N> and
CO2/CH4 mixtures.
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Figure 3.12 Ideal selectivity versus CO> permeability including out Pebax/nsMUF-16
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3.2.4.2 Mixed gas permeability tests

To evaluate the actual separation performance of the Pebax/MUF-16 membranes, the
MMM containing 40 wt.% nsMUF-16 was tested with gas mixtures. Volume ratios of
CO2/N2 = 20/80 and CO»/CH4 = 20/80 were used as the feed gas at a pressure of 5 bar at
room temperature (Fig. 3.13). A reduction in CO; permeability and CO2/N; and CO2/CH4
selectivities were observed compared to the single gas experiments This is ascribed to a
combination of adsorption solubility and diffusivity.??* In the mixed gas tests, competitive
adsorption might occur, which could result in partial blocking of certain gas molecules from
passing through the membrane due to competition for adsorption sites, leading to reduced
overall gas permeability.??® In terms of adsorption solubility in the membrane, there is a
solubility difference between CO> and N> (or CHy) as the gas adsorption sites in MUF-16
are preferential to CO,. In this case, CO; could be adsorbed more easily. This could create a
concentration gradient in the membrane, reducing the driving force for mixed gases to
permeate across the membrane. In addition, the presence of N> (or CHy) affected the rate of

CO; diffusion. As a result, the CO permeability decreased under mixed gas conditions.??’
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Figure 3.13 Results for MMMs containing 40 wt.% nsMUF-16 in Pebax (5 bar, 293 K).
The left panel shows the permeability measured for CO; and selectivities estimated from
single gas experiments. The right panel shows selectivities obtained from mixed gas

experiments.
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3.2.4.3 Long-term permeability tests

Long-term separation stability is an important index for evaluating membrane

performance for practical applications. We evaluated the ability of the membrane with 40

wt.% nsMUF-16 to separate gas mixtures at a feed pressure of 5 bar over a period of months.

After 48 h of continuous testing at room temperature, the membrane maintained an average

CO; permeability of 160 Barrer (Fig. 3.14a). In addition, the CO2/N; selectivity was

maintained at around 145. The membrane also showed a consistent trend for CO2/CHg4

separation over a 48-hour period (Fig. 3.14b). To investigate long-term anti-aging properties,

we examined the membrane performance over five months. Over this period the maintained

a consistently high CO, permeability and good CO2/N, and CO»/CHjy selectivities (Fig.

3.14c). Overall, the long-term test demonstrated that Pebax/nsMUF-16 membrane has

exceptional stability.
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Figure 3.14 Long-term stability for mixed gas tests of (a) CO2/N; and (b) CO2/CHs of
MMMs with 40 wt.% nsMUF-16 for 48 h (volume ratios of CO2/N2 =20/80 and CO»/CH4
=20/80, room temperature). (c) Anti-aging property of mixed gas tests of MMMs with 40

wt.% nsMUF-16 for 5 months.

3.2.4.4 Gas solubilities and diffusion in the MMMs
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To investigate the gas transport mechanism, we selected pure Pebax and MMM with 40
wt% nsMUF-16 loading and analyzed the solubility coefficients (S) and diffusion
coefficients (D) for COz, N2 and CH4. MUF-16 has an inherently high affinity for CO2, and
a much lower affinity for N> and CH4 '%% 2% In this study, the solubility coefficients were
calculated from high-pressure adsorption isotherms, as detailed in the Supporting
Information. The CO: solubility (S(coz) in the MMM is much higher than the pure Pebax.
On the other hand, S(N:) and S(CH.,) are significant lower in the MMM than in PEBAX (Fig.
3.15a).

The determination of S allows us to calculate D (Gas permeabilities were tested under 5
bar). In the MMM, D co2) is almost twice as large as in the pure membrane. On the other
hand, D2) increases slightly in the MMM while and D cu4) is close to the value obtained for
pure Pebax (Fig. 3.15b).

These observations can be attributed to the following factors:

(1) The addition of nsMUF-16 to the membrane facilitates CO- transport due to its high
affinity for COx.

(2) The presence of nsMUF-16 hinders the solubility of N> and CHy4 in the membrane.
(3) The nsMUF-16 increases the diffusivity of CO2 and N».

(4) Both the increased Sco2) and Dicoz of MMMs increases CO; permeability through

the membrane, resulting in a better separation performance than a pure Pebax membrane.

(5) The enhanced sorption and diffusion brought about by the nsMUF-16 filler combine
to elevate the CO2/N; and CO2/CHjy selectivities, with the sorption selectivity being the most

dominant factor.??’

80



Chapter 3 MUF-16/Pebax Mixed Matrix Membranes for CO2 Separation

4.5 b
(a) Il Pebax ( )60 i Il Pebax

r O] O]

":’E:n 3.5 50 4

”E 3.0 =

.E \:4"’ 40

O 25

& 5

% 2.0 o 304

g o

£ (=)

qo 1.5 4 204

)

1.0 1

w L l i
0.5
0.0 0 s T

N, CH,

co, co, N, CH,
(c)
I Pebax
20- e
Sorptionz Diffusion
——— —
154 .
2
2
8
< 101
(2]
5 :
0- . . L

CO,/IN, CO,/CH, CO,/N, CO,ICH,

Figure 3.15 (a) Solubility coefficient (b) diffusivity coefficient of CO2, N2 and CH4 and
sorption, diffusion selectivity of CO2/Nz, CO2/CH4 in MMMs with 40 wt.% nsMUF-16

loadings.

3.3 Conclusion

In summary, MUF-16, a MOF with a high affinity for CO>, has been used in this work
to fabricate MMMs with Pebax for CO; separation. MUF-16 is a robust and recyclable
adsorbent that can maintain its crystal structure in a variety of solvents for extended periods
of time. After ball milling, MUF-16 achieves excellent dispersion in Pebax phase,
minimizing the interfacial voids in MMMs. These advantages make MUF-16 a suitable filler
for MMM fabrication. Due to the synergistic effect of MUF-16 and Pebax, the as-prepared
MMMs achieved significant improvement in CO2 permeability as well as CO2/N; and
CO,/CHyg selectivity. Compared with the pristine Pebax membrane, separation results of the
MMMs with 40.0 wt.% MUF-16 loading displayed optimized performance, CO;
permeability increased threefold from 75.6 Barrer to 231 Barrer, and CO2/N; and CO2/CH4
selectivity increased 7 (from 35.2 to 243) and 7.8 (from 27.2 to 211) fold, respectively. In
addition, the gas separation results surpass the Robeson upper bound limit (2008 and 2019).
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Notably, the produced MMMs demonstrated the hydrogen bonding between MUF-16 and
Pebax, which improved their stiffness. Long-term operating tests showed stable gas
permeability and selectivity, indicating the potential for industrial use. Overall, this work
presents a strategy for using novel MOFs to design high-performance MMMs with

acceptable interfacial morphologies.

In the context of related literature, this work represents a significant advancement in
separation performance. The results of this study showcase remarkable performance
improvements, surpassing those of existing membranes in several crucial aspects. Notably,
the reported membrane demonstrates superior selectivity while maintaining exceptional CO:
permeability, a combination that has often posed challenges in membrane design. This work
not only underscores the substantial progress achieved in membrane technology but also
highlight the potential for this newly-developed membrane to outperform in industrial
applications. Further comparative studies against other state-of-the-art membranes will

provide deeper insights into the extent of its superiority and potential real-world impact.
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Chapter 4 MUF-16/Polyamide (PI) Mixed Matrix Membranes for
CO; Separation

4.1 Introduction

Gas separations hold pivotal significance in the energy and chemical sectors because they
allow the separation of individual gases from mixtures. For example, the carbon capture and
separation (CCS) process can reduce greenhouse gas emissions from industrial processes and
power generation, making it an essential tool in the fight against climate change.??*-23
Compared to traditional separation approaches, such as cryogenic distillation and adsorptive
separation, membrane separation technology has been identified as the most promising
candidate due to its distinct advantages of low investment cost, high separation efficiency, and
low energy consumption.?*!-232 However, the inescapable trade-off between gas permeability
and selectivity that pervades most membranes steers the development of MST towards
achieving a harmonious balance between these two attributes.”>’3 Recently, MMMs, which
combine the advantages of a processable polymer with the excellent gas separation
performance of filler particles, have been identified as the next generation of gas separation
membranes.!?!> 233 However, due to the interfacial incompatibility between polymer and filler
particles, as well as the aggregation or sedimentation of filler particles within the polymer
matrix, it is challenging to translate the properties of fillers into MMMSs.2*+235 This makes it
difficult to evaluate advanced gas separation performance. Consequently, the pursuit of
improved gas separation performance requires a meticulous arrangement in fine-tuning the
transport properties and interfacial compatibility between filler particles and the polymer

matrix, which is the key to creating MMMs with enticing gas separation performance.

Among the numerous porous materials used for membrane separation, such as graphene,?3¢-

27 zeolites, 2823 COFs,24-241 MOFs possess unique advantages for membrane separation

applications due to their tunable pore aperture size and pore environment.?**-2#> Moreover, a

variety of pure MOF membranes or MOF-based MMMs have been developed for H»

245-246 247-249

purification,'>% 24 CO; separation, and C3He/C3Hs separations. Currently, some of
the MOF adsorbents known for strong CO> affinity have demonstrated remarkable CO2/N>
(CH4) separation performance via an equilibrium-based adsorption mechanism, suggesting
their potential application in the development of enhanced CO, separation MMMs, !4 250
However, crystalline MOFs are inherently incompatible to amorphous polymers, which could

influence the effective filler loading and lead to inevitable interfacial defects in the polymer
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matrix, especially within glassy polymers featuring rigid backbones.?! In this case, most MOF-
based MMMs exhibit limited improvement on gas permeability or selectivity. To address the

interfacial issues for MMMs, extensive research has been conducted to investigate the impact

135,253 163, 254

of MOF filler particle size,?*? morphology, surface modification or functionality on
gas separation performance. For example, MOF nanosheets with a relatively large external
surface area can provide the enhanced MOF nanosheet-polymer interfacial capability required
for high MOF loading in MMMs.!>* Furthermore, the different gas transport pathways in
MMNMs can lead to a simultaneous significant increase in gas permeability and selectivity. The
in-situ or post-modification approach has been demonstrated to bridge the MOFs with polymer
matrix through a hydrogen bonding and m-m interaction, which significantly improves the
MOFs-polymer compatibility, resulting in exceptional separation performance of the

MMMs. 2%

Optimizing the crystal size of the MOF filler is a simple and direct approach to enhance the
interfacial combability. As not all the MOFs have a unique nanoscale crystal size, and only a
small number of MOFs have been investigated in MMMs for attractive gas separation
performance. Some MOFs adsorbents have excellent gas separation performance but large
crystal size, which is the fundamental obstacle to the fabricate ideal MMMs. To date, several
approaches have been attempted to reduce the crystal size of MOFs. Typically, a reduced MOF
crystal can be produced by controlling the crystal growth period or by modifying the synthesis
conditions (concentration, temperature, solvent, and pH).?>%2>7 However, this takes a long time
and occasionally the crystalline MOF structures cannot be maintained. In addition, various
physical treatments can lower the size of MOF crystals without affecting their structures. For
example, cryogenic grinding has been used to produce smaller MOFs crystals. This simple
strategy preserved the MOFs structure and rendered MOFs brittle enough to allow the
disassembly of aggregates of large crystals.?*® Although smaller MOFs crystals can be obtained,
the repeated treatments involving liquid nitrogen and redispersing MOFs in solvent are not
scalable. Recently, mechanochemical synthesis or mechanical treatment has gained popularity
in the construction of MOFs.2>260 To promote chemical reactivity and coordination,
mechanical force is applied to solid-state reagents by milling, shearing, or grinding with
minimal quantities or no solvents. Mechanical force can also be used to post-treat MOFs.
Compared to typical hydrothermal synthesis, this green and friendly approach can produce
reduced MOFs crystals with a small amount of hazardous solvent and a faster reaction time.

As aresult, it can be a viable approach for MOFs synthesis or treatment.
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Here we report a new MMMs incorporated with an emerging MOF material, MUF-16
(Massey University Framework-16, Co(H»aip)>, Hoaip = 5-aminoisophthalic acid) (Fig. 4.1a).
As a low-cost, robust, recyclable CO; adsorbent, MUF-16 has excellent CO2/N; and CO2/CH4
separation properties, which can be implemented into the MMMs for advanced CO:
separation.'®® However, the original solvothermal synthesized results with a huge crystal size
of MUF-16 with hundreds of micrometers, which leads to interfacial voids in the membranes.
As a result, smaller MUF-16 crystals are essential for membrane construction to achieve the
exceptional CO; separation performance. A mechanochemistry-based ball mill was used in this
study to produce MUF-16 of reduced crystal size. Two ball mill-assisted synthesis approaches
were employed in this study. One method is direct synthesis in a ball mill jar to produce MUF-
16 (bmMUF-16) of smaller size, while another method is post-treatment of synthesized MUF-
16 bulk crystals using a ball mill to produce nano-sized MUF-16 (nsMUF-16). In this case,
both nsMUF-16 and bmMUF-16 could show improved dispersion properties in the polymer
matrix. These prepared MUF-16 with different crystal sizes were used to construct MMMs
with polyimides. Not surprisingly, MUF-16 with smaller crystal size (bmMUF-16 and nsMUF-
16) exhibited excellent interfacial compatibility with two representative polyimide matrices
(6FDA-DAM and 6FDA-Durene) (Fig. 4.1b). The MMMs fabricated with nsMUF-16 show
the superior CO; separation performance compared to those fabricated with large crystals

(MUF-16 and bmMUF-16).
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Figure 4.1 (a) Schematic illustration of highly efficient CO; capture by the MUF-16 based
MMMs and arrangement between nsMUF-16 and polymer matrix. (b) Chemical structures of
two representative polyimide polymers: 6FDA-DAM and 6FDA-Durene.

4.2 Results and discussion
4.2.1 Synthesis of MUF-16 using different approaches

Submicron MOF filler particles are well known for their favorable interfacial compatibility
with the polymer matrix in the construction of MMMs. Previous attempts of direct synthesis
consistently yielded large MUF-16 crystals up to hundreds of microns in size (Figs. 4.2a and
4.2b). These large crystals can induce interfacial voids in the MMMs, leading to a poor
selectivity. To address this issue, we propose two strategies to synthesize smaller MUF-16
crystals and thus minimize the interfacial voids between the MOF fillers and the polymer

matrix.

Accordingly, a green and facile ball mill-assisted synthetic method was used to create
MUF-16 (bmMUF-16) with a crystal size of approximately 1 um (Figs. 4.1c and 4.1d). In
addition, the ball mill post-treatment was employed to produce nano-sized MUF-16 (nsMUF-
16) with a crystal size of approximately 300 - 400 nm (Figs. 4.1e and 4.1f). These two
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approaches preserve the structure of MUF-16 and produce the smaller crystal sizes than
hydrothermal synthesis. Notably, the facile and inexpensive ball mill process can be easily
scaled up, indicating that it has potential for commercial MOF synthesis as well as laboratory-

scale fabrication of MOF-based MMM s.
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Figure 4.2 (a) Solvothermal synthesis of MUF-16, (b) SEM morphology of MUF-16. (c) Ball
mill synthesis of MUF-16 (bmMUF-16). (d) SEM morphology of bmMUF-16, (e) preparation
of nano-sized MUF-16 (nsMUF-16) by wet ball milling, (f) SEM morphology of nsMUF-16.

4.2.2 Characterization of MUF-16 fillers

Power X-ray diffraction (PXRD) was carried out to verify the crystalline structures of these
refined MUF-16 crystals. The patterns of all the MUF-16 samples of different crystal sizes
matched with the calculated MUF-16, indicating the crystalline structure of MUF-16 was well
preserved (Fig. 4.3a). In addition, the patterns of infrared (IR) spectra remain unchanged
between the MUF-16 samples of different crystal sizes (Fig. 4.3b). Furthermore, MUF-16 and
nsMUF-16 showed comparable CO; adsorption uptake at 1 bar (293 K), indicating that the size
reduction does not affect the adsorption capacity. Moreover, bmMUF-16 also displayed a high
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CO; adsorption uptake at 1 bar (Fig. 4.3c). Benefiting from the MUF-16, the MMMs are
expected to possess high CO> uptake regardless of the filler size. Owning to a hindering effect
on N> or CHs permeation, the resulting MUF-16-based MMMs could show a high CO»
separation performance. Prior to membrane fabrication, MUF-16 with different crystal sizes
was dispersed in CHCI3 and an improved dispersity was observed (Fig. 4.3d). Therefore,
nsMUF-16 can be used to fabricate membranes with excellent interfacial compatibility in a

polymer matrix.
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Figure 4.3 (a) PXRD patterns of calculated MUF-16, as-synthesized MUF-16, bmMUF-16,
and nsMUF-16, (b) FTIR spectra of MUF-16, bmMUF-16, and nsMUF-16, (c) CO>
adsorption (filled cycles) and desorption (open cycles) isotherms of MUF-16, bmMUF-16,
and nsMUF-16 at 293 K, (d) dispersity of MUF-16, bmMUF-16, and nsMUF-16 (from left to
right) in CHCI3 solution.

4.2.3 Characterization of membranes

XRD of membranes
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First, MMMSs were fabricated using an identical MUF-16 loading (40 wt.%) but varying
crystal sizes. The matching PXRD patterns of MUF-16/6FDA-DAM and MUF-16/6FDA-
Durene MMM s show that the crystalline structures of MUF-16 with different crystal sizes are
all retained (Figs. 4.4a and 4.4c) during the membrane fabrication process. For membranes
with different nsMUF-16 loadings, the crystalline nature of nsMUF-16 was retained in both
6FDA-DAM (Fig. 4.4b) and 6FDA-Durene (Fig. 4.4d) based membranes. These results
demonstrate that the MUF-16 is stable in the polymer matrix.
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Figure 4.4 PXRD patterns of (a) 6FDA-DAM based membranes with different MUF-16
crystal size (40 wt.% loading) and (b) 6FDA-DAM based membranes with different nsMUF-
16 loading (20 wt.% to 50 wt.%). (c¢) 6FDA-Durene based membranes with different MUF-
16 crystal size (40 wt.% loading) and (b) 6FDA-Durene based membranes with different
nsMUF-16 loading (20 wt.% to 50 wt.%).

In addition, the in-plane XRD measurement was carried out to further investigate the
orientation of MUF-16 crystal in the MMMs. The XRD patterns of associated membrane (Fig.
4.5a) show only two major Bragg diffractions indexed as the (2,0,0), (400) crystallographic

planes of MUF-16 structure, demonstrating the strong preferential in-plane alignment of (200)

&9



Chapter 4 MUF-16/Polyamide (PI) Mixed Matrix Membranes for CO2 Separation

nanosheets and the attainment of the desired uniform [001]-oriented continuous MMM. These
results demonstrate that the successful translation of nsMUF-16 into a [001]-oriented
macroscopic membrane, where 1D channels of nanosheets are all parallel, an ideal scenario for

distinct molecular separation (Fig. 4.5b).
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Figure 4.5 (a) XRD patterns of 40 wt.% nsMUF-16 in 6FDA-DAM and 6FDA-Durene
matrix. (b) Structure view along the [001] direction of MUF-16.
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Morphologies of membranes

Subsequently, the as-synthesized MUF-16 with different crystal sizes were incorporated
into glassy PI (6FDA-DAM and 6FDA-Durene) matrix to fabricate MMMs. And the interfacial
properties of the polymer/MUF-16 in MMMs were investigated using SEM. Here, 6FDA-
Durene based MMMs are taken as an example. As shown in Figs. 4.6a and 4.6b, the pure
6FDA-Durene membrane has a smooth morphology with a thickness of 70 um. In addition, the
nsMUF-16 crystals were uniformly distributed throughout the polymer matrix (Figs. 4.6¢ and
4.6d). In particular, the membrane showed an excellent MOF/polymer interface with no voids
was observed, which can provide the good separation performance (Fig. 4.6g). This good
MOF/polymer interface was due to the small crystal size that allows for good dispersion of
nsMUF-16 in the membrane without any sedimentation; and the formation of hydrogen bonds
between nsMUF-16 and 6FDA-Durene polymer chains, ensuring a dense morphology. This is
supported by the FTIR results (Fig. 4.7). Similarly, nsMUF-16/6FDA-DAM MMMs exhibits
a uniform and dense membrane structure (Figs. 4.6e, 4.6f and 4.6g). As a result, bmMUF-16
can display the similar morphology in membrane (see Electronic Appendix C). MUF-16
(solvothermally synthesized), on the other hand, does not adhere to polymer matrices as well
as nsMUF-16 due to its enormous crystal size (Figs. 4.61 and 4.6j). Some cracks can be seen
on the membrane surface (Fig. 4.61), and filler sedimentation occurred during the membrane
fabrication (Fig. 4.6j). Therefore, it is challenging to use the large MUF-16 crystals of
solvothermal synthesis to fabricate MMMs for advanced separation properties due to the

visible interfacial defects in the membranes.
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(b)

Figure 4.6 SEM morphologies of (a) surface and (b) cross section of pure 6FDA-Durene
membrane, (¢) surface and (b) cross section of 6FDA-Durene membrane with 40 wt.%
nsMUF-16, and (e) surface and (f) cross section of 6FDA-Durene membrane with 40 wt.%
bmMUPF-16. High resolution cross section of (g) 6FDA-Durene membrane with 40 wt.%



Chapter 4 MUF-16/Polyamide (PI) Mixed Matrix Membranes for CO2 Separation

nsMUF-16 and (h) 6FDA-Durene membrane with 40 wt.% bmMUF-16. SEM morphologies
of (i) surface and (j) cross section of 6FDA-Durene membrane with 40 wt.% MUF-16.

FTIR spectra of the membranes

The FTIR spectra of the fabricated MMMs are shown in Fig. 4.7. The symmetric —-C=0
stretching at around 1725 cm™! was found to be shifted in nsMUF-16 incorporated 6FDA-DAM
matrix (Figs. 4.7a and 4.7b), suggesting a hydrogen bonding interaction (Fig. 4.7¢).26!-262 In
addition, the as-prepared nsMUF-16(40 wt.%)/6FDA-Durene MMMs shows a similar trend
(Figs. 4.7d and 4.7¢), indicating the formation of hydrogen bonding in the nsMUF-16 based
6FDA-Durene membranes (Fig. 4.71).
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Figure 4.7 FTIR spectra of 6FDA-DAM (a, b) and 6FDA-Durene (d, e¢) based MMMs with
different nsMUF-16 loadings. Schematic diagram of hydrogen bonding between nsMUF-16
and (c) 6FDA-DAM and (f) 6FDA-Durene.

TGA analysis

Thermogravimetric analysis (TGA) under N, atmosphere of the neat 6FDA-DAM
membrane and the MMM samples incorporated with 40 wt.% MUF-16 fillers of different
crystal sizes (MUF-16, nsMUF-16, and bmMUF-16) are shown in Fig. 4.8a. Residual water
and solvents loss can be observed up to 100 °C. Upon reaching temperatures of approximately

400°C, all the samples exhibited a consistent and stable state, displaying no noticeable weight
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loss. This observation underscores the robust stability of both MUF-16 and the polymers
(6FDA-DAM and 6FDA-Durene). In addition, all the MMMs with different filler loadings
exhibited the similar trend (Fig. 4.8b). Overall, both MUF-16 and its MMMs exhibited robust

thermal stability, underscoring their favorable operational stability throughout the separation

process.
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Figure 4.8 TGA curves of (a) 6FDA-DAM membrane, 6FDA-DAM membrane with 40 wt.%
MUF-16, nsMUF-16, and bmMUF-16, (b) 6FDA-Durene membrane, 6FDA-Durene
membrane with 40 wt.% MUF-16, nsMUF-16, and bmMUF-16.

Tensile test

To further investigate the effect of crystal size on the physical properties of the membranes,
Young’s modulus, and elongation strain tests of membranes with different crystal sizes were
evaluated (Figs. 4.9a and 4.9b). It was found that the incorporation of bmMUF-16 and nsMUF-
16 can increase the Young’s modulus of the MMMs. In particular, the membrane loaded with
nsMUF-16 shows a significant increase in Young’s modulus, which can be attributed to the
improved interfacial compatibility between the crystal and the polymer matrix. Moreover, the
membrane fabricated with 40 wt.% of nsMUF-16 still maintained excellent flexibility (Fig.
4.9c¢).
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Figure 4.9 Mechanical studies of the (a) 6FDA-DAM based MMMs and (b) 6FDA-Durene
based MMMs. (c) Optical image of nsMUF-16 (40 wt.%)/6FDA-Durene membrane.

Viscosity test

The viscosity of the MOF/polymer casting solution was tested to elucidate the interaction
between MOF and polymer. The MOF-polymer suspensions were fabricated first using the
same amount of polymer and MOFs (different crystal size but same loading of 40 wt.%) and
stirring at room temperature overnight. All the MOF-polymer suspensions became more
viscous than the polymer. For easier comparison, a relative viscosity was used to compare with
the pure polymer suspension. The relative viscosity of the solution doped with nsMUF-16 was

apparently higher than that of the other MOF-polymer suspensions (Fig. 4.10). This high
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viscosity indicates a strong interaction between the MOF and polymer materials, which could
be attributed to the formation of hydrogen bonding between nsMUF-16 and the polymer. This
also explains the better MOF-polymer interfacial compatibility in the MMMs when the
nanoscale MUF-16 crystallites are employed.
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Figure 4.10 Relative viscosity comparison of MOF/polymer and polymer suspension (40

wt.% loading).

4.2.4 Gas separation performance of MMMs
4.2.4.1 Impact of crystal size on gas separation performance

To assess the impact of filler crystal size, single gas permeation experiments were
conducted on 6FDA-Durene-based MMMs containing 40 wt.% MUF-16 fillers of varying
sizes (MUF-16, bmMUF-16, and nsMUF-16). Notably, a predictable trend emerged wherein
gas separation performance was enhanced as crystal size diminished (Fig. 4.11a). This is
because the smaller particles could minimize or prevent the formation of interfacial voids
within the membrane structure. This hypothesis can be supported by the SEM images of the
membranes (Fig. 4.6 and Figs. C1 to C2, Electronic Appendix C).

The nsMUF-16 loaded membrane exhibited the optimal separation performance in contrast

to membranes loaded with MUF-16 or bmMUF-16. This is mainly attributed to the smaller size
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of nsMUF-16 fillers, which could eliminate interfacial voids while promoting better interfacial
compatibility between the polymer phase and nsMUF-16. In contrast, membranes containing
MUF-16 or bmMUF-16 exhibited a lower gas selectivity, presumably due to the presence of
interfacial voids. These findings are consistent with the results obtained from SEM analysis,
tensile tests, and viscosity assessments. Similar trends were also observed in the 6FDA-DAM

based membranes (Fig. 4.11b).
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Figure 4.11 Gas permeability of (a) 6FDA-DAM and (b) 6FDA-Durene based membranes
with different crystal size (MUF-16, bmMUF-16, and nsMUF-16).

4.2.4.2 MMMs loaded with 40 wt.% nsMUF-16

The remarkable separation performance of nsMUF-16 based MMMs was confirmed by
conducting further single and mixed gas permeation tests. During the single gas tests, we
carefully investigated the influence of varying nsMUF-16 loadings on the separation
performance. The nsMUF-16 within MMMs could lead to a substantial enhancement of CO»
permeability and the CO2/N; and CO2/CH4 selectivities. Taking nsMUF-16/6FDA-DAM
membrane as an example, the CO2 permeability exhibited an upward trend as increasing the
nsMUF-16 loadings, whereas the N> and CH4 permeabilities declined (Fig. 4.12a). This
behavior can be attributed to the pronounced affinity of nsMUF-16 for CO2, coupled with the
constraining effect on the transport of N> and CH4. Notably, when the loading reached 40 wt.%,
the corresponding membrane achieved the best separation performance (CO> permeability:
1250 Barrer, CO2/N; selectivity: 47.5 and CO2/CHjs selectivity: 59.2) (Fig. 4.12b). However, a
subsequent increase in loading to 50 wt.% led to a decrease in both CO; permeability and
selectivity. This reduction in performance could be attributed to particle aggregation caused by

the high nsMUF-16 loading. This aggregation might hinder CO: selectivity of the membrane,
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resulting in decreased gas separation performance. It is worth highlighting that both 6FDA-
DAM and -Durene exhibited a similar trend in responses to the nsMUF-16 loading (Figs. 4.12c
and 4.12d). Understanding the loading effect could offers a potential to customize and optimize

the design of nsMUF-16-based MMM s for a wide range of separation applications.

(@) 1300 —— (b) 70
1200 - 60 -
. I cH,
S
2 1100 50
a z
~ = 40 o
21000 %
S 900 &
£
3 20
o = 4
100 10
0 | | ] - 1 0
S S\ S\ o\ s\o O o\ o\ o\ S\o
\a \a
S &6 PO & s s &S
& &
c d
(c) a .
2400
120 CO,/CH,
2200
—_ I cH,
E 2000 | 100 -
©
1800 >
o £ 80
21600 g
§ 1400 &
E 1200+ 40
&
1
000 20
100 :]’ ‘] 0
0 0; - \s - \ : \ " \ — & {s\a §\° ing\e ’S\e
& o\e o\ o\ o\o Q'
R P L R
Nl X
& &

Figure 4.12 CO», N> and CH4 gas permeabilities of (a) 6FDA-DAM and (c) 6FDA-Durene
based MMMs with different nsMUF-16 loading. Corresponding CO2/N; and CO»/CH4
selectivity of (b) 6FDA-DAM and (d) 6FDA-DAM based MMMs with different nsMUF-16
loading.

Furthermore, the performance of the membrane containing 40wt% nsMUF-16 was
evaluated with mixed gas compositions using different varying CO: concentrations
(CO2/N2(CH4): 10/90; 20/80 and 50/50) under a constant feed pressure of two bar and at room
temperature (20 °C). Compared to the single-gas tests, the mixed-gas tests displayed reduced
separation performance due to a competing transport behavior as the mixed gases pass through

the membrane.?*+26> Notably, the CO, permeability gradually increased at higher CO,
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concentration in the feed stream (CO2/N from 10/90 to 50/50), and the CO2/N> selectivity was
also improved accordingly (Figs. 4.13a and 4.13c). This observed trend underlines the
pronounced effect of the preferential adsorption of CO2 by nsMUF-16 within the membrane,
which significantly limits the passage of N2. As a result, this phenomenon contributes to both
enhanced CO> permeability and CO2/N2 selectivity. And when the CO> concentration was
equal to N», the resulting separation was close to the single gas test. Furthermore, this behavior
was consistently observed for all MMMs fabricated for CO2/CH4 separation (Figs. 4.13b and
4.13d), indicating the significant role played by the homogeneous integration of nsMUF-16
and the polymer matrix in our study. This synergy effect between nsMUF-16 and polymers
underscores the crucial role of meticulous material selection and formulation in dictating the

performance of the mixed matrix membranes.
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4.2.4.4 Long-term gas permeability

To evaluate the long-term stability of the membranes, the time-dependent CO2/N> and
CO,/CHy separations was performed for the MMMSs loaded with 40 wt.% nsMUF-16. Taking
nsMUF-16/6FDA-DAM membrane as an example, pure gas test displayed a relatively stable
separation performance over a span of 12 hours in the initial stage (Fig. 4.14a). Subsequently,
the membrane was tested with mixed gas involving varying CO> concentration (10/90, 20/80
and 50/50) for 18 hours. During this stage, a gradual increase in CO, permeability was observed
as the CO; feed concentration increased from CO2/N, (CH4) ration of 10/90 to 50/50. This rise
in CO» permeability was accompanied by an improvement in the corresponding selectivities.
When CO: concentration reached the same level as N> (CHy), the resulting separation
performance became comparable to the initial pure gas test. And the whole mixed gas test
process displayed the reduced gas separation performance because of the competing transport
behavior.2642% After cycling the mixed gas test with varying CO; concentrations, a subsequent
pure gas test was performed to access the ongoing separation performance. This subsequent
test showed a consistent CO; permeability of 1270 Barrer, and CO»/N; selectivity of 47 and
CO2/CHgs selectivity of 56, which were close to that during the initial pure gas tests (Fig. 4.14a).
A similar trend could also be observed in the nsMUF-16/6FDA-Durene membrane, further
demonstrating the excellent operational stability of our MUF-16 in polymer matrix (Fig. 4.14b).
And these outcomes underscore the robustness and durability of our membranes under different

conditions, affirming its reliability for sustained separation applications.
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Figure 4.14 Long-term stability test of (a) 6FDA-DAM and (b) 6FDA-Durene with 40 wt.%
nsMUF-16.

4.2.4.5 Comparison with other MMMs.

A visual representation of the comparison between the CO2/N, and CO»/CH4 separation
performance of nsMUF-16 based MMMSs and other reported MMMs are shown in Fig. 4.15.
Notably, our nsMUF-16 based both 6FDA-DAM or 6FDA-Durene membranes for CO2/Na
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separation have surpassed the 2008 upper bound limit. Impressively, the incorporation of
nsMUF-16 in 6FDA-Durene matrix has yielded even more remarkable separation performance,
surpassing the 2019 CO»/CH4 upper bound limit. A key highlight of our membranes is the
superior CO2/N2> and CO»/CHy selectivities, consistently outperforming those reported in
existing literature. At the same time, these membranes have maintained a relatively high CO»
permeability. This selectivity and permeability balance underscores the unique advantages of
our membrane design. The exceptional separation properties of our membranes can be
attributed to two crucial factors: the strong affinity of MUF-16 for CO> and the excellent
interfacial compatibility of nsMUF-16 within the polymeric matrix. This combination has
enabled our membranes to not only achieve enhanced CO; permeability but also realize
elevated CO2/N; and CO2/CHjy selectivities, indicating our membranes as promising candidates

for advanced separation applications.
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4.2.4.6 Maxwell Model predication

Through fitting the predicted separation preformation (back-calculated using Maxwell

model) of MMMs with different MOF loading, we obtained the theoretical CO> permeability,
CO2/N2 and CO,/CHjy4 selectivity of pure MUF-16, which are 5649 Barrer, 3922 and 2556,
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respectively. This indicates that the pure MUF-16 membrane has better CO, separation

performance than most of MOFs (Table C. 1, Electronic Appendix). In addition, the
experimentally obtained CO; permeability and CO2/N2, CO2/CHy selectivities of membranes

at different MOF loading are shown in Figs. 4.16a and 4.16b. The good agreement between the

experimental and theoretical predictions indicates that the excellent interfacial compatibility

between nsMUF-16 and polymer matrices.
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Figure 4.16 CO; permeability (x-axis), and (a) CO2/N2 or (b) CO»/CHjs selectivity (y-axis) of
nsMUF-16/polymer mixed matrix membranes (nsMUF-16 loading in 6FDA-DAM of 20, 30

and 40 wt.%; in 6FDA-Durene of 20, 30, 40 wt.% respectively). The permeability properties

of the pure MUF-16 and nsMUF-16/polymer mixed matrix membranes are predicted by using
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the measured permeability and selectivity of the 6FDA-DAM membranes, 6FDA-Durene
membranes, and nsMUF-16/6FDA-DAM, nsMUF-16/6FDA-Durene mixed matrix
membranes according to the theoretical model for mixed matrix membranes (see Electronic

Appendix C).

4.3 Conclusion

Tuning the crystallite sizes of added MOFs is a viable way to improve the mixed matrix
membrane properties beyond the current performance limits of polymeric membrane materials.
The ultra-high performance MUF-16-filled MMMs for CO: separations were obtained by
regulating the crystal size, which showed unprecedented CO> separation performance,
surpassing that of most MOF-based MMMSs. Importantly, the achievement of in-plane
alignment and extremely high loading of (001) nsMUF-16 is significantly responsible for the
achieved separation performance. We developed a scalable method to tailor MOF crystal
morphology and fabricate defect-free MOF-filled membranes with a commercially available
glassy polymer, thus expanding the range of high-performance MOF-filled MMMs for
advanced gas separations, especially those MOFs that are difficult to engineer into defect-free

membranes.
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Chapter 5 Investigation of MUF-15 and its analogues as fillers for
6FDA-DAM-based membranes

5.1 Introduction

Natural gas is an important energy source worldwide.?®* However, raw natural gas often
contains high levels of CO, that must be removed.?®*> The separation of CO, and CHs can be
achieved using membranes. Membranes can offer advantages of a small footprint and high
separation efficiency.?®6-287 Despite dominating the membrane market, polymer membranes
encounter an intrinsic trade-off between gas permeability and selectivity.”? To address this
challenge, mixed matrix membranes (MMMs), consisting of a polymer matrix and porous
fillers, have been investigated. MMMs combine the processibility of polymers with the gas
separation performance of the fillers. The Ultimate goal is to produce membranes that combine
high permeabilities with high selectivities. Metal-organic framework (MOF) fillers are

prominent 74, 154, 162, 288

MOFs are porous crystalline materials that that are composed of metal nodes and organic
linkers. The well-defined pore sizes, high gas uptake capacity, excellent thermal and chemical
stability make them as hot materials in MMMs preparation.’* Notably, based on the advantage
of their tunable pore architectures, MOFs with different pore environments could be tailored
for improved gas transport properties via post-modification or functionalization approaches,
which could also solve interfacial problems in MMMs.?* The most common strategy is the
direct synthesis MOFs using modified organic ligands.?*%?°! For example, a representative
zirconium MOF, UiO-66 (UiO: University of Oslo), Zre(p3-O)4(u3OH)4(02C—CsH4—CO2)12 is
formed by connecting octahedral ZrsO4(OH)s with organic linker 1,4-benzene-dicarboxylate
(BDC). The BDC can be functionalized with different functional groups (-COOH, -NH>). In
this manner, UiO-66 and its two derivatives (UiO-66-NH, and UiO-66-COOH) were
incorporated in 6FDA-DAM matrix. in this way, the interfacial boundaries in the membrane
could be alleviated. Therefore, the resulting MMMs demonstrated improved CO2 permeability
and excellent CO»/CHj selectivity.!?* Similarly, two other traditional MOFs, MIL-53 and ZIF-
8, were functionalized with different amine groups were synthesized and used for MMMs

fabrication and improved MOF-polymer interfacial interaction.???2%4

MUF-15 (Massey University Framework-15) [Cos(usOH)2(ipa)s(H20)2] could be

constructed by coordinating hexanuclear cobalt(I) clusters with isophthalate (ipa) linkers.?*>
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Then it was used for MMMs fabrication based PIM-1 for gas separation.!'> Although the
fabricated MMMs showed improved gas separation performance, the interfacial issues between
PIM-1 chains and MUF-15 cannot be completely avoided during the MMMs fabrication due
to the weak interface affinity and limited gas solubility, thus hindering its further application.
Therefore, how to improve the interfacial compatibility is important for the ideal MMMs with

both high gas permeability and selectivity.

Due to the unique structure of MUF-15, the phenyl rings of the ipa ligands are directed
towards the void space, suggesting that ipa ligand can be substituted with different functional
groups (orange spheres in Fig. 5.1a).2%¢ Therefore, the analogues of MUF-15 can be obtained.
The functionalized MUF-15 with different groups can be denoted as MUF-15-X
[Cos(3OH)2(ipa-X)s(H20)2] (X = F, Br, CHz and NO3). Therefore, these ligand functional
groups could endow MUF-15 with different gas sorption properties, which motivates us to
investigate its structural properties and gas separation performance by using different functional
groups. In this chapter, we presented a study of 6FDA-DAM based MMMs with MUF-15 and
its analogues for CO» separation over CHy (Fig. 5.1b).

&
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S ARV MUF-15 or its analogues

Figure 5.1 (a) Schematic of the MUF-15 pore structure with the pink spheres highlighting the
position of the functional groups. (b) Scheme of 6FDA-DAM based MUF-15 or its analogues
MMMs for CO: separation.

5.2 Results and discussion
5.2.1 Characterization of MUF-15 and its analogues

PXRD of MUF-15 and its analogues
Crystalline MUF-15 and its analogues (MUF-15-F, MUF-15-Br, and MUF-15-CH3, MUF-
15-NO2) were synthesized simply by heating a mixture of cobalt acetate and the 5-
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functionalised isophthalic acids (Table D. 1 in Appendix). Their PXRD patterns confirm the
isoreticular nature of these MOFs (Figs. 5.2a to Fig. 5.2f).
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MUF-15 as-synthesized

MUF-15 calculated MUF-15-F calculated
A o M. i A

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
20 20
(c) (d)

MUF-15-Br as-synthesized MUF-15-CH; as-synthesized

MUF-15-CH; calculated

MUF-15-Br calculated

[3,}

5 10 15 20 25 30 35 40 10 15 20 25 30 35 40
20 20

(e)

MUF-15-NO, as-synthesized

5 10 15 20 25 30 35 40
20

Figure 5.2 PXRD patterns of (a) MUF-15, (b) MUF-15-F, (c) MUF-15-Br, (d) MUF-15-CH3
and (¢) MUF-15-NO..

5.2.2 Characterization of MMMs

XRD of MMMs
The MMS were fabricated by blending the MUF-15-X crystallites with 6FDA-DAM in

chloroform followed by casting and slow evaporation. In this work, 6FDA-DAM based MMMs
were fabricated by incorporating with different MUF-15 loadings (10 to 30 wt.%). And the
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resulting membranes showed the maintained structural integrity of MUF-15 fillers (Fig. 5.3a).
For the MMM s with the MUF-15 analogues, 30 wt.% loading was used. And their structural
integrities were maintained in the corresponding MMM, indicating an excellent structural

stability of these fillers throughout the membrane fabrication process (Figs. 5.3b to 3e).

(a) (b)
| 30 wt.% MUF-15/6FDA-DAM 30 wt.% MUF-15-F/6FDA-DAM

‘.‘ 20 wt.% MUF-15/6FDA-DAM

10 wt.% MUF-15/6FDA-DAM ‘ MUE-15-F

6FDA-DAM 6FDA-DAM
|

5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
20 20

(c) (d)

9, - - -
30 wt.% MUF-15-Br/6FDA-DAM ! 30 wt.% MUF-15-CHy/6FDA-DAM

6FDA-DAM 6FDA-DAM

|
5 10 15 20 25 30 35 40 45 50 5 10 15 20 25 30 35 40 45 50
20 20

30 wt.% MUF-15-NO,/6FDA-DAM

6FDA-DAM

5 10 15 20 25 30 35 40 45 50
20

(e)

Figure 5.3 XRD patterns of 6FDA-DAM membranes with (a) MUF-15 (10 to 30 wt.%) and
30 wt.% loading of (b) MUF-15-F, (c) MUF-15-Br, (d) MUF-15-CH3 and (e) MUF-15-NOx.

SEM morphology of MMMs with MUF-15
Scanning electron microscopy (SEM) images show that the membranes have a smooth top
surface without agglomeration of the fillers from 10 to 20 wt.% (Figs. 5.4a to Fig. 5.4d). When

the loading of MUF-15 is further increased to 30 wt.%, a degree of surface roughness becomes
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apparent (Fig. 5.4e). However, while the corresponding cross-sectional morphology was still

dense and uniform (Fig. 5.4f), which could guarantee the exceptional separation performance.

Figure 5.4 Surface and cross-sectional SEM images of 6FDA-DAM membrane with (a) (b)
10 wt.%, (c) (d) 20 wt.% and (e) (f) 30 wt.% MUF-15.

SEM morphology of MMMs with MUF-15 analogues

Cross-sectional images show that no void-space defects are present in the dense MMMs
composed of MUF-15-F, which appear as a particularly dense and well-integrated morphology
with a uniform distribution of filler particles (Figs. 5.5a and 5.5b). This indicates good
interfacial compatibility between the MUF-15-F fillers and the 6FDA-DAM polymer matrix.
In contrast, the cross-section images of the MMMs with 30 wt.% MUF-15-Br (Figs. 5.5¢ and
5.5d), MUF-15-CH3 (Figs. 5.5¢ and 5.5f) and MUF-15-NO; (Figs. 5.5g and 5.5h), are
noticeably less uniform and more textured. This may indicate filler agglomeration and the
potential voids between the filler particles and the polymer and/or the fillers themselves. As
detailed in the next section, defect compromised the gas separation performance of the MMMs
with MUF-15-Br and MUF-15-CHj3, however the performance of the MMM with MUF-15-
NO:; was very good.
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Figure 5.5 Surface and cross-sectional SEM images of 6FDA-DAM membrane with 30 wt.%
loading of (a) (b) MUF-15-F, (c) (d) MUF-15-Br, (e) (f) MUF-15-CHj3 and (g) (h) MUF-15-
NOs,.

FTIR spectra

FTIR spectra were measured to confirm the unchanged nature of the MUF-15-X fillers
when blended into the 6FDA-DAM matrix (Fig. 5.6). The results reveal that MMMs with
different MUF-15 loadings exhibit a broad peak at 1605 cm™! attributed to the C=0 vibrations
of MUF-15 fillers (Fig. 5.6a). Bands also arise from C-F (1258 ¢cm™) (Fig. 5.6b), C-Br (572
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cm!) (Fig. 5.6¢), C-H (1258 cm™ and 1301 ¢m™') (Fig. 5.6d), and N-O (1535 and 1558 cm'!)

(Fig. 5.6e) vibrational modes where relevant.
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Figure 5.6 FTIR spectra of 6FDA-DAM membranes with (a) MUF-15 (10 to 30 wt.%) and
30 wt.% loading of (b) MUF-15-F, (c) MUF-15-Br, (d) MUF-15-CH3 and (e) MUF-15-NOx.
TGA
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Thermogravimetric traces of the MMMSs show progressive weight loss (Fig. 5.7 a). Up to
120 °C, the membranes lose residual solvent. In the range 420 - 500 °C decomposition of the
MOF fillers begins. This continues at nigher temperatures with concomitant decomposition of

the 6FDA-DAM polymer.
100

H——10 wt.% MUF-15 MMM
40 +—— 20 wt.% MUF-15 MMN
— 30 wt.% MUF-15 MMM

20— 30 wt.% MUF-15-F MMM
— 30 wt.% MUF-15-NO2 MMM

100 200 300 400 500 600
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Figure 5.7 TGA curves of 6FDA-DAM membrane, MUF-15 powder and membrane with
MUF-15 (10 to 30 wt.%) and 30 wt.% loading of MUF-15-F, MUF-15-Br, MUF-15-CH3,
and MUF-15-NO:s.

5.2.4 Gas permeability test

5.2.4.1 Single gas test and comparison with state-of-art membranes

The inclusion of MUF-15 as a filler significant enhances the CO2 permeability of MMMs
with a loading in the range 10 - 30 wt.% (Fig. 5.8a and Table 5.1). Specifically, the 30 wt.%
MUPF-15 MM displayed a CO2 permeability of 1540 Barrer, marking an 84% increase over the
pristine 6FDA-DAM membrane. Since this increase was accompanied by an increase in CHa
permeability, the ideal CO2/CHjy selectivity drops upon the inclusion of MUF-15 (Fig. 5.8a and
Table 5.1). However, an improvement in both CO» permeability and CO»/CHjy selectivity could
be achieved by functionalising the MUF-15 with fluoro or nitro groups. At a loading of 30
wt.%, the MMM with MUF-15-F exhibited a CO> permeability of 1300 Barrer and CO2/CH4
selectivity of 37.1. For the MUF-15-NO2 MMM the CO; permeability is 1430 Barrer and the
CO,/CHy selectivity is 33.7. These values surpass the 2008 Robeson upper bond (Fig. 5.8b).
In the case of MUF-15-Br and MUF-15-CHs functionalisation leads to very high gas
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permeability and low CO2/CH4 selectivity (Table 5.1). This can be ascribed to membrane
defects which allow the gases to bypass the MOF fillers.
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Figure 5.8 (a) Gas permeabilities and CO2/CHjy selectivity for pristine 6FDA-DAM
membrane and the MMMs incorporated with MUF-15, MUF-15-F and MUF-15-NO>, and (b)
CO2/N; separation performance of the membranes as compared to literature data and the
1991/2008 Robeson upper bound. (Ui0-66,'?* Ui0-66-NH,,'?* ZIF-8,2°7 ZIF-90,2’® SSZ-
16,2 KAUST-1,2% MIL-53,3% MIL-53-NH>,3 LaBTB,**! MOF-199,3%2 MIL-101(Cr),>?
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Table 5.1 Pure gas separation performance of the MMMs.
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Permeability o
Selectivity
Membrane (Barrer)

CO, CHy4 CO,/CH4
6FDA-DAM 839 41.2 20.4
10 wt.% MUF-15 MMM 918 70.8 13.0
20 wt.% MUF-15 MMM 1220 79.9 15.3
30 wt.% MUF-15 MMM 1540 89.2 17.3
30 wt.% MUF-15-NO; MMM 1430 424 33.7
30 wt.% MUF-15-F MMM 1300 35.0 37.1
30 wt.% MUF-15-Br MMM 8090 1600 5.1
30 wt.% MUF-15-CH; MMM 11400 1440 7.9

5.2.4.2 Gas solubility and diffusion in MMM

For a deeper analysis of these results using single, pure gases, we focussed on the MMMs
comprising MUF-15 and MUF-15-F. Gas adsorption isotherms (Fig. 5.9a) reveal that MMMs
incorporated with these fillers possesses superior gas update capabilities as compared to
pristine 6FDA-DAM. The isotherms could be well fitted by a Langmuir adsorption model
(Table D. 1). This enabled calculation of the gas solubilities and diffusivities using the solution-
diffusion model (Fig. 5.9b and 5.9¢, Table 5. 2). COz solubility increases from 4240 mol/m?3-bar
for the pristine 6FDA-DAM membrane to 4390 and 6070 mol/m?-bar for MMMs with 30 wt.%
MUPF-15 and MUF-15-F fillers, respectively. Similarly, the CH4 solubility increases when the
MOFs are added to the membrane. In terms of overall CO2/CH4 solubility selectivity, this
declines when MUF-15 fillers are added and increases with the addition of MUF-15-F fillers.
This highlights the way that MMM performance can be tuned by preferential gas adsorption
by way of adding functional groups to the MOF linkers. Both the MUF-15 and MUF-15-F
fillers enhance the CO> diffusivity. Incorporating MUF-15 also increases CH4 diffusivity,
therefore the enhancement in CO2/CHy diffusivity selectivity of the MUF-15 MMM is only
minor. In contrast, the incorporation of MUF-15-F significantly lowers the CH4 diffusivity,
and this enhances the CO,/CHy4 diffusivity selectivity of the membrane.
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Table 5.2 Gas solubilities and diffusivities in pristine 6FDA-DAM, 30 wt.% MUF-15
MMM, and 30 wt.% MUF-15-F MMM.

Solubility Diffusivity
CO,/CH4
(10° mol/m*-bar) (x10™2 m¥s)
Membrane
Solubility  Diffusivity
CO, CH4 CO, CH4 o o
selectivity  selectivity
6FDA-DAM 4.24 0.46 6.63 2.97 9.13 2.23
30 wt.% MUF-15 MMM 4.39 0.59 11.73 5.05 7.43 2.33
30 wt.% MUF-15-F MMM 6.07 0.61 7.18 1.94 10.02 3.71
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Figure 5.9 (a) CO; and CH4 adsorption isotherms at 293 K of a pristine 6FDA-DAM
membrane and the MMMs incorporated with 30 wt.% MUF-15 and MUF-15-F. Comparison
of gas (b) solubilities and (c) diffusivities in pristine 6FDA-DAM membrane and MMMs
incorporated with 30 wt.% MUF-15 and MUF-15-F.

5.2.4.3 Mixed gas test
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Binary gas separation was measured for the MMMs embedded with 30 wt.% of MUF-15
and MUF-15-F fillers. The results show a reduced CO; permeability and lower CO>/CH4
selectivity (Fig. 5.10) than their pure gas separation for all the membranes. This could be due
to the competitive transport of gas molecules as they pass through the membranes.
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Figure 5.10 Binary gas permeation results for the MMM s incorporated with 30 wt.% MUF-
15, MUF-15-F.

5.3 Conclusion

In summary, we prepared novel MMMs by incorporating 6FDA-DAM with MUF-15 and
its analogues. The MMM embedded with MUF-15-F and MUF-15-NO; exhibited uniform
filler distribution and excellent interfacial compatibility even at a loading up to 30 wt.%,
resulting in enhancement in CO; permeability and CO2/CHg selectivity. This marks the first
utilization of MUF-15 analogues as fillers in MMMs for CO./CH4 separation. The study
introduces a range of emerging MUF-15 derivatives as filler material for MMM development
and underscores the effectiveness of pore structure functionalization in enhancing the
separation performance of MMMs.

However, membranes with MUF-15-CH3 and MUF-15-Br do not demonstrate improved
separation performance. To address this issue, reducing the MOF loading in membrane and
adjusting the particle size to a smaller scale may achieve a better interfacial compatibility in

the membranes and deliver membranes with better separation performance.
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Chapter 6 Summary

6.1 Thesis summary

The study presented in this thesis involves the design, preparation, and evaluation of metal-
organic frameworks for gas separation applications with a focus on the development of mixed-
matrix membranes with both high gas permeability and good selectivity. Two types of
membranes, including crystal glass composite membranes (CGCMs) and mixed matrix
membranes (MMMs), were prepared, and characterized followed by a comprehensive

evaluation of their performance for CO2/N2 and CO2/CHjy separation.

In Chapter 2, a series of CGCMs were prepared by combining crystalline MOF crystals,
including UiO-66, ZIF-8, and MIL-53, with the glass-forming material ZIF-62 via the melt
quenching treatment. The crystalline nature of these MOF crystals was retained during the
glass transformation, which could increase the pore volume and gas transport in the resulting
membranes. Notably, these MOF crystals, which are derived from different metal precursors
and have different crystal sizes, all show good interfacial compatibility with the agZIF-62
phase in membrane. This could provide the resulting free-standing CGCMs with a continuous
structure, which is beneficial for good separation performance. This type of CGCMs displayed
superior high CO; permeance and not bad CO2/N> and CO»/CH4 selectivities. In addition,
MUPF-16 with low decomposition temperature was also used to produce CGCMs with agZIF-
62 by using a low temperature to remelt agZIF-62. In this way, crystalline MUF-16 with high
CO; adsorption property could be retained, which makes it possible to pursue better separation
performance. As expected, the prepared MUF-16 CGCMs showed high CO> permeance and
better CO2/N2 and CO2/CHy selectivities. This work provides a practical approach for the
preparation of high-performance membranes and broadens the application of glassy materials

for the development of multifunctional CGCMs.

In Chapter 3, MUF-16 was used to fabricate MMMs with a rubbery polymer Pebax for CO>
separation. Prior to the membrane fabrication, the crystal size of MUF-16 was first regulated
using a ball mill. This also reduced the crystal size and maintained the crystalline structure.
Therefore, MUF-16 achieved excellent dispersion in the Pebax phase, minimizing the
interfacial voids in MMMs. Due to the synergistic effect of MUF-16 and Pebax, the as-prepared
MMNMs achieved significant improvement in CO; permeability as well as superior CO2/N; and

CO2/CHgs selectivity. In addition, the gas separation results surpass the Robeson upper bound
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limit (2008 and 2019). Notably, the produced MMMs demonstrated the hydrogen bonding
between MUF-16 and Pebax, which improved their stiffness. Long-term operational tests
showed stable gas permeability and selectivity, indicating the potential for industrial use. In
the context of the relevant literature, this work represents a significant advance in separation
performance. The results of this study show the remarkable performance improvements,
surpassing those of existing membranes in several crucial aspects. Notably, the reported
membrane demonstrates superior selectivity while maintaining exceptional CO> permeability,
a combination that has often posed challenges in membrane design. This work not only
underscores the significant advances that have been made in membrane technology, but also
highlights the potential for this newly developed membrane to outperform in industrial
applications. Further comparative studies with other state-of-the-art membranes will provide

deeper insights into the extent of its superiority and potential real-world impact.

Tuning the crystal sizes of added MOFs is a viable way to improve the mixed matrix
membrane properties beyond the current performance limits of polymeric membrane materials.
In Chapter 4, to extend the application of MUF-16 in membrane separation, MUF-16 was
combined with the glassy polymer 6FDA-DAM and 6FDA-Durene to prepare MMMs for CO>
separation. Similar to chapter 3, nanosized MUF-16 (nsMUF-16) was produced using a ball
mill. And the ultra-high performance nsMUF-16-filled MMMs for CO; separations were
obtained, which showed unprecedented CO» separation performance, surpassing that of most
MOF-based MMMs. Importantly, the achievement of in-plane alignment and extremely high
loading of (001) nsMUF-16 is significantly responsible for the achieved separation
performance. This work demonstrated a scalable method to tailor MOF crystal morphology
and fabricate defect-free MOF-filled membranes with a commercially available glassy polymer,
greatly expanding the range of high-performance MOF-filled MMMs for advanced gas

separations, especially those MOFs that are difficult to engineer into defect-free membranes.

The pore aperture of MUF-15 can be modified by substituting it with different functional
groups. These tunable pore characteristics of MUF-15 could motivate us to investigate its
structural properties and gas separation performance by using different functional groups. In
Chapter 5, MUF-15 and its analogues were synthesized by using different functional groups (-
F, -Br, -CH3 and -NO.), which could provide MUF-15 with different gas sorption properties.
Then these MOFs were used to prepare MMMs with 6FDA-DAM, and the corresponding
separation performance was briefly investigated. By combining with 6FDA-DAM, the
membranes with MUF-15-F and MUF-15-Br showed enhanced CO, permeability as well as
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improved CO2/CHg4 selectivity. These two MOFs can be the promising candidates for the
construction of MMM s for CO»/CHy separation. However, the membranes with MUF-15-CHj3
and MUF-15-NO> cannot show improved separation performance due to the defects and the
poor interfacial compatibility in the membrane. To address this issue, it is possible to reduce
the MOF loading in membrane or adjust the particle size to a smaller scale are possible to
achieve a better interfacial compatibility in membrane, which may enable the resulting
membrane with better separation performance. In addition, ultrasonication and ball milling
treatment are feasible approaches to regulate the smaller MOF crystal size. In the future work,
ultrasonic or ball milling treatment will be used to adjust the crystal size of MUF-15 and its

analogues.
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Chapter 7 Future work

7.1 MUF-16 membrane growth on an alumina support

The Maxwell model prediction results demonstrate that pure MUF-16 membrane has
outstanding CO; permeability and high CO2/N> and CO»/CHgs selectivity. Therefore, by
developing pure MUF-16 membrane it may be possible to achieve superior separation
performance. In preliminary experiments, a seed growth method was used to construct the

MUF-16 layer on the alumina support (Fig. 7.1).

- Seeds deposition
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Figure 7.1 Schematic fabrication process of MUF-16 membrane on alumina support.

7.1.1 The key to defect-free MUF-16 membrane

To ensure that the seed layer can completely cover the alumina support, spin coating or
spray coating could be good candidates to produce a thin and uniform seed layer.>** These
methods have been successfully used in the development of MOF membranes. In this way, a
thin and uniform MOF seed layer could be obtained, which could guarantee the further crystal
growth on the entire surface of alumina. Therefore, the defect-free MUF-16 with expected

separation performance can be obtained.
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7.2 Development of large-scale MUF-16 membrane

MUF-16 membranes have the potential to address critical global challenges such as clean
energy production and the greenhouse effect. MUF-16 membranes can be used for the CO>
separation and purification of gases, including carbon capture from industrial emissions. Large-
scale production of MUF-16 membranes enables their widespread use, contributing to
mitigating climate change and promoting sustainable development. Moreover, large-scale
production of MUF-16 membranes enables their integration into industrial processes, leading
to improved efficiency, reduced energy consumption, and enhanced product quality.

The large-scale development of MUF-16 membranes involves several steps, including
synthesis, membrane fabrication, and scale-up considerations. Here is a generalized process
for the large-scale development of MUF-16 membranes:

(a) Synthesis of MUF-16 crystals

Developing a scalable synthesis route for the preparation of MUF-16 crystals. Ball mill
synthesis is a convenient and effective approach to produce MUF-16 with small crystal size
(around 1 pm).

(b) Preparation of substrates

Select appropriate substrates on which to grow MUF-16 crystals to form membranes.
Common substrate materials include porous supports such as ceramic membranes or polymeric
materials.

Prepare the substrates by cleaning, activation, and functionalization processes to promote
adhesion and uniform growth of MUF-16 crystals.

(c) Membrane Fabrication

Develop a scalable deposition method to coat the substrate with MUF-16 crystals to form
membranes. Techniques such as in situ growth, or interfacial synthesis may be employed.

Optimize deposition parameters such as precursor concentration, immersion time,
temperature, and post-synthesis treatments to control membrane thickness, morphology, and
crystal orientation.

Implement quality control measures to ensure the uniformity and integrity of MUF-16
membranes across large areas.

(d) Scale-up considerations

Address scale-up challenges by optimizing process parameters and equipment to

accommodate larger volumes or areas while maintaining product quality and consistency.
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Importantly, reactor design, mixing strategies, and solvent handling need to be considered to
ensure efficient and cost-effective production of MUF-16 membranes on a large scale.

(e) Characterization and Testing

Thoroughly characterize the fabricated MUF-16 membranes using techniques such as
scanning electron microscopy (SEM), X-ray diffraction (XRD), gas permeation testing, surface
area analysis, and Fourier-transform infrared spectroscopy (FTIR).

Evaluate the structural integrity, morphology, porosity, and performance of MUF-16
membranes under relevant operating conditions.

Conduct long-term stability and durability tests to assess the reliability of the membranes

for practical applications.
7.3 Size regulation of MUF-15 and its analogues

The direct use of solvothermally synthesized MUF-15 and its analogues to produce MMMs
is not conducive to achieving good separation performance due to their large crystal size, which
could easily cause the interfacial defects in the membranes. Therefore, it is necessary to control
the size of MOF crystals prior to the membrane fabrication.

To obtain smaller crystals of MUF-15 and its analogues, two approaches are possible in

future work: ultrasonication and ball milling treatment.
7.3.1 Ultrasonication

Ultrasonication is a powerful technique for regulating the size of MOF crystals. By
adjusting the sonication parameters, such as time, frequency, and intensity, the size of MOF
crystals can be precisely controlled. And smaller MOF crystals are less prone to agglomeration
in membranes, which can achieve good interfacial compatibility with the polymer matrix. In
addition, smaller MOF crystals can pack more densely in membranes, which can increase their
loading capacity for gas transport. Therefore, using ultrasonication may be a good approach to

regulate the crystal size of MUF-15 and its analogues.
7.3.2 Ball milling treatment

Ball milling has become a popular technique in the fields of MOF synthesis.>% It provides
precise control over the size reduction of MOF crystals and may be used to produce smaller
size of MUF-15 and analogues. Similar to the ultrasonication treatment, an appropriate
operating condition is necessary to both control the size and preserve the stability of MOF

crystals during ball milling treatment.
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7.3.3 Improvement of the stability of MMMs based on MUF-15 and its analogues

Improving the stability of MMMs-based MUF-15 and its analogues is essential for their
practical applications. Some problems are prone to occur, especially the detachment of MOF
particle and membrane degradation over time. Here are some strategies to improve the stability
of MMMs-based MUF-15 and its analogues.

1) Improve the compatibility between MUF particles and the polymer matrix by modifying the
MUF surface or linker properties to enhance MUF-linker interaction, which can reduce the risk
of MUF particle detachment.

2) A suitable polymer matrix that is compatible with MUF-15 and its analogues and can provide
good adhesion, which can improve the mechanical stability and chemical resistance of the
MMMs.

3). A controlled and uniform MUF particle size can also improve their dispersion in polymer
matrix. And the optimal MUF loading in MMM s needs to be determined to achieve the desired
separation performance with good stability.

By combining these strategies, it is possible to improve the operational stability and

longevity of the MMMs with MUF-15 and its analogues.
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Appendix A for Chapter 2

1. Experimental section
Materials

All the reagents and solvents were analytical grade and were used without further purification.
Zn(NO3)2-:6H2O (99.99 %, Sigma-Aldrich), zinc oxide (ZnO, 99 %, Sigma-Aldrich),
ZrOCl>-8H20 (99.9 %, Sigma-Aldrich), aluminium nitrate nonahydrate (Al(NO3)3-9H,0,
99.99 %), imidazole (Im, 99.5 %, Sigma-Aldrich), benzimidazole (bIm, 99.9 %, Sigma-
Aldrich), 2-Methylimidazole (2-mIm, 99.9 %, Sigma-Aldrich), terephthalic acid (H.BDC,
98 %, Sigma-Aldrich), Cobalt(Il) acetate (99.99%, Sigma-Aldrich), 5-amino isophthalic acid
(Hoaip, 99 %, Sigma-Aldrich), N,N-dimethylformamide (DMF, 99.5 %, VWR Chemicals),
methanol (MeOH, 99.5 %, Fisher Scientific), acetone (>99.5 %, Milton Adams Ltd), sodium
hydroxide (NaOH, 98 %, Sigma-Aldrich), Triton X-100 (laboratory grade, BDH Chemicals
Ltd), cyclohexane anhydrous (99.5 %, Fisher Scientific) and hexanol (analytical standard,
BDH Chemicals Ltd). Press apparatus (home-made from hard steel, 18 mm in diameter).

Deionized (DI) water was produced from a lab-based reverse osmosis water treatment.
Synthesis of ZIF-62 powder

An environmentally friendly mechanochemical method was used to synthesize ZIF-62. In
detail, to a 50 mL zirconium grinding jar, all reagents including ZnO (402.83 mg, 4.95 mmol),
zinc acetate dihydrate (9.174 mg, 0.05 mmol), Im (596 mg, 8.75 mmol), Bim (148 mg, 1.25
mmol) and DMF (3mL) required for the synthesis were added, and 2 of 10 mm grinding balls
were added. The grinding jar was sealed and shaken at 30 Hz in our ball mill. 40 min later, the
jars were opened. After washing with DCM (20 mL) and DMF (20 mL) 2 times, respectively,

the powder was dried in an oven at 120 °C overnight for further use.
Synthesis of ZIF-8 powder

Zn(NO3)2-6H>0 (1.68 g, 6 mmol) was dissolved in of MeOH (20 mL), and 2-mIm (4.0 g, 48
mmol) was dissolved in 60 mL of MeOH, respectively. The metal source solution was quickly
poured into the linker solution and kept stirring at room temperature for 1 h. Afterward, the
milky suspension was centrifuged at the obtained solid, washed with MeOH three times, and

then dried at 80 °C under vacuum overnight.

Synthesis of UiO-66 powder
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The aqueous phase of solution A was prepared by dissolving ZrOCl,-8H,0 (3.22 g, 10 mmol)
in water (85 mL) and acetic acid (15 mL). The resulting mixture was heated to 70 °C under
flux for 2 h before cooling to room temperature. For solution B, the aqueous phase was
prepared by adding H,BDC (1.66 g, 10 mmol) to aqueous NaOH (100 mL, 0.2 M) and heating
at 85 °C until the solid was fully dissolved. The mixture was cooled to room temperature for
further use. Subsequently, Zr stock was made by adding the mixture of Triton X-100 (12.46 g),
cyclohexane (40 mL) and hexanol (4.8 mL) and solution A (6 mL). For H,BDC stock, Triton
X-100 (12.46 g), cyclohexane (40 mL) and hexanol (4.8 mL) and solution B (6 mL). After
stirring overnight, UiO-66 was synthesized using standard microemulsion synthesis procedures
through inject H,BDC stock (40 mL) to Zr stock (40 mL) at a rate of 20 mL/h, then the mixture
solution stirred overnight. Finally, the UiO-66 crystal could be obtained by washing with

acetone, hexanol, and methanol each 2 times.
Synthesis of MIL-53 powder

AI(NO3)3-9H>0 (26.00 g, 69.3 mmol) and H,BDC (5.76 g, 49.6 mmol) were dissolved in water
(100 mL) and placed into a Teflon-lined autoclave and placed in an oven at 220 °C for 72 h.

The resulting powder was washed with deionized water (3 x 30 mL) and dried in a vacuum

oven at 150 °C for 24 h.
Synthesis of MUF-16 powder and post-treatment of MUF-16

A mixture of Co(OAc)24H>0 (0.625 g, 2.5 mmol), Haaip (1.8 g, 10 mmol), methanol (80 mL),
and DI water (5 mL) was sonicated for 20 min in a sealed 1000 mL Schott bottle, which was
then heated in a pre-heated oven at 85 °C for 2 h. After cooing to room temperature, the
resulting pink crystals were isolated by decanting off the mother liquor, washed with methanol
for several times, then dried under vacuum at 130 °C for 20 h. Ball mill was then used to the
MUPF-16 treatment. To 50 mL zirconium grinding jars, the as-fabricated MUF-16 (2.0 g) was
added, then 10 x 4 mm (zirconium grinding balls) were added. The grinding jars were sealed
and span at 30 HZ for 2 h in a ball mill. The nanosized MUF-16 powder was collected for

further use.
Fabrication of pure agZIF-62 membrane

The ZIF-62 powders were mixed by grinding in a zirconium mortar for 10 min. Subsequently,
200 mg of ZIF-62 powders were compacted within the home-made press under 5 tons pressure
for 30 s to obtain the ZIF-62 tablet. The tablet was first purged with Ar for 30 min in the tube

furnace and then heated under Ar to 409 °C at a ramping rate of 10 °C/min and held at target
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temperature for 10 min, followed by naturally cooling to room temperature. In this way, the

pure agZIF-62 membranes were obtained.
Fabrication of CGCMs

Similar to the pure agZIF-62 membrane fabrication, a series of MOF CGCs with ZIF-8, UiO-
66 and MIL-53 were prepared (40 wt.%). The MOF crystals (ZIF-8, UiO-66, and MIL-53) and
ZIF-62 powders were mixed by grinding in a mortar at 30 Hz for 10 min. Subsequently, MOF
compositing tablet could be obtained after pressing with a 5 tons pressure for 30 s. The
fabricated tablet was transferred to a tube furnace and purged with Ar for 30 min, then heated
to 409 °C at a ramping rate of 10 °C/min and held at target temperature 10 min, followed by
naturally cooling to room temperature. In this manner, all the CGCMs were obtained.

In addition, two re-melting CGCMs were fabricated under a lower temperature. MUF-16 were
grinded with agZIF-62 at 30 Hz for 10 min to obtain the homogeneous composites in the ball
mill, respectively. After undergoing the similar processes (high pressure pressing and heating
in a furnace), the corresponding CGCM could be fabricated. Notably, the temperature was set

at 330 °C for re-melting of agZIF-62.

Table A. 1 Compositions of [UiO-66x/agZIF-621.x] CGCMs.

Membrane Crystal phase (mg) ZIF-62 (mg)
[Ui0-660.1/agZIF-6209] CGCM 20 180
[Ui0-660.2/agZIF-62053] CGCM 40 160
[Ui0-660.3/agZIF-62.7] CGCM 60 140
[Ui0-660.4/agZ1F-6206] CGCM 80 120

Table A.2 Compositions of [ZIF-8,/agZIF-62,x] CGCMs.

Membrane Crystal phase (mg) ZIF-62 (mg)
[(ZIF-80.1/agZ1F-6209] CGCM 20 180
[(ZIF-80.2/agZIF-62¢5] CGCM 40 160
[(ZIF-80.3/agZIF-62¢.7] CGCM 60 140
[(ZIF-80.4/agZ1F-62¢s] CGCM 80 120
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Table A.3 Compositions of [MIL-53,/agZIF-621x] CGCMs.

Membrane Crystal phase (mg) ZIF-62 (mg)
[MIL-53¢.1/agZIF-62¢9] CGCM 20 180
[MIL-53¢.2/agZIF-62¢5] CGCM 40 160
[MIL-53¢.3/agZIF-62¢.7] CGCM 60 140
[MIL-530.4/agZIF-6206] CGCM 80 120

Table A.4 Compositions of [MUF-16x/agZIF-621.x] CGCMs.

Membrane Crystal phase (mg)  agZIF-62 (mg)
[MUF-160.1/agZ1F-6209] CGCM 20 180
[MUF-160.2/agZ1F-6205] CGCM 40 160
[MUF-160.3/agZ1F-6207] CGCM 60 140
[MUF-160.4/agZ1F-6206] CGCM 80 120

2. Characterization of MOF crystals and CGCMs

The X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8 Venture
Diffractometer with Cu, radiation (wavelength = 1.54018 A), with a diamond microfocus X-
ray source and a Photon III 28 detector. The collection 1D diffractograms were processed using
APEX3. Scanning Electron Microscope (SEM) images were taken on a FEI Quanta 200
Environmental with EDAX module. Transmission Electron Microscope (TEM) images were
taken on a FEI Tecnai G2 Biotwin with a tomography unit. Thermogravimetric analysis (TGA)
data were collected using the TA Q50 instrument at a heating rate of 10 °C/min from 20 to
500 °C with the N> flow rate of 60 mL/min. Attenuated total reflection flourier transformed
infrared spectroscopy (ATR-FTIR) measurements were performed on Nicolet iS5 IR with iD7
ATR Accessory, and the spectra were collected in the range of wavenumbers from 1600 to 600
cm! with a scan per sample (except the re-melting CGCMs). Proton NMR (1H-NMR) spectra
were collected at room temperature using a Bruker Advance 500 MHz spectrometer, using of
the solvent proton as an internal standard. The sample was dissolved using DCI/D;0 as solvent.
The gas sorption isotherms for CO2, N2, CH4 were measured using a Quantachrome Autosorb
1Q2 instrument at 293 K. All adsorption measurements used ultra-high purity gases. Melting-
quenching treatments of CGCM were carried out using a SKGL-1200C vacuum tube-type
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furnace. All the samples were put into the furnace and purged with Ar for 30 min, then heated
to 409 °C and held at the target temperature for 10 min before being allowed to cool to room
temperature. For re-melting CGCMs, the furnace was heated to 330 °C and other procedures
were all same with direct melting CGCMs. Moreover, all the samples were ground with a

Vertical Planetary Ball Mill (Semi-circle Type) at a frequency of 30 Hz for 1 h.

3. IAST adsorption selectivity calculation

The experimental isotherm data for CO2, N> and CH4 (measured at 293 K) were fitted using a

Langmuir model:

bpl/n

q = Qm 1 + bpl/n
S.e = q1/P1
92/

Where q is the adsorbed amount per mass of adsorbent (mol/kg), p is the pressure of the bulk
gas at equilibrium (kPa), q,, is the saturation capacities of sites (mol/kg), b is the affinity
coefficients of the sites (1/kPa), n is the measure of the deviations from an ideal homogeneous

surface.
4. Gas permeation measurement of CGCMs

Gas permeation tests were carried out with a Wicke-Kallenbach apparatus, and the as-prepared
CGCMs were fixed in a module sealed with O-rings. Gas flow rate was monitored using Alicat
mass flow controllers (MFC). Helium (He) (20 sccm) was used as the carried gas in each test.
The permeated gas through CGCMs was analyzed via a mass spectrometer (MS, UGA-200,
SRS). For single gas permeation measurement, a volumetric flow rate of 20 sccm was applied
to the feed side of the membrane, and Helium (He) (20 sccm) was used as sweep gas on the
permeated side. For the mixed gas permeation test, the total volume flow rate was 20 sccm
(CO2/Nz = 1:1 and CO2/CH4 = 1:1). A RGA was employed to measure the concentration of
single gas or mixed gases on the permeate side. The feeding pressure fixed at 1 bar, and all the

gas permeation tests were carried out under room temperature (20 °C)
The gas permeability was calculated from the following equation:

P=Q/(APxA)
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Where P is the gas permeance; Q is the volume flow rate of permeated gas; AP is the
transmembrane pressure (1 bar) and A is the membrane effective area in gas permeation test (d

= 6 mm).

A6



Appendix A

5. Appendix Figures and Tables

Figure A. 1 SEM images of (a) ZIF-62 and (b) agZIF-62.
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Figure. A. 2 The 'H NMR spectra of digested (a) ZIF-62 and (b) agZIF-62 in DCI/D-0.

A7



Appendix A

(@) (b)

Figure. A. 3 Molecular structures of (a) UiO-66, (b) ZIF-8 and (c¢) MIL-53 and (d) MUF-16.
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Figure A. 4 PXRD pattern of simulated and as-synthesized (a) UiO-66, (b) ZIF-8, (c) MIL-
53, and (d) MUF-16.

A9



Appendix A

[UiO-66, ;/agZIF-62, ;] CGCM
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Figure A. 5 PXRD patterns of ZIF-62, UiO-66, [UiO-66x/ZIF-621.«] tablets and
corresponding [UiO-66x/agZIF-621.x] CGCMs.
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[ZIF-8, /agZIF-62, ] CGCM
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Figure A. 6 PXRD patterns of ZIF-62, ZIF-8, [ZIF-8x/ZIF-621.x] CGC tablets and
corresponding [ZIF-8x/agZ1F-62.x] CGCMs.
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[MIL-53, ,/agZIF-62, ;] CGCM
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Figure A. 7 PXRD patterns of ZIF-62, MIL-53, [MIL-53x/ZIF-62,.«] tablets and
corresponding [MIL-53x/agZ1F-62,.x] CGCMs.
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[MUF-16, ,/agZIF-62, ;] CGCM
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Figure A. 9 PXRD patterns of agZIF-62, MUF-16, [MUF-16x/agZIF-62,] tablets and
corresponding [MUF-16x/agZIF-621.x] CGCMs.
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[UiO-66, ,/agZIF-62, ,] CGCM
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Figure A. 10 FTIR spectra of ZIF-62, UiO-66, [UiO-66,/ZIF-62] tablets and [UiO-
66x/agZIF-621.] CGCMs.
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Figure A. 11 FTIR spectra of ZIF-62, ZIF-8, [ZIF-8x/ZIF-621«] tablets and [ZIF-8x/agZIF-

621.x] CGCMs.
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[MIL-53, ,/agZIF-62, ;] CGCM
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Figure A. 12 FTIR spectra of ZIF-62, MIL-53, [MIL-53+/agZ1F-62,.«] tablets and [MIL-
53x/agZIF-621x] CGCMs.
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Figure A. 13 FTIR spectra of agZIF-62, MUF-16, [MUF-16x/agZIF-62,] tablets and [MUF-
16x/agZIF-621x] CGCM.
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Figure A. 14 TGA curves ZIF-8, ZIF-62 and [ZIF-8/ZIF-621x] composites.
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Figure A. 15 TGA curves of MIL-53, ZIF-62 and [MIL-53,/ZIF-62.x] composites.
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Figure A. 16 TGA curves of MUF-16, agZIF-62 and [MUF-16x/agZIF-62.x] composites.
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[ZIF-8, ,/ZIF-62, ]
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Figure A. 17 DSC curves of (a) [ZIF-80.1/Z1F-62¢9], (b) [ZIF-80.2/ZIF-62¢3], (c) [ZIF-
80.3/ZIF-620.7] and (d) [ZIF-80.4/ZIF-620.6] CGCs.
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Figure A. 18 DSC curves of (a) [MIL-53¢.1/ZIF-62¢9], (b) [MIL-530.2/Z1F-62¢3], (¢) [MIL-
5303/Z1F-62¢.7] and (d) [MIL-53¢.4/ZIF-62¢¢] CGCs.
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Figure A. 19 DSC curves of (a) [MUF-16¢.1/agZIF-62¢9], (b) [MUF-16¢.2/agZIF-62¢5], (c)
[MUF-160.3/agZ1F-6207] and (d) [MUF-16¢.4/agZIF-626] CGCs.

- j

Figure A. 20 EDS mapping of (a) Zn and (b) Zr for cross-sectional [Ui0-66¢.4/ZIF-62¢.¢]
CGCM (scale bar: 500 um).
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Figure A. 21 Surface and cross-sectional SEM images of (a) [ZIF-80.1/agZI1F-62¢9] CGCM,
(b) [ZIF-80.2/agZ1F-6208] CGCM, (c) [ZIF-80.3/agZIF-62¢.7] CGCM and (d) [ZIF-80.4/agZIF-
62)0.6] CGCM. The corresponding high resolution cross-sectional SEM images from the

white box are included.
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(a) (b) (c) (d)

cross-section

Figure A. 22 Surface and cross-sectional SEM images of (a) [MIL-530.1/agZ1F-6209] CGCM,
(b) [MIL-5302/agZIF-62 3] CGCM, (c) [MIL-53¢3/agZIF-62¢7] CGCM and (d) [MIL-
530.4/agZIF-62¢6] CGCM. The corresponding high resolution cross-sectional SEM images

from the white box are included.
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surface

cross-section

c s

Figure A. 23 Surface and cross-sectional SEM images of (a) [MUF-16¢.1/agZ1F-620.9]
CGCM, (b) [MUF-1602/agZIF-62¢3] CGCM, (c) [MUF-16¢3/agZIF-627] CGCM and (d)
[MUF-160.4/agZ1F-6206] CGCM. The corresponding high resolution cross-sectional SEM

images from the white box are included.

Figure A. 24 Optical photographs the prepared membranes from left to right are: agZIF-62,
[Ui0-660.1/agZIF-62¢.9], [UiO-660.2/agZIF-62¢3], [UiO-660.3/agZIF-62¢.7] and [UiO-
660.4/agZ1F-62¢¢], respectively.
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Figure A. 25 Optical photographs the prepared membranes from left to right are: agZIF-62,
[ZIF-80.1/agZIF-620.], [ZIF-80.2/agZIF-6205], [ZIF-80.3/agZIF-6207] and [ZIF-804/agZIF-
620.6], respectively.

Figure A. 26 Optical photographs the prepared membranes from left to right are: agZIF-62,
[MIL-530.1/agZIF-62¢], [MIL-5302/agZIF-620], [MIL-5303/agZIF-620] and [MIL-
530.4/agZ1F-62¢¢], respectively.

Figure A. 27 Optical photographs the prepared membranes from left to right are: [MUF-
160.1/agZIF-62¢.9], [MUF-160.2/agZIF-62¢5], [MUF-160.3/agZIF-62¢7] and [MUF-
160.4/agZ1F-62¢ ], respectively.
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100 nm 100 nm

Figure A. 28 (a) HR-TEM images of [ZIF-8¢.4/agZ1F-62¢c] CGCM, the yellow dashed boxes
show the crystal phase, and the other regions are the amorphous phase. (b) Enlarged HR-
TEM image of the crystal phase, and the crystal plane spacing d = 2.14 A, corresponding to
(6,5,1) spacing for ZIF-8. (c) SAED patterns of ZIF-8 at other positions. Line scans across
the spots, indicated with white arrows, correspond to (110) spacing for ZIF-8. (d) EDX
mapping of Zn and Zr in [ZIF-8¢.4/agZ1F-62¢c] CGCM membrane.
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Figure A. 29 (a) HR-TEM images of [MIL-53¢.4/agZ1F-62¢6] CGCM, the yellow dashed
boxes show the crystal phase, and the other regions are the amorphous phase. And the crystal
plane spacing d =2.72 A, corresponding to (1,4,3) spacing for MIL-53. (b) EDX mapping of

Zn and Zr in [MIL-53¢.4/agZ1F-62¢6] CGCM.

Figure A. 30 (a) HR-TEM images of [MUF-16¢.4/agZIF-62¢] CGCM, the yellow arrows

show the crystal phase, and the other regions are the amorphous phase. (b) EDX mapping of
Co and Zn in [MUF-16¢.4/agZIF-626] CGCM.
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Figure A. 31 CO> and N> adsorption (filled circles) and desorption (open circles) isotherms
of (a) agZIF-62, (b) ZIF-8, (c) [ZIF-80.1/agZIF-6209] CGCM, (d) [ZIF-80.2/agZ1F-62¢5s]
CGCM, (e) [ZIF-803/agZIF-62¢7] CGCM and (f) [ZIF-80.4/agZ1F-62¢] CGCM at 293K.
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Figure A. 32 CO> and N3 adsorption (filled circles) and desorption (open circles) isotherms
of (a) agZIF-62, (b) MIL-53, (c) [MIL-530.1/agZIF-6209] CGCM, (d) [MIL-53¢.2/agZIF-
62)0.3] CGCM, (e) [MIL-53¢3/agZIF-62¢7] CGCM and (f) [MIL-530.4/agZIF-6206] CGCM at
293K.
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Figure A. 33 CO> and N> adsorption (filled circles) and desorption (open circles) isotherms
of (a) agZIF-62, (b) MUF-16, (c) [MUF-160.1/agZIF-62)09] CGCM, (d) [MUF-160.,/agZIF-
62)0.8] CGCM, (e) [MUF-16¢.3/agZIF-62)0.7] CGCM and (f) [MUF-160.4/agZIF-6206] CGCM
at 293K.
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Figure A. 34 (a) CO, adsorption—desorption isothermal curves of ZIF-8 CGCMs at 273 K.

(b) Micropore size distribution of ZIF-8 CGCMs calculated by the NLDFT method using

CO, adsorption isotherm curves.
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Figure A. 35 (a) CO, adsorption—desorption isothermal curves of MIL-53 CGCMs at 273 K.

(b) Micropore size distribution of MIL-53 CGCMs calculated by the NLDFT method using

CO, adsorption isotherm curves.
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Figure A. 36 (a) CO, adsorption—desorption isothermal curves of MUF-16 CGCMs at 273 K.
(b) Micropore size distribution of MUF-16 CGCMs calculated by the NLDFT method using

CO, adsorption isotherm curves.

Table A. 5 CO» and N adsorption uptake values at 1 bar and CO2/N> IAST selectivity of
[UiO-66x/agZIF-621.x] CGCMs (CO2/N2 = 50/50) calculated for CGCMs at 1 bar under 293

K.
Loading Gas Uptake IAST at 1bar
Membranes X (g/cm’ STP) 293K
(Wt%) C02 N2 COZ/Nz
Pristine agZIF-62 0 11.31 1.15 9.87
10 12.86 1.04 12.33
20 15.72 1.39 11.30
[UiO-66x/agZIF-621«]
30 17.74 1.94 9.15
40 19.88 2.04 9.73
Pure UiO-66 100 30.90 2.40 12.88
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Table A. 6 CO> and N adsorption uptake values at 1 bar and CO2/N> IAST selectivity of
[ZIF-8x/agZIF-621.x] CGCMs (CO2/N2 = 50/50) calculated for CGCMs at 1 bar under 293 K.

) Gas Uptake IAST at 1bar
Loading

(g/cm? STP) 293K

Membranes X

(Wt.%) CO2 N» CO2/N2
Pristine agZIF-62 0 11.31 1.15 9.87
10 9.95 0.72 13.74
20 12.58 1.28 9.79
[ZIF-8,/agZ1F-621«]

30 14.18 1.34 10.55
40 13.95 1.69 8.27
Pure ZIF-8 100 16.90 2.18 7.76

Table A. 7 CO» and N adsorption uptake values at 1 bar and CO2/N> IAST selectivity of
[MIL-53x/agZIF-621.x] CGCMs (CO2/N2 = 50/50) calculated for CGCMs at 1 bar under 293

K.
Loading Gas Uptake IAST at 1bar
Membranes X (g/cm® STP) 293K
(wt.%) CO2 N2 CO2/N2

Pristine agZIF-62 0 11.31 1.15 9.87
10 18.13 1.86 9.73

20 20.51 2.19 9.38

[MIL-53/agZIF-621 ]

30 25.99 2.48 10.47

40 26.43 2.59 10.21

Pure MIL-53 100 0.84 0.52 1.63
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Table A. 8 CO» and N adsorption uptake values at 1 bar and CO2/N> IAST selectivity of
[MUF-164/agZIF-621.x] CGCMs (CO2/N2 = 50/50) calculated for CGCMs at 1 bar under 293

K.
Loading Gas Uptake IAST at 1bar

Membranes < (g/cm® STP) 293K
(wt.%) CO2 N> CO2/N2

Pristine agZIF-62 0 11.31 1.15 9.87
10 12.05 1.04 11.58

20 17.80 1.09 16.36

[MUF-164/agZIF-621«]

30 23.29 1.54 15.16

40 24.72 1.78 14.65

Pure MUF-16 100 47.43 2.52 18.83
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Table A. 9 Pore size distribution results of agZIF-62 and [UiO-66x/agZIF-621.x] CGCMs.

[UiO-660.1/agZ1F-

[UiO-660.2/agZIF-

[UiO-660.3/agZ1F-

[UiO-660.4/agZIF-

o2l 620.9] 6203] 620.7] 620.6]
Total Total Total Total
Pore Pore  Total Pore Pore Pore Pore
Pore Pore
Width Width  Volume Width Width Width
A) Voh;me A) (cm¥g) ) V01131me ) V01131me A) V01131me
(cm”/g) (cm”/g) (cm”/g) (cm”/g)

33 9.00E-05 33 9.00E-05 33 9.00E-05 33 9.00E-05 33 9.00E-05
3.7 9.00E-05 3.7 9.00E-05 3.7 7.00E-05 3.7 8.00E-05 3.7 1.00E-04
4.1 1.45E-06 4.1 0.00E+00 4.1 0.00E+00 4.1 0.00E+00 4.1 0.00E+00
4.5 2.47E-03 4.5 1.78E-03 4.5 2.36E-03 4.5 2.54E-03 4.5 2.67E-03
4.9 6.83E-03 4.9 8.22E-03 4.9 6.23E-03 4.9 7.47E-03 4.9 6.75E-03
5.3 7.05E-03 53 8.86E-03 53 1.01E-02 53 1.21E-02 53 1.43E-02
5.7 6.41E-03 5.7 7.46E-03 5.7 5.96E-03 5.7 7.68E-03 5.7 7.37E-03
6.1 4.81E-03 6.1 5.84E-03 6.1 7.57E-03 6.1 6.74E-03 6.1 5.06E-03
6.5 3.08E-03 6.5 3.68E-03 6.5 2.38E-03 6.5 4.09E-03 6.5 3.94E-03
6.9 1.22E-03 6.9 1.45E-03 6.9 2.28E-03 6.9 1.35E-03 6.9 8.06E-04
7.3 4.87E-04 7.3 5.19E-04 7.3 4.16E-04 7.3 6.65E-04 7.3 5.66E-04
7.7 8.18E-04 7.7 9.68E-04 7.7 1.50E-03 7.7 1.94E-03 7.7 1.31E-03
8.1 1.21E-03 8.1 2.18E-03 8.1 2.91E-03 8.1 2.33E-03 8.1 1.96E-03
8.5 2.74E-03 8.5 2.67E-03 8.5 2.81E-03 8.5 2.06E-03 8.5 2.06E-03
8.9 2.73E-03 8.9 2.07E-03 8.9 1.85E-03 8.9 1.47E-03 8.9 1.49E-03
9.3 2.31E-03 9.3 1.75E-03 9.3 1.44E-03 9.3 1.25E-03 9.3 1.27E-03
9.7 2.09E-03 9.7 1.59E-03 9.7 1.26E-03 9.7 1.15E-03 9.7 1.16E-03
10.1 1.95E-03 10.1 1.48E-03 10.1 1.15E-03 10.1 1.09E-03 10.1 1.10E-03
10.5  1.85E-03 10.5 1.41E-03 10.5 1.10E-03 10.5 1.05E-03 10.5 1.05E-03
10.9  1.76E-03 10.9 1.36E-03 10.9 1.06E-03 10.9 1.02E-03 10.9 1.02E-03
11.3  1.67E-03 11.3 1.31E-03 11.3 1.01E-03 11.3 9.90E-04 11.3 9.93E-04
11.7  1.65E-03 11.7 1.28E-03 11.7 9.72E-04 11.7 9.66E-04 11.7 9.69E-04
12.1 1.64E-03 12.1 1.27E-03 12.1 9.66E-04 12.1 9.55E-04 12.1 9.55E-04
12.5  1.60E-03 12.5 1.25E-03 12.5 9.48E-04 12.5 9.44E-04 12.5 9.43E-04
12.9  1.56E-03 12.9 1.23E-03 12.9 9.27E-04 12.9 9.33E-04 12.9 9.32E-04
13.3  1.50E-03 13.3 1.20E-03 13.3 9.14E-04 13.3 9.25E-04 13.3 9.19E-04
13.7  1.51E-03 13.7 1.20E-03 13.7 9.21E-04 13.7 9.27E-04 13.7 9.16E-04
14.1 1.52E-03 14.1 1.19E-03 14.1 9.26E-04 14.1 9.28E-04 14.1 9.13E-04
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Table A. 10 Pore size distribution results of [ZIF-8,/agZIF-62ix] CGCMs.

[ZIF-80.1/agZIF-6209] [ZIF-802/agZ1F-6205) [ZIF-803/agZ1F-6207] [ZIF-80.4/agZ1F-620.6)

Pore Total Pore Pore Total Pore Pore Total Pore Pore Total Pore
Width Volume Width Volume Width Volume Width Volume
(A) (em%/g) (A) (cm*/g) (A) (cm*/g) (A) (cm*/g)
3.3 9.00E-05 3.3 6.30E-05 3.3 8.01E-05 33 3.69E-05
3.7 9.00E-05 3.7 6.30E-05 3.7 8.01E-05 3.7 9.48E-05
4.1 1.45E-06 4.1 0.00E+00 4.1 0.00E+00 4.1 6.82E-04
4.5 2.47E-03 4.5 2.22E-03 4.5 1.58E-03 4.5 1.82E-03
4.9 6.83E-03 4.9 6.01E-03 4.9 5.63E-03 4.9 5.94E-03
53 7.05E-03 53 8.56E-03 53 9.12E-03 53 1.09E-02
5.7 6.41E-03 5.7 6.68E-03 5.7 5.28E-03 5.7 7.36E-03
6.1 4.81E-03 6.1 5.08E-03 6.1 4.02E-03 6.1 3.84E-03
6.5 3.08E-03 6.5 3.91E-03 6.5 2.34E-03 6.5 2.93E-03
6.9 1.22E-03 6.9 2.25E-04 6.9 2.26E-03 6.9 1.84E-03
7.3 4.87E-04 7.3 1.29E-03 7.3 3.59E-04 7.3 6.63E-04
7.7 8.18E-04 7.7 1.09E-03 7.7 1.04E-03 7.7 7.21E-04
8.1 1.21E-03 8.1 1.83E-03 8.1 2.17E-03 8.1 2.17E-03
8.5 2.74E-03 8.5 2.73E-03 8.5 2.14E-03 8.5 2.20E-03
8.9 2.73E-03 8.9 2.33E-03 8.9 1.40E-03 8.9 1.73E-03
9.3 2.31E-03 9.3 1.95E-03 9.3 1.13E-03 9.3 1.39E-03
9.7 2.09E-03 9.7 1.76E-03 9.7 9.99E-04 9.7 1.22E-03
10.1 1.95E-03 10.1 1.63E-03 10.1 9.22E-04 10.1 1.10E-03
10.5 1.85E-03 10.5 1.55E-03 10.5 8.82E-04 10.5 1.04E-03
10.9 1.76E-03 10.9 1.48E-03 10.9 8.53E-04 10.9 1.00E-03
11.3 1.67E-03 11.3 1.41E-03 11.3 8.20E-04 11.3 9.59E-04
11.7 1.65E-03 11.7 1.39E-03 11.7 7.91E-04 11.7 9.47E-04
12.1 1.64E-03 12.1 1.38E-03 12.1 7.81E-04 12.1 9.32E-04
12.5 1.60E-03 12.5 1.36E-03 12.5 7.69E-04 12.5 9.14E-04
12.9 1.56E-03 12.9 1.33E-03 12.9 7.57E-04 12.9 8.96E-04
133 1.50E-03 133 1.28E-03 133 7.46E-04 133 8.72E-04
13.7 1.51E-03 13.7 1.28E-03 13.7 7.45E-04 13.7 8.56E-04
14.1 1.52E-03 14.1 1.28E-03 14.1 7.44E-04 14.1 8.43E-04

A38



Appendix A

Table A. 11 Pore size distribution results of [MIL-53x/agZIF-621.x] CGCMs.

[MIL-530.1/agZIF-6209]  [MIL-5302/agZIF-6205]  [MIL-5303/agZIF-6207]  [MIL-5304/agZIF-620s]

Pore Total Pore Pore Total Pore Pore Total Pore Pore Total Pore
Width Volume Width Volume Width Volume Width Volume

(A) (cm*/g) &) (em%/g) &) (em%/g) A) (em*/g)

33 5.69E-05 33 5.69E-05 33 4.22E-05 33 3.69E-05
3.7 5.69E-05 3.7 5.69E-05 3.7 4.22E-05 3.7 3.79E-05
4.1 0.00E+00 4.1 1.45E-04 4.1 0.00E+00 4.1 0.00E+00
4.5 5.81E-03 4.5 1.10E-02 4.5 3.92E-03 4.5 6.63E-04
4.9 4.06E-03 4.9 3.17E-03 4.9 1.57E-02 4.9 2.88E-02
53 1.02E-02 53 9.93E-03 53 1.02E-02 53 5.80E-03
5.7 9.70E-03 5.7 8.31E-03 5.7 1.38E-02 5.7 1.50E-02
6.1 8.88E-03 6.1 6.38E-03 6.1 1.79E-02 6.1 1.54E-02
6.5 6.63E-03 6.5 4.44E-03 6.5 1.06E-02 6.5 1.02E-02
6.9 1.90E-03 6.9 1.42E-03 6.9 4.02E-03 6.9 3.63E-03
7.3 1.97E-03 7.3 1.21E-03 7.3 3.65E-03 7.3 3.23E-03
7.7 2.43E-03 7.7 1.67E-03 7.7 4.48E-03 7.7 4.08E-03
8.1 2.95E-03 8.1 2.45E-03 8.1 6.11E-03 8.1 6.06E-03
8.5 3.53E-03 8.5 2.48E-03 8.5 6.17E-03 8.5 5.59E-03
8.9 2.87E-03 8.9 1.83E-03 8.9 4.17E-03 8.9 3.29E-03
9.3 2.39E-03 9.3 1.55E-03 9.3 3.30E-03 9.3 2.39E-03
9.7 2.15E-03 9.7 1.41E-03 9.7 2.87E-03 9.7 1.95E-03
10.1 1.99E-03 10.1 1.32E-03 10.1 2.60E-03 10.1 1.69E-03
10.5 1.89E-03 10.5 1.26E-03 10.5 2.43E-03 10.5 1.54E-03
10.9 1.80E-03 10.9 1.22E-03 10.9 2.30E-03 10.9 1.42E-03
11.3 1.72E-03 11.3 1.18E-03 11.3 2.19E-03 11.3 1.32E-03
11.7 1.69E-03 11.7 1.15E-03 11.7 2.13E-03 11.7 1.25E-03
12.1 1.67E-03 12.1 1.14E-03 12.1 2.08E-03 12.1 1.21E-03
12.5 1.64E-03 12.5 1.12E-03 12.5 2.04E-03 12.5 1.18E-03
12.9 1.60E-03 12.9 1.11E-03 12.9 2.00E-03 12.9 1.14E-03
133 1.56E-03 133 1.08E-03 133 1.94E-03 133 1.10E-03
13.7 1.56E-03 13.7 1.08E-03 13.7 1.93E-03 13.7 1.09E-03
14.1 1.56E-03 14.1 1.08E-03 14.1 1.92E-03 14.1 1.08E-03
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Table A. 12 Pore size distribution results of [MUF-164/agZIF-62;x] CGCMs.

[MUF-160.1/agZIF-6205]  [MUF-1602/agZIF-620s] [MUF-1603/agZIF-6207] [MUF-1604/agZIF-620]

Pore Total Pore Pore Total Pore Pore Total Pore Pore Total Pore

Width Volume Width Volume Width Volume Width Volume
A) (cm*/g) (A) (em%/g) A) (cm*/g) &) (cm*/g)
33 0.00151 3.3 0.00188 33 0.00221 33 0.00218
3.7 0.00734 3.7 0.00769 3.7 0.01238 3.7 0.01752
4.1 0.00E+00 4.1 0.00E+00 4.1 0.00E+00 4.1 5.45E-04
4.5 2.20E-03 4.5 2.91E-03 4.5 3.28E-03 4.5 3.00E-03
4.9 7.53E-03 4.9 8.97E-03 4.9 1.09E-02 4.9 1.32E-02
53 7.02E-03 53 8.98E-03 53 1.01E-02 53 1.02E-02
5.7 6.50E-03 5.7 7.81E-03 5.7 7.86E-03 5.7 5.94E-03
6.1 4.62E-03 6.1 5.67E-03 6.1 5.95E-03 6.1 3.87E-03
6.5 3.01E-03 6.5 3.58E-03 6.5 3.87E-03 6.5 2.56E-03
6.9 1.51E-03 6.9 1.55E-03 6.9 2.01E-03 6.9 1.32E-03
7.3 4.27E-04 7.3 5.14E-04 7.3 3.91E-04 7.3 2.83E-04
7.7 9.60E-04 7.7 1.18E-03 7.7 1.10E-03 7.7 4.44E-04
8.1 1.27E-03 8.1 2.03E-03 8.1 1.09E-03 8.1 1.36E-03
8.5 1.31E-03 8.5 2.04E-03 8.5 1.26E-03 8.5 1.37E-03
8.9 1.11E-03 8.9 1.55E-03 8.9 1.24E-03 8.9 1.16E-03
9.3 1.02E-03 9.3 1.37E-03 9.3 1.20E-03 9.3 1.08E-03
9.7 9.61E-04 9.7 1.27E-03 9.7 1.15E-03 9.7 1.03E-03
10.1 9.22E-04 10.1 1.21E-03 10.1 1.12E-03 10.1 9.99E-04
10.5 8.93E-04 10.5 1.17E-03 10.5 1.09E-03 10.5 9.73E-04
10.9 8.72E-04 10.9 1.13E-03 10.9 1.07E-03 10.9 9.53E-04
11.3 8.54E-04 11.3 1.11E-03 11.3 1.05E-03 11.3 9.37E-04
11.7 8.38E-04 11.7 1.08E-03 11.7 1.03E-03 11.7 9.22E-04
12.1 8.26E-04 12.1 1.07E-03 12.1 1.02E-03 12.1 9.10E-04
12.5 8.18E-04 12.5 1.05E-03 12.5 1.01E-03 12.5 9.02E-04
12.9 8.11E-04 12.9 1.05E-03 12.9 1.01E-03 12.9 8.96E-04
133 8.02E-04 133 1.03E-03 13.3 9.96E-04 133 8.86E-04
13.7 7.97E-04 13.7 1.03E-03 13.7 9.92E-04 13.7 8.82E-04
14.1 7.94E-04 14.1 1.02E-03 14.1 9.88E-04 14.1 8.79E-04
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Table A. 13 Single gas permeance test and ideal CO2/N; selectivity of [Ui0-66x/agZIF-621.«]

CGCM.
N Gas Permeance (10* GPU) Selectivity
CO2 N2 CO2/N2
agZIF-62 1.97 1.05 1.9
[UiO-660.1/agZIF-62¢] 11.6 4.65 2.5
[UiO-660.2/agZIF-62 ] 14.0 4.51 3.1
[UiO-660.3/agZIF-62¢.7] 16.5 433 3.8
[UiO-660.4/agZIF-62¢.6] 17.6 3.71 4.7

Table A. 14 Single gas permeance test and ideal CO2/Nz selectivity of [ZIF-8x/agZIF-621.«]

CGCM.
Gas Permeance (10* GPU) Selectivity
Membrane
CO2 N» CO2/N2
[ZIF-80.1/agZ1F-62 9] 8.32 1.80 4.6
[ZIF-80.2/agZIF-623] 9.08 1.46 6.2
[ZIF-803/agZIF-62 7] 10.6 1.88 5.6
[ZIF-80.4/agZ1F-620 ] 10.9 2.02 54
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Table A. 15 Single gas permeance test and ideal CO2/N; selectivity of [MIL-53x/agZIF-62,«]

CGCM.
Gas Permeance (10* GPU) Selectivity
Membrane
CO» N» CO2/N2
[MIL-530.1/agZ1F-620 ] 10.3 3.89 2.6
[MIL-5302/agZIF-6205] 113 421 2.7
[MIL-5303/agZ1F-6207] 17.5 5.36 32
[MIL-530.4/agZ1F-620 ] 17.1 6.50 2.6

Table A. 16 Single gas permeance test and ideal CO»/N; selectivity of [MUF-16x/agZIF-62;.

] CGCM.
Gas Permeance (10* GPU) Selectivity
Membrane

CO2 N» CO2/N2
[MUF-160.1/agZ1F-62¢9] 14.2 5.55 2.6
[MUF-16¢.2/agZIF-6203] 15.0 4.52 33
[MUF-16¢.3/agZIF-62¢7] 17.2 3.95 4.4
[MUF-160.4/agZIF-62¢¢] 20.4 3.56 5.7
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Table A. 17 Mixed gas permeance test and CO2/Nz selectivity of all CGCMs with 40 wt.%
MOF loading.

Membrane COz Permeance (10* GPU) CO2/N»
[UiO-660.4/agZ1F-620 6] 16.3 4.2
[ZIF-80.4/agZ1F-62¢] 9.6 4.7
[MIL-530.4/agZIF-620] 16.5 2.1
[MUE-160.4/agZIF-620.] 19.2 5.0
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Appendix B for Chapter 3

1. Experimental section
Materials

Cobalt(Il) acetate tetrahydrate (99.99%) and 5-aminoisophthalic acid (H»aip, 99 %) were
purchased from Sigma-Aldrich. Methanol (MeOH, 99.9%) and ethanol (EtOH, 99.9%) were
purchased from Fisher Chemicals. Commercial Pebax-1657 (consisting of 60 wt% polyether
segments and 40 wt% polyamide segments) was purchased from Arkema Inc. Deionized (DI)

water was produced from a home-made reverse osmosis water treatment.
Synthesis of MUF-16

A mixture of Co(OAc)2-4H>0 (0.625 g), Haaip (1.80 g), methanol (80 mL), and DI water
(5 mL) was sonicated for 20 minutes in a sealed 1000 mL Schott bottle, which was then heated
in a pre-heated oven at 85 °C for 2 hours. After cooling to room temperature, the resulting pink
crystals were isolated by decanting off the mother liquor, washed with methanol several times,

then dried under vacuum at 130 °C for 20 hours.
nsMUF-16 fabrication via ball mill

MUPF-16 (2.0 g) was added to a 50 mL grinding jar with 10 X 4 mm zirconium grinding
balls and then ground at 30 Hz in a Vertical Planetary Ball Mill (Semi-circle Type) at a
frequency of 30 Hz for 60 min. The nano-sized MUF-16 (referred to as nsMUF-16) powder

was collected for further use.
Characterization methods

The X-ray diffraction (XRD) of crystalline MUF-16 and MMMs was performed on a
Bruker D8 Venture Diffractometer using Cu, radiation (wavelength = 1.54018 A), with a
diamond microfocus X-ray source and a Photon IIl 28 detector. The collection of 1D
diffractograms was processed using APEX3. Scanning electron microscope (SEM) images
were taken on a FEI Quanta 200 Environmental with EDAX module. Transmission Electron
Microscope (TEM) images were taken on a FEI Tecnai G2 Biotwin with tomography unit.
Attenuated total reflection flourier transformed infrared spectroscopy (ATR-FTIR)
measurements were performed on Nicolet iS5 IR with iD7 ATR Accessory, and the spectra

were collected in the range of wavenumbers from 4000 to 500 cm'! with a scan per sample.
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Thermogravimetric analysis (TGA) was carried out using a TA Q50 instrument at a heating
rate of 10 °C/min from 20 to 600 °C with the N> flow rate of 60 mL/min. Gas sorption isotherms
for CO2, N2, CHs were measured using a Quantachrome Autosorb iQ2 instrument at 293 K

using ultra-high purity gases.

Table B. 1 Parameters of gas permeability (P), solubility coefficient (S), diffusion coefficient
(D), Cga[, bi al’ld kD,i.

S
P D
Membranes (102cm’(STP) Csat | bi kp,i
(Barrer) , (10 cm?s™)
cm”cmHg™)
3.17276 +
CO; 84.99 3.17 26.81 -- --
0.01329
0.9918
Pure Pebax N, 2.10 0.99 2.12 -- -- *
0.01292
1.25978 +
CH,4 4.23 1.26 3.36 -- --
0.01657
CO; 231.0 4.09 56.48 -
0.29435+
Pebax/40 wt.% | N2 0.80 0.29 2.77 -- --
0.00461
nsMUF-16
0.28717+
CH4 0.96 0.28 3.44 -- --
0.00386
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2. Appendix Figures

Figure B. 1 SEM images of (a) surface and (b) cross- sectional morphologies of the
membrane with 25.0 wt.% nsMUF-16 loading.

Figure B. 2 SEM images of (a) surface and (b) cross- sectional morphologies of the

membrane with 33.3 wt.% nsMUF-16 loading.
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Figure B. 3 SEM images of (a) surface and (b) cross- sectional morphologies of the
membrane with 37.5 wt.% nsMUF-16 loading.

Figure B. 4 SEM images of (a) surface and (b) cross- sectional morphologies of the

membrane with 43.4 wt.% nsMUF-16 loading.
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Figure B. 5 EDS mapping of the membrane with 40.0 wt.% nsMUF-16 loading.
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- N w H
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Figure B. 6 CO,, CH4 and N> adsorption (filled circles) and desorption (open circles)
isotherms of pure Pebax membrane measured at 293 K. The negative uptake values are

artefacts of the measurement process caused by the low uptake amounts.
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Figure B. 7 CO,, CH4 and N> adsorption (filled circles) and desorption (open circles)
isotherms of Pebax membrane with 40 wt.% nsMUF-16 loading measured at 293 K.
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Figure B. 8 Adsorption isotherms of CO2, N> and CH4 on a pure Pebax membrane at 293 K.
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Figure B. 9 Adsorption isotherms of CO2, N2 and CHs on a Pebax membrane with 40 wt.%
nsMUF-16 loading measured at 293 K.
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Appendix C for Chapter 4

1. Experimental section
Materials

Cobalt(II) acetate tetrahydrate (99.99 %) and 5-aminoisophthalic acid (Hzaip, 99 %) were
purchased from QINGDAO SIGMACHEMICAL CO., LTD. Methanol (MeOH, 99.9 %),
ethanol (EtOH, 99.9 %) and chloroform (CHCls;, 99.9 %) were purchased from Fisher
Chemicals. Deionized (DI) water was produced from a home-made reverse osmosis water
treatment and used throughout the experiment. All the reagents were analytical grade and were
used without further purification. Polyimide 6FDA-DAM (Mw = 326 kDa, PDI = 2.95), and
6FDA-Durene (Mw = 247 kDa, PDI = 2.75) were purchased from Akron Polymer Systems.
Inc. CO2, N2, CH4 and He cylinders were purchased from BOC company.

Synthesis of MUF-16

A mixture of Co(OAc)>-4H>0 (0.625 g, 1.0 mmol), H»aip (1.80 g, 4.0 mmol), methanol (80
mL), and DI water (5 mL) was sonicated for 20 min in a sealed 1000 mL Schott bottle, which
was then heated in a preheated oven at 85 °C for 2 hours. After cooling to room temperature,
the resulting pink crystals were isolated by decanting off the mother liquor, washed several

times with methanol, then dried under vacuum at 130 °C for 20 hours.
Ball mill synthesis of MUF-16 (bmMUF-16)

Co(OAc)2-4H20 (100.0 mg, 0.2 mmol), Hoaip (146.0 mg, 0.8 mmol), and grinding balls
were added to the grinding jars, which were then preheated in an oven at 120 °C for 1 hour.
EtOH was then immediately added into the grinding jars. After shaking at 30 Hz for 2 hours,
the resulting MUF-16 was collected and then washed several times with EtOH. Finally, the
bmMUF-16 was dried in an oven at 80 °C for further use.

Post-treatment of MUF-16 via ball mill (rsMUF-16)

The as-fabricated MUF-16 (2.0 g) was added to a 50 mL grinding jar, followed by 10 x 4
mm (zirconium grinding balls). The grinding jars were sealed and spun in a ball mill at 30 Hz

for 2 hours. The nanosized-MUF-16 (nsMUF-16) powder was collected for further use.

Membrane fabrications
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Fabrication of PI based MMMs

6FDA-DAM and MUF-16 (hydrothermal synthesis, ball mill synthesis and ball mill post
treatment) were added to the CHCI3 solution, respectively. After stirring overnight at room
temperature, the viscous casting solution was formed. The casting solution was then poured
into a glass Petri dish on a level surface in a CHCI3 atmosphere at room temperature overnight.
Finally, the resulting MMM was peeled off from the dish and treated in a vacuum oven at 130
°C for 24 hours to remove the residual solvent. In this manner, 6FDA-DAM based MMMs with
different MUF-16 morphologies (hydrothermal synthesis, ball-mill synthesis, and ball-mill
post-treatment) were fabricated with the same loading. similarly, 6FDA-Durene based MUF-

16 with different crystal sizes were prepared.
Characterization methods

The X-ray diffraction (XRD) of crystalline MUF-16 and MMMs was performed on a
Bruker D8 Venture Diffractometer using Cu, radiation (wavelength = 1.54018 A), with a
diamond microfocus X-ray source and a Photon III 28 detector. The collection 1D
diffractograms was processed using APEX3. Scanning electron microscope (SEM) images
were taken on a FEI Quanta 200 Environmental with EDAX module. Transmission Electron
Microscope (TEM) images were taken on a FEI Tecnai G2 Biotwin with tomography unit.
Attenuated total reflection flourier transformed infrared spectroscopy (ATR-FTIR)
measurements were performed on Nicolet iS5 IR with iD7 ATR Accessory, and the spectra
were collected in the range of wavenumbers from 4000 to 500 cm™! with one scan per sample.
Thermogravimetric analysis (TGA) was carried out using a TA Q50 instrument at a heating
rate of 10 °C/min from 20 to 600 °C with an N> flow rate of 60 mL/min. Gas sorption isotherms
for CO2, N2, CH4 of MMMs were measured using a Quantachrome Autosorb iQ2 instrument
at 293 K. All adsorption measurements were performed using ultra-high purity gases. In
addition, MUF-16 crystals were ground at 30 HZ using a vertical planetary ball mill (semi-
circle type) at a frequency of 30 Hz for 60 min. Viscosity testing was carried out using an AR-
G2 rheometer (TA Instruments), and the polymer-MOF suspension was stirred for 2 hours for

further relative viscosity testing.
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2. Appendix Figures

£

Figure C. 1 Surface morphologies of (a) top side and (b) bottom side of 6FDA-DAM loaded
with 40 wt.% MUF-16 loading.

Figure C. 2 Cross-sectional morphologies of 6FDA-DAM loaded with 40 wt.% MUF-16

loading at different magnifications (clear sediment can be observed).
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Figure C. 4 Cross-sectional morphologies of 6FDA-DAM loaded with 40 wt.% bmMUF-16

loading with different magnifications.
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Figure C. 6 Cross-sectional morphologies of 6FDA-DAM loaded with 40 wt.% bmMUF-16

loading with different magnifications.
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isotherms of (a) 6FDA-DAM and (b) 6FDA-DAM with 40 wt.% nsMUF-16 loading.
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Figure C. 9 Theoretical prediction of the permeation performance of mixed matrix membranes
based on the measured performance of pure 6FDA-DAM (or 6FDA-Durene) membrane and
nsMUF-16/6FDA-DAM mixed matrix membranes (Exp.: measured pure-gas permeability and
selectivity; Pred: Maxwell predicted pure-gas permeability and selectivity. Polymer: 6FDA-
DAM, 6FDA-Durene; X%: MOF loading ranging from 0 to 40 wt.%). Note: the pure MUF-16

membrane permeability was predicted by fitting the permeability values of membranes with
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nsMUEF-16 loading using maxwell model.
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Table C. 1 Comparison of predicted gas separation performance of other pure MOFs using

Maxwell Model.
CO; Permeability
MOFs (Barrer) CO2/N; CO»/CH4 Ref.
ZIF-8 1192 2.60 2.80 306
ZIF-90 8000 - 250 278
UiO-66-NH; 3515 20.3 21.8 202
(001)-AIFFIVE-
1-Ni 2035 -- 354 154
MIL-53(Al)-NH, 90.0 - 25.7 307
ZMOF 10000 - 180 2
MUF-16 5649 3922 2556 This work
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Appendix D for Chapter 5

1. Experimental section

Materials

Cobalt(II) acetate tetrahydrate (99.99 %) and isophthalic acid (Haip, 99 %) were purchased
from Sigma-Aldrich. Methanol (MeOH, 99.9 %) was purchased from Fisher Chemicals. The
polyimide 6FDA-DAM (Mw ~ 326000, PDI ~ 2.68) was supplied by Akron Polymer Systems.
DCM was purchased from Sigma-Aldrich. Deionized (DI) water was produced from a home-
made reverse osmosis water treatment, which was used in the whole experiment. All the

reagents were analytical grade and were used without further purification.
Characterization

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 Venture diffractometer
with Cu, radiation (wavelength = 1.54018 A), with a diamond microfocus X-ray source and a
Photon III 28 detector. Scanning Electron Microscope (SEM) images were taken on a FEI
Quanta 200 Environmental with EDAX module. Thermogravimetric analysis (TGA) data were
collected using the TA Q50 instrument at a heating rate of 10 °C/min from 50 to 600 °C with
a N flow rate of 40 mL/min. ATR-FTIR measurements used a Nicolet iS5 IR with iD7 ATR
Accessory. Gas adsorption isotherms were measured on a Quantachrome Autosorb iQ2

instrument using ultra-high purity gases.

Synthesis of MUF-15 and its analogues
Four different isophthalic acid ligands with fluoro (-F), bromo (-Br), nitro (-NO;) and
methyl (CHs) functional groups can react with cobalt(Il) acetate in methanol under

solvothermal conditions. The analogues of MUF-15 were synthesized according to Figure 5.4.



Co(OAc), 4H,0 -} —

Figure D. 1 Scheme of the synthetic routes to MUF-15 and its analogues.
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A mixture of Co(OAC);-4H,0 (125 mg, 0.50 mmol), ligands, MeOH (6 mL), and H>O (0.5

mL) required for MUF-15 and its analogues synthesis were sonicated for 10 min and sealed

into a 25 mL Teflon-lined autoclave, then heated to the target temperature (Table D. 1). After

cooling to room temperature, the crystals were collected and washed with MeOH three times

and then stored in MeOH for further use.

Table D. 1 Synthesis of MUF-15 and its analogues.

Lttt Reaction  Reactio

MOF Salt Ligand temperature  n time
(mol/mol) °C) (h)
MUF-15 Co(OAc)2-4H>0O H»ipa 2 120 48
MUF-15-F Co(OAc)2-4H>0O Hsipa-F 1.75 120 24
MUF-15-Br  Co(OAc)2'4H20  Haipa-Br 2 120 48
MUF-15-NO>  Co(OAc)'4H>O  Haipa-NO> 1.75 120 48
MUEF-15-CH;  Co(OAc)2'4H>O  Haipa-CHj3 1.75 140 36
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Membrane fabrication

The MUF-15 crystals stored in MeOH was first centrifuged to remove the solvent and then
washed with DCM three times. Subsequently, a certain amount of MUF-15 was added into
DCM (3 mL) and stirred overnight. Then 6FDA-DAM was added into the above mixed
solution and stirred for another 12 hours. The casting solution was then poured into a glass
Petri dish on a level surface in a desiccator (30 cm in diameter) with a CHCl3 atmosphere at
room temperature overnight. Finally, the resulting MMM was peeled off from the dish and
treated in a vacuum oven at 130 °C for 2 hours to remove the residual solvent. And the prepared

membrane was immediately used to the gas permeability test.

Solubility and diffusion calculation

The CO2 and CH4 adsorption isotherms were fitted by a dual-site Langmuir model as listed

in equation below:

=qsat,1 ><bl Xp qsat,Z sz Xp

where ¢ represents the gas concentration adsorbed, p represents the testing pressure, gsa
represents the saturation loadings for different sites, and b; and b: represent the Langmuir

parameters for different sites, respectively.

The gas solubility (S) in the membrane was calculated using equation below:

q.
Si=_l
i

The gas transportation through the membranes follows a solution-diffusion mechanism,

therefore the gas diffusivity in the membranes is given by:



Table D. 2 Fitting parameters for the adsorption isotherms.

Appendix D

Fitting Parameters

Gas Sample

(sat,1 bi (sat,2 b> R2
(cm?/g) (bar™) (cm?/g) (bar™)
6FDA-DAM 1840 0.0051 28.1 2.20 0.9999
30 wt.% MUF-15
57.8 1.31 -- -- 0.9997
CO> MMM
30 wt.% MUF-15-F
66.6 0.70 9.13 5.90 0.9999
MMM
6FDA-DAM 78.2 0.0392 121.6 0.039 0.9990
30 wt.% MUF-15
CH4 35.7 0.21 12.2 0.21 0.9999
MMM
30 wt.% MUF-15-F
77.4 0.13 -- -- 0.9987

MMM
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