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Abstract: The separation of propylene/propane is essential in the refineries and most importantly,
propylene is used as raw material to produce polymers and other intermediate chemicals. The
separation of propylene/propane is challenging due to their similar physical properties. Currently,
the separation carried out by the conventional distillation process requires a significant amount of
operating energy and high capital cost. Therefore, energy-efficient alternative separation
techniques are important in the separation processes. Compared to traditional technologies,
membrane-based gas separation is a promising alternative substantial candidate for separation
processing applications. However, the energy-efficient membrane-based propylene/propane gas
separation was not commercialized due to the limited separation capability of current membrane
materials. Zeolitic imidazolate frameworks (ZIFs) are a subclass of metal-organic frameworks that
are promising membrane materials due to their well-defined ultra-micropores with superior
thermal/chemical stabilities. In particular, a prototypical ZIF-8 has shown the potential separation
capability of propylene/propane and received massive interest because of its effective aperture pore
size of less than 0.5 nm, which is located in between propylene and propane molecular sizes.
However, several challenges hinder their commercial purposes including non-economical ceramic
supports, moderate batch process, lack of stability, and general processing methods. Since the
microstructure of the membrane is greatly affected by the processing methods, it is important to
investigate the optimization of new processing techniques. Moreover, to overcome the challenges
in processing methods, a significant improvement is necessary. Therefore, the membrane
productivity with separation efficiency can be enhanced by reducing membrane thickness and
optimizing the fabrication techniques. This dissertation proposed novel membrane fabrication
methods for superior propylene/propane separation efficiency with high flux ZIF-8 membranes for
their practical applications. Three different methods were developed and investigated thoroughly
including secondary growth, post-synthetic ZnO atomic layer deposition (ALD), and vapor-phase
synthesis of ZIF-8. Moreover, the synthesized membranes were tested for propylene/propane
separation measurements to optimize the fabrication techniques and the synthesized membranes
were analyzed with a series of characterizations. First, secondary growth membranes were
synthesized using silicalite nanoparticles as a seed layer. Using silicalite as seed material made it
possible to achieve a high packing density of seed crystal layers in a couple of minutes, followed
by 10 h of secondary growth method. It enabled us to obtain high-quality propylene selective ZIF-
8 membranes with an average propylene/propane separation factor of ~170. Second, post-synthetic
ALD treatment of ZnO on as-synthesized secondary grown ZIF-8 membranes was studied to reduce
the surface defects and nonselective diffusion paths. The ALD ZIF-8 membranes stabilized
effectively and exhibited a significant increase in separation factor up to ~270. Third, ZIF-8
membranes were prepared without using any solvents. The synthesis method was based on vapor-
based technology. Initially, we deposited ZnO on the support surface followed by activation
treatment with a ligand which was subsequently converted to a ZIF-8 membrane. The unique vapor-
phase method was able to produce an ultra-thin ZIF-8 membrane with a thickness of ~400 nm. The
resulting ultra-thin membranes showed significant improvement in propylene/propane membrane
separation performance.
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CHAPTER I

INTRODUCTION

Petrochemical industries use separation and purification processes for light olefins such as ethylene
and propylene. The traditional separation process involves an energy-intensive distillation process which is
expected to increase energy consumption. In the US, almost 15% of total energy consumption involves
chemical separations in chemical/petrochemical industries [1]. The high energy demand for chemical
separations also results in high operating costs and increases greenhouse gas emissions due to fossil fuel
combustion [2-4]. Therefore, both from an economic and environmental standpoint, it is critical to
investigate alternative methods for chemical separations. Recently, membrane-based gas separations have
gained momentum in the area of chemical engineering as an alternative separation process [5, 6].
Membrane-based gas separations heavily rely on different membrane materials, and therefore researchers
have investigated several materials to improve the efficiency of the gas separations. For propylene/propane
gas separations, membrane materials that have been studied previously include polymers, carbon molecular
sieves, and zeolites [7]. However, membrane technology has not yet been commercially available to
separate light olefin/paraffin chemicals like ethylene and propylene. The main reason membranes lack
commercial efficacy is because there are limitations in the separation capability of available membrane
materials [8, 9]. Therefore, it is important to investigate the available membrane materials and improve the
separation process efficiency of olefins/paraffin. Polymeric membranes are being tested for gas separation
applications [10, 11]. However, one major limitation of polymeric membranes is the trade-off between
permeability and selectivity. These polymeric membranes have plasticization and swelling issues at high

pressure which reduces the selectivity of these membranes in gas separation applications [12]. One



promising membrane material candidate is an inorganic crystalline compound such as Metal-
Organic Framework (MOF). Zeolitic-imidazole frameworks (ZIFs) are a subclass of MOFs consisting of
multivalent metal cations and bidentate imidazolates. These ZIF-based membranes have well-defined
micropores which make them useful for propylene/propane separation applications and have the potential
to be used commercially [13, 14]. ZIFs have unique zeolite topologies because they have a metal-ligand-
metal bond angle (145°) which is similar to the Si-O-Si bond angle in zeolites [13]. In addition, ZIF-8 is
formed as a membrane layer that consists of zinc cations coordinated with 2-methylimidazole (2-mlIm)
forming a metal topology that is promising for propylene/propane separation [15-17]. The current work
deals with preparing ZIF-8 membranes using commercially available anodic aluminum oxide (AAQ)
substrates. In Aim I, The ZIF-8 membranes were fabricated using secondary growth on a silicalite-seeded
AAO substrate to increase the membrane-substrate bonding. Other seeding materials were also investigated
for ZIF-8 membrane fabrications. The effects of synthesis time and Zn source on silicalite-seeded AAO
supports were investigated to improve the inter-crystalline growth between the support surface and ZIF-8
membranes. The synthesized ZIF-8 membranes were assessed for propylene/propane gas separations. In
Aim 11, the research on ZIF-8 membrane synthesis involves improving the separation efficiency of the
membranes using ZnO-ALD treatment. In addition, the separation performance of ZIF-8 membranes was
evaluated before and after ZnO-ALD treatment in Aim Il. The vapor-phase method was used to fabricate
ultra-thin propylene selective ZIF-8 membranes in Aim Ill. The ZIF-8 membranes synthesized from
mentioned synthesis techniques in Aims I, I, and IlIl were characterized using Scanning Electron
Microscope (SEM), X-Ray Diffraction (XRD), Energy Dispersive X-Ray (EDX), X-ray photoelectron
spectroscopy (XPS), Brunauer—-Emmett-Teller (BET), and Fourier-Transform Infrared (FT-IR)

Spectroscopy. All the dissertation goals and objectives are described in Aims I, 11, and 111, respectively.



Objectives
Aim |: Development of secondary grown ZIF-8 membranes on silicalite-seeded supports.

Significance: We plan to perform propylene/propane binary gas separation under Aim 1. For this, we plan
to design a secondary growth synthesis process by varying different parameters and developing seed
material to fabricate ZIF-8 membranes. The purpose is to develop ZIF-8 membranes that efficiently separate
the propylene/propane binary gas mixture. Developing and optimizing the synthesis process tasks were
listed below followed by an illustration of the seeded secondary growth method on porous support shown

in Figure 1.1.
Task A: Synthesis of ZIF-8 membranes using different seeding techniques

Task B: Investigation of the effects of parameters such as the Zn source, synthesis time, and seeding

materials on ZIF-8 membrane performance

Task C: Evaluation of the membrane performance in propylene/propane separation
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Figure 1.1: Schematic illustration of secondary growth synthesis on porous AAO support.



Aim I1: Modification of as-synthesized ZIF-8 membrane surface by depositing ZnO using atomic layer

deposition.

Significance: We plan to develop a post-synthetic metal treatment method to reduce the non-selective
defects on the ZIF-8 membrane surface based on Aim 1 results and analysis observations. We plan to
perform ZnO coating on the synthesized ZIF-8 membrane surface to enhance membrane separation
efficiency by modifying the ZIF-8 membrane surface using atomic layer deposition (ALD). Investigation
and optimization of ZnO coating on ZIF-8 membrane tasks were listed below followed by the schematic

representation of the ZnO ALD process illustrated in Figure 1.2.

Task A: ZnO deposition on the ZIF-8 membranes for pore structure modification and reducing non-

selective defects
Task B: Characterization of the ZIF-8 membranes using ALD to investigate the structural morphology

Task C: Evaluation of ZIF-8 and ZnO ALD ZIF-8 membranes in propylene/propane separation
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Figure 1.2: Schematic illustration of ZnO deposition on ZIF-8 membrane surface.



Aim 111: Enhancement of the ZIF-8 membrane performance by reducing membrane thickness via vapor

phase synthesis techniques.

Significance: We plan to develop high flux propylene selective ZIF-8 membranes under Aim Ill. To
produce an ultra-thin ZIF-8 membrane to improve membrane productivity we plan to design a vapor-phase
method to reduce the membrane thickness. Based on the understanding gained from Aim II, we plan to
perform ZnO coating using ALD as a metal precursor and design the vapor phase synthesis process to
synthesize the ZIF-8 membrane. The ZnO ALD investigation and optimization of vapor-phase treatment

process tasks were listed below followed by an illustration of vapor-phase synthesis as shown in Figure 1.3.
Task A: Reduction of the membrane thickness by varying the deposition of ZnO-ALD cycles

Task B: Optimization of the vapor phase synthesis for the operating conditions of temperature, synthesis

time, and the number of ALD cycles

Task C: Evaluation of the ZIF-8 membranes obtained by the vapor phase synthesis for propylene/propane

separation.
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/
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Figure 1.3: Schematic representation of the vapor-phase synthesis.



CHAPTER 11

LITERATURE REVIEW

Summary

This chapter introduces the propylene/propane separation and its energy demand through conventional
technologies. We discuss alternative technologies of propylene/propane separation and offer a recent
literature review about membrane materials. We explain several synthesis approaches and different

types of supports used for ZIF-8 membrane fabrication which are explored in the literature.

2.1. Olefin market

Light olefins such as ethylene and propylene are widely used as raw materials in the petrochemical
industry. Propylene is the second most important material after ethylene and global demand is estimated to
be ~120 million tons in 2021 [18, 19]. It can be used as a feedstock to produce polypropylene, cumene, and
propylene oxide which are widely used in the industrial sectors. Traditionally, propylene is obtained as a
byproduct of gasoline and ethylene by steam cracking of naphtha or catalytic cracking of heavy oils in
refineries. These two traditional production processes of propylene cover 90% of the current market
requirements [20, 21]. However, due to the high increase in propylene demand, the balance between supply
and demand is not being met. Moreover, industries moving to lighter feedstocks such as natural gas liquid

(NGL) for the cracking process due to large natural gas reserves in the U.S. These light feedstocks mainly



produce ethylene and lesser amounts of propylene containing by-products. The U.S. is one of the
countries in the world that is consuming a large amount of propylene and the transition to NGL can affect
the global markets. Figure 2.1 shows the increasing production and consumption demand for propylene in

recent years [22].
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Figure 2.1: Production and consumption of propylene in million tonnes per annum (mtpa).

Observing the supply/demand dynamics and changes in the unstable price of propylene, producers are
seeking alternative production methods to stabilize the current imbalanced market. Currently, three
technologies serve the purpose of quenching the market demand including propane dehydrogenation
(PDH), olefin metathesis, and methanol to propylene (MTP) conversion processes [23]. These technologies
of propylene production are marginal, and they are economical due to the rise in propylene demand. While
both PDH and MTP are economical because the raw materials used in these processes are of low cost, olefin
metathesis is comparatively expensive because of the use of 2-butene. Therefore, alternative methods to

produce propylene are needed to explore which are economical and energy-efficient.



2.2. Separation of propylene/propane

Propylene produced from traditional routes including steam cracking and fluid catalytic cracking
(FCC) always co-exists with propane. Since industrially pure propylene with chemical and polymer grades
required further chemical processing of the co-existing propylene/propane is necessary and both are needed
to be separated. The separation of propylene/propane is quite challenging but commercially very important
[24, 25]. The thermally driven distillation process is traditionally used to separate propylene/propane, but
the capital costs involved are high and the energy consumption in the separation process is enormous [26,
27]. Moreover, the similar volatilities of both the gases require a change from gas to the liquid stage in the
distillation process, which makes the whole separation operation energy-intensive. Based on the estimation
from the U.S. Department of Energy (DOE), the cryogenic distillation process consumes energy over 120
TBtu (Tera British thermal units) per year for propylene/propane separations [28]. To reduce the energy
footprint, alternative technologies for propylene/propane separation are assessed including membrane

technologies, extractive distillation, adsorption, and absorption.

However, most of the alternative technologies mentioned are not commercially available due to
unstable performance and limitations from chemical and mechanical standpoints. In the case of extractive
distillation, there is a problem of high energy use. Moreover, the adsorption technique has low olefin
loadings and a complicated regeneration process involving expensive adsorbents [29, 30]. Therefore, there
is a critical need to investigate and improve the alternative techniques in the separation of
propylene/propane. Out of all the alternative gas separation technologies available, membrane separation
processes have gained popularity because they have the potential to be economical and energy-efficient
[31] [32]. Combining distillation and membrane separation techniques can result in energy savings ranging
from 16.8 to 45.6 TBtu per year [33], which is about saving 38% of the total energy consumption according
to the previous literature [34]. Using membrane separation techniques combined with distillation can shrink
both the economic and energy burden on propylene/propane separation technologies.
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To meet the industrial requirements, researchers explored membrane technology for
propylene/propane separations and published several research articles in the field of membrane gas
separation as shown in Figure 2.2 [35]. Various kinds of membranes have been studied for
propylene/propane separations including facilitated transport (FT) membranes [36], polymer [37, 38],
zeolite [39], and carbon molecular sieve (CMS) [40, 41]. However, these membrane materials are not easy
to scale up for commercial and industrial use because of their substandard performance in terms of
separation factor, durability, and permeability [24, 42]. Recently, metal-organic frameworks (MOFs) have
been considered promising membrane materials with high gas separation performance including high

thermal and chemical stability.

= Polymeric = Facilitated Transport (FT)
= FT/liquid Zeolites

= CMS = MOF

= FT/Hybrid

Figure 2.2: Types of membranes used for propylene/propane separation [35].



2.3. Zeolitic imidazole frameworks (Z1Fs)

ZIFs are constructed by metal nodes such as zinc and cobalt with imidazole or its substitutes such
that there are unlimited combinations theoretically with different topologies. The bonding angle (~145°) of
metal-imidazole-metal (mIm) resembles the T-O-T angle found in zeolites giving its name ZIF [13].
Although crystalline structures like ZIFs are studied historically dating back to the 1960s, the recent
discovery of the chemical/thermal stability conditions of ZIF membranes has been unleashed, paving the
way for more investigation. In addition, stability, tunability, flexibility of the framework, and microporous
added value to ZIFs, paving the way to numerous membrane separation applications [43-45]. Among ZIF
membranes, ZIF-8 has been a promising candidate in propylene/propane separation where the zinc ions are
intertwined with 2-mIm ligands with an aperture size of ~3.4 to 5 A [46, 47]. However, the flipping motion
of the 2-mlIm ligand exerting pressure and external introduction of guest molecules results in ZIF-8 not
exhibiting a stable sieving cut-off. Li et.al reported that the diffusion rate coefficient of propylene (van-der-
Waals diameters: propylene = 4.03 A, propane = 4.16 A) is 100 times more than that of propane indicating
the potential to separate Cz molecules using ZIF-8 membranes [48]. Moreover, the molecular sieving
property of propylene/propane using ZIF-8 membranes was found by previous computation and
experimental research. Koros et.al reported that the effective aperture size of the ZIF-8 is in the range of
4.0 to 4.2 A which is between the molecular diameters of propylene and propane. The ZIF-8 membranes
are considered to be capable of propylene/propane separations however, the microstructural properties and
processing methods are needed to be explored to improve the separation efficiency. Therefore, it is
important to understand ZIF-8 membrane fabrication processes. Although significant progress has been
made on the propylene/propane separation with ZIF-8 membranes grown on porous a-alumina substrates,
the preparation of substrate requires rigorous conditions including hydraulic pressure (~10 tons) and
sintering temperature (~1100 °C) with high energy consumption and low reproducibility [49]. Also, the
relatively limited propylene permeances are reported as low as 0.2x10® mol m?s™ Pa! reported when the
a-alumina disk was used as a substrate [42, 50]. Another promising choice for membrane support is an
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AAO substrate with straight nanochannels and narrow pore size distributions. This has been used
for the separation of larger molecules and the support of porous materials [51]. Various MOFs have been
successfully fabricated on AAO such as MOF-5 [52], HKUST-1 [53], Sr/Eu(ll)-imidazolate [54], and MIL-
53 [55]. The thinner AAO substrate having a straight pore channel inside is expected to provide better ZIF-
8 crystallization and higher gas permeance. So far, very few studies have been reported about ZIF

membranes on AAO for propylene/propane gas separation.

Imidazole ligand deprotonation allows coordination of bidentate sites which are continuously
coordinating with metal nodes. This coordination forms a three-dimensional molecular structure that is
complex. Multiple variables play a vital role in the yield of ZIF-8 products which requires the correct
combination of the variable, where the synthesis of the structure with the intended topology has a small
window for the fabrication process [56, 57]. Some of the variables can be solvent, ligand substitution, metal
source, synthesis time, and synthesis temperature. The microstructural properties of the ZIF-8 depend on
morphology, topology, and composition. Therefore, it is especially important to understand the complex
connection between variables and have control over their membrane properties. Finally, the strategies that
improve the separation of propylene/propane using ZIF-8 membranes will be discussed in the upcoming

sections.

2.4. ZIF-8 membrane synthesis

The fast reaction between metal and ligand precursors is a unique property of ZIF-8 membranes,
which provides an opportunity to explore different synthesis methods for improving the separation
performance of propylene/propane. Reliable techniques in ZIF-8 membrane fabrication have been
developed. Some of the methods developed in ZIF-8 membrane synthesis include in-situ, secondary growth,
counter-diffusion, and vapor-phase methods, which are proved to be effective [58-62]. These fabrication
methods are efficient because the synthesis procedure involves activating ZIF-8 membranes using mild

temperature conditions in liquid or gas phases. Moreover, to ensure substantial separation factor and
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propylene permeance, the notable challenge in ZIF-8 membrane synthesis is to reduce the membrane

thickness while maintaining the integrity of the crystalline structure.

2.4.1. In-situ growth

In-situ growth is a method used in the fabrication of zeolite membranes that involves precursor
solutions to contact with the support surface directly resulting in heterogeneous nucleation and growth of
the membrane layer on the support surface. Caro et al. has synthesized ZIF-8 membranes on ceramic
supports using in-situ crystallization [63]. The preparation of the ZIF-8 membrane involves the use of
methanol as a solvent on titania support aided by microwave solvothermal synthesis, which resulted in
crack-free membrane formation. The reason to use methanol is because of its small diameter compared to
other solvents and weak interaction with the ZIF-8 framework. In addition, Kwon et al. synthesized ZIF-8
membranes using in-situ crystallization with methanol as a solvent on a-alumina support. A well-
intergrown crystal structure resulted in a propylene/propane separation factor of around ~55 [64]. Besides,
the use of sodium formate in enhancing the ligand deprotonation was investigated by Shah et al. in ZIF-8
membrane synthesis using organic solutions, which formed uniform crystal growth on a-alumina support
[65]. Pan et al. reported that ZIF-8 membrane synthesis using water as a solvent yielded uniform and better
growth of crystals on the support surface. Furthermore, the use of water as the solvent can induce better
intergrowth of ZIF-8 crystal grains compared to a methanol solvent due to easier deprotonation of the
imidazole ligands in water. However, in-situ crystallization methods involve modification of the support
surface chemically and require multiple times of synthesis to ensure the integrity of membranes [50, 59,
66, 67]. Therefore, alternative synthesis techniques such as secondary growth have been explored,

providing better membrane formation control [7].
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2.4.2. Secondary growth

The secondary growth method in ZIF-8 membrane fabrication maintains better quality and control,
which involves the decoupling of crystal nucleation and growth. This method involves the seeding of small
crystals on the support surface via various synthesis techniques including rubbing, dip-coating, and direct
contacting followed by either hydrothermal or solvothermal synthesis for growing continuous membrane
films. Previous studies reported that the synthesis of ZIF-8 membranes in agueous solutions is eco-friendly
and economical [68-70]. Moreover, ZIF-8 membrane fabrication using secondary growth methods resulted
in a thin membrane (~2 um thickness) with propylene/propane separation of 45 at room temperature as
reported by Pan et al [24]. The methanol exchange step was further introduced by Pan et al. to replace the
water molecules inside the ZIF-8 membrane framework which enhanced the separation factor of the
propylene/propane from 31 to 89 [71]. Jeong et al. developed a microwave-assisted seeding method
followed by secondary growth to improve the interaction between the seed crystals and the support surface.
It resulted in the propylene/propane separation factor of ~40 [72]. To generate appropriate ZIF-8 crystal
sizes in propylene/propane gas separations, several seeding zinc sources were investigated which induce
changes in stability, surface area, and gas separation performance [73]. Kwon et al. reported the effect of
zinc salts on the membrane synthesis and separation performance that using ZnCl, as a zinc source has
shown higher separation performance with a separation factor of 38 compared to other zinc sources [49].
The secondary growth synthesis resulted in well-intergrown crystals and high propylene/propane separation
performance. However, the synthesis time of ZIF-8 is long with secondary growth, which creates the need

to study other synthesis methods.

2.4.3. Counter diffusion

The concept of counter diffusion in membrane synthesis was first developed by Yao et al as shown
in Figure 2.3 [74]. The approach includes the use of nylon support which was used to separate zinc and the

ligand solution. Once both metal and ligand solutions diffuse through the support, they react chemically
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resulting in crystallization on both sides of the support [74]. Later, the efficiency of the counter-
diffusion is improved by Jeong et al developing an in-situ synthesis method for ZIF-8 fabrication.
Optimizing the synthesis variables including the use of sodium formate and zinc salts, improved the
separation performance of the ZIF-8 membrane from 55 to 70 while maintaining propylene permeance [49].
This method was assessed by other research groups that used the modified counter-diffusion approach in
propylene/propane separations because it is simple and quick in terms of synthesis procedure and time [75-
78]. However, rapid nucleation during synthesis can likely cause defects on the ZIF-8 membrane surface

negatively affecting the separation performance of propylene/propane [31].

Porous support

etal
solution

Figure 2.3: Schematic showing counter-diffusion synthesis on the porous support.
2.4.4. Post-synthetic methods

The synthesis methods including in-situ growth, secondary growth, and counter-diffusion have
shown substantial separation performance of propylene/propane. However, it is inevitable to have defects
on membranes, including inter-crystalline gaps, pinholes, and cracks [31, 72]. To improve the separation

performance of ZIF-8 membranes, several research groups have explored post-synthetic treatment
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methodologies to reduce the defects on the membrane surface. Recently, Zhang et al. reported that
the defects in the ZIF-8 structure are formed in ambient environmental conditions using computational
methods by changing chemical and synthesis conditions [79]. The reduction in surface defects can be
achieved by post-synthetic modification methods including ligand treatment, metal doping, replacement of
building blocks, and polymer layer coating [80, 81]. Lee et al. used post-synthetic ligand treatment operated
at 60 - 100°C for 4 h to reduce the surface defects, which resulted in a propylene/propane separation factor
enhancement by 6-folds while propylene permeance was reduced by 75% [31]. Li et al. explored coating
organic polymer polydimethylsiloxane (PDMS) layer on a pre-synthesized ZIF-8 membrane surface. After
PDMS coating, the ZIF-8 membranes enhanced the propylene/propane separation factor from 12 to 67, and
there was a drop in propylene permeance from 2.1 to 1.3x10¥mol m2s™ Pa [48]. Although surface defects
are healed and the separation performance of the ZIF-8 membranes improved, excessive deposition of the
post-synthetic layer might cause a loss in gas permeance [82]. Therefore, both membranes selectivity and
gas permeance are needed to be systematically controlled while optimizing the synthesis procedure. To
better optimize the ZIF-8 membrane synthesis process, vapor phase methods were also explored which are

explained in the following section.

2.4.5. Vapor phase synthesis

Vapor-phase synthesis has been an efficient alternative synthesis method that is suitable for ZIF-8
membrane fabrication as shown in Figure 2.4 [83]. The advantages of this synthesis technique involve a
simple membrane fabrication resulting in economical and energy-efficient membrane products. Several
research groups have investigated vapor-phase synthesis in ZIF-8 membrane fabrication on porous supports
[84]. Based on the previous studies performed by researchers, chemical vapor deposition (CVD) via ALD
is a feasible approach to get propylene selective ZIF-8 membranes [85]. Strassen et al. reported that solvent-
free synthesis of ZIF-8 membranes on a smooth silicon wafer is possible by converting ZnO films to ZIF-

8 by using CVD [86]. Besides, Tanaka et al. investigated ZIF-8 membrane growth using vapor phase
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transport methods which use a ZnO nanorod array for ZIF-8 crystal formation [87]. An alternative
approach to growing ZIF-8 membranes has been studied by Rief et al., spraying ZnO on support, resulting
in the growth of ZIF-8 membranes [88]. Wang et al. reported that using ZnO in the growth of ZIF-8
membranes showed excellent binding strength between supports and membranes [89]. Jeong et al.
investigated the vapor-phase defect ripening methods in fabricating ZIF-8 membranes on a-alumina
supports, which showed a propylene/propane separation factor of ~120 [90]. Furthermore, Ma et al.
fabricated ZIF-8 membranes using vapor-phase methods that the ligand-induced permselective (LIPS)
technique aided in converting the impermeable disk into propylene selective membranes. This fabrication
process made the vapor-phase treatment substantial for propylene/propane separation applications which
have shown a high propylene permeance of 1.67 x 10”7 mol m?2s Palwith a separation factor of 74 [84].
Eum et al. used the LIPS process to fabricate ZIF-8 membranes, which resulted in propylene/propane
separation of ~75 with propylene permeance of 5.5x10% mol m?s? Pa? [62]. However, vapor-phase
methods are needed to be simplified, since the nucleation process is complex such that the simplification
in membrane fabrication will make the synthesis process energy efficient. From the synthesis techniques
explained in Chapter 2, the research conducted to improve the propylene/propane separation factor and the

novel synthesis techniques developed using ZIF-8 membranes are discussed in Chapters 3, 4, and 5.
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Figure 2.4: Schematic illustration of vapor-phase synthesis.
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CHAPTER 111

ZIF-8 MEMBRANES SUPPORTED ON SILICALITE-SEEDED SUBSTRATES FOR

PROPYLENE/PROPANE SEPARATION

Summary

Secondary growth ZIF-8 membranes were developed using silicalite nano particles as seeding material
on porous AAO support. The ZIF-8 membrane performance was investigated by varying synthesis time,
seeding type, and zinc source. The silicalite nanoparticles act as anchors to grow the ZIF-8 membrane
layer on AAO support. The seed particles are strongly attached to AAO support through hydrogen
bonding which aided us to achieve high quality ZIF-8 membrane. The ZIF-8 membranes were tested

for propylene/propane separation and characterized using analytical techniques.

3.1. Introduction

Propylene and propane mixture separation is one of the most energy-consuming processes in the
industry due to their similar physical properties like melting point, boiling point, and molecular size [37,
91, 92]. The separation is traditionally performed by using low-temperature distillation involving more than
200 stages [93]. Membrane-separation processes have been recognized as an attractive alternative as they

have the potential to be energy-efficient, eco-friendly, and cost-effective [31]. Several types of membranes
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have been studied such as polymer [37, 38], carbon molecular sieve [40, 41], and zeolite
membranes [39]. However, these membranes are not currently suitable for practical applications because
of their drawbacks associated with the separation factor, permeability, and/or durability [24, 42]. Therefore,
there is a critical need for developing new membranes to enhance the propylene and propane selectivity

and propylene flux.

Recently, zeolitic imidazolate frameworks (ZIFs) have been recognized as novel candidates for
efficient olefin and paraffin separation. ZIFs are subclass metal-organic frameworks (MOFs), possessing
zeolite topologies originating from the metal-ligand-metal bond angle of 145°, which is similar to the Si-
O-Si bond angle in zeolites [13]. Among the varieties of ZIFs that exist, ZIF-8, composed of zinc ions
interconnected with 2-methylimidazoles, has been the most promising candidate for propylene/propane
separation [16, 94, 95]. The effective pore size of ZIF-8 falls in the range of 4.0-4.2 A, which is larger than
the crystallographic diameter of 3.4 A owing to the flopping motion of the ligands. This allows the
membrane to separate propylene (~4.0 A) from propane (~4.3 A) based on the size exclusion
mechanism[49] [17]. Zhang et al. [17] reported that the diffusivity of propylene was approximately 100
times higher than that of propane by estimating diffusivity in a ZIF-8 crystal. These studies demonstrate
the enormous potential of the ZIF-8 membrane to be used for propylene and propane separation based on

their diffusivity differences.

Various strategies have been developed to grow ZIF-8 film on porous a-alumina substrates. Pan et
al. [68] found that ZIF-8 membranes synthesized in a solution containing water can induce better
intergrowth of grains due to easier deprotonation of the imidazole ligands in water than that containing
methanol. Kwon et al. [64] prepared thin ZIF-8 membranes through in situ synthesis, which produced well-
intergrown ZIF-8 membranes with significantly enhanced microstructure, resulting in propylene/propane
selectivity of around 55. Shah et al. [65] investigated the role of sodium formate in the synthesis of ZIF-8

to enhance ligand deprotonation in organic solutions. Pan et al. [71] investigated the effects of the activation
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procedure after ZIF-8 membrane synthesis. The optimal activation process included a solvent
exchange to remove residual water by using methanol and room temperature drying at a low evaporating
rate. Although significant progress was obtained on the propylene/propane separation with ZIF-8 membrane
grown on porous a-alumina substrates, the preparation of substrate required rigorous conditions including
hydraulic pressing at 10 tons and sintering temperature of ~1100 °C with high energy consumption and low
reproducibility [49]. In addition, the relatively limited propylene permeances of as low as 0.2 x 10 mol m-
25t patwere reported when the a-alumina disk was used as a substrate [42, 50] Another promising choice
for membrane support is an anodic aluminum oxide (AAQO) substrate with straight nanochannels and narrow
pore size distributions. This has been studied for the separation of larger molecules and used for the
fabrication of porous materials [51]. Various MOFs have been successfully fabricated on AAO such as
MOF-5 [52], HKUST-1 [53], Sr/Eu(ll)-imidazolate [54], and MIL-53 [96], etc. There were few studies
reported about ZIF membranes on AAQ. Babu et al. [97] post-synthetic rapid heat treatment (RHT) at 360
°C to significantly improve the carbon capture performance of the ZIF-8 membranes on AAO support.
Impressive CO,/CHa, CO2/N2, and H2/CH, selectivities of 30, 30, and 175 were achieved, respectively. He
et al. [98] used a novel electrophoretic nuclei assembly for the crystallization of highly intergrown thin
films (ENACT) approach for fabricating defect-free and ultrathin ZIF-8 membrane on multiple supports
including AAO. High performance of 8.3 x 10 mol m2s? Paand selectivities of 7.3, 15.5, 16.2, and 2655
were obtained for H/CO,, Hi/N,, H./CHa4, and H./CsHs, respectively. Hao et al. [99] reported a
crystallization using a sustained precursors approach to fabricate well intergrown polycrystalline ZIF-8
having uniform grain size and a thickness of a few nanometers. ZIF-8 membrane grown in 8 min exhibited

an impressive Hy/CsHs selectivity of 2433 and CsHe/CsHs selectivity of 30.

Since the ZIF-8 particle sizes were demonstrated to induce changes in surface area, stability, and
gas adsorption, the species of zinc sources were investigated to generate the appropriate ZIF-8 crystal size
for propylene/propane separations [73]. For example, the effects of zinc salts on ZIF-8 membrane synthesis

were studied by Kwon et al [49]. When employing ZnCl; as the zinc source, the synthesized ZIF-8
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membrane showed a separation factor of around 38 and propylene permeance of around 2.7 x 108
mol m2s®Pal. However, when the zinc source was changed to zinc nitrate, the ZIF-8 membrane became

non-selective for propylene/propane [49].

It should be noted that ZIFs and zeolites have a similar crystallization process, which makes most of the
synthesis methods developed for zeolites also applicable to the ZIF membranes [100, 101]. In this study,
we fabricated a ZIF-8 membrane on a silicalite-seeded AAO substrate to increase membrane-substrate
bonding. The impact of seeding materials, zinc source, and membrane synthesis time were systematically
investigated for ZIF-8 membrane separation performance for efficient propylene/propane separation. With
the help of characterization techniques and ZIF-8 membrane separation performance tests, optimized

membrane synthesis parameters were evaluated.

3.2. Experimental

3.2.1. Synthesis of nanoparticle seeding

ZIF-8 crystals were prepared following a procedure described by Cravillon et al [102].
Zn(NO3)2.6H,0 (99.5%, Sigma-Aldrich) and 2-methylimidazole (mIm) (99.7%, Sigma-Aldrich) were
dissolved in 50 ml methanol (MeOH) (99.5%, Sigma-Aldrich), separately. The molar ratio of Zn: mim:
MeOH was 1:4:1250. Then the mIm solution was added to the Zn(NOs), solution while stirring with a
magnetic bar. The liquid mixture was stirred for 30 min and then aged without stirring at 20 °C for 24 h.
The white colloidal particles formed in the solution were collected by centrifugation, followed by washing
three times with methanol. The ZIF-8 powder was dried at room temperature overnight, and then re-

dispersed into 100 ml methanol while sonicating for 30 min to prepare 0.05 wt.% ZIF-8 seed suspension.

Silicalite seed nanoparticles were prepared by the conventional heating method and the detailed
synthesis procedure has been reported in our previous work [103]. To prepare silicalite seed suspension,

NaOH (99.99%, Sigma-Aldrich) was dissolved in the mixture solution of H,O and tetrapropylammonium
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hydroxide (TPAOH) solution (1 M, Sigma-Aldrich). SiO; (0.2-0.3 um powder, Sigma-Aldrich)
was added to the above solution gradually at 80 °C in a water bath to clear the solution with stirring. The
molar ratio of each component was maintained as NaOH: H,O: TPAOH: SiO, = 1: 131.5: 2.86: 9.42,
respectively. After aging for 4 h, the solution was transferred into a hydrothermal vessel and synthesized at
120 °C for 6 h. The synthesized powder was washed in deionized water in a centrifuge, followed by dilution

to make 0.05 wt.% silicalite seed suspension.

3.2.2. ZIF-8 Membrane synthesis by secondary growth

AAO disks (diameter: 25 mm, thickness: 100 pm, pore size: 20 nm, porosity: 24%, Whatman) were
used as the substrates. For seed layer coating, the AAO disks were immersed into the 0.5 wt.% seed
suspensions of ZIF-8 and silicalite, respectively, followed by sonicating 5 min for the seeds to coat
homogeneously on the substrate surface. The seeded AAO disks were dried at room temperature overnight.
For membrane synthesis, ZIF-8 layers on the AAO seeded substrates were synthesized by the secondary
growth method. The metal solution and the ligand solution were prepared separately. Specifically, 0.076 ¢
of zinc chloride (99.99%, Sigma-Aldrich) or 0.165 g of zinc nitrate hexahydrate (98%, Sigma-Aldrich) was
dissolved into 20 ml of DI water to prepare a metal solution, and 3.165 g of mIim was dissolved into another
40 ml of DI water to prepare ligand solution. After mixing the metal and the ligand solution, the solution
was stirred vigorously for 30 s, the dried AAO substrate was immersed vertically into the mixed solution
and held with a Teflon vessel. The membrane synthesis time by secondary growth was varied for 5, 10, and
20 h, respectively, at room temperature. After membrane synthesis, the disk was taken out and immersed
in 50 ml of fresh methanol for 12 h, which is the activation process. The activation process removes any
guest species like water from the ZIF-8 framework and prepares the evacuated form of the ZIF-8 framework
for gas separation experiments. Because water is less acidic than methanol, 2-methylimidazole can be
deprotonated in water more easily than methanol. Thus, ZIF-8 membranes washed with methanol were

denser and better intergrown [13, 65, 70]. Finally, the membrane was taken out from methanol and dried at
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room temperature for another 12 h. The process of the ZIF-8 membrane synthesis on AAO substrate

is illustrated in Figure 1.1.

3.2.3. Propylene/propane binary gas separation

All membranes were stored in a desiccator at room temperature before gas permeation
measurements. Propylene/propane binary gas permeation measurements were performed at room
temperature and atmospheric pressure. The membranes were mounted in a stainless-steel cell with the
membrane surface facing the feed side as shown in Figure 3.2. Feed was a mixture of propylene and propane
each of 50 cm®/min and the flow rate was controlled by a mass flow controller (MFC). Argon was used as
the sweeping gas at a flow rate of 100 cm®min and was supplied to the permeate side. Before recording
data for each separation experiment, membrane separation was allowed to stabilize (for concentration to
become steady) and it took ~4 h for the system to reach a steady state. The composition of the permeate
stream was analyzed by using online gas chromatography (Shimadzu, GC-2014) equipped with a molecular

sieve 13X column for the thermal conductivity detector (TCD).

The membrane permeance for gas component i is defined as:

Qi
l:)m,i = A XAP; (3.1)

where Q; (mol s?) is the amount of the permeated gas through the membrane per second; A, (m?) is the
active membrane area; AP, (Pa) is the trans-membrane partial pressure difference of component i between

feed and permeate sides.
The propylene/propane separation factor for the binary mixture is defined as:

(Yc3Hg/YC3Hg)permeate
OC,Hy/CaHg = (3.2)

(Yc3Hg/YC3Hg) feed

where yc.u, and yc,u, are mole fractions of propylene and propane, respectively
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Figure 3.1: Schematic showing the experimental setup for the CsHs/C3Hs separation.

3.2.4. Characterization

The morphology of the membrane was characterized by Scanning Electron Microscope (SEM) and
the elemental composition by Energy Dispersive X-Ray Analysis (EDX), using an FEI Quanta 600 SEM.
The crystal structure of the ZIF-8 membrane was characterized by X-ray diffraction (XRD, Bruker AXS
D8 Discover diffractometer with General Area Detector Diffraction System, 40 kV, 35mA) with a scan rate
of 1.0 degree/min with the two-theta range of 5-40 degrees. The bonding information of samples was
measured by X-ray photoelectron spectroscopy (XPS, PHI VersaProbe Il Scanning XPS Microprobe with
Al Ko line excitation source) and FT-IR characterization using Thermo Nicolet 380 FT-IR with diamond
attenuated total reflectance (ATR). Nitrogen absorption and desorption were performed using a

Quantachrome Autosorb 1. Samples were outgassed at 50 °C overnight under a vacuum. pyGAPS was used

to analyze the resulting isotherms. The surface area and pore volume of the ZIF-8 membrane were

measured by N adsorption at 77K based on Brunauer—Emmett—Teller (BET) model.
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3.3. Results and Discussion

3.3.1. The effect of nanoparticle seeding

The crystalline structure of the ZIF-8 membrane was compared with XRD patterns from the
literature [49, 104]. The XRD patterns of the ZIF-8 membranes grown on ZIF-8 seed layers (Figure 3.3c)
were sharper (peak intensity 110 was higher) than those without seed layers (Figure 3.3b), which suggests
thicker and denser ZIF-8 layers. This can further be understood by the fact that an extra seeded ZIF-8 layer
facilitates the formation of ZIF-8 crystals on AAO substrate in comparison to the ZIF-8 membrane without
a seeding layer. In addition, silicalite seeded ZIF-8 membranes (Figure 3.3d) also showed sharper peaks
than ZIF-8 membranes directly grown on AAO substrate (Figure 3.3b) indicating thicker and denser ZIF-8
membranes. Figure 3.3d represents the ZIF-8 membrane successfully grown on the silicalite-seeded AAO

substrate by matching the typical XRD peaks at the 20 of 7° and 12° [105].
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Figure 3.2: XRD patterns of (a) pristine AAO substrate, (b) ZIF-8 membrane without seeding layer, (c)
ZIF-8 membrane with ZIF-8 nanocrystals as the seeding layer, and (d) ZIF-8 membrane with silicalite

nanocrystals as the seeding layer.

Figure 3.4 shows the SEM images that were used to study the morphology of pristine AAO

substrate and ZIF-8 membranes synthesized with and without the seeding process. Uniformly distributed
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pore channels can be seen for the AAO substrate (Figure 3.4a). In the ZIF-8 membrane without
seeding (Figure 3.4b1), the membrane had more defects in comparison to the ZIF-8 membrane with
silicalite and ZIF-8 seeding, which can be explained by the fact that the ZIF-8 layer is not very well grown
directly on the AAO substrate. XRD patterns are shown in Figure 3.3 also confirm the relatively insufficient
ZIF-8 membrane growth without the seeding process [24]. The lack of active sites on the AAO substrate
might be the reason for the poor ZIF-8 structure formation (Figure 3.4b1). However, the introduction of
seeding material (ZIF-8 or silicalite) on AAO substrate improved the ZIF-8 membrane morphology (Figure
3.4c and Figure 3.4d). Seeding material helped in avoiding the adverse impact of AAO substrate on ZIF-8
crystal nucleation and improved ZIF-8 membrane morphology. In addition, silicalite seeding nanoparticles
attach more firmly to the AAO substrate due to hydrogen bonding and provide a more uniform surface for
secondary ZIF-8 membrane layer growth (Figure 3.4d) in comparison to ZIF-8 nanocrystal seeding (Figure
3.4¢). Hydrogen bonding takes place by the direct bonding of silicalite crystals with the substrate, which
allows for a robust seeded silicalite layer [101, 106, 107]. However, for ZIF-8 nanocrystal as the seeding
layer, more disassociated ZIF-8 crystals were attached on the top of the membrane surface, which further
resulted in a less intergrown ZIF-8 layer than the layer grown on silicalite seeded AAO substrate. For

silicalite seeded AAO substrate, the ZIF-8 layer was smoother, uniformly covered, and more robust.
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Figure 3.3: Surface SEM images and cross-section SEM images of pristine AAO substrate (al, a2), ZIF-8
membranes synthesized at 10 h without seeding process (b1, b2), with ZIF-8 nanocrystals as the seeding
layer (c1, c2), and with silicalite nanocrystals as the seeding layer (d1, d2), respectively.
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Table 3.1 shows the elemental composition on the surface of different membranes obtained from
EDX spectroscopy. Silicon concentration was dropped from 26.25 wt.% for silicalite seeded AAO substrate
to 0.33 wt.% for silicalite seeded + ZIF-8 membrane. Silicalite seed has silica, which is responsible for
silicon concentration. XPS beam can detect elements only up to ~2.5 nm depth, and after ZIF-8 growth,
XPS could not detect silica and hence there was a drop in silicon concentration. There was an increase in
the concentration of carbon, nitrogen, and zinc after ZIF-8 membrane fabrication. During the secondary
synthesis, the use of ZnCl, and mim introduced more zinc, nitrogen, and carbon in the membrane

framework, and thus there was an increase in the concentration of these elements.

Table 3.1: Elemental composition (wt. %) for silicalite seeded AAO substrate, silicalite seed + ZIF-8

membrane, ZIF-8 seeded AAO substrate, ZIF-8 seed + ZIF-8 membrane, and ZIF-8 in-situ membrane.

On top of the AAO substrate Silicon Carbon Nitrogen Zinc
Silicalite seed 26.25 25.08 2.28 0.20
Silicalite seed+ ZIF-8 membrane 0.33 63.72 19.35 8.03
ZIF-8 seed 1.13 54.79 24.73 10.91
ZIF-8 seed + ZIF-8 membrane - 56.55 25.96 11.01
ZIF-8 in-situ membrane 0.04 56.44 26.01 11.54

Figure 3.5 shows the XPS spectra for C 1s, N 1s, and Zn 2p. Particularly, Zn 2ps», and Zn 2pis
showed two intense peaks at 1022 eV and 1045 eV, respectively [49, 71]. Two distinct peaks for Zn imply
that most of the Zn are in the tetrahedral coordination. For the ZIF-8 membrane with silicalite seeding, the
peak slightly shifted towards higher binding energy for Zn and N atoms, which indicates the decrease in

several unsaturated Zn-N bonds and thus reduction of defects in the ZIF-8 framework. The N 1s peak at
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398.8 eV can be assigned to the imidazole group in the ZIF-8 framework based on the literature
[108-111]. C 1s showed a peak at 286.3 eV, which depicts the carbon linked to N in the methyl imidazole
group, and was found to be in good agreement with previously reported literature [109, 112]. The band at
1580 cm* corresponds to the C=N stretch. In addition, the bands at 1146 cm™ are for =C-H and C-N and

995 cm is for the C=C-N, respectively. Moreover, the stretch 3134 cm™ is for the C-H bond [113-115].
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Figure 3.4: XPS spectra for Zn 2p 1s (a), N 1s (b), and C 1s (c) of ZIF-8 membrane for in-situ ZIF-8

membrane, ZIF-8 seeding + ZIF-8 membrane, and silicalite seeding + ZIF-8 membrane.

BET surface area and pore volume for ZIF-8 membrane with silicalite seeding are shown in Table
3.2. Specific surface area for ZIF-8 membranes lies in the range of 1000-1600 m?/g [116], which indicates
the ZIF-8 structure formation [113]. Figure 3.6 shows the N, adsorption/desorption isotherm to investigate

the N accessible porous characteristic. ZIF-8 membrane with silicalite seeding showed type-1 isotherm,
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which is expected for microporous materials (pore size < 2 nm). In addition, there was a sudden
increase in N2 adsorption around a threshold pressure of 0.95 (P/Pg) which was due to the condensation on

the external ZIF-8 surface [47, 117-119].

Table 3.2: BET surface area and pore volume of ZIF-8 membrane as measured by N, adsorption at 77K.

Membrane BET surface area (m?/g) Pore volume (cm?/g)
ZIF-8 membrane (this work) 1474 0.71
ZIF-8 membrane [120] 1046 0.51
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Figure 3.5: N2 adsorption and desorption isotherms for ZIF-8 membrane.

3.3.2. Effect of Zinc source

The effect of different zinc sources on ZIF-8 membrane growth was investigated. The morphology
of ZIF-8 membranes synthesized with zinc nitrate (ZnNOs) and zinc chloride (ZnCl) as zinc sources,

respectively, are shown in Figure 3.7. Under the same synthesis conditions in terms of reagent, molar
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amount, and temperature, the ZIF-8 membrane in which ZnNOs was used as the zinc source showed
smaller ZIF-8 crystal size, less intergrown ZIF-8 surface, and thinner ZIF-8 film in comparison to the
membrane where ZnCl, was used as the zinc source. The difference in morphology of ZIF-8 crystals is due
to the high reactivity of ZnNO;z in comparison to ZnCl,, which led to the faster reaction during the
membrane synthesis and thus generated a smaller crystal size. Schein et al. [73] also reported morphological
differences between the ZIF-8 crystals from the two zinc sources. Moreover, when ZnNOs was used as the
Zn source, the ZIF-8 layer forms only on the substrate while ZnCl, also promotes ZIF-8 film formation
inside the AAO substrate. Thus, the ZIF-8 membrane with ZnCl, enhanced the membrane grain boundary
structure. As a result, with ZnCl, as the zinc source, the appropriate ZIF-8 crystal size for the

propylene/propane separations can be synthesized [49, 73]

Figure 3.6: Surface SEM images and cross-section SEM images of ZIF-8 membranes synthesized at 10 h
(a1, a2) with zinc nitrate and (b1, b2) zinc chloride as the zinc source, respectively, with silicalite
nanocrystals as the seeding layer.
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3.3.3. Effect of synthesis duration

The morphology of ZIF-8 membranes synthesized with various durations of 5, 10, and 20 h
respectively are shown in Figure 3.8. The ZIF-8 crystals started to be formed from a synthesis duration of
5 h, with a limited number of ZIF-8 crystals randomly distributed on top of the silicalite seeded AAO
substrate (Figure 3.8a). After 10 h synthesis duration, a ZIF-8 layer was uniformly formed (Figure 3.8b).
As shown in Figures 3.8a2 & 8b2, there was a slight change in membrane thickness (650 nm for 5 h and
850 nm for 10 h). For the synthesis duration of 20 h (Figure 3.8c), there was significant growth of ZIF-8
crystals on the surface. The number of accumulated ZIF-8 crystals significantly increased [73], which led
to a slight decline in propylene/propane gas selectivity and propylene gas permeance as can be seen in
Figure 3.9. For more than 20 h of synthesis time, the membrane got thicker, which led to a further decline
in ZIF-8 membrane separation performance. Based on SEM images and separation results as depicted in
Figure 3.8b, it was found that for 10 h of synthesis, a well-intergrown continuous ZIF-8 layer was

successfully formed with an average membrane thickness of ~850 nm.
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10 pm

Figure 3.7: (a1, b1, c1) Surface SEM images and (a2, b2, c2) cross-section SEM images of ZIF-8
membranes with silicalite nanocrystals as the seeding layer with the synthesis time of 5, 10, and 20 h,
respectively.
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3.3.4. ZIF-8 membrane separation performance

The membranes synthesized by various conditions were evaluated for propylene/propane binary
gas mixture separation at room temperature for performance evaluation. Table 3.3 presents the results of
the propylene/propane mixture gas separation factor and propylene permeance values at room temperature.
In Table 3.3, the ZIF-8 membrane synthesized without a seeding process (in situ growth) showed a low
propylene/propane separation factor due to defects in the ZIF-8 layer (Figure 3.4b). It was found that
different seeding materials had different effects on membrane performances. The ZIF-8 membranes grown
on the silicalite seeded AAQ substrate exhibited significantly higher performance than membranes using
ZIF-8 nanoparticles as seeding material. This can be explained by the strong interactions between silicalite
and AAO substrate through hydrogen bonding, which allows for a better grown secondary ZIF-8 layer. The
interaction anchored silicalite seeds more firmly onto the AAO substrate, which provided a more stable
seeding layer and allowed better reproducibility and control of the membrane quality. In this case, a highly

ordered ZIF-8-membrane structure was obtained under such an environment.

Table 3.3: ZIF-8 membrane thickness and propylene/propane binary gas separation results for ZIF-8
membrane synthesized without seeding process, with ZIF-8 nanocrystals as the seeding layer, and with
silicalite nanocrystals as the seeding layer for 10 h membrane synthesis time and ZnCl, as Zn source,

respectively.

Seeding layer 0G4 H,/C3Hg Pm,c,n, (X 10® mol m?s*Pa™) Thickness (nm)
None 84+0.7 1.86+0.03 380
ZIF-8 nanoparticle 11240.3 1.27+0.01 720
Silicalite seeding 170+0.5 0.90+0.04 850
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The results of propylene/propane binary gas separations by using ZIF-8 membranes with different zinc
sources were shown in Table 3.4. ZIF-8 membrane prepared with ZnNOs as the zinc source showed higher
propylene permeance and lower propylene/propane selectivity compared with those prepared with ZnCl..
As shown in Figure 3.7, the ZIF-8 membrane prepared from ZnNO3 was less intergrown and showed a
thinner ZIF-8 membrane layer than those with ZnCl.. In addition, the different ZIF-8 crystal sizes affected
membrane stability and gas adsorption [49, 73] indicating that the appropriate ZIF-8 crystal size for the
propylene/propane separations can be achieved by using ZnCl,. Therefore, ZnCl, was found to be a

promising candidate for improving the membrane synthesis efficiency.

Table 3.4: ZIF-8 membrane thickness and propylene/propane binary gas separation results for ZIF-8
membrane synthesized with zinc nitrate and zinc chloride as the zinc source for 10 h membrane synthesis

time, respectively, on silicalite seeded AAQ.

Zinc Source 0G4 H, /CsHg Pm,c,H, (X 10% mol m?s™ Pa') Thickness (nm)
Zn(NO3); 47£1.1 0.99+0.03 630
ZnCl 170+0.5 0.90+0.04 850

The ZIF-8 membranes synthesized at various synthesis durations were also assessed for an
equimolar propylene/propane mixture and the results are summarized in Figure 3.9. As a comparison, the
propylene/propane separation factor significantly increased for synthesis duration of 10 h from 5 h with a
slight decline in propylene permeance. However, a further increase in membrane synthesis time decreased
propylene permeance and slightly reduced the propylene/propane separation factor. ZIF-8 membrane
thickness was 650 nm, 850 nm, and 1630 nm for synthesis times of 5 h, 10 h, and 20 h respectively. In this

case, 10 h was found to be the optimized membrane synthesis time for membrane preparation.

35



Tad
= CgHg P, i
L x Oy [0S
= CR— 7 %careicars|
"\f\.\i 08 E
£ 160 - g
o™
(&} 0.6 —
© [oe]
& o
S 140 - 04 3
Q
O
& -0.2 %
120 g
| a N N L0.0 5
o
0 5 10 15 20 25

Synthesis time (h)

Figure 3.8: Propylene/propane binary gas separation results for ZIF-8 membrane synthesized at 5, 10, and

20 h with silicalite as seeding layer and ZnCl; as the Zn source, respectively.

3.4. Conclusion

In this work, we demonstrated a novel fabrication method for ZIF-8 membrane growth on the
anodic aluminum oxide (AAQ) substrate for effective propylene/propane mixture separations based on the
size exclusion mechanism. The effects of seeding, zinc salts, and membrane synthesis time on ZIF-8
membrane performance for propylene/propane gas separation were studied. Among in-situ ZIF-8
membrane, silicalite seeding, and ZIF-8 seeding, silicalite seeding exhibited the highest separation
performance. Silicalite seeding helped in the proper growth of the ZIF-8 membrane over the AAO substrate.
As a precursor, ZnCl, showed higher separation performance because ZnNOs as the precursor reacts faster
which led to a less intergrown ZIF-8 membrane and a thinner ZIF-8 membrane layer than other zinc sources.
ZIF-8 crystal size affected membrane stability and gas adsorption indicating that the appropriate ZIF-8

crystal size for the propylene/propane separations can be achieved by using ZnCl,. The appropriate time
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for ZIF-8 membrane fabrication was determined to be 10 h. With the increase in membrane
synthesis time from 10 h to 20 h, propylene permeance decreased from 0.9 x 10%to 0.7x10°* mol m2s*
Pal. ZIF-8 membranes prepared with silicalite seeding, ZnCl; precursor, and 10 h synthesis time showed a

propylene/propane separation factor of 170 and propylene permeance of 0.9 x 10 ¥ mol m2s?*Pa’
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CHAPTER IV

MODIFICATION OF ZIF-8 MEMBRANE BY ATOMIC LAYER DEPOSITION FOR HIGH

PROPYLENE/PROPANE SELECTIVITY

Summary

ZnO was coated on the as-synthesized secondary grown ZIF-8 membranes by using atomic layer
deposition (ALD). The ZnO ALD coating reduced the density of non-selective defects on the surface
of ZIF-8 membrane. Different numbers of ZnO coating cycles were deposited on the membrane surface
to investigate the changes in the ZIF-8 membrane microstructure. The resulting ZIF-8 membranes were
tested before and after ZnO ALD for propylene/propane separation. The ZnO ALD coated membranes

showed enhanced performance compared to the as-synthesized secondary grown ZIF-8 membranes.

4.1. Introduction

Propylene/propane separation is challenging due to their similar physical properties and using
conventional distillation methods is energy-intensive [37, 91]. Alternatively, propylene/propane separation
using membrane technology is more energy-efficient and cost-effective than conventional techniques [64].
The selection of membranes is vital for achieving lower capital costs when membrane technology is applied
[121]. Due to the well-ordered porous structure and the suitable aperture pore size, metal-organic
frameworks (MOFs) are well-suited to propylene/propane separation [24, 94, 122]. For example, zeolitic

imidazolate framework (ZIF) membranes are a sub-class of MOFs with robust synthesis protocols and
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exceptional stability of regular crystalline lattices with confined ultra-micropores [90]. ZIF-8
membranes have been of particular interest due to their appropriate pore size (~0.4 nm) for
propylene/propane separation [31]. Diverse types of solvent-based synthesis techniques have been used to
synthesize ZIF-8 membranes including in-situ growth, secondary growth, and counter diffusion methods
[64, 70, 76]. Both in-situ and counter diffusion methods are favorable to high nucleation and rapid synthesis
of ZIF-8 membranes. However, the rapid nucleation likely causes defects on the ZIF-8 membrane surface,
significantly affecting ZIF-8 performance in propylene/propane separation [31]. Among these methods,
particularly the secondary growth method, produces a strong attachment of seed crystals to porous supports,

acting as anchors to achieve a well-intergrown membrane [72].

However, defects in the membrane are inevitable, including inter-crystalline gaps, pinholes, and
cracks, when secondary growth methods are used to fabricate high-quality ZIF-8 membranes [31, 90]. For
example, Zhang et al. computationally investigated structural stability and defect formation in ZIF-8
structure by varying chemicals and synthesis conditions. They found that defects can form at ambient
environmental conditions based on the solvents used in the process [79]. These defects generate the viscous
flow of gases across the membrane, diminishing the separation performance of ZIF-8 membranes. To
alleviate defects and improve the gas separation performance, post-synthetic modification methods such as
ligand treatment, doping with metals, building block replacement, and additional polymer layer coating
have been used [80, 81]. For example, Kwon et al. investigated the post-synthetic hydrothermal ligand
treatment to minimize the defect sites in ZIF-67 membranes. After ligand treatment, the propylene/propane
separation factor increased from 85 to 220, while propylene permeance dropped from 4.6 to 3.7x10® mol
m2stPa? [123]. Lee et al. found that defect formation depends on kinetic variables such as the synthesis
protocol, temperature, and chemical composition. They used post-synthetic ligand treatment at 60 — 100 'C
for 4 h to reduce the surface defects. Reduction in defects resulted in a 6-fold propylene/propane separation
factor enhancement concomitant with the reduction of the propylene permeance by ~75% [31]. Li et al.

explored defects healing by applying organic polymer polydimethylsiloxane (PDMS) layer on a pre-
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synthesized ZIF-8 membrane surface. After PDMS coating, the propylene/propane separation factor

improved from 12 to 67 and propylene permeance dropped from 2.1 to 1.3x108 mol m2s™Pa[48].

Although the post-synthetic methods increased the ZIF-8 membrane separation factor by removing
surface defects, excessive deposition can cause an unacceptable loss in gas permeance [82]. The takeaway
is that post-synthetic treatment methods can be used to maximize the selectivity but at the expense of
compromising the gas permeance through the membrane. Therefore, both membrane gas permeance and
selectivity need to be systematically monitored and controlled when performing post-synthetic treatments.
Several post-synthetic treatment studies have been conducted to address the defects problem, where highly
controlled deposition of a secondary layer by atomic layer deposition (ALD) is a promising approach. ALD,
a vapor phase deposition technique, is a sequential, self-limiting gas-phase deposition method for growing
atomic-scale thin films of oxides, metals, polymers, and many other materials in a layer-by-layer fashion.
ALD has emerged as an exciting new route for producing membranes with nanoscale control of the pore
size, which is extremely attractive from the standpoint of membrane design [124-128]. Hence, ALD allows
one to precisely engineer the pore size to a specific molecular species, particularly small molecules (shifting
of the cut-off pore size) [129]. Atomic layer deposition has already been successfully used to tune the pore

size of membranes for a variety of gas-phase separation processes [24, 130-132].

In this work, we synthesized a ZIF-8 membrane and deposited ZnO on the membrane surface by
ALD. The process involves silicalite seeding and secondary growth for ZIF-8 membrane synthesis,
followed by membrane surface modification by ZnO deposition using ALD. The ZnO layer is expected to
minimize membrane defects and improve propylene/propane separation while minimizing the loss of
propylene permeance. The gas permeance and separation factor of the propylene/propane binary mixture
were measured for the ZIF-8 membranes before and after ZnO ALD. To investigate microstructural

changes, the membranes were characterized using X-ray diffraction (XRD), X-ray photoelectron
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spectroscopy (XPS), Fourier transform infrared (FT-IR) spectroscopy, and scanning electron microscopy

(SEM).

4.2. Experimental section

4.2.1. Silicalite nanoparticle seeding

Silicalite nanoparticles were prepared by the detailed synthesis procedure that has been previously
reported [103]. The molar composition of each component for preparing silicalite seed suspension is NaOH:
H,O: TPAOH: SiO,=1.00: 131.50: 2.86: 9.42, respectively. The procedure followed for seed synthesis
includes NaOH (99.99%, Sigma-Aldrich) being dissolved in the mixture containing H.O and tetra-propyl-
ammonium hydroxide (TPAOH, 1 M, Sigma-Aldrich). Afterward, fumed SiO (0.2-0.3 um powder, Sigma-
Aldrich) was added to the above solution in a water bath having a temperature of 80 °C and stirred to
dissolve properly. The obtained clear solution was left for 4 h and transferred to an autoclave jacketed
vessel for hydrothermal synthesis with a duration of 6 h at 120 °C. The synthesized powder (seed
suspension) was washed with deionized water (DI water) and then centrifuged at 4000 rpm for 30 min.

Finally, the silicalite seed suspension was diluted to 0.05 wt.% for dip coating a seed layer.

4.2.2. ZIF-8 membrane synthesis via secondary growth

For membrane fabrication, an anodic aluminum oxide (AAQ) support disk (diameter: 25 mm,
thickness: 60 pum, pore size: 20 nm, porosity: 24%, Whatman) was used as a support. AAO disks were
immersed into the seed suspension solution, then were sonicated for 5 min to distribute the seeds uniformly
to coat the support surface. The seeded AAO support was dried overnight at room temperature. After drying,
ZIF-8 layers were synthesized on the silicalite seeded AAO support via the secondary growth method. For
ZIF-8 membranes, metal and ligand solutions were prepared separately. Specifically, 0.076 g of zinc
chloride (99.99%, Sigma-Aldrich) was dissolved into 20 mL of DI water, and 3.165 g of methyl imidazolate

(mIm) (99.7%, Sigma-Aldrich) was dissolved into 40 mL of DI water to prepare metal and ligand solution,
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respectively. Subsequently, both the metal and the ligand solutions were vigorously stirred for 30 sec. For
the secondary growth, the dried seeded AAO support was immersed vertically into the synthesis (metal +
ligand) solution and held for 10 h in a Teflon vessel at room temperature. The synthesized membrane was
taken from the Teflon vessel and immersed in 50 mL of methanol, (99.5%, Sigma-Aldrich). The membrane
was removed from the methanol and dried for 12 h at room temperature. The detailed ZIF-8 membrane
synthesis on the AAO support procedure steps is illustrated in Figure 1.1. The ZIF-8 membrane synthesis

procedure has been previously reported in detail [133].

4.2.3. ZnO atomic layer deposition

To reduce defects in the membrane surface, a thin layer of ZnO was coated on the ZIF-8 membrane

via the ALD process. ZnO film formation occurred by the mechanism [128] shown in equation 4.1.
Zn(CzHs),2 + H20 (g) — ZnO + 2C2Hs (9) 4.2)

The ZnO deposition procedure was conducted using the ALD unit (OkYay Tech, Turkey). During the
ZnO deposition process, the ALD chamber temperature was maintained at 70°C with a baseline pressure
of ~200 milliTorr. To achieve the homogeneous coating, ZIF-8 membranes were initially stabilized inside
the chamber for 30 min before the deposition. During the ALD process, Zn(C2Hs). (>95%, Strem Chemicals
Inc.) is introduced into the ALD unit at a pressure of 700 mTorr and held for 100 ms, and then vacuum is
applied to remove the unreacted Zn(C,Hs).. Ultrahigh pure N; is used at a flow rate of 10 sccm for 20 s,
controlled by a mass flow controller, followed by a vacuum to evacuate N,. After that, water vapor is
introduced into the cell to a pressure of 800 mTorr and held for 60 ms, vacuumed, and purged using
ultrahigh pure N2. This entire process constitutes one ALD cycle. In the process, two and four cycles of
ZnO were deposited using ALD with a film thickness of ~0.8 A per cycle. The deposition of ZnO on ZIF-

8 membranes is illustrated in Figure 1.2.
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4.2.4. Propylene/propane binary gas separation experiment

All membranes were stored in a desiccator at room temperature before gas permeation
measurements. Propylene/propane binary gas permeation measurements were performed at room
temperature and atmospheric pressure. The membrane was mounted in a stainless-steel cell with the
membrane surface facing toward the feed side, as shown in Figure 3.1. The flow rate (100 cm*/min) of an
equimolar propylene/propane mixture was controlled with mass flow controllers (MFC), where the gases
were mixed before feeding into the membrane separator. Argon was used as a sweeping gas at a flow rate
of 100 cm®/min on the permeate side. Before collecting the data for each set of conditions, the membrane
separation was allowed to stabilize for ~4 h at room temperature to get steady-state data points. The
permeate gas composition was analyzed using online gas chromatography (Shimadzu, GC-2014) equipped
with a molecular sieve 13X column for the thermal conductivity detector (TCD). The membrane permeance

and separation efficiency measurement details are described in section 3.2.3.

4.2.5. Characterization

The surface and cross-section morphology of the membranes were characterized using a scanning
electron microscope (SEM) and the elemental composition was identified by Energy Dispersive X-Ray
(EDX) analysis, using an FEI Quanta 600 SEM. The crystal structure of the ZIF-8 membrane was
characterized by X-ray diffraction (XRD, Bruker AXS D8 Discover diffractometer with General Area
Detector Diffraction System, 40 kV, 35mA) with a scan rate of 1.0-degree min! and the two-theta range of
5-40 degrees. The chemical structure of the samples was measured by X-ray photoelectron spectroscopy
(XPS, PHI Versa Probe Il Scanning XPS Microprobe with Al Ka line excitation source) and by Fourier-
transform infrared (FT-IR) analysis using Thermo Nicolet 380 FT-IR with Diamond attenuated total
reflectance (ATR). Nitrogen absorption and desorption were performed using a Quantachrome Autosorb I.

Samples were outgassed at 50 °C overnight under a vacuum. pyGAPS was used to analyze the resulting
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isotherms. The surface area and pore volume of the ZIF-8 membranes were measured by N, adsorption at

77 K based on the Brunauer-Emmett-Teller (BET) model.

4.3. Results and Discussion

4.3.1. Membrane characterization

AAO supports have a uniform, vertically aligned pore channels, as shown in Figure 4.2 (a, b). After
seed layer coating, silicalite nanoparticles were homogeneously coated on the support surface [133]. After
secondary growth, the ZIF-8 membranes were uniformly grown on the AAO support, as shown in Figure
4.2c. The cross-section SEM images of the interface between AAO support and ZIF-8 membrane show that
tightly packed grain boundaries are formed due to intergrowth between them. The membrane thickness was
~850 nm when synthesized for 10 h at room temperature and atmospheric pressure, which is thinner than
previously reported secondary grown ZIF-8 membranes [70, 72]. While the secondary grown ZIF-8
membrane on AAO support has a well inter-grown, homogeneous, and compact structure, they can have
defects that are nonselective to molecules. Moreover, the formation of defects is typically caused by
changes in temperature and chemical composition. For example, during rapid crystal growth, which creates
defects on the membrane surface due to the kinetic trapping of defective structures [31]. Additionally,
surface defects are the solvation effect and salt formation on the ZIF-8 framework during synthesis [79].
Ultimately, defects, regardless of how and why they form, affect the membrane's pore structure due to the
lack of proper inter-linkage in the structural framework, which compromises propylene/propane gas

separation [31, 79].

To minimize the density of nonselective membrane defects, ZnO was deposited on the ZIF-8
membrane surface using the ALD technique. As shown in Figure 4.2c, the secondary grown ZIF-8
membrane exhibits a typical intergrown ZIF-8 crystal morphology. Two ALD cycles of ZnO produced a
continuous ZnO layer on top of the ZIF-8 membrane (Figure 4.2¢). The ZIF-8 membranes after four cycles
of ZnO ALD had an amorphous morphology, indicating that precipitation of ZnO has occurred Figure 4.2
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(e, g) shows that the membrane surface was uniformly covered by the ZnO layer during 2-4 cycles of the
ALD process. Figure 4.2 (f, h) showed the cross-sectional view of the ZIF-8 membranes treated with ZnO
ALD. The effect of ZnO ALD treatment on the thickness of the ZIF-8 membranes was negligible while the
membrane surface was uniformly covered by the ZnO layer. ZnO ALD ZIF-8 membranes showed
negligible thickness change (around ~850 nm) compared to secondary grown ZIF-8 membranes, indicating

the ALD treatment generates an extremely thin ZnO layer.

We anticipate that ZnO ALD on ZIF-8 membranes will minimize the defect density. However,
excessive deposition of ZnO at the ZIF-8 pore mouth could clog the pores and cause a severe decrease in
permeance [134]. Therefore, to avoid excessive deposition, we calibrated the effect of pore closure as a

function of ALD cycles through the propylene/propane separation measurement.
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Figure 4.1: SEM images of (a, b) AAO, (c, d) ZIF-8 membrane, (e, f), ZIF-8 membrane after two cycles

of ZnO ALD, (g, h) ZIF-8 membrane after four cycles of ZnO ALD.
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For understanding the compositional changes in the membranes, EDX elemental mapping was
performed on the surface of the AAO supports, ZIF-8 membranes, and ZnO ALD ZIF-8 membranes (2
cycles) as shown in Figure 4.3. The nanocomposite membranes synthesized at room temperature resulted
in the ZIF-8 membrane formation, confirmed by EDX analysis. Elemental mapping of Al and Zn as a
function of ALD cycles by EDX is displayed in Figures 4.3 (a-c). Upon examination, the ZnO is uniformly
distributed across the membrane surface, and the ZnO coverage increases with the number of cycles, as

expected.

The results of the EDX analysis of the AAO support, ZIF-8/AAO support, and ZnO/ZIF-8/AAO
support are summarized in Table 4.1. As expected, the AAO support has an abundance of aluminum
compared to other elements, including carbon, nitrogen, and zinc. The carbon and nitrogen content
increased with the application of the ZIF-8 membrane, while the aluminum content decreased since the
EDX probed depth is ~1 um. Zn content increased from 0.098 wt.% (AAO support) to 2.42 wt.% (ZIF-8

membrane). The Zn content increases after ZnO ALD to 3.49 wt.% or a 44% relative increase.
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Figure 4.2: EDX elemental mapping on the surface of (a) AAO support, (b) ZIF-8 membrane, and (c)

ZnO ALD ZIF-8 membrane (2 cycles).

Table 4.1: The elemental composition analysis data of AAO, ZIF-8, and ZnO ALD ZIF-8 (2 cycles).

Sample Carbon (%) Nitrogen (%) Zinc (%) Aluminum (%)
AAO support 23.32 12.22 0.098 64.36
ZIF-8 membrane 53.54 43.82 242 0.20
ZnO ALD ZIF-8 membrane 53.23 43.52 3.49 0.15
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The crystal pattern of the secondary grown ZIF-8 membranes was characterized by X-ray
diffraction (XRD), as presented in Figure 4.4. The XRD analysis indicated the formation of ZIF-8
membranes. ZIF-8 and ZnO ALD ZIF-8 membrane peaks were observed at 20 of 7, and 11°, consistent
with crystallographic information previously reported [133]. Before and after ZnO ALD, the XRD patterns

were similar, indicative of membrane structural integrity.
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Figure 4.3: XRD patterns of ZIF-8 membrane and ZnO ALD ZIF-8 membrane (2 cycles).

The X-ray photoelectron spectroscopy (XPS) analysis in Figure 4.5 shows Zn 2p spectra with two
distinct peaks at 1022 and 1045 eV, which is characteristic of the Zn 2ps. and Zn 2pi, in ZIF-8,
respectively. The Zn 2p core levels shift slightly to higher binding energy (BE) upon coating with ZnO,
which is to be expected for the higher oxidation state of ZnO relative to ZIF-8 [135]. The Zn 2p spectral
intensity also increases, as expected, and is consistent with Table 4.1. Moreover, Zn 2ps, has a lower BE,

and Zn 2p., is assigned to a higher BE. The shift of the Zn 2p without significant broadening suggests that
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the spectrum is a convolution of the Zn in ZnO and ZIF-8. Therefore, one can conclude that there is a
decrease in several number unsaturated Zn-N bonds in the ZIF-8 membranes and thus a reduction of defects

due to Zn deposition [79, 82, 136, 137].

Similarly, after ZnO ALD, N1s peak (398 eV) shifted to higher BE. The peak shifts also support
the enhancement in Zn-N BE, which further indicates the defects are healed and a more robust ZIF-8
membrane with fewer defects is achieved [31, 82]. Furthermore, the peak intensities and BE of the C 1s
peak (at 285 eV) from the imidazole group indicate that the defects are healed, consistent with the literature
[108, 109]. XPS results, along with the data represented in Table 4.1 show no significant increase in the
carbon atomic percentage after ALD. We conclude that ZnO ALD ZIF-8 membranes have fewer

unsaturated Zn atoms and fewer defects.
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Figure 4.4: XPS spectra of ZIF-8 membrane and ZnO ALD ZIF-8 membrane (2 cycles): (a) Zn 2p, (b) N

1s, and (c) C 1s.

The FT-IR spectra in Figure 4.6 were acquired for the two samples to observe structural changes
in the ZnO ALD ZIF-8 membrane. The band at 995 cm™ is the C=C-N stretching mode, at 1146 cm™ is the
=C-H and C-N stretching modes, at 1580 cm™ is the C=N stretching mode, and at 3134 cm™ is for C-H
bond stretching mode, respectively [115]. After ZnO ALD treatment, the FT-IR peak intensities increase
significantly. It was found that ZIF-8 membranes displayed less absorbance than ZnO ALD ZIF-8
membranes, indicating that ZIF-8 membranes have a higher density of defects relative to ZnO ALD ZIF-8
membranes. Furthermore, the increase in the intensity of the FT-IR peaks is consistent with XPS results
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and indicative of an increase in the robustness in grain boundary structure and reduction in defects of the

ZnO ALD ZIF-8 membranes [113, 115].
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Figure 4.5: FT-IR spectra of ZIF-8 membrane and ZnO ALD ZIF-8 membrane (2 cycles): (a) Zn 2p, (b) N

1s, and (c) C 1s.
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N adsorption and desorption tests were performed on the ZIF-8 and ZnO ALD ZIF-8 membranes,
where the type-1 isotherm is indicative of the microporous structure (pore size <2 nm) of the membranes
[114]. Desorption hysteresis was visible for P/Po > 0.8 for the ZIF-8 and ZnO ALD ZIF-8 membranes,
indicating the presence of micropores and mesopores [116]. Typically, ZIF-8 has a specific surface area
ranging from 1000 to 1600 m? g [138] and depends on the concentration of the unreacted residues [139].
The BET analysis summarized in Table 4.2 for both types of samples indicates that there are negligible
changes in the surface area and pore volume of the membrane with the addition of the ZnO coating. This
indicates that ZnO is on the external surface and/or pore entrance of ZIFs, thereby reducing the density of

surface defects.

Table 4.2: BET surface area and pore volume of ZIF-8 and ZnO ALD ZIF-8 (2 cycles) as measured by N

adsorption at 77 K.

Description BET surface area (m? g) Pore volume (cm3g?)
ZIF-8 membrane (this work) 1474 0.71
ZnO ALD ZIF-8 membrane (this work) 1424 0.70
ZIF-8 membrane [113, 140] 1046 0.51

4.3.2. Membrane separation

The performance of the ZIF-8 membranes and the ZnO ALD treated ZIF-8 membranes for
propylene/propane binary gas mixture separation at room temperature is displayed in Figure 4.7. The as-
prepared ZIF-8 membranes were assessed, then coated with ZnO by ALD, and then retested. For the as-
prepared ZIF-8 membranes, the separation factor was 141. After coating two cycles of ZnO ALD, the

separation factor improved to 264. The significant enhancement in propylene/propane gas separation is
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attributed to the healing of surface defects of the membranes. Membrane defects, intercrystalline gaps, and
grain boundaries in the membranes can generate viscous flow through them, which will strongly affect the
diffusion rate. Minimizing defects reduces viscous flow through these non-selective paths. The conclusion
is that ALD processing is an excellent approach for fine-tuning the membranes by way of reducing the

density of surface defects.

Membranes with four ZnO ALD cycles were also prepared as part of the membrane optimization
process. Four ALD cycles reduced the propylene/propane separation factor from 264 to 238 (Figure 4.7).
This is attributed to clogging the membrane pores. Therefore, 2 cycles of ZnO ALD aided in minimizing
surface defects, but 4 cycles had the added effect of blocking the membrane pores. The propylene
permeance decreased from 0.9x108to 0.6x10¥ mol m?2s™Pa® when increasing the ZnO ALD cycles from
2 to 4 (Figure 4.7). The decrease in the propylene permeance is a combination of a reduction in pore size
and clogging of pores. These results demonstrate that to avoid excessive deposition, ALD processing post-

processing of ZIF-8 membranes needs to be calibrated to ensure optimal propylene/propane separation.
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Figure 4.6: Effect of the number of ZnO ALD cycles on propylene/propane separation performance of the

ZIF-8 membranes.

The results of the propylene/propane separation factor vs. permeance of this study are being plotted
with ZIF-8 data from the literature [24, 48, 64, 71, 72, 119, 141-149] in Figure 4.8. Our as-prepared ZIF-8
membranes (~850 nm thick) exhibited a separation factor of 141 with the propylene permeance of ~1.0x10
8 mol m?s?Pal, where the separation factor is slightly higher than the average value from the literature
scattered around 75. The ZnO ALD treated ZIF-8 membranes of this study improved the separation factor
by 87% relative to the as-prepared ZIF-8 membrane with only a 10% drop in permeance. Note that the ZnO
ALD treated membrane (2 cycles) outperformed the average propylene/propane separation factor of ~75 of

the previously reported results in Figure 4.8 by ~350%.
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Figure 4.8: Propylene/propane binary gas separation performance comparison with literature data.
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4.4, Conclusion

ZIF-8 membranes fabricated using the secondary growth method exhibited impressive separation
performance for propylene/propane binary gas mixture. Moreover, we identified a unique strategy of ZnO
ALD on ZIF-8 membranes to enhance membrane performance, specifically, the propylene/propane
separation factor. The deposition of a ZnO layer on the surface of the ZIF-8 membranes by atomic layer
deposition reduced the density of non-selective defects, which significantly improved the ZIF-8 membrane
performance. The optimal number of two ZnO ALD cycles improved the propylene/propane separation
factor from 141 to 264 (87%) at the expense of only a ~10% decrease in propylene permeance. This study
demonstrated that the ALD postprocessing of ZIF-8 is ideal for minimizing the density of defects and for

reducing viscous flow through non-selective paths.
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CHAPTER YV

HIGH-FLUX ZIF-8 MEMBRANES ON ZnO-COATED SUPPORTS FOR ENHANCED

PROPYLENE PERMEANCE AND SELECTIVITY

Summary

The vapor phase synthesis technique was utilized to produce ultra-thin ZIF-8 membrane on ZnO
deposited AAO support. The method involves the ZnO coating on AAO surface and subsequent
conversion to the ZIF-8 layer using vapor-phase treatment of 2-mlIm. This process enables solvent-free
synthesis, which reduces the number of chemicals in the fabrication and results in ultrathin (~350 nm)
propylene selective ZIF-8 membranes. The vapor phase synthesized ZIF-8 membranes show enhanced

propylene permeance.

5.1. Introduction

Propylene is a highly demanding compound in chemical and polymer industries and is widely used
to manufacture various petrochemical products [150]. Due to high demand in the growing market
conditions, industrially produced propylene has been a shortage [21]. According to Energy Information
Administration (EIA) standards, petrochemical industries produced ~94 million tons of propylene via
traditional distillation in 2015 and are expected to reach ~132 million tons by 2025 [151]. Based on

increasing market demand, propylene production in high volumes creates high energy requirements in the
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industry. For propylene/propane separation, conventional technologies such as cryogenic
distillation require low temperature and high pressure, increasing the cost and energy demand. There is a
need for energy-efficient separation technologies to reduce the energy demand and make the separation
process more sustainable. For example, researchers attempted to separate the propylene/propane mixture
using energy-efficient techniques such as absorption, adsorption, and membrane processes [35]. Due to its
low energy consumption and small footprint, membrane technology gained more attention and is a great
alternative for cost-effective propylene/propane separation [37].

Recent research indicates that metal-organic framework (MOF) membranes efficiently separate
gases via molecular sieving or selective adsorption mechanisms [152]. MOFs have tunable surface
chemistry properties, including adjustable pore size, high porosity with a large surface area, and thermal
and chemical stabilities [94]. Zeolitic imidazole framework (ZIF) is a subclass of MOF, mainly studied and
tested for propylene/propane separation [16]. One reason for using ZIF-8 membranes for propylene/propane
is the ZIF-8 pore size locating between the molecular sizes of propylene and propane [142]. Besides, the
slight difference in molecular sizes enables the diffusion of propylene (0.40 nm) through ZIF-8 pores, which
is approximately 125 times higher than propane (0.42 nm) [82]. The flexible structure of ZIF-8 and high
propylene/propane selectivity inspired researchers to investigate various fabrication methods. The
frequently used fabrication methods for ZIF-8 membranes are mostly solvent-based ones, such as in-situ,
secondary growth, and the counter diffusion method [153]. However, the solvent-based techniques typically
used in membrane fabrication have drawbacks. Due to heterogeneous nucleation, the problems include
generating hazardous wastes, forming defects, and increasing thickness, negatively affecting the crystal
growth and separation performance [64, 86, 154]. To overcome these challenges a more efficient way of
ZIF-8 synthesis is critically needed.

One of the alternative methods is the vapor-phase synthesis method which was reported for
generating ZIF-8 membranes [155]. Due to a simple synthesis process, the vapor-phase synthesis has shown

a possibility to be a low-cost and eco-friendly fabrication. For example, chemical vapor deposition (CVD)
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using atomic layer deposition (ALD) has been used to synthesize ZIF-8 membranes [85]. Stassen et al. have
investigated a solvent-free synthesis of ZIF films on smooth silicon wafers by converting pre-deposited
ZnO films to ZIF-8 via the CVD process [86]. Tanaka et al. examined the growth of ZIF-8 on porous
substrates using the vapor-phase transport method, which includes converting ZnO nanorod array film to a
ZIF-8 layer [87]. Rief et al. reported another approach to growing ZIF-8, which includes spraying ZnO on
porous support followed by subsequent growth of the ZIF-8 layer by a vapor-solid reaction [156]. Wang et
al. reported that the growth of ZIF-8 using ZnO has an excellent binding strength between porous support
and membrane, which makes it superior in mechanical and thermal stabilities [89].

Kwon et al. developed a thinner ZIF-8 membrane around 300 - 400 nm using the vapor-phase
method and the fabricated membranes showed a propylene/propane separation factor of ~120 with
propylene permeance of 1.25 x 10 mol m?s™Pa [90]. Ma et al. reported a solvent-free synthesis process
of ZIF-8 membranes using a vapor-phase method. The ligand-induced permselective (LIPS) technique
converted an impermeable ZnO-coated layer on an alumina disk to a propylene-selective ZIF-8 membrane
layer. The ZIF-8 membranes showed high propylene permeance of 1.67 x 10" mol m?s* Pa® with a
propylene/propane separation factor of 74 [84]. Using the LIPS procedure, Eum et al. fabricated a ZIF-8
membrane with a high propylene/propane separation factor of ~75 and propylene permeance of 5.5x10®
mol m2s?tPal[62].

Although achieving propylene selective ZIF-8 membrane fabrication is possible, an efficient
synthesis process needs to further improve propylene permeance. In this study, a vapor-phase synthesis
method was systemically investigated to convert a ZnO ALD layer to a thin high-flux ZIF-8 layer supported
on anodic aluminum oxide (AAO) substrate. The commercially available AAO support was used to deposit
a thin layer of ZnO via ALD, which was subsequently converted into a ZIF-8 layer by 2- methyl imidazole
(2-mIm) vapor treatment. The vapor-phase treatment to synthesize a high propylene permeable ZIF-8
membrane was found to be solvent-free, seed-free, and reliable and the further membranes were

characterized using SEM, EDX, XRD, and FT-IR, respectively.
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5.2. Experimental

The strategy developed in this work for obtaining an AAO/ZIF-8 nanocomposite membrane
confined in the pores of AAO support involves two key steps: i) deposition of a ZnO thin layer on the
surface of the grain (pore walls) walls of the porous support by using ALD; ii) growth of ZIF-8 material in
the pores of (ALD-Zn0) disk synthesized by vapor-phase treatment. In further sections, ZIF-8 membrane
characteristics are described and discussed hereafter their structure, morphology, and gas mixture
separation performance. Synthesis of ZIF-8 membranes prepared through a vapor-phase synthesis was

provided below in a detailed procedure.

5.2.1. Atomic layer deposition of ZnO

ZnO was deposited at the external AAO surface and inside AAO pores using an ALD system
(OkYay Tech, Turkey). The growth of ZnO is chemically represented based on the reaction described below
[157].

Zn(CzHs)2 + H20 (g) — ZnO + 2C2Hs (Q) (5.1)

The AAO support was placed horizontally inside the ALD deposition chamber at 70 °C with a baseline
pressure of ~200 millitorrs. The supports were first stabilized inside the chamber for 30 min before the
deposition to achieve the homogeneous coating. Diethylzinc (Zn(C2Hs),) and deionized (DI) water (Strem
Chemicals Inc., >95%) were introduced into the ALD chamber as precursors for the deposition of ZnO. A
typical ALD cycle consists of 100 ms exposure to diethylzinc followed by 15 s vacuum purge of N2, and

60 ms exposure to water vapor followed by 15 s vacuum purge of N, as shown in Figure 5.1.
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Figure 5.1: Schematic showing the ALD process of ZnO coating on an AAO support.

5.2.2. 2-mIm Vapor-phase treatment

The conversion of a ZnO layer to ZIF-8 was performed by using the vapor-phase treatment. The
number of deposition cycles was varied (60-90 ZnO ALD cycles) to change the amount of ZnO deposited
on the support to tune the ZIF-8 membrane thickness. The side on which ZnO is deposited was exposed to
0.2 g of 2-methylimidazole (2-mIm) in the Teflon vessel and then sealed in a stainless-steel autoclave
reactor. As shown in Figure 1.3, the reactor was heated at 85- 125 °C in an oven for 20- 28 h during the

conversion of ZnO to the ZIF-8 layer.

5.2.3. Gas permeation measurements

The gas separation efficiency of the synthesized ZIF-8 membranes was assessed by conducting
experiments on propylene/propane separation under atmospheric conditions. The membranes were installed
in a stainless-steel cell with the synthesized membrane surface facing toward the feed side as shown in
Figure 3.1. The propylene/propane equimolar mixture was introduced to the feed side with a flow rate of

100 cm® min't and the flow rates were regulated by mass flow controllers (MFC). The sweeping gas argon
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was supplied to the permeate side at a flow rate of 100 cm® min. For the steady-state permeation
measurements, the membranes were assessed for 4 h and then the stable data points were collected. The
compositions of permeate were analyzed using online gas chromatography (Shimadzu, GC-2014 equipped
with molecular sieve 13X column). The membrane permeance and separation efficiency measurement

details are explained in section 3.2.3.

5.2.4. Characterization

Surface and cross-section micrographs (SEM) were taken with a quanta 600 field emission
scanning electron microscopy (SEM) operating at 20 kV acceleration voltage and a lens distance of 10 mm.
Energy-dispersive X-ray spectroscopy (EDS) mapping and programmed imaging analysis were performed
using Quanta 600 SEM. The X-ray diffraction (XRD) reflections were measured using Bruker AXS D8
Discover diffractometer with General Area Detector Diffraction System, 40 kV, 35 mA with a sampling
frequency of 1.0 degree/min and a scan range of 5- 45 degrees. The Infrared spectra measurements were

collected using a Thermo Nicolet 380 FT-IR coupled with Diamond attenuated total reflectance [ATR].

5.3. Results and Discussion

5.3.1. ZIF-8 membrane characterization

As shown in Figure 5.4 (al, a2) AAO supports were used because of the uniform pore-size
distribution and compact cylindrical channels with low tortuosity [158]. To synthesize the ZIF-8 membrane,
ZnO as a metal precursor was coated on an AAO support then it was converted to a ZIF-8 layer [159].
Based on the good conformity control via ALD, a ZnO layer was uniformly deposited on the AAO support
surface. Figure 5.4b1 shows the morphology of the ZnO layer on the surface of AAQO after depositing 70
cycles of ZnO ALD. Figure 5.4b2 shows that the ZnO crystals have seamlessly grown on the AAQ support,
indicating a strong adhesion on the support surface. The strong bonding of hydroxyl groups of AAO support
with ZnO results in homogeneous polyhedral crystals, ranging between 15 to 20 nm. Lee et al. reported that
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the ZnO layer coated on the alumina support surface via the dip-coating process generated strong adhesion
between ZnO and the support surface [160]. Drobek et al. reported that ALD provides a significant
advantage over other methods in depositing ZnO with great control of coating thickness on porous supports
[85]. This bonding between ZnO coating and the AAO support surface shows the uniform distribution of

the Zn layer, which is an essential step before fabricating thin ZIF-8 membranes.
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Figure 5.2: SEM surface and cross-section micrographs of AAO support (al, a2), 70 cycled ZnO ALD

layer (b1, b2), and ZIF-8 membrane synthesized at 100 °C for 24 h (c1, c2).
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From the top and cross-section SEM images, as shown in Figure 0.4 (b1, b2) the ZnO layer was
uniformly deposited over the entire surface and tightly packed on the porous AAO support, acting as an
intermediate support layer in ZIF-8 membrane growth. The addition of ZnO to the AAO support surface
resulted in a thin uniform seed crystal layer with a thickness of ~85 nm. In Figure 5.4c1, the change in
surface morphology is shown after the ZnO layer was treated with ligand 2-mIm using the vapor-phase
treatment method. Tanaka et al. reported that the vapor treatment method using a ligand dramatically
changed ZnO nanoscale morphology [87]. The SEM images showed that after the vapor treatment the ZIF-
8 growth resulted in amorphous particles with rarely defined faces and edges. After the vapor treatment,
the change in morphology was observed and a well-intergrown interconnected crystal with a homogeneous
compact structure was obtained.

The partial conversion of ZnO to ZIF-8 by the vapor treatment generated a thin layer due to lower
homogeneous nucleation than the solvent-based synthesis methods [86]. The layer of the excessive ZnO,
which has not been fully converted to ZIF-8, provides an oxide bridging material between the AAO support
surface and the membrane, acting as a diffusion barrier for gas permeation [25]. The ZIF-8 layers formed
on the ZnO surface provide a selective permeation of propylene across the membrane. The cross-section
views show the homogenous and conformal crystal layer due to the intergrowth between the support surface
and the ZIF-8 layer. The thickness is narrowed to ~350 nm, due to a solid-vapor conversion, which is
confined to the AAO support surface. In addition, this thin layer formation is probably due to the low
mobility of the ZnO metal precursor during the solvent-free synthesis [86].

The chemical composition of the membranes was characterized using EDX. The ZIF-8 membrane
synthesized at 100 °C resulted in the ternary ZIF-8/ZnO/AAQO material composition. As shown in Figure
5.5 and Table 5.1, in the pristine AAO support, a significant portion of the materials includes aluminum
and oxygen. The EDX mapping results show aluminum and oxygen's dominance, uniformly distributed in
the support [161, 162]. On the surface of the AAQ support, ZnO was deposited using ALD. The consequent

outcome includes deposition of Zn and ZnO, showing the homogenous and uniform covering of the material
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over the surface [85, 163]. The Zn source was mobilized by diffusion and deposited over the AAO support
surface so that most of the material is present on top of the support. For the ZnO layer, the surface and
cross-sectional EDX images confirm the uniform distribution of Zn both on the surface and inside the AAO
pore channels. After the ligand vapor treatment, ZnO was converted to ZIF-8, as indicated by the percentage

increase in C, N, and consequent decrease in Zn concentration.
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Figure 5.4: Cross-sectional SEM images and corresponding EDX elemental mapping of pristine AAO

support, 70 ZnO ALD layer, and ZIF-8 membrane vapor treated at 100 °C for 24 h.
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The decrease in Zn concentration indicates the successful conversion of ZnO to ZIF-8 by the ligand
vapor treatment. However, the low density of the ZIF-8 layer was formed upon exposure to 2-mim
subsequently and the unconverted ZnO was likely present in the interface between AAO and ZIF-8 [84].
According to SEM and EDX results, all the ALD-deposited ZnO is not transformed to ZIF-8. The elemental
composition of the ZIF-8 membrane was validated with the AAO support and ZnO layer in Table 5.1. Also,
the color models (Figure 5.6) composed of the Al, Zn, C, N, and O elemental maps show the composition

of the merged elements from support to the membrane surface and cross-section.

Table 5.1: Elemental composition of pristine AAO support, 70 ALD ZnO layer, and ZIF-8 membrane.

Secondary grown

Element AAO (%) ZnO (%) ZIF-8 (%)

ZIF-8 [133]
Carbon 12.10 14.84 28.48 56.55
Nitrogen 1.39 1.10 7.84 25.96
Oxygen 60.85 51.56 36.98 -
Aluminum 25.49 26.98 23.36 -
Zine 0.18 5.53 3.34 11.01

X-ray diffraction is used to assess the crystalline structure of the ZIF-8 membrane compared to the
ZnO ALD layer and pristine AAO support. As shown in Figure 5.7, typical diffraction patterns observed
at 20 of 14°, 17°, and 23° represents the Al and Al,Os crystalline phase as well as amorphous alumina
compound [133, 164]. Similarly, the diffraction peak for the ZnO deposited layer showed a small broad
peak with low intensity at 26 of ~31.8° which indicates the amorphous nature of the ZnO layer [85, 87].

The formation of crystalline ZIF-8 at 100 °C was found at 26 of 7.3°, 10.4°, 12.7°, and 18°, however, the
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intensity of peaks was not significantly large due to the presence of residual ZnO that was left unconverted,
and because of the formation of a thinner ZIF-8 layer. Stassen et al. reported that the partial conversion of
ZnO is possible at a temperature close to 100 °C, which corresponds to our results [86]. The diffraction

patterns of the synthesized ZIF-8 membranes are consistent with the literature [84, 85, 160].

Intensity (a.u.)
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Figure 5.5: XRD patterns of pristine AAO support, 70 ALD ZnO layer, and ZIF-8 membrane.

In the FT-IR spectra, both strong and weak peaks were observed at 1036 cm™, 1477 cm, 1570 cmv”
1 and 2344 cm™. The weak vibrational peak was observed at 2344 cm due to the C-O bond, and symmetric,
asymmetric peaks were observed between 1470 and 1570 cm™ due to the presence of carboxyl ions. The
strong vibrations were found at 1000 - 1036 cm* because of the Al-O bond complex vibration. These peaks

were all consistent with the FT-IR spectra of the nanoporous AAO [161, 165, 166].
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The FT-IR spectra on the ZIF-8 layer show linker deprotonated 2-mIm, which is incorporated into
the framework of ZIF-8. Therefore, only the ZnO layer's top surface was converted to ZIF-8 membrane
after the vapor-phase treatment technique. After vapor treatment, this residual ZnO layer acts as efficient
intermediate support between the support surface and the ZIF-8 membrane, confirmed by the EDX analysis.
The peaks for ZIF-8 show the vibration of 2-mIm units and are described based on the bond origins. The
band ranged from 1300 to 1500 cm™, and 1584 cm™ correspond to the stretching of the entire aromatic ring
C=N stretching bond vibrations respectively [167]. Similarly, the absorption bands between 3135 and 2929
cm* ascribed to the 2-mIm C-H in both aromatic, aliphatic functional groups stretching, respectively. The

spectra pattern of the ZIF-8 membranes satisfactorily agreed with the literature [168-170].
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Figure 5.6: FT-IR spectra patterns of pristine AAO support, 70 ZnO ALD cycled layer, and ZIF-8

membrane.

5.3.2. Effect of ZnO ALD cycles

The effect of ZnO ALD cycles was examined with varying ALD cycles (60 to 90) on an AAO

support while maintaining the vapor treatment condition under constant reaction time (24 h) and
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temperature (100 °C). The ZIF-8 crystal morphologies and sizes were changed relying upon the number of
ZnO ALD cycles, as shown in surface and cross-sectional SEM images in Figure 5.9. According to the ZnO
ALD cycles of 60, 70, and 90, the thickness of the ZIF-8 membrane was found to be 260, 420, and 850 nm,
respectively. For the 70 ALD cycled membrane, a well-intergrown uniform crystal growth was observed
throughout the support surface and showed a separation factor of ~46 with propylene permeance of 1.4x10°
"mol m2stPa?. The 60 ALD cycled membranes had ~260 nm thickness and showed high permeance with
a low separation factor due to insufficient crystal growth and incomplete interconnection between ZIF-8
crystals. The 90 ALD cycled membranes showed significantly increased crystal growth (850 nm thickness),
and crystals were excessively accumulated on the support surface. The 90 ALD cycled membranes showed
a separation factor of ~ 24 with propylene permeance of 1.7x10® mol m2s?Pa?. Therefore, the 70 ALD

cycled membranes were selected for further experiments.
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Figure 5.7: Surface and cross-sectional SEM images of ZIF-8 membranes synthesized at 100 °C for 24 h

on 60 ALD (a1, a2), 70 ALD (b1, b2), and 90 ALD cycled supports (c1, c2), respectively.
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5.3.3. Effect of vapor treatment time

The optimum vapor treatment (synthesis) time to have a uniform ZIF-8 crystal growth was explored
utilizing the 70 ZnO ALD cycled AAO support. According to the vapor treatment time of 20, 24, and 28 h,
the membrane film thickness was found to be 300, 420, and 490 nm, respectively. The surface and cross-
sectional crystal morphology of the membranes are shown in Figure 5.10. The vapor treatment of 24 h
delivered a consistent interlinked crystal growth all over the support surface. The vapor treatment time of
20 h had a partial growth with the absence of interconnection, and the vapor treatment time of 28 h caused
large overgrown ZIF-8 crystals on the surface [133]. As indicated by the obtained results, the membranes
treated for 24 h had good propylene permeance of 2.9x107 mol m2s* Palwith a separation factor of ~37,

which is higher than the membranes treated for 20 and 28 h.
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Figure 5.8: Surface (al, b1, c1) and cross-sectional (a2, b2, c2) SEM images of the membranes

synthesized by the vapor treatment time for 20, 24, and 28 h, respectively (on 70 ALD cycled support).
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5.3.4. Effect of vapor treatment temperature

The vapor treatment temperature to grow the ZIF-8 membranes on 70 ALD cycled supports was
investigated with a constant synthesis time of 24 h. According to the temperature of 85, 100, and 125 °C,
the membrane thickness was found to be 270, 420, and 700 nm, respectively, as shown in Figure 5.11. The
surface thickness increased with increasing the vapor treatment temperature. The ZIF-8 growth was found
even at a low temperature of 85 °C. However, a random crystal growth with a slow nucleation rate resulted
in incomplete membrane growth. An optimum temperature for ZIF-8 formation was found to be 100 °C
with well-interlinked crystals caused by a homogenous growth. Meanwhile, 85 °C had inadequate ZIF-8
growth, and 125 °C had a large crystal-covered support surface. We came to the conclusion that temperature
enhances the nucleation rate and leads to an increase in the crystal size and thickness [86]. The membrane
obtained by the vapor treatment temperature of 100 °C showed a separation factor of ~ 43 with propylene

permeance of 2.59 x107 mol m2s?!Pa’,
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Figure 5.9: Surface (al, b1, c1) and cross-sectional (a2, b2, c2) SEM images of the ZIF-8 membranes
synthesized by the vapor treatment temperature for 24 h of 85 °C, 100 °C, and 125 °C, respectively (on 70
ALD cycled support).
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5.3.5. Gas permeation measurements of-Z1F-8 membranes

The ZIF-8 membranes were evaluated for the separation of propylene/propane equimolar mixture
at room temperature and atmospheric pressure. The commercially available AAO support with pore size 20
nm has propylene permeance of 10° mol m2s?*Pa? and is not propylene selective. Depositing ZnO on the
AAO support using 70 ALD cycles did not result in notable changes in propylene permeance and
propylene/propane separation factor. Deposition of ZnO partially blocked gas passage with an increasing
number of ALD cycles from 60 to 90 [161]. These permeable and non-selective ZnO-coated AAO supports
were exposed to 2-mIm vapor. After the vapor treatment, it was found that the thin ZIF-8 layer was formed
(~400 nm), and the membranes became propylene selective while keeping propylene permeance high [84].
The synthesized membranes showed high propylene permeance of 3.6x107 mol m? s® Pal with a
propylene/propane separation factor of ~58. In this work, the permeable ZnO layer was successfully
converted to a propylene selective ZIF-8 membrane, while providing high propylene permeance. Reduction
in membrane thickness corresponded to high propylene permeance and enhanced propylene selectivity was
attributed to the increased compactness between the crystals. Using ALD under low-temperature operation
followed by the vapor treatment allowed slow crystal growth, resulting in a high-flux propylene selective
ZIF-8 membrane. As shown in Figure 5.12, propylene/propane separation results were compared with the
previous literature [24, 42, 49, 50, 64, 71, 72, 76, 77, 82, 84, 90, 141-145, 149, 171-176]. The membrane

from this work showed higher permeance of 3.6x10" mol m=s™ Pa™ with a separation factor of ~58.
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Figure 5.10: Propylene/propane separation performances of ZIF-8 membranes from the literature [24, 42,
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Figure 5.11: Propylene/propane separation average performance of ZIF-8 membranes comparison with

literature [24, 42, 49, 50, 64, 71, 72, 76, 77, 82, 84, 90, 141-145, 149, 171-176].
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5.4. Conclusion

In this work, the vapor-phase treatment was demonstrated for converting ZnO to ZIF-8 films on
AAOQ support. The effects of ZnO ALD cycles, vapor treatment time, and temperature were investigated on
ZIF-8 membrane performance for propylene/propane separation. The 70 ZnO ALD cycled support was
activated with 2-mIm at 100 °C for 24 h and the ZnO layer was converted to ZIF-8. Deposition of ZnO
followed by the vapor activation treatment with 2-mIm at low temperature allowed slow crystal growth,
which resulted in a high-flux propylene selective ZIF-8 membrane. The solvent-free vapor treatment
process helped in producing a thin ZIF-8 membrane with a thickness of ~ 400 nm. The ZIF-8 membranes
showed high propylene permeance of 3.6x107 mol m2s? Pa! with a propylene/propane separation factor
of 58. The demonstrated conversion of thin ZnO films into highly crystalline porous ZIF-8 layer can be
utilized in the development of new materials for gas separations. The ALD using various metal oxides have

great potential for integrating MOF thin films and nanostructures into membranes.
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CHAPTER VI

SUMMARY AND FUTURE WORK

6.1. ZIF-8 Membranes for propylene/propane separation

This work aims to develop and evaluate ZIF-8 membranes in producing potential commercial
membrane products for the separation of propylene/propane. This work aims to develop and evaluate ZIF-
8 membranes in producing potential commercial membrane products for the separation of
propylene/propane. In this dissertation, three synthesis methods including silicalite-seeded secondary
growth, ZnO ALD treatment, and vapor-phase methods were developed and assessed successfully. All the
above-mentioned synthesis techniques resulted in the successful growth of ZIF-8 membranes while
efficiently separating the propylene/propane mixture. The first technique was a novel silicalite nanoparticles
seeded via dip-coating method on commercially available AAO support. The key step in silicalite
nanoparticle seeding enabled strong bonding between silicalite seed particles and AAO support surface via
hydrogen bonding. The subsequent secondary growth of this ZIF-8 layer led to a well-intergrown membrane
layer from silicalite crystal, resulting in a reduction of synthesis time typically from days to ~10 h which is
a significant improvement in synthesis efficacy. The resultant ZIF-8 membranes showed an average

propylene/propane separation factor of ~170 with propylene permeance of 0.9 x10-® mol m2s™! Pa %,
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The second technique involved using ZnO-ALD treatment to heal non-selective defects on the
membrane surface to improve the propylene/propane separation performance. The key step in improving
the ZIF-8 membrane performance is based on using the ZnO-ALD treatment which treated surface defects.
It was found that two ZnO-ALD cycles on the surface of ZIF-8 membranes significantly improved the
propylene/propane separation factor from 141 to 264. This post-synthetic ZnO-ALD treatment process is
highly versatile from an engineering standpoint and the ZnO deposition process is rapid compared to other
post-synthetic treatment methods. The second technique is a strategy to move forward by providing
alternative ways to enhance stability in the practical applications of numerous MOF polycrystalline

membranes for prospective gas separation applications.

The third technique involved vapor phase methods where a low quantity of chemicals is used in the
synthesis process when compared to other solvent-based methods. The third technique involved vapor
phase methods where a low quantity of chemicals is used in the synthesis process when compared to other
solvent-based methods. This new technique produced ultra-thin (400 nm) ZIF-8 membranes which showed
high propylene permeance of 3.6x107 mol m 2 s'! Pa * with a separation factor of ~58. The vapor phase
synthesized ZIF-8 membranes were assessed the reproducibility and these membranes resulted in propylene
permeance of ~107 mol m 25" Pa-*with an average propylene/propane separation factor of ~42. The vapor
phase synthesized ZIF-8 membranes were assessed for reproducibility and these membranes resulted in
propylene permeance of ~10~" mol m 2 s~ Pa-twith an average propylene/propane separation factor of ~42.
This novel ALD technique demonstrates the conversion of ZnO to ultra-thin ZIF-8 membranes, which
suggests immense potential in integrating MOF thin films and nanostructures into gas separation membrane

applications.
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6.2. Future work

To overcome the barriers of the commercial applications, improving the membrane fabrication
process potentially reduces the synthesis cost and increases the membrane performance for the commercial
gas separations. However, the framework flexibility of ZIF-8 membranes paves the way to investigate
several synthesis methods to enhance the propylene/propane separation applications. It has been found that
ZIF-8 membranes are limited in terms of propylene selectivity, but this dissertation shows the potential of
synthesis techniques that can enhance the selectivity of propylene/propane while producing high-quality
ultra-thin ZIF-8 membranes. This proves that these ZIF-8 membrane fabrication methods can be further

explored to improve the propylene/propane separation performance.

The reported ZIF-8 membranes which were fabricated using synthesis techniques as explained in
Chapters 3, 4, and 5, show potential in propylene/propane separations on a lab-scale (atmospheric pressure
and room temperature). However, upscaling these techniques for commercial or industrial applications
requires ideal operating conditions such as high pressure and temperatures. In addition to operating
conditions, there might be impurities in feed mixtures of propylene/propane, which is a general challenge
in chemical industrial operations. Therefore, further modifications of these ZIF-8 membranes might be

required for commercial upscaling which is especially important for practical applications.

As reported in Chapter 4, coating additional ZnO on the secondary grown ZIF-8 membrane
displayed a dramatic improvement in propylene/propane separation factor, which is made possible by
minimizing the density of non-selective defects. This shows that ZIF-8 fabrication combined with ZnO, or
any other metals can potentially improve the separation performance of Cs mixtures. Also, the coordination
chemistry of ZIF-8 can be modified by using post-synthetic treatment methods, which can further improve
the membrane separation performance. ZnO-ALD treatment can be further investigated in detail to
understand the intrinsic properties of enhanced ZIF-8 membranes compared to traditionally synthesized

ZIF-8 membrane
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