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ABSTRACT

Porous Organic Cages (POCs) possess high surface area, uniform micropores and thermal and
chemical stability which when combined with solid state molecular packing, not only makes
them applicable in various functional applications, but also makes them stand apart from
materials like metal organic frameworks, covalent organic frameworks, and zeolites. Held
together by covalent bonds, POCs display a 3-dimensional pore connectivity in their crystalline
form. Typically synthesized by imine bond condensation between a trialdehyde and diamine, the
morphology control is directed by the diamine leading to unique packing of the cage molecule
designated as CCX, and X can change from 1 denoting the name specific to the cage. Uniform
pore size POCs have found themselves suitable for applications including catalysis, gas storage

and gas separations.

In this work, the capability of two prototypical POCs denoted as CC3 and CC2 with
limiting pore aperture of 3.6 A to selectively separate CO> from N and H» has been
demonstrated. The adsorption selectivity of CC3 for CO2/N> and CO»/H, were ~8 and ~20
respectively. The adsorption selectivity of CC2 for CO2/Nz and CO2/H; were ~9 and ~35
respectively. The synthesis of continuous and defect-free CC3 membranes were validated with
helium permeability as high as 4.45 x 1077 mol/ (m? s Pa) and He/CHa separation selectivity as
high as 8. To expand knowledge of the formation of POCs, a new POC was synthesized from
CC3 and CC2 POCs by “covalent scrambling” and extensive characterization was performed on
the material to perceive its structure-property relation better. Programming with R was used to
comprehend the crystallinity of the material with respect to its X-ray diffraction pattern. Some
preliminary work was completed (sandwich membranes and composite membranes using
mesoporous MCM-41 crystals) to pave the way for the future directions of this research is also

presented in this work.
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CHAPTER 1 INTRODUCTION

1.1 Motivation and Overview

The presence of porous materials is significant in nature, but they can also be engineered to
suit specific applications. The underlying structure of porous materials comprises of an outer
solid skeleton and a void that can be accessed by a fluid [1]. Depending on their pore sizes,
porous materials are categorized as: microporous (pw < 2 nm), mesoporous (2 nm < pw < 50
nm), and macroporous (pw > 50 nm). The functional behavior of the material is influenced by the
type of voids, topology, and specific surface area of the material, in addition to contribution from
surface chemistry during void-fluid interactions [2]. Broader applications of porous materials

include separations, sensors, and catalysis.

Porous materials like zeolites and MOFs have been proven [3] to show excellent catalytic
properties due to high surface area allowing them to have a better interaction with the reactants in
liquid and gas phase. Ordered porous materials like ZIF-8 have been used in applications like
catalysis of CO> cycloaddition to epichlorohydrin [4]. Therefore, to select a material as a
catalysis candidate, uniform pores and specific molecular dimensions are influential for shape
and size selectivity of catalyst product [5]. Chemical and thermal robustness are 2 crucial factors
to keep in mind when choosing a porous material for catalytic applications because of the
operational conditions (high temperature and chemically corrosive environment). Because of the
corrosive nature of MOFs, zeolites are sometimes preferred for these applications. Due to lower
density of porous materials, their specific surface area (like MOFs) tends to be higher making
them an excellent choice for gas adsorption applications [6,7]. Reusability and regeneration make
porous materials economically and environmentally favorable to be used in industries for

physisorption of gases.

The formation mechanism of a porous material is critical to its applications as many
properties such as crystallinity, morphology, and surface area change when the phase of the
material differs from the targeted one. For separations involving crystalline membranes, crystal
size, morphology, and intergrowth are key variable characteristics. Zeolites have been
extensively used for gas separations because of their high thermal and chemical stability, high
surface area (800 m? /g) [8,9] and especially due to pore rigidity [10]. To separate gases

dominantly with molecular sieving, intergrowth in grain to reduce the non-selective pathways is

13



essential in the polycrystalline membranes pores [11]. Membranes can be grown on supports that
are ceramic or stainless-steel. In-situ crystallization and secondary growth are the 2 major
phenomena controlling the synthesis of a crystalline membrane. A solvothermal synthesis
process is used to add a layer of membrane via the in-situ crystallization technique. Secondary
growth on the other hand, requires an additional step in increasing reliability of the membrane.
Seeds or crystals of the material are first synthesized which then helps to promote the growth of a
membrane layer. Deposition of the seeds can be done with various techniques including
mechanical rubbing, [12-14] dip coating, [15] electrophoretic deposition, [16] thermal seeding,
[17] or chemical attachment. Homogeneous packing or deposition of the seeds layer has been
shown to improve the performance of the membrane [18]. Crystal intergrowth connects the
spaces between the crystals in solvothermal technique which when combined with a layer of

seeds, increases the possibility of having a continuous membrane.

Grain morphology also impacts how membrane intergrowth occurs [19]. Larger grain
sizes lead to lesser grain boundaries thus showing low leaks. Porous materials can be produced
by various synthetic techniques like solvothermal synthesis, microwave synthesis and room
temperature synthesis. Solvothermal synthesis has been widely used to synthesize inorganic
porous materials such as zeolites but also been investigated in synthesis of materials like MOFs
and COFs that contain organic precursors [20]. Typical characteristics of solvothermal synthesis
include its usability for reactions that cannot take place in solid phase, crystallizing materials,
growing single crystals while having control over morphology and size of the particle and
preparation of new phases. Solvothermal synthesis typically takes place from 50 — 100°C, and 1
— 100 MPa of pressure. Teflon lined vessels inside stainless steel autoclaves are used to perform
the reaction. An ordered nuclei is created when the reactant gel rearranges itself because of high
temperature and pressure specifically by increasing the solvation ability of the solvent and

solubility of solutes [21].

Microwave synthesis is another technique that has been used to synthesize materials like
zeolites, mesoporous materials and mixed metal oxides and even organic materials due to the
advantage of having a great reduction in synthesis time [22-28]. With wavelength ranging from
0.01- 1 m and frequencies 0.3-30 GHz region, microwave generate heat by dielectric heating
using an oscillating field. Compared to conventional oven, microwave has the advantage of

attaining higher heating rates, avoiding wall diffusion effects, capability of selectively heating
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reactants in the presence of contaminants and absence of hot spots caused by local super heating
inside a reaction vessel [29]. Microwave synthesis technique can result in narrow distribution of

crystals because of the inability of the technique to help with bulk-nucleation of the solution.

Zeolites, molecular crystals comprised of Silicate, Alumina, Phosphate primary building
block tetrahedrons, form a 3-dimensional aluminosilicate crystal with metals as a part of their
structure. They exhibit various topologies including chabazite, mordenite and clinoptilolite as
found in nature and many others that can be tuned and synthesized in the lab [30]. The rigidity of
the pores of zeolites comes from the strong bond between Si, Al, and P atoms with the 4
cornering oxygen atoms. They have been used as catalysts in chemical industries [31-38]. MOFs
are coordination polymers that are an emerging class of porous crystalline materials. They can
form multi-dimensional structures [39]. They form as a combination of metal ions and
coordinated organic ligands with surface areas as high as 5000 m?/g [40]. Although chemical
diversity and ease of synthesizing even at room temperature conditions are the main advantages
of MOFs [41,42], their inability to withstand higher temperatures are a major disadvantage [43].
Flexibility of pores is one great advantage of MOFs because of the “coordinated polymer”
nature. Unlike uniform pore size of zeolites, MOFs have 2 contributors: a pore and a window
which can be tuned by changing the organic linker and/or the metal ion.

Porous molecules on the other hand are quite different compared to the above-mentioned
materials because of their intrinsic porous nature. They can also exhibit an additional extrinsic
porosity depending on the location of the pore space [44]. They are usually held together by
weak intermolecular forces [44] also leading to properties such as flexibility in pores, mobility,
and high solubility [44,45]. Stability of the porous molecule even in the absence of a
solvent/template is also an additional property that needs to be satisfied to be used in specific
applications. Some examples of porous molecules include amorphous porous molecules [45,46],
crystalline porous molecules such as POCs, dipeptides, [47] and macrocycles [48].

POCs are an emerging sub-class of porous molecules. They show promising
characteristics including uniform microporosity, high chemical and thermal stability and high
surface area [44,49,50]. The first report on the usage of POCs to study gas adsorption was by
Cooper et al. [51]. Typically, POCs are synthesized by imine bond condensation between a
trialdehyde and diamine in a 4:6.5 ratio with triformylbenzene as trialdehyde source. Reversible

or irreversible reactions can lead to formation of different cages in POCs [52]. The advantage of
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using triformylbenzene is that there is a permanent porosity that is created in the cage even after
the solvent is removed because of the lack of bond rotation on the aldehyde-containing molecule
[53]. A diamine is used to create imine condensation along with the trialdehyde source. The

specifically chosen diamine controls the cage packing.

POCs are designated as CCX, and X can change from 1 denoting the name specific to the
cage. To control or change the size of the cage, linkers can be used in different ratios [54].
Polymorphs of POCs can also be produced, depending on the lattice energy formation, because
of the reactions of weak van der Waals forces. CC1 is the first type of POC synthesized using
ethylene diamine. Due to the window-to-arene packing of the cage molecules, they are
essentially non-porous and have bulk molecular packing leading to dense crystalline structure. As
shown in Figure 1.1 and from the study by Tozawa et al., in 2009, while CC2 also packs in a
similar way to CC1, the methyl group contained in the diamine source used to synthesize CC2
obstructs close molecular packing leading to better porosity [51]. CC3 on the other hand packs in
a window-to-window fashion because of the presence of bulky hexagonal vertex rings. In
crystalline form, this cage does not efficiently pack closely, thus creating pore channels

indicating high porosity and in turn a high surface area.

CCl1 cc2

Figure 1.1 Schematic showing window-to-arene stacking in CC1 and CC2 cages, and
window-to-window packing in CC3 POC [51].

1.2 Research Hypothesis

The goal of this work is to shed light on the interaction of POC crystals and POC
membranes with different gases and gas mixtures and gain a deeper perception of the formation
of a new type of POC that could cater to specific real-world applications like gas storage using an

adapted synthetic procedure.

Hypothesis 1: Types of POC vs selectivity
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Among the several types of POCs ranging from CC1 through CC13, the feasibility of a
POC to be applicable in the synthesis of membranes or adsorption of gases highly depends on the
interconnected pores leading to high surface area and porosity. We hypothesize that, if several
types of POC crystals are studied for their interconnectivity, porosity, and viability to be made to

membranes, they can be prudently chosen for separation of the desired gas mixture.

Hypothesis 2: Membrane selectivity

Most typical POC’s CC3 and CC2 have pore diameter of 3.6 A. We hypothesize that, if
prepared as pure or mixed continuous membranes, these materials will have the capacity to
separate gas mixtures like He/CHa, N2/CO2 and H2/CO- with high selectivity owing to the
molecular sieving effect. We propose to synthesize continuous porous organic cage membranes
that allow sieving effects that would efficiently separate the aforementioned gas mixtures.

Hypothesis 3: Crystal size Vs selectivity to choose a material.

If distinct types of synthesis techniques like microwave or solvothermal techniques are
employed, we expect the uniformity of crystals in terms of shape and size to vary by quite some
amount. The uniformity of crystal size thus affects the preparation of these crystals into
continuous membranes which can then be applied for separating gases. We propose to use
diverse types of synthesis techniques including microwave and solvothermal methods to explore

and understand the formation of POC crystals.

1.3 Thesis Organization

This thesis is organized into 6 chapters. Chapter 1 provides an overview of various porous
materials, their applications and motivation for this thesis, research hypotheses, organization of
the thesis as well as summary of findings and major conclusions from this work. Chapter 2
provides an overview of the microwave technique used to synthesize 2 POCs: CC3 and CC2 and
usage of these crystals to study room temperature adsorptions over specific gases. Chapter 3
explores in detail the membrane synthesis procedure and results using CC3 crystals and
separation performance evaluation for an equimolar helium-methane mixture. In chapter 4, a new
synthetic technique: covalent scrambling is explored for POC synthesis. Chapter 5 highlights the
usage of copper metal as a source to synthesize a novel type of copper based ZIF. Chapter 6
provides future directions and suggestions for the work. The chapters 2,3 and 5 of this thesis are
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from published work in peer-reviewed journals with contributions from Dr. James M. Crawford,
Dr. Carolyn Koh, Dr. Moises Carreon and Ashley L. Potter at Colorado School of Mines and Dr.

Praveen Thallapally at Pacific Northwest National Laboratory.
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CHAPTER 2 POROUS ORGANIC CAGES CC3 AND CC2 AS ADSORBENTS FOR THE
SEPARATION OF CARBON DIOXIDE FROM NITROGEN AND HYDROGEN

Modified from a paper published in published in Industrial and Engineering Chemistry
Research 1,

Keerthana Krishnan 2, James M. Crawford , Praveen K. Thallapally 4, Moises A. Carreon °

2.1 Abstract

The selective capture of carbon dioxide over nitrogen and hydrogen is of great industrial
interest in flue gas and hydrogen purification respectively. Microporous adsorbents are highly
suitable materials to preferentially adsorb gases. In particular, POCs with tunable hierarchically
ordered micropores, high surface area, and thermodynamic affinity for CO2 make them appealing
candidates for these applications. Herein, we demonstrate that 2 prototypical POCs denoted as
CC3, and CC2 with limiting pore aperture of 3.6 A can selectively separate CO2 from Nz, and Hs.
For CC3 adsorption selectivities as high as ~8 and ~20 for CO2/N2 and CO2/H; respectively were
observed. For CC2 adsorption selectivities as high as ~9 and ~35 for CO2/N2 and CO2/H;
respectively were observed. Interestingly, the adsorption selectivity of the studied gases correlated

linearly with polarizability selectivity.

2.2 Introduction

CO. accumulation in the environment is one of the major reasons for global warming [55].
Conventional burning of fossil fuels emits gases like CO; at a high concentrations [56]. The
emission of CO from natural gas is almost 50% less per Btu (defined as the amount of thermal
energy required to raise the temperature of 1 pound of liquid water by 1 degree Fahrenheit) than
that from fossil fuels [57,58]. Natural gas not only contains flammable hydrocarbons like methane
and propane, but also nonflammable gases like N2 and Hz and acid gases like CO.. Removal of

these acid gases by a process called natural gas sweetening will help prevent the natural gas

! Reprinted with permission of Ind. Eng. Chem. Res. 2022, 61, 29, 1054710553 *

2 Graduate student, Materials Science, Colorado School of Mines

3 Assistant Professor, Chemical and Biological Engineering, Montana State University; Co-led experiments on
surface area measurements

4 Materials Scientist, Pacific Northwest National Laboratory (PNNL); Assisted with material study.

5 Professor, Chemical Engineering, Colorado School of Mines; Guided with material characterization.

19



pipeline corrosion. Due to the presence of abundant CO: in natural gas, its removal has thus
become an active area of research [56]. CCS is an emerging technology to separate and store CO..
CCS involves 3 stages-pre combustion, post-combustion and oxyfuel combustion. Oxygen or
steam is reacted with fuel to produce syngas (comprising mostly of CO (carbon monoxide) and
H>). Following this reaction is the conversion of CO to CO> with the help of a catalytic reactor.
The last step which involves the separation of CO2 from Hz [59]. Typically, the limiting step of
CCS is CO2 capture.

H2 is majorly produced by steam reforming of natural gas and LPG (mainly consisting of
propane and butane) generating about 48% of the world’s H2 production. Natural gas steam
reforming starts with CH4 being its main component and traces of other gases like N2, CO>, other
sulfur compounds and heavier hydrocarbons. Steam reacts with the hydrocarbon to produce a
combination of H2 and gasses like CO, and CO as secondary products [60]. The endothermic nature
of steam reforming requires large energy inputs. Further purification of H> from CO2 and N also
contributes to energy intensity of the process. Decreasing process intensity and costs has driven

research into molecular gas separations over microporous materials [61,62].

Many conventional approaches have been proposed to capture CO: including absorption,
cryogenic capture and adsorption and the use of membranes [63—65]. But most of these processes
suffer from loss of energy and incapability to regenerate [66] unlike solid adsorbents [67]. High
energy penalties are a major reason why conventional separation techniques like cryogenic
distillation and amine absorption have to be alternated [68,69]. A comprehensive review of
adsorbents used for CO> capture has been reported [70]. As discussed in their study, there has been
an increased demand to develop novel materials for CO2 capture since 2010, most popularly
zeolites and activated carbons [71-75]. While activated carbons have high surface area and are
least cost operative, they fail to perform for high pressure applications [76]. Microporous crystals
as powders or membranes can be used in the last step of the pre combustion CCS as an alternative
because of economic feasibility and simplicity of the separation system [77]. Few adsorbents that
have shown potential for CO, uptake are zeolites, activated carbons, MOF and functionalized
mesoporous silica [78-81]. Rigid internal cavities and very high surface areas of POCs [82,83]
make them appealing for diverse functional applications including separations, and adsorption

applications among others.
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POCs are a class of microporous materials that have tunable pore diameter, high surface area,
thermal and chemical stability making them excellent candidates for gas separations [77,84,85].
The pore structure and crystallographic packing of the different POCs are determined by the exo-
structure directing groups that are present on the vertices of the cages. Packing of the cages of CC2
and CC3 crystal structures is presented in Figure 2.1. The presence of window-to-arene stacks
create isolated pore volume (indicated in yellow) in CC2 (Figure 2.1 (left)) which are countered
by the presence of methyl groups (indicated in green) generating cage voids that encapsulate the
1-dimensional pore channels. The presence of cyclohexyl groups at the vertices of CC3(Figure 2.1
(right)) create a diamondoid-pore network because of the window-to-window packing (indicated

in yellow) [51].

Figure 2.1 Solid state packing of CC3 (left) and CC2 (right) cages highlighting extrinsic
pores as orange spheres and interconnected pores in yellow.

The zero-length column technique has been used to study the sorption kinetics in CC3 using
single and binary mixtures of CO. and CHa. Their study reveals a kinetic characterization of the
diffusivities of the gases through CC3 and adsorption isotherms at 25°C for CO2, CH4 and Na.
Presence of light elements along with the high crystallographic density of CC3 favors light gas
adsorption on CC3 [56]. Computational methods and multiscale simulation were used to study the
absorption of multiple atoms and molecules on CC3 [86-88]. High pressure CO. uptake has been
studied using ATR-FTIR to measure the uptake of CO2 by CC1-CC3 on different pressures [89].
Among the different POCs studied [51], CC3 is the most studied POC which displays a covalently
bonded 3-dimensional organic cage with high surface area [90]. CC3 has dual porosity: one from
within the cage pores and other between cage molecules [56]. POCs, constructed by imine-based
building blocks, have been received recent attention thanks to the compatibility of the imine bonds

with various functionalized diamine molecules and bond reversibility [91].
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CC3 has been employed for diverse light gas, binary gas mixture, and rare gas separation
applications [50,85,91-93]. Solid state molecular packing with uniform interstitial pore sizes
makes POCs different from metal organic frameworks and zeolites. Among the POCs, CC3 is the
most studied 2830311935 They have 3-dimensional connectivity with a limiting pore size of ~3.6
A [85]. Previous study [92] on CC3 as solid adsorbent using multiple gases show that the higher
the isosteric heat of adsorption is, the higher is the adsorption capacity. CO; has the highest heat
of adsorption followed by N2 and H. Henry coefficient can also be used to compare the
selectivity of 2 gases competing to adsorb on the solid adsorbent. A study on CC3 using different
gases reveal the result that large difference in Henry coefficient can lead to higher selectivity
[92]. A previous study shows that the CO2/H: gas pair has the highest selectivity using Henry
coefficient of about 238.6 as compared with the CO2/N2 gas pair with 22.1 selectivity [92].
Herein we explore CC3 and CC2 POCs as adsorbents for the separation of CO2 from N2, and Ha.

2.3 Experiments and Methods

Smaller POC crystal size is highly beneficial to increase surface areas, and gas uptakes. One
very effective synthetic strategy that has been successfully employed to decrease crystal size in

hierarchically ordered microporous materials is the use of microwave [23,25,95,96].

2.3.1 CC3 Synthesis

A CEM Mars 5 microwave with a thermocouple was used to synthesize CC3 crystals. Two
solutions were prepared. Solution 1 was prepared using dichloromethane (25 mL) and 1,3,5-
triformylbenzene. Trifluoroacetic acid was used as catalyst to aid the formation of the imine
bond. Solution 2 was prepared using trans -1, 2-diaminocylcohexane and dichloromethane
(25 mL). 1,3,5-triformylbenzene and trans-1, 2-diaminocylcohexane were used in a ratio of
4:6.5. The 2 solutions were allowed to mix separately for 20 minutes and then together for
20 minutes. Then, the resultant solutions were added to a Teflon liner and sealed with an XP1500
vessel (with a total volume of 50 mL). A ramp rate of 5 minutes was used for the synthesis to
achieve the target temperature of 100°C. This temperature was held for 2 hours after which, the
vessel was allowed to cool down. Ethanol was added to the cooled solution to precipitate the
CC3. The resultant CC3 crystals were then stored at 80°C overnight to dry.
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2.3.2 CC2 Synthesis

Similar to CC3, A CEM Mars 5 microwave with a thermocouple was used to synthesize
CC2 crystals. Two solutions were prepared. Solution 1 was prepared using acetonitrile (20 mL)
and 1,3,5-triformylbenzene (83 mg). Solution 2 was prepared using acetonitrile (10 mL) and 1,2-
diaminopropane (58 mg). The 2 solutions were allowed to mix separately for 20 minutes and then
together for 20 minutes. Then, they were added to a Teflon liner and sealed with an XP1500 vessel
and 20 mL of acetonitrile was added to make the total volume 50 mL. A ramp rate of 5 minutes
was used for the synthesis to achieve the target temperature of 50°C. This temperature was held
for 8 hours after which, the vessel was allowed to cool down to room temperature. Then, the
resultant solution was poured into a glass beaker and covered with parafilm overnight to be filtered
through a Whatman filter (Cat. No. 1001-070). CC2 crystals were then stored at 80°C overnight to
dry.

2.3.3 Characterization

Dried CC3 and CC2 crystals were characterized by PXRD at 30 kV and 23 mA with 1s
dwell time and with Cu Kal radiation (y = 1.54059 °) with a range of angles from 5 to 40.
JEOL JSM-7000Fscanning electron microscope was used to study the morphology of CC3 and
CC2 crystals with an accelerating voltage of 6 kV. Gas uptakes over CC3 and CC2 crystals were
collected on an ASAP 2020 porosimeter to measure their room temperature (293K) adsorption
capacity. N2 isotherm at -196.15°C was used to measure the BET surface area of the studied POCs.

Prior to the analysis, both POC were degassed at 200°C for about 6 hours.

2.4 Results and Discussion

Table 2.1 shows the 2 POCs chosen as selective CO> adsorbents in this study. These 2
compositions (CC2 and CC3 having diamondoid pore network with limiting pore aperture of
3.6 A) allow small gas molecules to adsorb within their pores enhancing gas uptakes. Specifically,
based on the kinetic diameter of CO, (3.3 A), vs H2 (2.9 A), N2 (3.6 A) in principle, these 2 POCs
should be able to effectively adsorb these gases within their limiting pore apertures. Furthermore,
selecting these 2 POCs with different compositions, but the same pore network, and same limiting
pore aperture, allows one to decouple the effect of framework composition on textural and

adsorption properties.
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Table 2.1 Selected POC compositions as adsorbents for CO> separation from N2 and Ho.

POC Trialdehyde Diamine Limiting pore
size (A)

CC2 1,3,5-triformylbenzene 1,2-diaminopropane 3.6

CC3 1,3,5-triformylbenzene trans-1,2-diaminocyclohexane 3.6

2.4.1 Crystalline Structure

The powder X-ray diffraction patterns of CC3 (Figure 2.2a) and CC2 (Figure 2.2b)
crystals are shown in Figure 2.2. The experimental XRD patterns are compared with the
calculated patterns. The experimental XRD patterns of CC3 and CC2 match with the
calculated XRD patterns. Slight shift in the diffraction peaks was observed, likely due to the

modification in interplanar spacing due to difference in packing of the cage molecules “°.
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Figure 2.2 Comparison of XRD patterns of (a) CC3, and (b) CC2 crystals with simulated
patterns.

The flexible pore nature of the POCs make them suitable for separation applications. To
further explain the flexibility of the porous organic cage, experimentally obtained CC3
crystal’s XRD was compared to the simulated XRD patterns of the alpha and beta phases
(previously reported [82]) of CC3. The simulated XRD pattern of CC3p and the
experimental pattern show a significant mismatch, indicating the absence of beta phase in

the synthesized CC3 crystals. On the other hand, comparison between the simulated XRD
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pattern of CC3a and experimental ones showed a good match, confirming that the
synthesized CC3 crystals indeed exhibit an alpha phase. The strong agreement in peak
location and intensity of the experimental vs simulated XRD patterns provides unambiguous

evidence of the presence of CC3 and CC2 phases.

2.4.2 Morphology

Figure 2.3 Representative FESEM images of (a) CC3 and (b) CC2 crystals.

Figure 2.3a shows representative FESEM pictures of CC3 crystals. These crystals display
~1 micron faceted octahedral shapes, which is the typical morphology of CC3 #42, A needle like
morphology typical of CC2 is shown in Figure 2.3b. The size of these needles ranges from

~3-4 microns (width) x 20-30 microns (length).

2.4.3 Adsorption Studies Over CC3

Room temperature (23°C) adsorption isotherms were collected for CO2, Hz, and N2 over
CC3. Additionally, adsorption isotherms for He, and CH4 were collected. CH4 is the main
component of natural gas which is the main source of hydrogen production, and natural gas is
currently the only most commercially viable source for He extraction, and therefore it is relevant

to assess their adsorption behavior over the studied POCs.

Table 2.2 Gas uptakes over CC3 crystals at 1 atmosphere
Gas Qty adsorbed (cm®/g STP)
CO; 39
He 29
Haz 2
N2 5
CH4 24
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The adsorption selectivity (defined by adsorption selectivity = quantity adsorbed by gas
A/quantity adsorbed by gas B) for these 5 gases at 1 atmosphere was calculated. Nitrogen
adsorption isotherm over CC3 at -196.15°C is shown in Figure 2.4. BET surface area inferred

from nitrogen adsorption isotherm is 435.9170 m?/g with a micropore volume of 0.152 cm®/g.
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Figure 2.4 Nitrogen adsorption isotherm at 77K over CC3.

Out of the 5 gases, CO, showed the highest quantity adsorbed of 39 cm®/g, followed by He
at 29 cm3/g, CH4 at 24 cm®/g, N2 at 5 cm®/g and Hz at 2 cm®/g. Figure 2.5 below shows the
adsorption isotherms of all studied gases measured at room temperature over CC3.
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Figure 2.5 Adsorption isotherms for the studied gases collected at room temperature (23°C)
over CC3.
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Pairs of gases with highest adsorption selectivity at 1 atm are CO2/Hz ~19.5; CO2/N2 ~7.80;
He/H,>~14.5; and CH4 /H2~12.0. The greater the value of quadrupole moment, the greater is the
adsorptive nature of the gas molecule “*44, CO has the highest quadrupole moment among the
other 4 studied gases which may explain why it preferentially adsorbs over CC3. The adsorption
capacity ranking of CHa, N2, H2 and He cannot be related to the quadrupole moment because
CHjs has zero quadrupole moment. Hence, polarizability may help to explain gas adsorption
capacity. Therefore, it is helpful to rationalize the adsorptive nature of the studied gases over
CC3 with polarizability. Despite having a low polarizability of 2, as compared to CHg, the
adsorption capacity of He is higher than CH4 over CC3. The kinetic diameter of He is 2.6 A
which is less than CH4 (3.8 A). The pore size of CC3 is approximately 3.6 A. Enhanced
adsorption may be because of the small kinetic diameter of the monoatomic He. CH4 having a
higher polarizability of 25.9x10°%° cm® might be the reason it is adsorbing more on CC3 as
compared to N, and Hz with polarizability of 17.7 x102° cm® and 8.2x10% c¢m? respectively .

2.4.4 Adsorption Studies Over CC2

The gas uptakes over CC2 crystals for the studied gases are shown in Table 2.3.

Table 2.3 Gas uptakes over CC2 crystals at 1 atmosphere

Gas Qty adsorbed (cm®/g STP)
CO> 8.7

He 0.9

H> 0.25

N2 1

CH4 3.5

Nitrogen adsorption isotherm over CC3 at -196.15°C is shown in Figure 2.6. BET surface
area inferred from nitrogen adsorption isotherm is 30.28 m?/g with a micropore volume of
0.0095 cm/g.
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Figure 2.6 Nitrogen adsorption isotherm at 77K over CC2.

Five gases were used to study the comparative adsorption on CC2 powders. Out of the

studied gases, CO2 showed the highest quantity adsorbed of 8.7 cm®/g, followed by CH4 at
3.5cm%/g, N2 at 1 cm®/g, He at 0.9 cm®/g, and H; at 0.25 cm®/g (Table 2.3). Figure 2.7 below shows

the adsorption isotherms for the studied gases collected at room temperature over CC2. Pairs of

gases with highest adsorption selectivity at 1 atm are CO2/H. (adsorption selectivity of 34.80),
CO2/N2 (adsorption selectivity of 8.70), CH4/H. (adsorption selectivity of 14), and CO/He
(adsorption selectivity of 9.67). Similar to CC3, CO2 shows the highest adsorption onto CC2 which

is associated with the highest quadrupole moment of CO. CH4 and N2 follow COz in polarizability.

Helium, having a lower polarizability than Hz °, adsorbs on CC2 better than Ho.
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While helium’s anomalous behavior cannot be fully explained with polarizability or Henry
constant trend, it can be explained (at least partially) with its non-permanent dipole moment. He
attractive interactions are derived almost entirely from instantaneous induced-dipole interactions

producing a slight net attractive force between 2 transient dipole moments.

2.4.5 Adsorption Selectivity

Table 2.4 summarizes the adsorption and polarizability selectivity for CO2/H,, CO2/CHa,
and CO2/N2. The adsorption selectivity for CO2/Hz is 19.50 (CC3) and 34.40 (CC2), CO2/N2is
7.80 (CC3) and 8.70 (CC2) and CO2/CHg4is 1.63 (CC3) and 2.49 (CC2). Polarizability selectivity
was calculated using ratio of individual polarizabilities of gases. Polarizability selectivity for the
pair of gases: CO2/Hz, CO2/CHg4,and CO2/Nz is 3.21, 1.49 and 1.01, respectively.

Table 2.4 Adsorption and polarizability selectivity (calculated) for CO2/H2, CO2/CHa,and
CO2/N2

Adsorption Selectivity
CC3 CC2 Polarizability Selectivity
CO2/H: 19.50 34.80 3.21
CO2/N2 7.80 8.70 1.49
CO2/CHg4 1.63 2.49 1.01
CO./CO2 1.00 1.00 1.00

Collected gas uptakes over CC3 and CC2 at 1 atm (Table 2.2, and Table 2.3) for the studied
gases were used to calculate the adsorption selectivities shown in Table 2.4. Polarizabilities of
CHa, CO2, H and Nz are: 26.0, 26.3, 17.7 and 8.2 *°. These values were used to compute the
polarizability selectivity for the pairs of gases. They have also been graphically represented in

Figure 2.8.
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Figure 2.8
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As it can been from Figure 2.8, even though CC2 displays a very low adsorption capacity

for CO., H2 and N2 as compared to CC3, the adsorption selectivity for CC2 is high by a magnitude
of 2 for CO2/H,. The adsorption selectivity is comparable for CO2/N2 between CC2 and CC3.

Figure 2.9 illustrates the correlation behavior between polarizability selectivity and adsorption

selectivity. As can be observed, the higher the polarizability is, the higher the selectivity is for a

specific gas, and this is consistent for both CC3 and CC2 crystals. Clearly, a linear correlation

between adsorption selectivity vs polarizability selectivity for the studied gases over both POCs is

observed.
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studied gases over CC3 and CC2 crystals. The quantities adsorbed reported by our experimental
method is comparable to Gelles et al [56].
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Overall, the POC framework composition profoundly affected the gas uptakes, and
adsorption selectivities. Specifically, between the 2 POCs having the same limiting pore aperture
(Table 2.1), CC3 displayed the highest gas uptakes. while CC2 showed the highest CO>
adsorption selectivities over N> and H,. Chemically the only compositional difference between
the 2 POCs is the framework diamine (i.e., trans-1,2-diaminocyclohexane for CC3 and 1,2-
diaminopropane for CC2). In addition, morphology (Figure 2.3) may play a significant role too.
CC3 displays small crystals with narrow size distribution, while CC2 shows dense larger plates.
In principle, smaller crystals (CC3) may provide extra microporosity promoting higher gas
uptakes.

2.5 Conclusions

In summary, we have demonstrated that 2 prototypical POCs denoted as CC3, and CC2 with
limiting pore aperture of 3.6 A can selectively separate CO, from N, and H. For CC3, adsorption
selectivities as high as ~8 and ~20 for CO2/N. and CO2/H> respectively were observed. For CC2
adsorption selectivities as high as ~9 and ~35 for CO2/N2 and CO>/H: respectively were observed.
Interestingly, the adsorption selectivity of the studied gases correlated linearly with polarizability
selectivity. Both POCs effectively separated CO, from N2 and H.. While CC3 led to high gas
uptakes, CC2 was a highly selective CO2 adsorbent over gases relevant to natural gas processing
including N2, and H.
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CHAPTER 3 HELIUM RECOVERY FROM NATURAL GAS OVER CC3 MEMBRANES

Modified from a paper published in Journal of Membrane Science letters .

Keerthana Krishnan 7, Ashley L. Potter 8, Carolyn A. Koh °, Moises A. Carreon °

3.1 Abstract

Although helium is a valuable inert gas available in abundance in the earth’s atmosphere,
the major source of helium is from natural gas reservoirs. Membrane based separation processes
pose many advantages like being cost effective and non-energy intensive. In this current study,
we have successfully demonstrated the synthesis of continuous Porous Organic Cage: CC3
membranes to separate equimolar helium methane mixture with permeance of 4.45x10 "mol/
(m?s Pa) and separation selectivity (a) as high as 8. We also compared the diffusion coefficients
of the gases through the membrane to evaluate the dominant mechanism for separation. Lastly,
we compared the performance of our membranes to the state-of-the-art membranes with the help

of'a Robeson plot and found that our membranes outperformed the upper bound.

3.2 Introduction

Helium- heading the noble gas group in the periodic table is chemically inert, non-toxic
and non-flammable. Helium’s applications range from space industry, cryogenics to
semiconductors. With an abundant usage of almost 30,000 tons per year in the US, the major
source of commercially viable helium is helium-containing natural gas [102]. CH4 is one of the
major components of natural gas, making separation of helium from CHjy a crucial issue.
Conventionally, helium is extracted from natural gas in a large scale via cryogenic distillation or
pressure swing adsorption. While significant capital cost and enormous energy consumption are
2 significant drawbacks of cryogenic distillation, helium’s very low affinity to the adsorbent is a

downside of pressure swing adsorption [103]. Membrane separation, on the other hand, uses very

6 Reprinted with permission of Journal of Membrane Science Letters, Volume 3, issue 1, May 2023 100042*
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minimal energy as phase change is not involved [104,105] which also results in thermal driving
force not being involved. Membranes have been reported to have been used for various gas
separations from the 19" century [106]. Specifically, helium was first reported to be separated in
the 1960°s using cellulose acetate as the choice of material [106]. Choice of appropriate material
for membrane plays a key role in helium selectivity. In addition to having a high selectivity,
permeability is also an influential factor in gas separation. This is because larger surface area is

required for membranes that have a low throughput leading to high capital cost [107].

Various materials made into membranes have been used for helium recovery including
polymeric membranes and inorganic membranes like MOFs. Polymeric membranes have poor
thermal and chemical stability, and, in some cases, they might lead to plasticization issues which
requires pretreatment of gases [108,109]. While there is a distinct advantage of having the ability
to tune the pore aperture (in turn controlling the pore volume and surface area) in MOF
membranes [110], the pore flexibility results in fluctuating permeance through the membranes.
Inorganic membranes like zeolites present with drawbacks like brittleness, low area to volume
ratio and lower permeabilities [109]. Carbon Molecular Sieves (CMS) membranes show
promising selectivities for a variety of gas mixtures but, the cost of synthesizing them is 1 to 3
orders of magnitude greater than polymeric membranes [111]. As reported by Haussinger et
al.2005, many polymeric and inorganic membranes have been industrially used for He-CH4
separation having permeance selectivity as high as 150 [112]. But there has been no report on the
use of pure organic membranes in our knowledge. A performance summary of the separation
performance of state-of the art membranes for helium-methane separation is presented below in
Table 3.1 as adapted from literature [106,113]. We have arranged them in the order of decreasing

selectivity and included the performance of our CC3 membranes.

Table 3.1 Membranes for helium-methane separation
Membrane material F;_clarmeance of Selectivity | Reference
e (Barrers)
Polypyrrolone (6FDA/PMDA (10/90)-TAB) 22.5 3041 12
PMMA 9.57 1495.3 18
HPI 62 775 30
PBI 1.05 583 19
Nafion 40.9 401 21
Hyflon AD60X (melt pressed) 405 167 14
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Hyflon AD60X (solution cast) 476 157 14
Matrimid 26.06 124 19
Cellulose acetate 13.6 97 20
Polysulfone 11.8 53.6 26
PPLa 240 29.6 29
Polycarbonate 67 19 18

POC CC3 3300 8 This work
PIM-7 440 7.09 31
Teflon AF-2400 3,600 6 15
PPOP 15.08 5 2
PIM-1 1500 3.5 23
LDPE 7.7 1.45 28
Polyurethane 10 1.1 22
PMP 2600 0.9 2
PTMSDPA 1100 0.7 %
Poly(trimethylsilylpropyne) 6500 0.433 17
PDMS 230 0.4 18
PTMSP 5690 0.4 24

POC:s are a class of crystalline microporous materials that have appealing properties like high
surface area, chemical and thermal stability [85]. These properties when combined with the
uniform pore size and solid-state packing make them excellent candidates for membranes [85].
Porous materials, when formed as membranes, could be used for gas separation in various
industrial applications. Cycloimination reaction and the type of diamine source used decides the
type of POCs formed. While there are many POCs, CC3 is the most studied [50,51,91,94,114].
Trans-1,2-diaminocyclohexane is used as the diamine source along with 1,3,5- triformylbenzene
as the trialdehyde source in a 4:6.5 ratio to form CC3 crystals. CC3 has been successfully grown
as a membrane in planar supports [50]. But, growing the same in a tubular membrane is quite
difficult because of the limited capability of CC3 crystals to adhere to the support. This leads to
stress being developed at the interface of membrane and support [50]. The structure of CC3 and

CC2 are:
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Figure 3.1 Chemical Structure of CC3 (left) and CC2 (right) as reported by Hasell et
al.,. [115] and Mukhtar et al.,. [116]

The chemical formula for CC3 and CC2 are: C72HgsN12 and CssHegoN12 respectively [115]. CC3
exhibits both intrinsic and extrinsic porosity due to covalent bonding. Packing in a window-to-
window arrangement and forming an ordered crystalline structure, the pore network
interconnected 3 dimensionally. In the past, CC3 has been successfully grown on thin film
substrates and tested for various gas permeances [50]. CC3 has been proven to be a viable
candidate for gas separation, such as separation of noble gases in [114]. POCs have also been
used in liquid phase separations for applications like desalination [84]. Herein we demonstrate
the synthesis of a membrane in a tubular porous alumina support composed of porous organic
cage CC3 crystals with a limiting pore size of ~3.6 A for the separation of He/CH4 mixtures. The
role of CC3 crystals is to provide selective sieving pathways that can lead to He enhanced

separation selectivity and create permeation passages leading to high gas permeability.

3.3 Experiments and Methods

CC3 membranes were synthesized (detailed procedure provided below) using a secondary
growth mechanism. Seeds synthesized using microwave technique (described below) were used
to grow layers of CC3 membranes solvothermally at room pressure on to the porous alumina

support. For each additional layer, a higher concentration of the trialdehyde source was used.

3.3.1 CC3 Crystals Synthesis

Dichloromethane (Stabilized/Certified ACS, Fisher Scientific) ,1,3,5- triformylbenzene
(98%, ACROS Organics), trifluoroacetic acid (99%, Alfa Aesar), ()-trans -1,2-
diaminocyclohexane (99%, Sigma Aldrich) were used for CC3 synthesis. CC3 seed crystals were
synthesized with microwave approach. 25 mL of dichloromethane was added to 500 mg of 1,3,5
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triformylbenzene in a beaker. Then, 100uL of trifluoracetic acid (which acts as a catalyst) was
added to the solution. In another beaker, 25 mL of dichloromethane was added to 570 mg of
diaminocyclohexane. The 2 solutions were mixed separately at room temperature for 30 minutes.
Followed by which, the solutions in separate beakers were mixed and let stir for 30 more minutes
at room temperature. Once homogeneous, the solution was transferred to a Teflon liner which
was then fit in a XP1500 vessel. A thermocouple was inserted into the vessel, and it was placed
in the CEM Mars 5 microwave. The solution was allowed to react for 2 hours at 100°C at 400W
power by ramping to the desired temperature in 5 minutes. After the reaction vessel cooled down
to room temperature, the Teflon liner was removed from the microwave and the resulting
supernatant was centrifuged with ethanol multiple times to afford a white product. The

synthesized CC3 crystals were then stored in an 80°C oven overnight.

3.3.2 CC3 Membrane Synthesis

Porous alumina supports were used to grow CC3 crystals. The glazed supports (to provide
additional sealing along with the O-ring) were first sonicated with DI water for 30 minutes at
100°C. After storing in the oven for 24 hours, the supports were then cleaned by sonicating with
ethanol for 30 minutes followed by which the supports were placed in oven (200°C) to dry
overnight. Cleaned supports were then wrapped on the outside with Teflon tape to prevent any
crystal growth outside of the support. 20 mg of previously synthesized CC3 seeds were
suspended in dichloromethane and sonicated for 20 minutes. A pipette was used to drop the
suspension inside of the hot support. The support was then placed in a 100°C to help with solvent
evaporation. This step was repeated multiple times until there was no seed solution left. The

seeded support was left in 80°C overnight.

For the first layer of membrane, 25 mL of dichloromethane was added to 100.6 mg of
1,3,5 triformylbenzene in a beaker. Then, 100 pL of trifluoracetic acid (which acts as a catalyst)
was added to the solution. In another beaker, 25 mL of dichloromethane was added to 114.7 mg
of diaminocyclohexane. The 2 solutions were mixed separately at room temperature for
30 minutes. Followed by which, the solutions in separate beakers were mixed and let stir for 30
more minutes at room temperature. Once homogeneous, the solution was transferred to a Teflon
liner to which the seeded support was added. The sealed Teflon liner was then placed in a Vulcan
furnace to react at 50°C for 48 hours after which it was allowed to cool to room temperature

naturally. Then, the alumina support was removed and washed with ethanol following which it
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was allowed to dry at room temperature overnight and then stored in an 80°C oven for 24 hours.
For the second layer, the same concentration of diamine and trialdehyde source was used and the
reaction conditions were also the same. For the third layer, a higher concentration trialdehyde

source was used (50 mg more) but the reaction conditions remained the same.

3.3.3 Characterization
3.3.3.1 Powder X-Ray Diffraction

CC3 crystals and powders obtained from centrifuge after each membrane layer were
characterized using Siemens Kristalloflex 810 diffractometer. Cu Kal (y = 1.54059°) was used as
the X-ray source at 30 kV and 25 mA with 1 s dwell time with a range of angles from 5 to 40

degrees.

3.3.3.2 Field Emission Scanning Electron Microscope

A JEOL JSM-7000Fscanning electron microscope was used to study the morphology of
CC3 crystals with an accelerating voltage of 12 kV. Further, a membrane was broken, and the
straightest piece was used to get a visualization of the top view of the layers of CC3 on the
membrane. To get an approximation of the thickness of the membrane layer on the alumina
support, a broken membrane piece was mounted vertically on the SEM. Both the crystals and the

membrane were coated with gold sputters to avoid charging before viewing in SEM.

3.3.3.3 Evaluation of Membrane Performance

Layered CC3 membranes were mounted in the membrane testing unit (described in
Denning et al [117]). Equimolar He-CH4 was allowed to flow through the membrane at 30SCCM
with a feed pressure of 20psi and permeate pressure was maintained at room pressure. To
evaluate the flowrate of each gas (in the permeate and retentate side), a bubble flow meter was
used. To measure the composition and percentage of permeate and retentate gases, a GC unit was

used. The column used in the GC is HAYESEP-D and it was operated at 50°C for the oven.

3.4 Results and Discussion

A comparison of the diffraction patterns of the synthesized CC3 crystals to the simulated
diffraction pattern obtained from CCDC (The Cambridge Crystallographic Data Center) is shown
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in Figure 3.2a. The majority of the peaks of the CC3 crystals match well with the simulated
pattern. In Figure 3.2b, a representative SEM image of CC3 crystals is shown.
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Figure 3.2 (@) Comparison of PXRD patterns of CC3 crystals to the simulated pattern. (b)
Representative SEM images of CC3 crystals.

It has been reported in the past that there is correlation between synthesis method and
crystal size [118]. Microwave synthesis technique led to narrow size distribution in the crystals in
very shorter times. For this study, we have synthesized CC3 crystals for seeding the support
using microwave approach and the subsequent layers of CC3 membrane using solvothermal
approach. The difference sized crystals of CC3 can be clearly observed in the representative

cross sectional SEM image of the membrane (Figure 3.2).

Intensity (a.u.)

20 (deg)

Figure 3.3 PXRD pattern from each membrane layer compared to the simulated pattern.
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To evaluate membrane performance and reproducibility, 2 membranes were prepared.
Experimental conditions such as stirring time, temperature, experiment time, amount of solvent
and concentration of the trialdehyde source were kept consistent among the 2 membranes. The
membranes are named M1 and M2. XRD patterns of the centrifuge from each layer were
collected and compared with the simulated pattern obtained from the database as shown in
Figure 3.3. The peaks of the centrifuge layers clearly match with the simulated one showing that
we indeed grew CC3 layers on the porous alumina support. We also studied the possibility of
making CC3 membranes experimentally with consistent concentrations of trialdehyde source and
with progressively lower concentrations for each layer. We found that these membranes had
defects which did not lead to acceptable permeability or selectivity for any gas mixture. This

current procedure is reproducible in terms of both selectivity as well as permeance results.

A lateral view of the CC3 membrane grown via secondary growth is shown in
Figure 3.4a. As can be seen, the membrane is homogenous with an approximate thickness of 2-
2.5 um. The top view of the membrane is shown in Figure 3.4b. Homogeneity in terms of crystal
structure can be inferred from the top view. But there are also many smaller crystals present. This
may be attributed to the secondary growth mechanism with which the membrane was prepared.
Since the pseudo-first layer (seeding) was done with CC3 seeds synthesized using microwave
approach, the size of the crystals grown there after solvothermally, differs in size as compared to
the seeds. There are few larger crystals as seen in the top view which might be due to Oswald
ripening where the larger crystals grew at the expense of smaller ones. While the presence of
only smaller crystals leads to thinner membranes which, in turn, lead to higher gas permeation,
the presence of only larger crystals does not significantly enhance membrane continuity as
observed in a previous study [117]. So, it is a safe assumption that a combination of larger and
smaller crystals has led to the formation of a defect free membrane as reported in this study

which reflects on the moderate selectivity and high helium permeance.
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Figure 3.4 (a) Representative SEM images of side view of CC3 membrane. (b) representative
SEM images of top view of CC3 membrane.

The He-CH4 mixture was used to study the separation performance of membranes. The
result of this experiment is presented in Table 3.2. Equimolar He-CH4 was fed in the membrane
testing unit. Glazed ends of the tubular membrane provided seal to the membrane in the testing
unit in addition to the O-ring. Feed and permeate pressure were controlled in the unit. A constant
feed flowrate and feed pressure of 30 SCCM and 20psi was maintained while collecting
separation data. The separation data was collected over 3 hours during which the feed pressure
was checked to be 20psi since this provides the first defect check for the membranes. While the
fluxes from the retentate and permeate were measured with the help of a bubble flow meter, a gas

chromatograph was used to evaluate the composition of the mixture after passing through the

membrane.
Table 3.2 Separation Performance of CC3 membrane for He-CH4 membrane
He Permeance x10 Separation Separation Index
Membrane ID
(mol/m?sPa) Selectivity a 7 x10° (mol/m?s)
M1 4.45 7.9 2.60
M2 4.22 7.4 2.47

From Table 3.2, The permeance and selectivity obtained from the 2 membranes only
differ by 5% and 6.5% respectively proving that the membranes are highly reproducible. High
permeance values exhibited by the POC membrane may also be attributed to the presence of
small crystals in the first 2 layers of the membrane. CC3’s pore diameter (3.8 A) falls right in
between helium (~2.6 A) and methane’s (3.8 A) kinetic diameters. Therefore, it seems
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reasonable to assume that molecular sieving might be the primary cause of separation because
helium molecules pass through the pores of CC3, but methane molecules do not. Another
parameter evaluated and shown in Table 3.2 is separation index (7). The separation index is
evaluated using the formula given below and considers both the selectivity and permeance of
helium. It has been reported in the literature that separation index is a valid parameter that acts as
a performance parameter to check reproducibility of porous crystalline membranes [18,119—121].
Comparison of separation index amongst the 2 membranes synthesized gives a fair idea about

data reproducibility.
1t = He permeance * (Selectivity — 1) * permeate pressure (3.1)

The closeness of the values obtained for separation index show that the membranes
synthesized are highly reproducible. While the aforementioned assumption holds true, the other
major effect that contributes to membrane separation: which is diffusivity, cannot be neglected.
The kinetic diameter of methane is similar to that of the CC3 crystal. This means that it might be
difficult for the methane molecule to pass through the cages of CC3 at the same rate as a helium
molecule does. But the flexibility of the cages and pores of CC3 will slowly but eventually allow
methane molecules to pass through them. So, diffusion also plays an instrumental role in the
separation process. To consider the effects of diffusion on separation performance of the
membrane, diffusion coefficients were calculated using Fick’s law of diffusion and are presented
in Table 3.3. The concentration gradient of gas across the membrane, flux across the membrane
and the thickness of the membrane is taken into consideration while computing diffusion
coefficients. As it can be seen, the diffusion rate of He is higher than methane again proving that

the membrane is helium selective.

Adsorption study and comparison of adsorption by various gases on CC3 crystals has
been reported previously by our group [122]. From the study, it can be inferred that methane
adsorbs onto the pores of CC3 much better than helium. From the theoretical perspective, based
on just the kinetic diameters of helium and methane and the pore size of CC3, a much higher
value of separation selectivity can be expected. The preferential adsorption of methane onto
CC3’s pores may be attributed to the difference in polarizability (2.448 A3 for methane vs
0.208 A3 for helium [123]) between methane and helium as reported in the study which is in turn

reflected in the reduced mixed gas selectivity.
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Table 3.3 Diffusion coefficients of CC3 membrane for He-CH4

Diffusion Coefficient: He Diffusion Coefficient: CHa4
Membrane ID
(m?/s) x10°% (m?/s) x10°10
M1 4.48 8.05
M2 4.26 7.23

Revised Robeson plot by Soleimany ef al [106,113] was used to plot the obtained He-CH4
selectivity and methane permeance to compare it with the state-of the art membranes and is
shown in Figure 3.5. Our membrane is shown inside a black circle. It can be seen; our
membranes surpass the upper bound in the Robeson plot but not the updated upper bound.
Microporous silica membranes exhibit very high (greater than 10000) ideal selectivity and
helium permeance so far reported, but their incapability to operate in the presence of water vapor
and the necessity to operate them at high temperatures make them unfavorable [124]. CMS
membranes like Matrimid 5218/poly (benzimidazole) (PBI) blend membranes outperformed the
silica membranes in terms of both helium selectivity and permeance [125]. Pure polymeric
membranes like cellulose acetate are easier to manufacture because of abundantly available

resources but their operational temperature (can only operate below 80°C) is a limitation.

Mixed matrix membranes with MOFs, zeolites have been reported to enhance membrane
performances [126—128]. Bushell et al.,[129] reported in their study that the use of ZIF-8 as a
filler in the polymeric membrane increased the membrane performance by 4 times. Feijani et
al.,[130] examined CuBTC, CuBDC, MIL-53(Al) and NH2-MIL-53(Al) MOFs and also found
similar increase in permeance and selectivity for helium. While copolymer membranes such as
poly-pyrrolone copolymers [131], polybenzoxazole (PBO)—co—polypyrrolone (PPL) [132]are
great as they can overcome the operating temperature drawback (can operate in temperatures as
high as 300°C), structural stability and ease of processing (like cooling the feed) [133], the
increased temperature may also reflect in lowered selectivity [134]. In the Robeson plot, these
membranes outperform pure polymeric membranes but there is always a tradeoff between higher
permeability and lower selectivity. Pinnau et al.,[135] reported the use of Teflon AF 2400, a

commercial copolymer for gas separation because of it being resistant to organic solvent.
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Figure 3.5 Robeson plot adapted from Soleimany et al.,[113]. Results from this study are
indicated in the black circle.

The copolymer displayed a high helium permanence of 3600 Barrers and good helium
selectivity as well[136] but for plasticization in the presence of the solvents. Hyflon AD60X® is a
copolymer in which plasticization does not occur and shows high ideal permeance selectivity of
171 as reported by Jansen et al [137]. From Robeson plot, it can be understood that all of the
pure polymeric membranes lie below the upper bound. PBO—co—PPL membranes are the best
copolymer candidates that surpass the new upper bound established in 2016. The CC3
membranes were evaluated with equimolar mixtures of He-CHg at 20 psi for 4 days until
separation measurements were taken, to check their pressure-resistant ability. Simultaneously, the
stability of the membranes was also tested for 5 hours. It was observed that the membranes could

still hold the same pressure even after 5 hours.

3.4.1 Calculations

To calculate the permeance of retentate and permeate gases, partial pressure difference
and flux through the membrane was used. The following formula was used to first compute the

driving force.

o PriTPri (3.2)
Apln,l - 1 pf,l — pp'l:|
n —
Pri — Pp,i

Where, py is the partial pressure of the feed, p, is the partial pressure of the retentate, p,, is the

partial pressure of the permeate and 1 is the gas component whose driving force is calculated.
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Next, permeance of each component was calculated using the ratio of fluxes of component i and
driving force of component i. Then, the ratio of permeances of each component was calculated to

get the ideal permeance selectivity, in our case 1 and j being helium and methane.

P; (3.3
Higealpermselec = F
]

To calculate the diffusion selectivity, the first ideal gas law was used to compute the
concentration of a gas across the membrane. With known pressure of the retentate or permeate
side and temperature, the ratio of volume to number of moles (amount) was calculated. Then,
Fick’s first law of diffusion as given below was used to compute the diffusion coefficient D (in
m?/s) with known thickness of the membrane and flux (calculated previously). In the equation
below, J denotes flux, d¢ denotes change in concentration of a gas across the membrane
thickness and dx denotes thickness of the membrane as observed from SEM. Once both the

diffusion coefficients were obtained, their ratio was taken to get the diffusion selectivity denoted

as aDiffusion Selec:

3.5 Conclusions

To conclude, we were able to successfully synthesize continuous and defect free CC3
membranes with permeability as high as 4.45 x 10" mol/ (m? s Pa), separation selectivity as high
as 8. Comparing our membranes with state-of-the-art membranes for He-CH4 separation, we found
that they outperformed the upper limit in the Robeson plot. Thus, from our results presented here
as well as from scientific understanding of CC3, we can say that continuous CC3 membranes can
also be used in-par with other membranes to recover helium from methane because of molecular

sieving, competition in diffusivity and adsorption properties of helium and methane.
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CHAPTER 4 USING COVALENT SCRAMBLING TO SYNTHESIZE MIXED POROUS
ORGANIC CAGES

4.1 Abstract

To obtain new materials with unique structures, mixing different materials is an extremely
appealing and cost-effective way especially when the palette to work with is restricted [138].
Synthesizing new functionally extended solids in a chemically and physically controlled
environment is also an essential tool. Functional modifications have been tested on many
materials like MOFs and zeolites [139]. They are usually synthesized using direct reaction of
mixed precursors [140] or by modifying them post synthesis using synthetic techniques [141].
But to be used on a broader scale, it is also important to predict and understand the ways in
which these pore modules assemble/pack so that desirable chemical functionalities can be
incorporated at the right time [142]. It has been shown in literature that, by comparing the crystal
structures for different POC cages, their porosity can be enhanced [143]. This means that,
lowering the density of the combined material, because of less symmetrical cages due to the
combination of functionalized and unfunctionalized vertices, can in fact increase the porosity of
the combined material formed [143]. Common characterization techniques are oftentimes
insufficient to provide complete information. Data analysis in combination with techniques in
combination with characterization could prove to be a more robust approach. To form a porous
cage, there needs to be a good balance between crystal packing and shape persistency. Two
POCs: CC2 and CC3 have been combined in a dynamic covalent scrambling reaction to form a
combined product. In this study, we discuss the results obtained from various characterization
techniques and compare it to pure crystals. We also present future directions for this work along

with some insightful conclusions.

4.2 Introduction

Research and development of porous molecular materials is continually advancing. Porous
molecular materials’ discreet molecules are connected with intermolecular forces unlike MOFs,
COFs, polymers, and zeolites which are bonded chemically [144-146]. Typically, exhibiting dual
porosity: 1. extrinsically from the inefficient packing of the solid cages and 2. intrinsically from
reversible bond formation and internal cavity in the molecule itself [147], sometimes these

materials have either 1 or both of these properties. Organic cage molecules have been reportedly
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synthesized using 2 key synthetic approaches either through an irreversible bond formation with
lower yield but good chemical stability or a thermodynamically preferred product resulting from
a reversible reaction with higher yield. Thermodynamic stability of the cage formed is via a
“self-healing” process where new bonds are formed, and existing ones are broken until an
equilibrium is reached [148]. Higher yield from the reaction is a direct reflection of the formation
of cages from basic building units in a one-pot reaction [149]. Cage compounds synthesized
using irreversible reactions often included amide-bond formation [150], nucleophilic aromatic
substitutions [151] or formation of carbon-carbon bonds [152,153]. On the other hand, cages
obtained by reversible reactions included formation of imine bond [154,155] and dynamic
covalent bonds [156,157].

Due to their promisingly high porosity, surface area and gas adsorption capabilities [158—
161], less energy used to regenerate the sorbent during physisorption in comparison with other
chemisorbents [161,162] and simplicity in synthesis, POCs have recently gained attention
[89,163,164] in various applications including gas storage and gas separations. They have rigid
3D diamondoid structure connected covalently with dual porosity, typically synthesized using a
[4 + 6] cycloimination reactions [51]. Depending on the type of diamine source used, several
types of POCs have been reported and designated as CCX where X changes from 1. Taking into
consideration the reproducibility, accuracy, and precision of synthesis of various POCs
synthesized, CC3 and CC2 serve as the most-studied POC with many proven applications
[83,90,165,166].

It is a critical decision to choose the right type of monomer or dimer for the synthesis of
POC to attain the desired topology [143,167]. There has been a detailed report on the evolution
and synthesis of shape persistent POCs by Michael Mastalerz in 2018. The characteristic
properties of these newer materials like surface area and porosity do not surpass the network
materials reported in the literature [44,155,168,169]. But advantages like solution processability
in many common solvents, flexibility of pores for guest interactions and allowance to tune the
physical properties as a result of co-crystallization or mixing make them a great candidate
[83,170,171].

The main goal of synthesizing new porous organic materials is to understand the structure-
property-functionality relationship. In order to do so, the combination and concentration of
building blocks used to synthesize these materials need to be tweaked to attain maximum

accuracy to attain the desired product [172]. Common characterization techniques to understand
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the crystallography of the material might not be sufficient due to the absence of heavier atoms in
the basic molecular structure of these cages, calling for a combination of analytical and
characterization techniques for comprehensiveness. Most of the variations reported in POCs have
been through post-synthesis functional modifications [173,174]. Although functional
modification can be performed, the uncertainties arising due to limited information about the
interaction of functional group and reactants when they try to access the pores cannot be ignored
[175]. So, using new diamine sources to explore the synthesis of new types of POCs will open up
more areas of research. Previously, amorphous cages of POCs have been synthesized using
dynamic covalent scrambling technique by Jiang et al [176]. By mixing distinct diamines at
different ratios, they observed the reduction in crystallinity of the material as an effect of surface
functionality on the scrambled product. Inefficient cage packing also caused an increase in pore
volume suggesting the use of solution-based processing techniques over post-synthetic
modifications especially because of the possibility of “mix and match” assembly of the crystals
[176].

The reversible imine condensation reaction, one of the key characteristics in synthesizing
POCs can itself be used to form co-crystals in solution because of the modular nature in which
the cages are synthesized [177]. Scrambling of the reactants is thermodynamically favored over
self-sorting into 2 new cages or 3 cages (2 parent cages and 1 new component) [178] independent
of the type and ratio of diamine used which is also investigated in a recent robotics study [159].
The pore networks of CC2 and CC3 match closely thus favoring covalent scrambling over any
self-sorting technique [179,180]. It has been reported that even small changes in the ratio of
diamines used could be used to tune the physical properties of the scrambled cages [143].

Giri et al in 2015 reported a scrambled product of 2 liquid diamines [181] after
successfully developing cage molecules having very high gas solubility [181] by functionalizing
the cage molecules and carefully choosing solvents that retain the cavity of the cages. A recent
work by Li et al in 2020 explores the possibility of synthesizing a novel type of POC using
(1R,2R)-4-cyclohexene-1,2-diamine source. Their work highlights the extensive usage of PXRD
to understand the structural formation of the new POC [182]. Previously, Cooper group explored
a design principle to compare the crystal structure of CC1 and CC2 POCs and concluded that the
competitive nature between the methyl groups of CC2 disrupted the molecular packing of CC1
leading to lowering of crystal density [143]. Thus, indicating that, the more asymmetrical the

cages are, the less densely they would pack leading to more porous materials. Study by Cooper
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group in 2011 [143] explores the possibility of synthesizing amorphous POCs with CC1 and CC3
cages. Among various combination synthesis techniques, they assessed, direct co-reactions have
been proven to have an advantage over amine-substitution method because of the absence of
excess diamine available for separation when the reaction is complete. PXRD comparison of the
scrambled products did not show any crystalline structure which was also confirmed using
microscopy as many amorphous particles were found. Although many computational studies
[183-187] have been made to understand this relationship better, the additional layer of
complexity arises due to pore flexibility in POCs.

To form a porous cage, there needs to be a good balance between crystal packing and shape
persistency. This idea, although sounds approachable in theory, is very difficult to achieve
practically [188]. To synthesize completely new molecules of POC, there are many challenges
right from designing the experiments to actually synthesizing them at the laboratory. Choice of
precursors is the first challenge. It is important to pick the right precursor with which a new and
stable cage can be formed to balance the stoichiometry of the cage [46,189]. The next major
challenge is deciding the experimental conditions such as temperature, type of solvent used
[190], concentration of chemicals used and choice of catalyst which could have a direct effect on
the properties of the materials being formed. Kinetically if the product is formed sooner than
expected, their thermodynamic stability is lost [191,192]. Lastly, there might be effects of
amorphous phase being present along with the crystalline phase of the material which is difficult
to detect with techniques like PXRD [83]. In this work, we have addressed the above-mentioned
challenges by choosing asymmetrical cages CC3 and CC2 (having similar pore size) to form a
crystalline structure experimentally. The POC formed by scrambling CC2 and CC3 in a one-pot
reaction is presented with evidence of its structure property relationship. Experimental
conditions, results from characterization such as XRD, SEM, TGA and FTIR and data analysis of

the PXRD pattern using R programming is explained in detail.

4.3 Experimental Methodologies

This section highlights the experimental procedure followed to synthesize a new type of
porous organic cage and characterization performed so far to understand the samples synthesized

using covalent scrambling technique.
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4.3.1 Materials and Synthesis Procedures

Five different samples were studied with covalent scrambling technique. Sample 1
constituted of 100 mg of TFB and 12.5 mL of DCM and proportional amount of (TFB:
DCH=4:6.5) DCH and 12.5 mL of DCM we mixed together for 30 minutes. Then, 100 mg TFB
was dispersed in 12.5 mL ACT and proportional DAP was dispersed in 12.5 mL of ACT 12.5
mL without mixing. The solutions were mixed together at room temperature for 5 days. There
was a clear deposit of reddish colored crystals on the bottom of the beaker.

For sample 2, TFB (83 mg), DAP (95 mg), DCH (58 mg) and DCM (50 mL) were mixed
together in microwave oven and let react at 100°C for 40 hours. The resultant product was visible

crystals after washing with ethanol.

For sample 3, DCM (5 mL) was added to 100 mg of TFB and trifluoroacetic acid (10 pL)
to make solution 1. Then, 50 mg of DCH and 50 mg DAP were added in 5 mL of DCM to make
solution 2. Solutions 1 and 2 mixed together slowly. The reaction was covered and let sit at room
temperature for 48 hours. At the specified time point, a 95% ethanol/5% DCM solution was
added to the reaction and then centrifuged at 5000 rpm to afford the product which were visible

precipitates.

For sample 4, ACT (5 mL) was added to 100 mg of TFB and trifluoroacetic acid (10 uL)
to make solution 1. Then, 50 mg of DCH and 50 mg DAP in 5 mL of ACT to make solution 2.
Solutions 1 and 2 were mixed together slowly. The reaction was covered and allowed to react at
room temperature for 48 hours. At the specified time point, a 95% ethanol/5% DCM solution was

added to the reaction and then centrifuged to afford the white precipitate as product.

For sample 5, DCM (25 mL) was added to 100 mg of TFB, followed by trifluoroacetic
acid (10 uL) to make solution 1. Then, 50 mg of DCH and 50 mg DAP were mixed in 25 mL of
DCM to make solution 2. Solution 1was added slowly to solution 2 to prevent mixing. The
reaction was covered and let react in microwave for 24 hours at 100°C. At the specified time
point, a 95% ethanol/5% DCM solution was added to the reaction and then centrifuged to afford

a white visible product.

4.3.2 Characterization

Dried samples were examined with PXRD at 30kV and 23mA with 1s dwell time and with

Cu Kal radiation (y = 1.54059 °) with a range of angles from 5 to 40 degrees. JEOL JSM-
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7000Fscanning electron microscope was used to study the morphology of the samples with an
accelerating voltage of 6 kV. The samples were then loaded onto the ASAP 2020 instrument to
measure their surface areas using N2 isotherm at -196.15°C and degassed at 200°C for
1000 minutes prior to analysis. ThermoFisher, Nicolet iS50, equipped with a built-in diamond
ATR was used to collect FTIR data using 16 scans. TA Instruments (Q150) was used to perform
TGA ramping from room temperature to 800°C at 10°C/min. Powders of all samples were used

for characterization.

4.4 Results and Discussion

PXRD patterns of all the samples were put together to compare matching peaks with
each other as well as with the calculated pattern as shown in Figure 4.1a below. A similar
comparison was also made with calculated XRD pattern of CC2 from literature as shown in
Figure 4.1b below. As can be observed, few of the experimental peaks match well with CC3 and
others with CC2. So, it was essential to do further data analysis of these XRD patterns using an
advanced approach.
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Figure 4.1: Comparison of XRD pattern of experiment with calculated patterns of CC3(a) and
CC2 crystals(b).

Microscopic images obtained from FESEM are presented in Figure 4.2 below for the 5
samples. Figure 4.2a and 4.2b indicate the SEM images of sample 1. Figure 4.2c and 4.2d
correspond to sample 2, Figure 4.2e and 4.2f show sample 3, Figure 4.2g and 4.2h indicate
sample 4 and Figure 4.2i and 4.2j correspond to sample 5. Many distinctive features such as plate
like structure, spherical structure or even porous diamondoid structure can be observed from the
SEM images.
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Figure 4.2 SEM images of the 5 different samples synthesized using covalent scrambling
technique.

FTIR spectra of the samples were collected and compared to absorbance data from pure
CC3 and CC2 crystals to understand the bond formation. We can confirm an alkane C-H Stretch
appearing at 3000-2840 cm* for samples 3,4 and 5. Almost all the samples show C-N stretches at
1250-1020 cm™. Samples 1 and 2 show similar stretches to CC2 at 1500-1000 cm™ whereas
samples 3,4 and 5 correspond well with CC3. The alkene stretch, which is a typical characteristic
of both CC2 and CC3 could be visualized in all the samples at 1650-1600 cm™.
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Figure 4.3

TGA profiles for the synthesized samples are shown in Figure 4.4. Samples 1 and 2 show
thermal stability till 200°C. Notably, sample 3 shows anomalous readings having exceptionally
low thermal stability and immediate sample decomposition. Samples 4 and 5 show relatively

higher temperature of thermal degradation (above 300°C) indicating thermal stability even after
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covalently scrambling CC2 and CC3 which is a typical characteristic of pure CC3 crystals.
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Surface areas obtained with liquid nitrogen at 77K measurement are also presented in
Table 4.1.

Table 4.1 Surface area of the 5 samples using Nitrogen Adsorption at 77K.

BET (m?/g)
sample 1 1.4
sample 2 4.37
sample 3 252.5
sample 4 8.27
sample 5 697.3

4.4.1 Data Analysis

PXRD patterns of CC2 and CC3 were obtained from the CCDC database. The “cif” files
of each of these POCs were imported onto Vesta to visualize the PXRD patterns and obtain
reflections data. The collected reflection data (Intensity and 2-Theta) were then imported onto
Origin. Origin was then used to plot the 2-Theta vs Intensity plot for each POC. The Peak analyzer
function in Origin was used to identify individual peaks in each XRD pattern collected from the
database. The number of peaks were adjusted to include maximum number of evident peaks. Area
under each of those peaks and the center of 2-Theta corresponding to the peaks were also identified.
This data was then exported to excel for further analysis.

Separately, XRD pattern experimentally obtained from covalent scrambling was also
prepared using the same technique. A program was written using R to compare the experimental
peaks to peaks from database. To understand the crystallinity of the synthesized material, only
XRD peaks till 25 are taken into consideration for this data analysis. Since the center of the peak
(in terms of 2-Theta) is used for comparison, first: absolute difference between the centers of 2-
theta value from experiment and the centers of all the 2-theta values from POCs: CC2 and CC3
were calculated for each sample. Second: minimum of the differences from first step was
calculated. Third: a fixed value for tolerance was assigned to compare the differences computed in
the second step. If the value of absolute minimum difference were above the tolerance, the peak
was called a “new peak” because of the absolute minimum difference being above the tolerance,
this specific peak could not be associated with either CC3 or CC2. Fourth: another tolerance was
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set to compare the absolute minimum difference values among CC2 and CC3. If these values were
equal or if their difference was less than the tolerance, the peak was called: “CC2_CC3” meaning,
the closeness of the values is so high that analysis for this peak becomes inconclusive. Lastly, if
the absolute minimum difference was more than the tolerance, the POC with the minimum value
for absolute difference was assigned to the specific 2-Theta in the experimental value. Finally: the
number of times each POC appeared amongst the experimental POC was calculated and tabulated.
A flow chart for the R code is presented in Appendix A.

Figure 4.5 shows the trend observed when the tolerance for minimum difference used to
identify “New peak” that are characteristics of the sample alone, changes from 0.25 to 0.75. As
tolerance increases, a smaller number of “New peak” are identified because of decrease in leniency
in accommodating the values so much that at 0.75 tolerance, the number of “New Peak” is only

5% as compared to 33% with 0.25 tolerance.
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Figure 4.5 Comparison of how the minimum difference tolerance affects the occurrence of
“New Peak”.

The analysis presented below in Figure 4.6 corresponds to a tolerance of 0.75 with 1. A

maximum deviation tolerance of 0.05 and 2. A maximum deviation tolerance of 0.1.
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Figure 4.6 Comparison of 0.75 tolerance for minimum difference with 0.05 tolerance (a) and
0.1 tolerance for difference of minimum differences (b).

X axis represents samples from 1 through 5. As the deviation tolerance increases from 0.05
to 0.1, meaning when the tolerance for difference of minimum differences becomes higher, the
number of overlapping peaks i.e., CC2_CC3 increases. This also has a significant impact on the
percentages of pure CC2 and CC3 peaks. For example, in sample 4, the percentage of CC2_CC3
peaks increased from 3 to 11 but there was a drop in the CC3 peaks percentage from 45 to 38. This
can be attributed to tune fining of the data analysis. While it can be argued that the overlapping
contribution can be considered for both the pure crystals, it was observed with other tolerance

values that such conclusion will not be justified.

45 Conclusions

An optimal procedure was successfully established to synthesize mixed porous organic cage
materials in a one-pot reaction using solutions of pure POC crystals. We were able to understand
the morphology and properties of the synthesized material with the help of surface area
measurements and SEM images and confirmed crystallinity in a few samples. We were also able
to use the PXRD patterns of the samples to perform an extensive data analysis using R. Our
findings indicate that although XRD patterns serve as a good indicator for crystallinity, more
characterization needs to be performed on the materials to understand their chemical structure and

functionalization which will in turn help us tune them to cater specific applications.
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CHAPTER 5 COPPER BASED ZIF-AN EXPLORATORY STUDY

5.1 Abstract

ZIF’s- one of the most studied materials is a subclass of MOFs. Owing to its high chemical
and thermal stability, high surface area, pore volume and pore tunability, its potential applications
could be found in areas including catalysis, sensors, gas storage and gas separations. The feasibility
of synthesizing these ZIFs in most environmentally friendly conditions leading to a non-toxic and
non-flammable material has made them widely available commercially. ZIFs, typically
synthesized using Zn or Co ions, have a zeolite-like 3-dimensional structure with metal nodes
usually comprising of Zn or Co. These metal nodes are connected to the organic linker having an
imidazole-based structure. In this study, we have modified the synthesis of ZIFs using a copper-
based metal source (copper nitrate pentahydrate). The idea of using copper source emerges from
the fact that, depending on its oxidation state, copper can effectively catalyze reactions involving
high functional groups, it is cost effective and is less toxic. Copper, when formed as a compound,
has particularly good activity in catalytic oxidation and can be an excellent candidate for catalyst
preparation and because of the structural flexibility of the material formed, they can also be used

for gas separations specifically due to molecular sieving effects.

5.2 Introduction

Developing novel materials demands uniqueness in terms of structure-property
relationship, kinetic properties, and adsorption to make them stand apart from conventional
materials [193]. One such group of microporous materials is: MOFs. They have been extensively
studied since 1900 for various gas storage, gas separations and catalysis applications because of
their uniform micropores, high crystallinity, surface area and gas uptake [193]. A sub-class of
MOFs are ZIFs, introduced by Yahgi et al [194] containing transition metals like Zn or Co
coordinated with N atoms through an organic imidazole linker mimicking the framework of
zeolites having a bond angle of 145° [193]. ZIF-8 (a tetrahedral framework) is one of the most
popularly studied materials having variety of applications including gas separations, storage of
gases like CO2[195,196] and catalysis [197,198] due to their tunable nano-sized pores [199,200],
high chemical and thermal stability. Each metal ion in ZIF is connected to 4 imidazole-based
linkers to form a tetrahedral unit [201]. Despite having varied applications and exhibiting

excellent performance, MOFs pose disadvantages such as the need for activation, high cost and
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complexity of synthesis [202] and zeolites have inbuilt templates in them that needs to be

removed prior to use in any applications [203].

Forming a composite material can certainly help with rectifying the disadvantages of the
existing materials [204]. MOFs have also been used as base/support to form a combination metal-
MOF material creating active sites [3,205,206] for example MOF-235, Pt doped Al-MOF and
Cu-Ui0-66 [207,208]. The presence of nitrogen atoms in the imidazole linker that could hugely
support with the stabilization of metals added is one of the major reasons for choosing synthesis
procedures similar to ZIF-8 and ZIF-67 [209]. Doping known concentrations of metal centers into
presynthesized frameworks is one way to tune porosity, hydrophobicity, and surface properties of
ZIFs [195,210,211]. There has been a report on using Co ions in place of Zn ions leading to
increased stiffness in the nitrogen bonds created [196,211] leading to improved separation of an
olefin-paraffin mixture.

It was observed by He at al., and Yang et al., [212,213] that when a metal is doped onto an
existing MOF, the material not only develops newer properties such as conductivity from the
metals but retains properties such as high specific surface area and pore structure of the parent
material. It is important to keep in mind to maintain the isostructural nature of the parent ZIF and
the hybrid material while creating new materials as not all combination of linkers and metal source
leads to isostructural materials [200,201].

To control the parameters that affect the synthesis of MOFs, metal additives also known as
modulators could be used. This is specifically done to control the rate of nucleation and growth
[214] either by reducing the points of nucleation thus increasing the size of already formed crystals
or by increasing the rate of nucleation to an extent where the crystals have no time to grow. The
occurrence of either of this phenomenon depends on the concentration of the metal, its basicity and
coordination to the linker [214,215].

A study by Schoenmakers [201] has shown that just by doping octahedrally coordinated Cu
ions on presynthesized ZIF-8, the tetrahedral symmetry of the material was altered.
Copper (I1) nitrate has been used for functionalizing ZIF-8 crystals for antibacterial applications
by immersion of presynthesized ZIF-8 crystals in a known concentration of a hydrous copper
nitrate solution [216]. A similar study was conducted by Ahmad et al [204] by doping copper ions
onto ZIF-8 to study the catalytic reduction of CO. because of the ability of copper to reduce the
energy barrier [217-219]. ZIF-67, another prominently studied MOF has also been studied for its

gas uptake upon doping copper ions by Yang et al in 2012 [220]. Pangestu et al reported the
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synthesis of a copper-based MOF as a heterogeneous catalyst for the production of biodiesel using
a one pot solvothermal reaction [221]. Because of the creation of Lewis acid copper (I1) sites, there
have been reports of higher adsorption of gases like CO, [222]. One primary reason copper has
been investigated as a potential catalyst for applications like dehydrogenation of alkanes is the
reduction of cost as compared to sources like iridium [223].

While chelation of new metal source in the existing framework has been extensively
explored, co-synthesizing metals in the MOFs have not been investigated. The interaction of the
substituted metal ion can also be a source to coordinate valence electron because of their partially
filled orbitals [224]. A study by Nguyen et al [209] identified new diffraction peaks in the
composite Cu-ZIF-67 material along with change in morphology indicating an inconclusive
coordination of the added copper source [209]. One key drawback of using doped Cu is reduction
in activity and conductivity leading to poor thermal stability [209] which could be overcome by
directly co-synthesizing copper based nano crystalline structures overcoming some of the
drawbacks [225,226]. A study by Chen et al., 2016 [227] and Yang et al., 2021 [213] revealed that,
in the process of calcination of these materials, there was a unform dispersion of metal ions that
prevented metal agglomeration.

Herein we have demonstrated our understanding of the synthesis of a copper based ZIF by
co-crystallization rather than doping. We have implemented various synthesis strategies including
room temperature, solvothermal and microwave approach to synthesize these crystals and
characterized them using XRD, SEM, surface area measurements and FTIR. Comparative data
analysis of PXRD patterns of the synthesized materials with literature using “R is also presented

in this work.

5.3 Experimental Methodologies

This section highlights the experimental procedure followed to synthesize a new type of
ZIF using copper nitrate as a source of metal, characterization performed to understand the

samples synthesized and data analysis from comparing literature with experiments using R.

5.3.1 Materials and Methods
5.3.1.1 Synthesis

ZIF samples were synthesized with the help of chemicals purchased from Sigma Aldrich.

0.594g of copper nitrate hemi(pentahydrate) was used along with 3g of DI water, 0.328g of 2-
58



Methylimidazole and 3.76g of Ammonia solution for the synthesis of this ZIF. For room
temperature (RT) synthesis (designated as sample 1a), copper nitrate hemi(pentahydrate) was
mixed with DI water to form solution 1 and 2-Methylimidazole linker was mixed with Ammonia
solution to form solution 2. Solution 1 and 2 were stirred together at room temperature for
30 minutes. Following that, the resultant solution was centrifuged at 4000rpm for 10 mins with DI
water several times to obtain clear product. ZIF powders were stored in an 80°C oven overnight.
For solvothermal synthesis (designated as sample 1b), copper nitrate hemi(pentahydrate)
was mixed with DI water to form solution 1 and 2-Methylimidazole linker was mixed with
Ammonia solution to form solution 2. Solution 1 and 2 were stirred together at room temperature
for 30 minutes. Following that, the solution was poured into a Teflon liner and sealed to be treated
solvothermally at 100°C for 48 hours. For microwave (MW) synthesis (designated as sample 1c),
copper nitrate hemi(pentahydrate) was mixed with DI water to form solution 1 and 2-
Methylimidazole linker was mixed with Ammonia solution to form solution 2. Solution 1 and 2
were stirred together at room temperature for 30 minutes. Following that, the solution was poured

into a Teflon liner and sealed to be treated in the microwave at 100°C for 48 hours.

5.3.1.2 Aging

1.188g of copper nitrate hemi(pentahydrate) was used along with 6g of DI water, 0.6569
of 2-Methylimidazole and 7.52g of Ammonia solution for the synthesis of ZIF. For room
temperature synthesis, copper nitrate hemi(pentahydrate) was mixed with DI water to form
solution 1 and 2-Methylimidazole linker was mixed with Ammonia solution to form solution 2.
Solution 1 and 2 were stirred together at room temperature for 72 hours. For solvothermal
synthesis, 1.782g copper nitrate hemi(pentahydrate) was mixed with 9g DI water to form solution
1 and 0.984g 2-Methylimidazole linker was mixed with 11.28g Ammonia solution to form solution
2. Solution 1 and 2 were stirred together at room temperature for 30 minutes. Following that, the
solution was poured into a Teflon liner and sealed to be treated solvothermally at 150°C for
72 hours. Samples synthesized using “aging” technique are designated as samples 2a and 2b.

A new source of copper metal: Copper sulfate pentahydrate was also identified to be used
for synthesis of Cu-ZIF. 0.6054g of copper sulfate pentahydrate was mixed with 4.2g of DI water
to form solution 1, 0.33g of 2-Methylimidazole linker and 3.76g of Ammonia solution was mixed
to form solution 2. Solution 1 and 2 were stirred together at room temperature for 30 minutes.

Sample synthesized using copper sulfate pentahydrate as a metal source is designated as sample 3.
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5.3.2 Characterization

To understand the morphology of the materials synthesized, a JEOL JSM-7000F field
emission scanning electron microscope was used, and lesser amounts of powders were deposited
using carbon tape technique. Powdered ZIF samples were loaded using quartz crystal mounting
technique in the Siemens Kristalloflex 810 X-ray diffractometer to gather Powder X-ray
diffraction patterns using Cu Karadiation at 1.54059 °A wavelength, a voltage of 30 kV and a
current of 25mA. ASAP 2020 porosimeter was used to collect isotherms of the samples using
liquid nitrogen at —196°C. Room temperature isotherms were also collected for the samples using
ASAP 2020 porosimeter for methane and nitrogen gases. Prior to measuring isotherms, the
samples were degassed in vacuum under 200°C for 10 hours. FTIR peak data was collected using
ThermoFisher, Nicolet iS50.

5.4 Results and discussion

The concentration of metal source, linker and solvent remained same across different
synthesis techniques. To understand the effect of time on synthesis, aging of the samples was
done keeping all other parameters constant. XRD, SEM and FTIR characterization results are

presented below.

5.4.1 X-Ray Diffraction

PXRD patterns on the synthesized samples are presented below in Figures 5.1 through 5.3.
Figure 5.1 presents results from non-aging synthesis of Cu-ZIFs, where a comparison with ZI1F-8,
one of the most popularly investigated ZIFs is also presented [228]. This was done to understand
the crystallinity of the structure formed. As it can be observed, Cu-ZIFs synthesized using room
temperature, solvothermal and microwave techniques have their first crystalline peaks at the same
20 angle (approximately 15 degrees) indicating similar structures formed using the same
concentrations of chemicals but different synthesis techniques. There is an additional pronounced
peak occurring at about 18 degrees for the room temperature synthesis which seems to be dormant

for the other 2 types of synthesis.
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Figure 5.1 Comparison of PXRD patterns of Cu-ZIF synthesized using RT, MW and
solvothermal synthesis techniques and comparison to ZIF-8.
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To understand the effect of aging, X-ray patterns are compared keeping the synthesis
technique the same but changing the experimental conditions in Figure 5.2. For RT synthesis, no
additional peaks are observed as a result of aging (Figure 5.2b). For solvothermal synthesis
(Figure 5.2a), aging seems to have made more peaks pronounced and some new peaks are also
observed indicating additional formation of crystalline structures due to phenomenon like

Oswald ripening and nucleation because of the effect of temperature alongside synthesis time.
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Figure 5.2 (a) Comparison of PXRD patterns of Cu-ZIF synthesized using solvothermal oven
with (72 hours) and without aging (48 hours) and (b) Comparison of PXRD patterns of Cu-ZIF
synthesized in RT with (72 hours) and without aging (30 mins).

To understand the effect of a different metal source, the X-ray diffraction patterns obtained
for samples 1,2 and 3 were compared as shown in Figure 5.3. It can be inferred that the peaks
present earlier using copper nitrate as a metal source are missing while using copper sulfate. This
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might be due to the interaction of functional groups present in the source with the linker causing
less crystallinity. Further experiments were not continued with copper sulfate as a metal source

for this very reason.
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Figure 5.3 Comparison of PXRD patterns of Cu-ZIF synthesized in RT using copper nitrate
and copper sulfate as a metal source.
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5.4.2 XRD Data Analysis Using “R”

PXRD patterns of various other ZIF’s (close to 50) were obtained from the CCDC database.
The “cif” files of each of these ZIF’s were imported onto “vesta” software to visualize the PXRD
patterns and obtain reflections data. The collected reflection data (Intensity and 2-Theta) were then
imported onto “Origin” software. Origin was then used to plot the 2-Theta vs Intensity plot for
each ZIF. The Peak analyzer function in Origin was used to identify individual peaks in each XRD
pattern collected from the database. The number of peaks were adjusted to include maximum
number of evident peaks. Area under each of those peaks and the center of 2-Theta corresponding
to the peaks were also identified.

Separately, experimental ZIF’s XRD pattern was also prepared using the same technique.
A program was written in “R” to compare the experimental peaks to peaks from database. Since
the center of the peak (in terms of 2-Theta) is used for comparison, the program was written in R
in such a way that, first: difference between the first 2-theta value from the experiment and all the
2-theta values from all the ZIF’s in the database was calculated. Second: minimum from the
differences from first step was calculated. Third: whichever ZIF had the minimum difference with
the experimental value, that ZIF name was assigned to the specific 2-Theta in the experimental
value. If more than 1 ZIF has the same minimum value as the experimental ZIF, all those ZIF s

were considered. An additional layer of tolerance was for the minimum difference was set to 1: if
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the value of minimum of the differences were greater than 1, that specific peak was called a “New
peak” indicating that the peak was characteristic to only the Cu- ZIF and not similar with any ZIF

from literature. Similar calculations were made for all 26 angles for the experimental ZIF.

Table 5.1 Results of data analyses of XRD patterns using “R.”

ZIF Percentage
Samole 1a 202 16.87
P 67,72,8 9.64
202 15.15
Sample 1b 1 8.33
202 11.59
Sample 1c 2,72 7.25
202 19.05
Sample 2a 10 15.87
202 17.46
Sample 2b 4 873

Finally: the number of times each ZIF appeared amongst the experimental ZIF was
computed as a percentage. Any ZIF from database that has similarity of more than 5% to the
experimental ZIF was reported in the summary and only the top 2 ZIFs (ranked in percentage) are
presented in Table 5.1.

It is evident from the data analysis that ZIF -202 predominantly appears in all the samples
and contributes to similarity of more than 15% consistently in all the samples although other ZIFs
like ZIF 2,1,72,8,4 and 10 appear and contribute to a less significant percentage. To understand
the properties of ZiF-202, we referred back to the literature. Nguyen et al [229] synthesized 3
mixed extended frameworks ZIFs (ZIF 202,203 and 204) having square planar secondary building
units (SBU) sourcing a presynthesized Cu(ll) complex specifically for testing CO> capture. Their
results showed that ZIF -202 synthesized with the precursor resulted in a non-porous material with
extremely low gas uptake. SXRD revealed a P421c space group with evidence of reduction and
decomposition of deposited copper. The SEM mages of ZIF -202 also showed clear octahedral

structure unlike our Cu- ZIF.

5.4.3 Microscopy

Microscopy images collected on Cu- ZIF samples are shown in Figures 5.4 through 5.6.

Figure 5.4 shows images of samples synthesized without aging. Diamond like structure is observed
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for the room temperature sample (a) as compared to a thin paper like structure of the solvothermal
(b) sample. Corrugated edges and a combination of smaller and larger crystals are observed for
microwave samples (c) indicating continuing evolution of morphology. The size of all the crystals

formed are uniformly around 5-8 microns.

Figure 5.4 SEM images of samples synthesized using room temperature (a), solvothermal
technique (b) and microwave (c).

The effect of aging is evident on some of the images below in Figure 5.5. Even though
room temperature synthesis still shows diamond like crystalline structure (Figure 5.5a), the
morphology of crystals seems to be vastly different using solvothermal technique. A combination
of plate like, diamond and amorphous structures could be observed in Figure 5.5b. Growth of
crystals or fusion of the formed crystals may be a reason for this observation alongside Oswald

ripening of the formed diamond structures.

Figure 5.5 Scanning Electron Microscopic images of aged samples synthesized in room
temperature (a), and solvothermal technique (b).

Copper sulfate clearly produces 2-dimensional chip-like structures that also form clusters
as observed in Figure 5.6 below. Although the amorphous nature of the formed material is not

predominant in the form of spheres, clear 3-dimensional structures could not be observed.
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Figure 5.6 Scanning Electron Microscopic images of copper sulfate sample synthesized in

room temperature.

5.4.4 Surface Area and Room Temperature Isotherms

BET surface areas were measured on the samples with liquid nitrogen at 77K and are
presented in Table 5.2 below. Both room temperature (sample 1a) and solvothermal (sample 1b)
samples exhibited a remarkably high surface area of approximately 700 m?/g. In spite of using the
same concentrations and experimental conditions, microwave synthesis (sample 1c) exhibited
lower surface area as compared to others. This is a typical trend [118]observed with samples
synthesized using microwave technique as the size of crystals synthesized is smaller and uniform
as compared to other techniques. The surface areas of aging samples (samples 2a and 2b) followed
the same trend as their non-aging counterparts exhibiting high surface area due to longer times
available for the nucleated crystals to grow. The lowest value was observed for solvothermal aging
sample which is also in agreement with the amorphous morphology observed via microscopic

imaging.
Table 5.2 Surface areas of the covalent scrambling samples obtained using ASAP 2020 at
T7K.
Sample BET (mz/g)

Sample la 728.33

Sample 1b 735.2207

Sample Ic 562.59

Sample 2a 746.94

Sample 2b 288.71

Among the 5 samples whose surface area was collected, the sample with lowest surface

area was omitted for further analysis and study. Room temperature isotherms were collected on
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the remaining 4 samples (RT: sample la, RT aging: sample 2a, ST-sample 1b and MW- sample
1c) using 3 different gases: nitrogen, helium, and methane and is presented in Table 5.3 below.
The highest-pressure point of approximately 115 kPa was attained by each sample for every gas
used. The existing ASAP 2020 micromeritics instrument was modified by circulating coolant to

maintain a room temperature of 22°C.

Table 5.3 Room temperature gas uptake capacity by 4 different samples for nitrogen,
helium, and methane gas

Quantity Adsorbed cm3/g

Sample Nitrogen Helium Methane
Sample la 1.16 0.55 0.39
Sample 2a 0.73 1.25 0.86
Sample 1b 3.45 0.70 4.43
Sample 1c 0.63 0.45 0.20

Gas uptake values were found to be highest for samplelb: microwave synthesis for 48 hours
at 100°C for methane gas followed by the same sample for nitrogen gas which is also consistent

with a high surface area observed for sample 1b.

5.4.5 FTIR Spectroscopy

A comparison of FTIR peak data for several Cu- ZIF samples is shown in Figure 5.7. The
characteristic peaks [230] at 429 cm™ (Zn-N), 1418 cm 1 (C=N), 775 cm™* (C—H), 1147/986 cm!
(C—N) are clear indications of formation of ZIF framework. The stretch occurred due to the
presence of 2-Methylimidazole linker is also evident in all the samples. There is also a stretching
observed between 450-600 cm™ clearly indicating Cu-N bond formation [230].
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Figure 5.7 Comparison of FTIR spectra of Cu- ZIFs with peak identification.

As PXRD data analysis using “R” conformed a repeated occurrence of ZIF -202, the FTIR
data of Cu- ZIF was compared to ZIF-202. The FTIR peak data for ZIF-202 was obtained from
Nguyen et al [229]. From the comparison it was observed that the stretching occurring at 3000-
3100 is missing in ZIF-202 which might be due to the formation of a mixed product from the
presynthesized precursor.

5.5 Conclusions

To conclude, we were able to successfully demonstrate a synthetic procedure to synthesize
a new type of MOF material Cu- ZIF using copper nitrate as the only source of metal as opposite
to conventionally using Zn or Co. We were able to compare the results obtained from aging and
non-aging effects on our synthesis techniques in terms of their morphology, surface area,
crystallinity, and bond formation. We were also able to perform a data analysis of the PXRD
patterns obtained experimentally to almost all the ZIFs in literature using R and found that
Cu- ZIF matched with ZIF-202 up to 15% in some samples indicating the presence of copper
metal. To further understand this material and its properties, measurements such as single crystal
XRD and understanding of structural flexibility (in terms of swing and gate-opening effects) with
the help of neutron scattering could be extremely beneficial. Another future direction of this
study would be to evaluate molecular diffusion of gases at various concentrations with the help

of neutron scattering to get a better understanding of the microscopic diffusivities.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

We have explored the applications prospective of 2 POCs: CC2 and CC3 in this work. We
assessed the crystals for gas uptake and synthesized continuous membranes that could separate a
desired gas mixture. We also extended our understanding of co-crystallization by synthesizing a
mixture of 2 existing POCs and characterizing them. Finally, we explored the possibility of
synthesizing a new copper based ZIF. The major findings and conclusions of this work are
summarized below.

1. By synthesizing the POCs using microwave technique, we were able to achieve uniform
crystal size that helped with gas uptake measurements using nitrogen, hydrogen, helium,
methane, and carbon dioxide.

2. We computed adsorption selectivity for all the pairs of gases and found values as high as
~20 over CC3 crystals and ~35 over CC2 crystals for CO2/H; and ~8 and ~9 over CC3 and CC2
crystals for CO2/N2. These values indicate a clear potential to use pure CC3 and CC2 crystals to
separate aforementioned gas mixtures with a tradeoff between gas uptake and separation.

3. Room temperature gas uptake was found to have a direct correlation with polarizability
values of gases and a linear correlation was observed between adsorption selectivity and
polarizability selectivity.

4. Pure CC3 membranes were synthesized using a combination synthesis approach. CC3
seeds were synthesized using microwave approach but subsequent layers of membranes were
synthesized using solvothermal approach. We found that adding multiple layers on the support
decreased the chance of defect formation.

5. We demonstrated the synthesis of defect free CC3 membranes and evaluated their
separation performance using equimolar He/CH4 mixture. We observed a permeability value of
4.45 x 10" mol/ (m? s Pa) and a separation selectivity of 8. We also compared our membranes
with the help of Robeson plot.

6. Pore diameter of pure CC3 crystals lie around 3.6 A which is in between helium and
methane’s pore diameter thus, backed by evidence we can conclude that molecular sieving could
be the dominating phenomenon for separation of these equimolar gas mixture with minor

contributions from diffusion and adsorption.
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7. The rate at which helium diffuses was higher as compared to methane leading to a belief
of helium selective membrane which was also supported by comparison of polarizability of
methane and helium gases.

8. Different sized crystals could be visually seen in SEM indicating simultaneous
nucleation and growth and ripening of the already nucleated crystals leading to values of
moderate selectivity and high helium permeance.

9. The reproducibility of our membranes was evaluated using separation index. The
closeness of the values of separation index was an indication of the surety of our membrane
synthesis procedure.

10. We identified a procedure to co-synthesize a mixture of 2 POCs: CC2 and CC3 in a
one-pot reaction. Room temperature, microwave and solvothermal techniques were assessed.

11. To compare the new POCs crystalline structure, we used R and found that as tolerance
for comparison decreased, the number of signature peaks for the new POC also increased
providing us more information about crystallinity and comparison to existing POCs.

12. We also evaluated the effects of using different solvents such as DCM and ACT in the
formation of new POC crystals and observed change in morphology of the formed crystals
ranging from amorphous to porous diamondoid structure.

13. Relatively higher thermal stability of over 300°C was observed for all the samples
synthesized using covalent scrambling technique which could be a result of contribution from
both CC2 and CC3’s thermal stability.

14. The motivation to develop a synthetic procedure for a new ZIF was based on several
appealing properties of copper metal which could then be directly applicable for applications
such as catalysis and gas storage.

15. We analyzed the effect of aging and non-aging synthesis techniques on Cu- ZIF and
found that aging as expected increased the size of the crystals while also fusing and forming new
morphologies.

16. Our data analysis using “R” revealed that Cu-ZIF matches up to 15% (in some
samples) with ZIF-202 which was then identified to be a copper doped ZIF confirming the

presence of copper in our material.
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6.2 Future Directions and Preliminary Work
6.2.1 Upgrading the Performance of CC3 Membranes

Defects in membranes can be limited/eliminated by various seeding techniques, some of
which were assessed in this work. Many such methods can be explored in future for growth of a
stable layer. Since seeding is the first step in assuring synthesis of defect free membranes, we
propose exploring different seeding techniques that would allow growth of a stable layer onto the
support. One seeding technique we have explored during the course of our research is: Cleaned
supports were stored in 200°C oven overnight. 20 mg of synthesized CC3 seeds were mixed with
50 mL Dichloromethane and sonicated for 30 minutes to make a homogeneous solution. Hot
supports were dropped into the solution and let sit for 30 minutes. Then, the supports were carefully
placed horizontally in the 100°C oven for solvent evaporation for 1 hour. This step was repeated 3
times. At the end, the seeded supports were stored at 100°C overnight. Another seeding technique
is: Cleaned supports were stored in 200°C oven overnight. 20 mg of synthesized CC3 seeds were
mixed with 40 mL Dichloromethane and sonicated for 30 minutes to make a homogeneous
solution. Hot supports were then dropped into the solution and let sit for 72 hours at room
temperature. Then, the supports were carefully placed horizontally in the 100°C oven for solvent
evaporation for 24 hours. At the end, the seeded supports were stored at 100°C overnight. Lastly,
we explored improving the attachment of POC seeds onto the cleaned supports by soaking the
supports (wrapped outside with a Teflon tape) in a solution of TFB prior to synthesizing layers of
CC3 on. With all of these seeding techniques, we have observed improvements in membrane
stability. Other techniques such as spin coating[50], dip coating [231], interfacial synthesis [232],
and ALD (Atomic Layer Deposition) [233] have been well established for synthesis of thin films
and 2-dimensional POC crystals and membranes which could also be investigated to coat the
tubular supports with POC crystals. Due to having significantly different morphology and
chemistry, the adsorption of gases onto CC2 would be quite different from CC3. Thus, preparing
membranes from pure CC2 could also be another potential future research with emphasis on study
of arrangement of CC2 crystal and growth. Since the limiting pore aperture of CC3 and CC2is 3.6
A, selecting and testing gas mixtures that have kinetic diameters above and below could
theoretically aid in successful separation only due to molecular sieving effect for example: gas
mixtures such as: methane-carbon dioxide, methane-nitrogen, propane-hydrogen, and propane-

helium.
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6.2.2 MCM-41 and CC3 Composite Membranes

The primary objective of this study was to investigate the effect of pore structures of a
filler material on POC membranes to help develop a high-performance membrane. EXisting high-
performance membranes reported in updated Robeson plot [113] have a tradeoff between
permeability and selectivity. As a consequence, there is a motivation to develop membranes that
could exhibit high values for both permeability and selectivity for specific pairs of gases. Many
mixed matrix membranes with mesoporous silica have been reported for gas separation
[126-130,234,235]. Mixed matrix membranes are formed by embedding a porous solid of known
pore diameter into a polymer host. The interaction between organic crystals and the filler plays a
critical role in membrane continuity and performance [236]. The chemical functionality brought
in by the porous solid effectively contributes to the surface chemistry between gas and adsorbent
leading to much higher gas diffusion [234]. The usage of an ordered MCM-41 to embed porous
crystals on a membrane has not been reported in the literature to our knowledge. Silica is
chemically inert, inexpensive, and thermally stable [237]. So, an ordered mesoporous silica
MCM-41 was used as a representative filler. The physiochemical property of the membrane was
studied with the help of SEM and SAXD measurements. A typical synthesis of ordered MCM-41

silica is shown in Figure 6.1 below.

Surfactant
micelle
Micellar rod

4 %

Siicate

Figure 6.1 Typical MCM-41 synthesis procedure adapted from Raji and Pakizeh [238]

Three membranes labelled M1, M2 and M3 were synthesized using MCM-41 and CC3
materials and the procedure mentioned in Table 6.1 below. MCM-41 crystals were synthesized
following the procedure by kalash et al.,[239]. The major difference among the membrane
synthesis procedures were for M1, a co-crystallization: co-synthesis approach was used to
simultaneously form a solution of CC3 and MCM-41 and grow membranes from that solution,
for M2, a new seed deposition procedure: hot dipping was tested with the CC3 layer and for M3,

a conventional solvothermal layering approach was used.
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Table 6.1

composite membranes.

Testing various procedures for layered and co-synthesis of MCM-41: CC3

Membrane I\/Ilemb_rane Gel composition Step 1 Step 2
ayering
Agitate MCM-41 gel
for 60 mins---add Calcine at
CC3seeds (10 mg) -- | 250°C (1°C/min
MCM-41 + 0.34 g NaOH, 1.01 - stir for 30 mins--- till 250°C-- hold
M1 cC3 g CTAB, 30 mL DI, keep wrapped for 6 hours--cool
5.80 g TEOS support in autoclave at 2°C/min) --
for 48 hours at 75°C - stored in
-- dry outside for 24 60°C oven
hours
Agitate for 6_0 MiNs-—- |~ ine at 552°C
-crystallize at (1°C/min till
0.34 g NaOH, 1.01 1%2{}&!&22?&?;#3 552°C-- hold for
MCM-41 | g CTAB, 30 mL DI, wrapped support-- 6 hours--cool at
5.80 g TEOS : 2°C/min) --stored
wash with DI water in 60°C oven for
and dry at 35°C for
M2 6 hours
24 hrs.
Dip hot (stored in Leave in oven
10 mg CC3 seeds 100°C oven for 2 overnight for
CC3: Hot lvent (50 hours) MCM-41 solvent
Dipping +DCM solvent ( layered .
mL) . evaporation and
support multiple .
. testing
times
Agitate for 60 mins-- Calcine at 552°C
--crystallize at (1°C/min till
0.34 g NaOH, 1.01 1%;)“;!&:2?&%‘#3 552°C-- hold for
MCM-41 | g CTAB, 30 mL DI, wrapped support-- 6 hours--cool at
5.70 g TEOS : 2°C/min) --stored
wash with DI water in 60°C oven) for
M3 and dry at 35°C for 6 hours
24 hrs.
Cook MCM-41 Leave in oven
CC3 gel (with TFB | layered membrane in overnight for
CC3 and DCH 4:6.5 CC3 gel at 100°C for solvent
mole ratio) 48 hrs. evaporation and
solvothermally testing

Representative microscopic images from membranes M1 and M2 after depositing a layer
of MCM-41 and CC3 are shown in Figure 6.2. JEOL JSM-7000Fscanning electron microscope

was used to study the morphology of the samples with an accelerating voltage of 10 kV. As seen
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from the SEM images, ~1 micron faceted octahedral shapes are observed in Figure 6.2b, the
typical morphology of CC3.

Figure 6.2 SEM images of deposited CC3 crystals on M2 membrane.

Since the membrane growth onto M1 occurred after co-synthesis of CC3 and MCM-41 and
the support was calcined at a lower temperature than is required to synthesize pure MCM-41
crystals (because of the thermal degradation temperature of CC3 being ~300°C), complete
removal of template might not have occurred resulting in a non-crystalline morphology as seen in
Figure 6.2a. Incompletely formed amorphous CC3 crystals can also be observed along with a
much larger aggregation of the formed layer. On the other hand, clear deposition of CC3 crystals
can be seen in Figure 6.2b indicating layered membrane growth. Since hot dipping was done
physically on the already formed MCM-41 layer for M2, there is not a uniform deposition of
CC3 seeds as expected. Although hot dipping technique aided in relatively decent quality of seed
deposition, continuity of deposition was not achieved resulting in unstable membrane.

To confirm the synthesis of MCM-41, small angle X-ray diffraction was collected on
calcined and dried samples using Cu-ka wavelength of 1.54 A as presented in Figure 6.3 below.
Distinct planes such as (100), (110) and (200) which are the characteristic planes of MCM-41
were observed from our experiment and is comparable to the results reported in the literature
[239].
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Figure 6.3 Small angle X-ray diffraction of MCM-41 crystals precipitated from membrane
M1.

The 3 synthesized membranes were evaluated with helium for defects and membranes M1
and M2 failed to hold the 20-psi input pressure even for 5 minutes with a sudden drop in pressure
indicating major cracks/defects. M3 was able to hold pressure for 2 hours although a consistent
pressure drop was observed over the course of the time indicating minor cracks in the deposited
layers and this study was not proceeded further.

In our research, we found that some membranes became brittle after synthesis because of
overloading silica as the first layer which could be avoided by depositing MCM-41 particles at a
lower concentration and building on it in subsequent layers if necessary. This would also be
helpful in making sure that the interaction between POC crystals and silica increases because of
higher interfacial area created. Both MCM-41 and the POC of choice could be functionalized to
enhance adsorption effects when gas interaction occurs.

As a future direction, the robustness of these composite membranes could be improved by
trying other seeding as well as synthesis techniques such as the use of microwave. Adding
multiple layers of CC3 (up to 3) onto 1 layer of MCM-41 is also a feasibility that could be
explored. Co-crystallization of these 2 materials is another path to look into as it reduces the

number of layers deposited.
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6.2.3 CC2-CC3 Sandwich Membranes

Separation of olefins from paraffins is of foremost importance in the petrochemical industry
because of increased demand for plastic and polymer-based products (consisting majorly of high
purity light olefins like ethylene and propylene). Conventional techniques used to produce
propylene are steam cracking, cryogenic distillation (high pressures of up to 22 bar and low
temperatures up to -25°C), or thermal decomposition of ethane and propane [240]. Energy
intensiveness of the aforementioned processes (because of similarity in molecular size,
physiochemical properties and very close boiling points) has led to thinking about alternative
techniques to separate olefins from paraffins [240]. Synthetic materials like zeolites and
mesoporous silica have been used as molecular sieves to facilitate olefin-paraffin separation
[240,241]. To our knowledge, there have been no reports on using membranes, specifically POC
membranes for olefin-paraffin separation. We propose the investigation of continuous POC
membranes in the separation of olefins and paraffins based on adsorption and molecular diffusion
because of the closeness in pore diameters of the gases. This preliminary work highlights the
procedure followed to synthesize defect free POC membranes using 2 prototypical POCs: CC2
and CC3 in alternating layers followed by permeance and selectivity data obtained for an
equimolar propane-propylene mixture. Detailed characterization studies are also presented along
with preliminary data collected and a few suggestions for future direction for this work have also

been detailed.

CC3-CC2 combination membranes (M1 and M2) also referred to as sandwich membranes
in this work, were synthesized with the aim of improving the gas permeance and selectivity as
compared to pure POC membranes. While M1 was synthesized using CC3 as first layer followed
by a CC2 layer and a last CC3 layer, M2 was synthesized using CC2 as the first layer followed
by a CC3 layer and a last CC2 layer. Figure 6.4 below shows a photographed image of clear

deposition of crystals in the sandwich membrane.

- T —

Figure 6.4 A photographed image of the synthesized sandwich membrane
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The concentrations of seed source used for each layer are specified in Table 6.2 below. A
combination of microwave and solvothermal approaches were utilized to efficiently (in terms of
time consumed and crystal size) synthesize these membranes. Prior to growing membranes, the
alumina supports were pre-treated with 0.0162g of TFB in a DCM solution to improve
functionality of the supports in aiding crystal adherence. The main objective of this study was to
develop continuous sandwich membranes that could surpass the performance of pure POC

membranes and be applicable for complex gas separations.

Table 6.2 Synthesis conditions and concentration used for sandwich membranes.

M1 M2

Layer | Concentration | Conditions | Layer | Concentration Conditions

Solvothermal

10.8 mg seeds o 10.5 mg seeds Microwave at 100°C
ce3 in DCM at50°Cfor48 | CC2 in ACT for 6 hours
hours
cC2 17.5 mg seeds I\ﬂ)corgév?gregt cCca 20 mg seeds in | Solvothermal at 50°C
in ACT DCM for 48 hours

hours

Solvothermal

o 10.5 mg seeds | Microwave at 100°C
CC3 | 150 mg of TFB | at 50hc():u1;:r 48 | CC2 in ACT for 6 hours

Figure 6.5 below shows the PXRD patterns obtained after synthesizing each layer of
sandwich membrane. This was done to confirm the synthesis of expected layer onto the support
and existing layers. It is evident from the diffraction patterns obtained from centrifuged crystals

that we deposited subsequent layers of CC2 and CC3 materials on the substrate.

—— Layer 3 CC2
—— Layer 3 CC3

3 —— Layer 2 CC3
Layer 2 CC2 (b) —— Layer 1 CC2
o WJ\MMW
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Figure 6.5 Comparison of PXRD patterns from layers of sandwich membrane: (a) for M1
and (b) and M2.
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Scanning microscope images of the deposited layers were obtained after breaking the
membranes. Figure 6.6a is a representative image from M1 where, the top layer: CC3 is seen
clearly along with depositions of CC2 layer beneath. Similarly, predominant CC2 structures are
observed in Figure 6.6b along with deposited CC3 crystals on the membrane. This is another
indication of layers formed on the sandwich membrane.

3 b . 2 s A ? 4
F A s R L i"#"; a) A
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Figure 6.6 SEM images of layered sandwich membranes: (a): M1 and (b) M2.

Peak areas were obtained from gas chromatography and the slope from the below
calibration curve in Figure 6.7 was used to calculate mole fraction which was then used to
compute the appropriate correction factor when a specific mole ratio of gas was used. The value

of correction factor was used in computing the permeability and selectivity of the membrane.
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Figure 6.7 Calibration curve for equimolar propane/propylene mixture using gas
chromatography.

Single gas permeance was evaluated using propane and propylene gases, the results of

which are presented in Table 6.3 below. As can be observed, the permeance values with both
7



propane and propylene are lower as compared to pure CC3 membranes which may be an effect

from the mixed layers which could have led to increased thickness of membranes formed.

Table 6.3 Calculated permeability and ideal selectivity for sandwich membranes.
Propane Propylene
Membrane Feed Permeance Permeance Selectivity
Pressure (psi) (mol/m?s.Pa) x10-% (mol/m?s.Pa) x10-%
M1 19.99 2.44 4,01 1.67
M2 20.04 6.60 8.95 1.36

Ideal permeance selectiVity apermeance setectivicy Were then computed using the equation

given below and the results are presented in Table 6.3. It can be inferred from the results that the

selectivity even the ideal permeance selectivity over both the membranes were only close to 1.5.

Permeance of Propylene (6.1)

a . =
permeance selectivity Permeance Of Propane

After obtaining the ideal permeance selectivity, we then proceeded to collect separation
data for an equimolar propane/propylene mixture. For M1, we obtained a separation selectivity of
1.4. This value implies that not much separation has occurred using sandwich membrane as it is
close to ideal selectivity of 1. To measure separation performance, we used an Alumina GC
column, at 100°C valve temperature and 180°C oven temperature. Typical retention times of
approximately 5 minutes were observed on the permeate side for the mixture though clear
separation of peaks were not observed even after 4 hours.

The main goal of this study was to understand the deposition of alternate POC crystals to
form membranes that could potentially surpass the performance of pure POC membranes. For the
gas mixture we picked, we were not able to see any separation with these membranes even
though they were defect free and continuous. As a start for future studies, we propose to assess
these membranes with other gas mixtures such as helium-methane and methane-nitrogen which
have much difference in pore sizes as compared to olefin/paraffin mixtures. Other future goals of
this project would involve improving the performance of these membranes by tweaking the
synthesis procedure such as synthesizing all the layers using microwave or solvothermal

approach entirely: we have found through our research that aging of the layers using
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solvothermal synthesis has resulted in larger crystals which might help with higher
permeance, adding higher or lower concentration of aldehyde source on each subsequent
layers: we observed during one of our experiments that adding lower or higher
concentration of aldehyde source on subsequent layers masks the defects caused if any due
to the previous layer deposited or by regulating the temperature at which membranes are
synthesized: to avoid the sudden cracking of the deposited layers due to thermal shock, the
ramp rate used to reach the synthesis temperature and to cool down could be studied as a

variable.
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APPENDIX A FLOW CHART FOR DATA ANALYSIS

Code written using R is represented in the form of flow chart below to compare PXRD
patterns obtained from experiment (Sample) to simulated PXRD patterns of two POCs CC2 and
CCs.

CC2 Peak Center CC3 Peak Center
(CC2) (CC3)

Absolute Difference Calculator

[ Sample Center (S) ]—)

S-CC2 (A) S-CC3 (B)

4

New Peak

y

cc2 cc3

CcC2 Cc2
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