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Abstract
Elucidating Interfacial Design Principles to Engineer Hybrid Gas Separation Membranes
by
Norman Chi Su
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Nitash P. Balsara, Co-chair
Dr. Jeffrey J. Urban, Co-chair

The dramatic rise in atmospheric carbon concentrations and consequences thereof has
spurred a renewed effort to develop strategies to mitigate consumption of fossil fuels and
emission of carbon dioxide. Membranes occupy a small niche within the larger strategy of
carbon capture and storage as an effective medium to curb carbon dioxide emissions.
However, to become competitive with incumbent technologies such as amine scrubbing,
the performance of membranes needs to be greatly improved. Separation membranes are
engineered to selectively permeate one molecular species over others through a
combination of chemical and physical interactions between the molecule and gas. The
performance limitations of current commercial polymeric membranes are due to an
intrinsic trade-off between its permeability and selectivity. A novel and emerging approach
to bypass traditional polymeric transport limitations is through the addition of inorganic
nanomaterials. Inorganic materials often have inherently higher selective chemical and size
sieving properties than polymers, but their material brittleness limits their large-scale
adoption. However, we can harvest the selective properties of inorganics in hybrid
polymer/inorganic composites to design membranes whose performance exceeds that of
conventional polymers.

While promising, the primary obstacle towards developing high-performing hybrid
membranes is to understand the role of polymer/inorganic interactions on molecular
transport properties. These interactions can be highly complex and more often than not,
the combination of a polymer and inorganic creates a non-selective membrane due to poor
adhesion between phases. As a result, only a few systematic studies aimed to understand
the complex nature of the interface have been reported in hybrid systems. Here, I describe
the development of a model system using silica nanoparticles to examine contributions
from the interface on transport properties. Utilizing this model system, [ develop design
rules for hybrid membranes and provide a scientific foundation on the role of inorganic
size and surface chemistry on molecular transport properties. Polymer dynamics and
structure, features that largely govern molecular transport properties, sensitively depend
on three key variables (size, surface functionalization, and total volume loading) that are all
linked by the total available interfacial surface area of the nanomaterials. From insights
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gained in these model studies, I explore the design of a completely new class of dual
transport membranes using metal-organic frameworks (MOFs) as the inorganic material.
By pushing the boundaries of previously achievable MOF loadings, [ demonstrate the ability
to create a secondary transport pathway through a percolating MOF network, which
bypasses transport inefficiencies of the polymer. The new transport channel through the
MOF greatly enhances the total CO2 permeability without sacrificing selectivity. Finally, I
demonstrate the ability to design a flexible MOF membrane on a polymer support, leading
to a new paradigm in inorganic membranes.

The findings presented in this dissertation offer a stronger understanding of fundamental
transport properties in hybrid membranes and strategies to design membranes to
overcome traditional limitations of polymer membranes. The utilization of dual transport
membranes can lead to marked improvement in separation performance, which extends
beyond carbon capture applications.
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Chapter 1. Introduction

1.1 Rise of Anthropogenic Carbon Dioxide Emissions

The discovery of fossil-based fuels (e.g. coal, oil, and natural gas) has led to a rapid
acceleration of the globalization and modernization of our society. The advent of steam
engines in the 18t and 19t centuries led to enormous improvements in manufacturing and
transportation. Travel time from the Atlantic to the Pacific was reduced from several
months to just a few days. The refining of crude oil into isolated products such as kerosene,
gasoline, and diesel contributed to the mass adoption of automobiles and pushed the
human frontier into space. Unfortunately, however, the global economy is still heavily
dependent on fossil fuels; over 80% of total energy consumption is derived from the
combustion of coal, oil, and natural gas as seen in Figure 1.1a.! The use of fossil-based
fuels is not without consequences as was highlighted by the recent United Nations Climate
Change Conference held in Paris at the end of 2015 to combat growing climate change
globally.2
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Figure 1.1. a) Adaptation of global energy consumption breakdown by fuel source.! Coal,
oil, and gas dominate current and future global energy consumption. b) Analysis of air
bubbles in Antarctic ice core samples. Historic CO2 levels are consistently below 300 ppm.
CO2 can be expected to increase to 550-900 ppm if control measures are not taken.3

Carbon dioxide, a greenhouse gas, is one of two primary combustion products from fossil
fuels, the other being water. In 2014, over 35 gigatons (Gt)* of carbon dioxide were freely
emitted into the earth’s atmosphere; for perspective, this is equivalent to the average CO;
emissions of 5.8 billion automobiles. CO,, at moderate levels, is critical for life because it
absorbs rather than transmits infrared light. Without CO; in the atmosphere, the average
global temperatures would be 60 °F lower, and thus unsustainable for human life.
Unfortunately, atmospheric CO; concentrations have risen dramatically over the past 40
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years as observed by the Mauna Loa Observatory in Hawaii. Historically, the average
atmospheric COz levels have rarely exceeded 300 ppm for hundreds of thousands of years
as recorded by Antarctic ice core samples as seen in Figure 1.1b.3 Even as late as 1960, the
CO2 was only at a modest concentration of 320 ppm. Today, as of the writing of this
dissertation, the atmospheric CO; concentrations have exceeded 400 ppm.> If we continue
our business as usual, COz concentrations can be expected to reach at least 550 ppm and
potentially 900 ppm by 2100.

In 2004, Pacala and Socolow proposed a portfolio of CO2 emission reduction strategies
known as stabilization wedges.®” Each wedge represents a 25 Gt of carbon equivalent
emission reduction over 50 years. A wedge can be derived from carbon capture
implementation or efficiency improvements in 1) End-User Energy Efficiency, 2)
Agriculture and Forestry, 3) Alternative Energy Sources, 4) Carbon Capture and Storage
(CCS), and 5) Power Generation. Of these, CCS is the most immediate and deployable
strategy. CCS is the process of capturing carbon emissions before or after the combustion of
fossil fuels and storing the carbon by pumping supercritical COz underground, converting it
into a mineral, or regenerating it into chemicals (e.g. carbon monoxide, methanol). Carbon
capture processes can be implemented most readily in three large-scale industrial
processes: 1) Post-combustion, 2) Pre-combustion, and 3) Natural Gas Sweetening.?

Post-combustion: Carbon dioxide is separated from flue gas after the combustion of the fuel
and prior to release into the atmosphere. Flue gas is primarily N> (65%) and COz (14%).
Carbon capture in post-combustion can be highly energy intensive due to the large volume
of gas and low concentration of CO;.

Pre-combustion: Carbon dioxide is separated from hydrogen after the gasification of coal
(conversion of coal to syngas) or the steam reforming of methane into hydrogen and
carbon dioxide prior to combustion. This process is advantageous because the fuel is
completely converted to mostly CO2 and Hz, resulting in a significantly higher CO;
concentration than post-combustion (40% vs. 14%), where N: dominates the gas
composition. Carbon capture in pre-combustion will be considerably less expensive and
easier than post-combustion processes.

Natural Gas Sweetening: Raw natural gas is increasingly poisoned by carbon dioxide.
Sweetening is the process of removing acid gases (e.g. CO2) to meet specification limits. The
presence of COz prevents transportation of the fuel through pipelines, as it would lead to
accelerated pipeline corrosion. Approximately 20% of total extracted natural gas must be
extensively treated before pipeline delivery.

1.2 Carbon Capture Methods

CO2 can be captured through many different techniques, each with their own energy
penalties as illustrated in Figure 1.2. Of the methods listed, solvent extraction, adsorption,
and membrane technologies are most relevant for carbon capture.
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Figure 1.2 Relative energy consumption of various separation technologies.’

1.2.2 Solvent Extraction

Solvent extraction processes are a very mature and the primary go-to technology for
carbon capture. The incumbent solvent utilized consists of 30% aqueous solution of
monoethanol amine. CO; rich gas is processed at low temperature, where it reacts with the
amine group to form a carbonate species. The CO: enriched solvent enters into a stripper
column at elevated temperatures to release CO: as a purified product. Selexol, Rectisol, and
KS-1 are other commercially used solvents utilizing different chemistries but rely on the
same separation principle.2 The process, while conceptually simple, can be very energy
intensive due to strong enthalpy of formations of intermediate products and the cost to
reverse the process. The parasitic energy costs can cannibalize 20-30% of the total
electricity production.

1.2.2 Adsorption

Porous materials as basic as silical®-12, aluminal3, and activated carbon!4 or more intricate
materials such as zeolites!>16 and metal-organic frameworks17-20 can adsorb CO2 through
chemical or physical interactions. Adsorption is similar to solvent extraction, as it requires
a temperature or pressure swing process to regenerate the adsorbent. The design of
adsorption systems can be more complicated than solvent extraction due to the difficulty of
transporting solid materials. However, the parasitic energy costs of adsorbents are
moderately lower but still comparable to solvent extraction methods.



1.2.3 Membranes

Membranes, polymeric or inorganic, selectively permeate one gas over others due to a
combination of physical and chemical interactions between the gas and membrane and will
be the primary focus of this dissertation. An illustration of this process is depicted in
Figure 1.3, where blue and yellow balls represent different molecular species. Unlike
solvent extraction and adsorption processes, membranes can passively separate gases,
(there is no need for a temperature or pressure swing). Further, the capital and size
requirements of membrane-based technologies can be significantly lower due to the ability
to process into hollow fibers or spiral wound modules.?122 The simplified operating
process even further reduces the parasitic energy cost down to 10-20% if target
permeation and selectivity are achieved (i.e. 1-2 order of magnitude increase in permeation
and CO2/N; selectivity of 30).8 To envision how membranes meet the criteria for carbon
capture applications, it is helpful to understand the fundamental principles and challenges
of membranes and introduce current material designs initiatives to overcome these
challenges.
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Figure 1.3. Illustration of membrane separation process. The membrane material
selectively permeates blue balls over yellow balls due to more selective chemical and
physical interactions.

1.3 Membrane Fundamentals

The performance of membranes is governed by two parameters: permeability and
selectivity.?? The permeability, P, is an intrinsic property of the membrane and reflects the
relative rate of molecular transport through the membrane. Permeability is empirically
defined as:

NI

B P2 — D1

P (1.1)

where N is the flux through the membrane (cm3 (STP)/(cm? s)), 1 is the thickness of the
membrane (cm), and pz and pi are the pressure of the feed gas and permeate, respectively
(cmHg). The units of permeability are often converted from metric units to the widely
accepted unit of “barrer”. 1 barrer is equal to 101 cm3? (STP) cm/(cm? s cmHg). The
selectivity, «, is a parameter reflecting the ratio of the permeability of two different



molecular species (through the same system) and indicates the relative separation
efficiency of the membrane. Selectivity is written as follows

P
a = P_ (12)

where Pais the permeability of the more permeable gas and Pg is the permeability of the
less permeable gas.

There are many various mechanisms, which govern molecular transport through
membranes (Table 1.1).24 Of these, only molecular sieving and solution-diffusion will be

considered as they offer the highest selectivity for carbon capture.

Table 1.1. Membrane Transport Mechanisms

Transport Mechanism Pore Size Selectivity
Bulk Flow >200A Non-selective
Knudsen Flow 20-1000 A Low Selectivity
Surface Flow 5-10 A Moderate Selectivity
Molecular Sieving <5A High Selectivity
Solution-Diffusion Non-porous Varies with Polymer

1.3.1 Molecular Sieving

Transport occurs by molecular sieving mechanisms when the pore diameters are
comparable to the dimensions of individual molecules. Molecules with sizes smaller than
the pore dimensions can permeate through the membrane, and molecules, which are
larger, are blocked. The selectivity of molecular sieving materials can be very high, and
many porous inorganic membranes obey the molecular sieving mechanism. While
promising, the material brittleness of inorganics has inhibited the large-scale
implementation and commercialization into membranes.2>

1.3.2 Solution-Diffusion

The Solution-Diffusion model was originally proposed by Sir Thomas Graham in the 19th
century when he observed the transport of gas through dense polymer films.2¢ A feed gas is
introduced at a pressure pz and concentration c; as illustrated in Figure 1.4. The permeate
pressure and concentration are defined as pi1 and ci. Molecular species flow in the
membrane from the feed to the permeate by a three-step process:

1. Molecules dissolve into the feed side of the membrane according to its solubility
coefficient.

2. Molecules diffuse from the feed side to the permeate side of the membrane.

3. Molecules desorb out of the membrane and into the permeate gas stream.

An assumption of the model is that pressure is constant throughout the membrane and
equal to the feed pressure. Understanding the basis of the Solution-Diffusion model begins
with Fick’s first law of diffusion:



N = Dac 1.3

where D is defined as the diffusion coefficient (cm?/s) and 6c/6x is the concentration
gradient profile across the membrane. Solving this differential equation, using the
relationship that c¢/p equals the solubility coefficient, and assuming the concentration and
pressure of the feed are significantly higher than the permeate, we arrive at the following
equation:

P=DS  (14)

where S is the solubility coefficient of the membrane (cm3 (STP)/(cm3 cmHg)), equal to
amount of gas, which can dissolve in the membrane.
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Figure 1.4. Underlying assumptions of the Solution-Diffusion Model. Driving force for
molecular transport is governed by concentration gradient.

1.3.3 Diffusion

Diffusion through membranes is an activated process, and the diffusion coefficient can
therefore be written as an Arrhenius relationship

Ep
D = D,exp (— ﬁ) (1.5)



where D, is the pre-exponential term (cm?/s), Ep is the activation energy (kJ/mol), R is the
gas constant (kJ/(mol K), and T is the absolute temperature (K).2327 The transition state
occurs when the molecular species pass through a restrictive “neck” region between pores.
This is easy to visualize in porous inorganic media such as metal-organic frameworks,
which have defined pore dimension, but is slightly more complex for polymers.

To understand the transition state model in these systems, we must first consider the
molecular structure of polymers. Polymeric membranes consist mainly of amorphous
network of entangled polymer chains and in some cases crystalline regions. These
crystalline regions are impermeable and will not be described further in this dissertation.
Amorphous polymers pack very inefficiently and result in significant volume fraction of
voids or free volume between polymer chains as illustrated in Figure 1.5. These voids can
contain single or multiple gas molecules kinetically trapped. Diffusion through polymers
occurs when the random thermal fluctuations of polymer chains creates an opening in the
neck large enough to enable molecular species to hop from one void to another.

a) b) c)
1. Random movement of 2. Opening of neck to allow 3. Closing of neck from random
molecule in reactant cavity molecular jump between cavities segmental motion

" - " °

Figure 1.5. Molecular diffusion through polymers. a) Molecules are confined in voids
between polymer chains. b) Random thermal fluctuation of polymer chains leads to a
transition-state opening of a neck between two voids, allowing a molecular jump. c) The
neck closes

3-7A

The rate of diffusion can thereby be directly correlated to a molecular dimension, such as
kinetic diameter, for light gases, which are more relevant for carbon capture. Selected
molecular kinetic diameters are listed in Table 1.2.23 This correlation, however, breaks
down with larger molecules as rotational degrees of freedom begin to play a larger role.

Table 1.2. Physical Properties of Relevant Gases for Carbon Capture.

Hydrogen Carbon Dioxide Nitrogen Methane
Kinetic Diameter (A)  2.89 3.3 3.64 3.8
Tc (K) 33.2 304.2 126.2 190.8




1.3.4 Solubility

The solubility of a molecular species defines the relative uptake capacity of the gas, which
can diffuse across the membrane. A good indicator for the solubility of a molecular species
is its critical temperature (Table 1.2). Molecules with higher critical temperature are more
condensable and thus more enthalpically favored to dissolve into the membrane. Larger or
more polar molecular species (CH4 and COz) have a higher critical temperature, T.; higher
T¢ typically correlates to higher solubility values than smaller and less polar species (H>
and N:). Unfortunately, there is an inverse relationship between the critical temperature,
which correlates with solubility, and the kinetic diameter, which correlates with diffusion.
Thus, a trade-off exists, especially in polymers, between diffusion and solubility, which
leads to a larger and more critical performance barrier in polymeric membranes and will
be discussed in the next section.

1.3.5 Robeson Upper Bound

ALPHA
CO_/CH,

0.0001 001 1 100 10*
P(CO ) Barrers P(CO,) Barrers

Présent Upper Bound

001 01 1 10 100 1000 10°
P(H_) Barrers

Figure 1.6. Robeson Upper Bound plots for a) COz/N; separation, b) CO2/CH4 separation
and c) Hz/CO: separation.?® Reproduced with permission from Journal of Membrane
Science.

Popularized by Lloyd Robeson in 199129 and revised in 200828, the Robeson plot and Upper
Bound illustrates the relationship between polymer membrane permeability and
selectivity for various binary mixtures of gases constructed from data compiled in
hundreds of publications. In the Robeson plot, the permeability of the more permeable
species is plotted on the x-axis; its selectivity over various gases is plotted on the y-axis
(Figure 1.6). We can quickly see that a trade-off exists between permeability and
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selectivity. A membrane, which possesses high permeability, generally displays low
selectivity and vice versa. The upper limit of membrane performance can be empirically
drawn and is universally referred to as the Robeson Upper Bound.

While originally derived through empirical principles, the upper bound line was shown to
have a fundamental relationship to chemical and physical properties of the polymer by
Freeman.3? The slope and intercept of the upper bound can be defined by the kinetic
diameter of the gas molecule and relative rigidity of the polymer, respectively. As a result,
the majority of performance improvements have occurred through increasing the
diffusivity through simultaneous increases in pore volume and polymer backbone rigidity.
Opportunities to increase performance through solubility selectivity enhancements are
possible, but may be inhibited by decreases in diffusion. Examples of recent advances in
polymer engineering to enhance performance are achieved with polymers of intrinsic
microporosity (PIMs)3132 and thermally rearranged polymers (TR polymers)33-36.

PIMs and TR polymers are a new class of designer polymers that exhibit both high
permeability and selectivity. This is possible because of the high rigidity uniquely designed
into the polymer backbone, which severely restricts polymer chain packing, and results in a
polymer with significantly higher free volume than conventional polymers. Consequently,
the transport mechanism through these polymers more closely resembles molecular sieves
than solution-diffusion. Unfortunately, while these polymers initially exhibit high
performance, their performance severely decreases due to collapse of free volume from
polymer relaxation, when the thickness decreases to commercially relevant dimensions.
The “aging” of polymers is of primary concern to many newer class of polymers. As a result,
only a few polymers have been commercialized for membrane separation purposes:
polysulfone, polyimide, cellulose acetate, polycarbonate, and silicone rubber. The
properties of these polymers lie far below the Robeson Upper Bound. The CO; separation
properties for polymers most relevant for carbon capture are tabulated in Table 1.3.

Table 1.3. Pure Gas CO; Permeability and Selectivity over CHs4 and N for select polymers

Polymer Pcoz (Barrer) 0co2/cH4 Olco2/N2
Polysulfone3” 5.6 27 30
Cellulose Acetate38 5.5 29 26
Polyimide3? 10 36 31

1.4 Hybrid Organic Inorganic Membranes for Carbon Capture

Hybrid organic/inorganic membranes have attracted a growing interest in research
because they show precedent to display significantly higher separation properties over
pure polymers.#%41 Hybrid membranes are not to be confused with mixed matrix
membranes (MMMs)#42-45, which are both consider composite type architectures but
embody fundamentally different principles. Both of these systems contain a polymer
matrix and an inorganic nanomaterial dispersant. However, the difference between MMMs
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and hybrids lies in the interface between the polymer and the inorganic. There are three
modes of interaction between the organic and inorganic, which dictate the transport
properties of the membranes. These are illustrated in Figure 1.7. The following scenarios
are not limited to just membrane transport, and can be applied to any binary system.

a) Non-interacting b) Poorly interacting C) Favorably interacting

Material properties obey Loss of material Synergistic enhancement
effective medium properties due to reveal new functionalities
approximations interfacial defects and properties

0 Fraction of@ 1 0 Fraction of@ ] 0 Fraction of@ 1

Figure 1.7. Modes of interactions between the organic (gold) and inorganic (blue)
components.

Mode 1- Non-interacting

The non-interacting case is most typical of MMMs. In this case, the organic polymer and the
inorganic component are indifferent towards one another. There is good contact between
the two components, but the presence of one does not affect the material or transport
properties of the other. The resulting molecular transport is then understood as an
effective medium approximation, a linear sum of the two components.

Mode 2- Poorly Interacting

Here, the polymer and the inorganic interact unfavorably with each other. As a result, there
is poor contact and adhesion between the two components and severe defects, in the form
of interfacial voids, arise. The separation performance is severely degraded as molecular
transport primarily occurs through the non-selective but highly permeable defects.
Improper adhesion is one of the key early issues in hybrid or MMMs and this issue has
persisted to this day.#246-49

Mode 3- Favorably Interacting
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The final mode is relevant to hybrid membranes and materials. Due to favorable
interactions between the polymer and inorganic, a tertiary phase is formed at the interface.
The properties of the membrane are improved through synergistic enhancements due to
the new interfacial phase.*! The molecular transport properties of the hybrid membrane
are now greater than the sum of the individual parts.

In addition, to the performance enhancement achieved through the interface, hybrid
membranes also offer many advantages over either pure polymers or inorganics such as
enhanced selectivity, material robustness, and solution processability. Enhanced selectivity
over pure polymers arises when inorganic materials are selected, which exhibit high
selectivity for a molecular species due to chemical interactions or physical size selectivity.>?
This is possible due to the wider availability of inorganic elements, possible material
combinations, and the rigid nature of inorganics when covalently bonded to form porous
channels. In contrast PIMs and TR polymers are restricted to a few chemical classes of
bis(phenazyl) and polyimides, respectively. Increased material robustness can be viewed
from the perspective of both the polymer and inorganic. When inorganic nanomaterials are
added to polymers and favorable interactions are present, the hybrid system will display
significantly higher mechanical and thermal stability over pure polymers. Purely inorganic
membranes, while very promising as membranes, are very difficult to scale due to
constraints in material brittleness and cost to scale. By combining with polymers, hybrids
can harvest the selective properties of the inorganic species without concern of membrane
brittleness typical with inorganics. Finally, hybrid membranes maintain the solution
processability of polymers, which is advantageous, as it enables roll-to-roll processing and
ease of scale-up.

1.4.1 Types of Inorganic Nanomaterials

Early hybrid/composite membrane reports showed great promise, as exemplified by the
seminal paper by Freeman et al. in 2002.51 However, most of the development in hybrid
membranes is driven by advancements in polymer science and typically use inorganic
materials that are widely available in catalogues. As a result, the inorganic materials are
poorly controlled, inhomogeneous, and polydisperse. Thus, significant headroom exists to
develop understanding of molecular transport in hybrid materials if we focus on
development of well-controlled inorganic nanomaterials. Inorganic nanomaterials can
broadly be divided into two main categories: non-porous and porous. Non-porous
materials function as an avenue to impart structure/property changes of the polymer for
transport and may actively contribute to permeability/selectivity enhancements through
surface interactions with molecules. Porous materials primarily introduce a new transport
mode, namely molecular sieving, as well as chemical selectivity enabling significantly
higher performance.

Non-porous
Non-porous inorganic materials are further classified by its level of “activity” or interaction

with molecular species. Inactive materials do not exhibit any chemical selectivity with the
molecular species. Instead, these materials induce separation performance enhancements
by structure/property relationships through changes in structural or dynamical changes in
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the polymer.>2 Silica is the most common material used>>3-57; though titanium dioxide>8
has been used also. Silica is widely used because of its availability and general inertness
towards many chemicals and polymers. A seminal paper by Freeman et al.>! in 2002 used
fumed silica to alter and enhance the free volume elements of poly (methyl pentene) for
butane separation from methane. This was possible because the fumed silica could disrupt
the packing efficiency of the polymer chains. Active materials, as expected, exhibit
chemically selective interactions within a given molecular species (e.g. CO2) and present
significantly more opportunities to improve separation performance. Active materials are a
natural evolution from inactive materials once structure/property relationships are
established. Performance enhancements are realized with active materials through two
avenues. First, it serves to increase solubility of given molecular species it interacts with
from native surface properties or through introduction of functionality groups on the
surface, as is shown in this dissertation. However, care must be taken, as there is a delicate
balance between solubility improvements and diffusion reductions, when selecting an
active material. An increase in solubility due to selective interactions can actually increase
the activation energy required for diffusion, and thus reduce diffusion. Second, if designed
properly, the addition of active materials can introduce a new transport mechanism known
as facilitated transport>°-61, If active sites on the inorganic nanomaterial surface are spaced
close enough, molecules will be able permeate across the membrane through hopping from
one active site to the next. Common inorganic materials for carbon capture applications
include MgO0¢%2, other basic metal-oxides!3 and nickel®3. Silver¢06465 is also an interesting
material for the separation of olefins.

Porous

Porous materials used in hybrid or MMMs include carbon molecular sieves3?66,
microporous silica®’-69, zeolites’%71, and most recently metal-organic frameworks#*372-75,
The later three all consist of regular well-defined crystalline pore structure, while the
former contains less defined amorphous network of pores. Porous inorganic materials are
advantageous to their non-porous counterparts because they do not inhibit the diffusion of
molecules, and can lead to significantly higher separation performance. The dimension of
the pores governs the separation efficiency of porous materials; an ideal pore size would
fall between the kinetic diameters of two molecular species. Of the different porous
materials listed, metal-organic frameworks (MOFs) have shown the most promising for
improving separation performance. MOFs are a new class of 3-D porous crystalline
materials, which can exhibit surface areas up to 6000 m?/g.”¢ For perspective, the surface
of a football field is roughly 5300 m?/g. High surface areas enable higher capacity uptake
for molecule (e.g. solubility) in membranes and will lead to increases in permeability. MOFs
consist of a metal cluster linked together by organic ligands. The coordination preference of
the metal and the length of the organic ligand govern the shape and size of the pore. As a
result, an almost unlimited number of MOFs can be synthesized for any number of
applications. Further, chemical functionalities can be attached to the MOF through the
ligand or at open-metal sites, which enable even more tunability and selectivity for
molecular species. One particular MOF of interest is the amine derivative of Ui0-66.17 UiO-
66 is a zirconium based MOF and exhibits high CO2 adsorption and water stability. The
later of these is valuable for carbon capture applications. A CO; enriched stream will most
likely contain water, and the presence of water can lead to decomposition of the crystalline
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structure inherent to the MOFs. While MOFs are a promising materials system, they mainly
come in the form of a loose powder because they are primarily synthesized through
solvothermal techniques. This powder form severely inhibits the commercial applicability
of MOFs. To combat this, methods have been derived to coalesce MOF into pellets or grown
directly onto rigid substrates, but significant headroom exists to improve the usability of
MOFs further.

1.4.2 Predicting Transport in Hybrid Membranes

Transport through hybrid membranes is oftentimes difficult to predict due to the
complexities arising from non-ideal interactions between the polymer, inorganic, and gas. A
comprehensive list of various ideal and non-ideal models for transport predictions in
MMMs can be found here.””78 The remainder of this section will focus on a simple effective
medium model known as Maxwell’s Model. Models that can consider non-idealities require
making unproven quantitative assumptions simply to fit the data to the model. Thereby,
Maxwell’s model is chosen as the primary model in this dissertation because it presents a
baseline for which results can be meaningfully compared and is also the most commonly
used model in literature.

Maxwell’s model attempts to predict the gas permeability of a composite system, and is
analogous to the more extensively studied permittivity of dielectrics. Maxwell’s model is
written as follows:

p P+ (1 —n)P, — (1 —n)pa(B, — Pa)
Maxwell = 0 nPy 4+ (1 = n)B, + ndy (B, — Py)

(1.6)

where Pmaxwen is the permeability of the composite, P is the permeability of the polymer, Pq
is the permeability of the dispersed inorganic phase, ¢q is the volume fraction of the
dispersed phase, and n is the conflated shape factor and orientation of the dispersed phase.
When n = 0, the dispersed phase spans across the membrane in parallel to the direction of
molecular transport. When n = 1, the dispersed phase is perpendicular to the direction of
transport. The most ubiquitous form of this equation appears when n = 1/3, and the
dispersed phase adopts a spherical form factor. In this scenario, the model reduces to
Maxwell’s equation and is written as follows:

p _Pd+(1—2¢d)+(2—2¢d)Pp
Maxwell = p(1— ) + 2 + d)b

(1.7)

Further simplifications can be made if assumptions are made about the permeability of the
dispersed phase. When the dispersed phase is completely impermeable (Pq = 0), Maxwell’s
equation reduces to

(2 —2¢4)

PMaxwell = Pp (2 +¢ ) (18)
d

13



This form of the equation in important as it relates the expected permeability when non-
porous inorganic materials are used. Similarly, if we assume the dispersed phase is
infinitely permeable (P4 = o), the equation reduces to

1+2
PMaxwell = Pp % (19)

While convenient, Maxwell’s model is a poor predictor of permeability in hybrid systems,
where interphase interactions can greatly affect transport properties. As seen in the
equations above, Maxwell’s primarily depends on the dispersed phase’s volume fraction
and shape, but present a baseline and framework to understand how interactions are
contributing to non-ideal changes in molecular transport.

1.4.3 Factors to Consider

Inorganic Size
Maxwell’s model only considers the total loading of the inorganic dispersant and nothing

else. However, | speculate that size can greatly contribute to deviations from the model due
to difference in the interaction with the polymer. It is helpful to make a comparison to the
relative size of polymer chains (e.g. the radius of gyration, Rg).>2 The interaction between
the polymer and inorganic are the same, independent of the inorganic size. However, when
the inorganic is significantly larger than the Rg the observed effect is negligible as the
interfacial surface area per unit volume of inorganic is very low. Conversely, as the
inorganic size approaches the Rg, these interfacial interactions begin to play a significant
role in molecular transport properties. This is visualized in Figure 1.8a. There has been no
considerable effort to accurately investigate and quantify the size effect in gas separation
membranes, mainly because much of the research has focused on the development and
engineering of new polymeric materials. Fumed silica is a primary component in composite
or MMMs. However, fumed silica is a less than ideal material system to conduct
fundamental transport studies. For example, while the reported particle size is 12 nm, in
actuality, fumed silica is highly polydisperse and aggregated (Figure 1.8b). Covalently
bonded, these “12 nm” particles aggregate into network chain spanning multiple orders of
magnitude. Thus, de-convolution of the multiple length scales can lead to a stronger more
fundamental understanding of the influence of size from the inorganic species. Further, size
of the inorganic matter can influence the packing efficiency of the polymer chain. As the
inorganic size approaches the R; of the polymer, the inorganic can hinder the packing of the
polymer and lead to an increase in the available free volume.
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Figure 1.8. a) Interfacial interaction between the polymer and inorganic influences
material properties more strongly as inorganic size decreases and approaches respective
dimensions of the polymer. At smaller nanoparticle sizes, surface area per unit volume
increases, thus increasing total available interaction. b) TEM image of fumed silica
illustrating the polydispersity and aggregated nature of the material.

Inorganic Surface Chemistry

The surface chemistry of the inorganic component plays a dual role in governing molecular
transport properties and can significantly influence the mode of interfacial interaction. If
the inorganic is inactive towards molecular species, the interfacial interaction with the
polymer strongly dictates how transport performance changes through hydrogen bonding,
van der Waals, or direct covalent bonding. The primary response to any observed
interaction can be captured by monitoring changes in polymer chain dynamics. The glass
transition temperature (Tg) and the thermal response from the transition from a glass to a
rubber are useful metrics to understand how interfacial interactions effect polymer
dynamics.”?-81 there are three modes of perturbation on Ty that can be observed: negative
shift, positive shift, and broadening. First, an inorganic that weakly interacts with the
polymer results in an increase in the segmental chain motion, a relaxation of the polymer,
and subsequently a decrease in the Ty The polymer perceives the inorganic surface as a
free surface, similar to a polymer-air interface, where movements in polymer chains are
not sterically hindered by a solid surface. Second, a strong interaction between the polymer
and inorganic can lead to an increase in the T; due to a reduction in segmental chain
mobility. Finally, rather than an absolute increase or decrease in Tg select polymers
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undergo a broadening of the thermal transition region from non-cooperative changes in
polymer dynamics. The fragility of the polymer dictates whether the T, transition
undergoes a shift or broadening. Fragility in polymers is understood as the rate at which
cooperative segmental dynamics of glass-forming liquids changes as Ty is approached.82-84
A polymer with low fragility is considered “strong” and the segmental motion of polymer
chains is not dependent on its neighboring chains. Thus, in strong polymers, the
interactions between the polymer and inorganic slowly fade as one moves away from the
interface. As a result, the polymer would be expected to exhibit a broadened transition.
Alternatively, a “fragile” polymer exhibits high cooperativity in polymer segmental
dynamics and direct Tg; shifts would be observed. Furthermore, when chemical
functionalities are added to the surface, which selectively interact with certain molecular
species, the inorganic becomes active towards molecular species and lead to increases in
solubility of the molecule in the membrane.8>8¢ For example, as will be shown in this
dissertation, amine groups can be introduced on the surface and selectively interact with
COz to form reversible carbonate species.

A fundamental study on the effects of inorganic size and surface chemistry is critical to
more critically understand transport behavior in hybrid membranes. The effect can be as
simple as increasing the solubility of a molecular species or more complex and range from
introducing new transport mechanisms to multi-faceted structure-property relationships.

1.4.4 Beyond Hybrid Membranes

Hybrid membranes are currently garnering significant attention in the field primarily
because they take advantage of the selective properties of the inorganic component. While
solution processability is maintained in hybrid systems, the transport properties are still
constrained to solution diffusion transport in polymers. Thus, opportunities exist to
leverage polymer/inorganic interactions to induce continuity and stability of inorganic
materials across the membrane leading to significant enhancements in membrane
separation efficiencies.

1.4 Outline of Dissertation

In this dissertation, I explore the interfacial relationship of inorganic/polymer properties
on gas transport and leverage the initial findings to design high performing carbon capture
membranes.

In Chapter 2, I create a design space to explore the role of inorganic size on molecular
transport properties in a model system. The model system consists of inactive non-porous
silica nanoparticles as the inorganic phase and cross-linked poly (ethylene glycol) as the
polymer. The decrease in nanoparticle size leads to a surprising decrease in gas
permeability not predicted by Maxwell’s equation. The contributing factor to the
permeability decrease is quantified by the total surface area interactions.
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In Chapter 3, surface functionalization of the silica surface with amino-propyl groups create
an active surface for molecular interactions and leads to a complete reversal in CO;
permeability observed in the previous chapter. The improvement in permeability over the
pure polymers is coupled to simultaneous increases in mechanical and thermal stability of
the membrane

In Chapter 4, the insights learned from chapter 2 and 3 are applied towards designing a
high-performing CO: capture membrane utilizing metal-organic frameworks as the
inorganic material. The MOF forms a percolating network and allows for molecular species
to more quickly diffuse through the new secondary MOF pathway.

In Chapter 5, I exploit a polymer surface to covalently attach a continuous MOF layer and
explore its gas transport properties.

The design of hybrid membranes to improve membrane separation performance is
necessary to overcome the relative ease of implementing energy inefficient solvent
extraction and adsorption methods. Applying the insights learned here, the implementation
of a widespread carbon capture strategy is within our reach.
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Chapter 2. Size-Dependent Permeability Deviations from Maxwell’s
Model in Hybrid Cross-linked Poly(ethylene glycol)/Silica Nanoparticle
Membranes

Adapted from “Size-Dependent Permeability Deviations from Maxwell’s Model in Hybrid
Cross-linked Poly (ethylene glycol)/Silica Nanoparticle Membranes.” N.C. Su, Z.P. Smith,
B.D. Freeman, and ]J. Urban. Chemistry of Materials, 2015, 27, 2421 (DOLI:
10.1021/cm504463c). Reproduced with permission from Chemistry of Materials.

Currently, separation of gaseous mixtures largely relies on energy intensive and expensive
processes, like chemical looping of amines. This has driven research into less energy-
intensive, passive methods of performing separations such as the use of polymer
membranes. While pure polymer membranes have demonstrated appealing separation
performance, they suffer from an inherent trade-off between permeability and selectivity,
which limits overall performance. Recent research efforts have shown that the introduction
of a secondary phase, often an inorganic species, is added to selectively boost permeability
and/or selectivity. However, these hybrid organic/inorganic systems have not seen
widespread adoption because synthetic control over the size, shape, and dispersion of the
inorganic species is poor, and understanding of transport in these membranes is largely
empirical. Thus, understanding and optimizing hybrid membranes requires development
of well-controlled model systems in which size, shape, and surface chemistry of the
inorganic species are precisely controlled, leading to homogeneous membranes amenable
to careful study. Here, I report on the synthesis, characterization, and gas transport
properties of tailored hybrid membranes composed of cross-linked poly(ethylene glycol)
and silica nanoparticles. I show excellent control of nanoparticle size, loading, and
dispersability. I find that permeability deviations from Maxwell’s model increases as the
size of silica nanoparticle decreases and loading increases. These size-dependent
deviations from Maxwell’s model are attributed to interfacial interactions, which scale with
surface area and act to decrease segmental chain mobility.
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2.1 Introduction

The use of membranes for gas separation processes is becoming increasingly important for
applications in carbon capture, hydrogen purification, and natural gas sweetening.?
Membranes are highly energy efficient as they do not require temperature or pressure
cycles to perform separations, unlike current methods like chemical looping of amines. An
ideal membrane would possess both high permeability and selectivity as it would decrease
the physical footprint and result in a higher purity product. However, pure polymer
membranes suffer from an inherent empirical trade-off in permeability and selectivity
commonly known as the Robeson Upper Bound.?8

Improving the performance of polymer membranes can be achieved by increasing the
diffusion or solubility coefficient of the gas with respect to the polymer as proposed by the
solution-diffusion model.?387 However, improvements in membrane performance have
primarily been achieved through diffusivity enhancements arising from an understanding
of structure/property relationships, and less commonly with solubility enhancements. The
diffusion of gases through polymer films is an activated process driven by thermal
fluctuations in the polymer chain. Thus, by simultaneously increasing polymer chain
stiffness and interchain spacing, it is possible to increase the diffusive properties of the
polymer to a point where interchain spacing becomes so large that the solution-diffusion
model fails. Current examples of this strategy are exemplified in polymers of intrinsic
microporosity31:32 and thermally-rearranged polymers33. Unfortunately, these polymers
lose their performance over time and have been difficult to synthesize on a large-scale,
thereby limiting their commercial applicability.

A complementary approach relies on adding a secondary phase, often an inorganic species,
to selectively boost permeability or selectivity. Recently, these hybrid membranes have
shown promising enhancements in permeability and selectivity, some of which even
surpass the Robeson Upper Bound.>155 The enhancement in gas transport is credited to
synergistic improvement in the morphological structure of the polymer or contributions
from an inherently higher selective inorganic species. Specifically, addition of an inorganic
phase can enhance gas transport via several mechanisms such as acting as a diffusion
barrier8® or channel39446775 disrupting polymer chain packing51>3, increasing void
volume>#+5889, or interacting favorably with specific gases.6>90°1 The extent and character of
the modification on gas transport depends on the porosity, size, surface chemistry, and
composition of the inorganic species. Gas transport through hybrid systems is oftentimes
understood by applying simple effective medium approximations, such as Maxwell’s
model”7, but these models do not account for variability of the inorganic phase and
interfacial interactions. While hybrid membranes display desirable properties, further
advancements in hybrid membranes are hampered because the understanding of transport
mechanisms is limited to empirical relationships, and the isolation of independent
variables has been difficult. This is due to the poor synthetic control over the size, shape,
and surface of the inorganic species, which often span from single nanometers to microns.
As a result, the dependence of interfacial interactions as a function of inorganic size and
their impact on over gas transport has not been well understood.
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[ report the preparation of a tunable and well-controlled hybrid membrane system of silica
nanoparticles distributed within cross-linked poly(ethylene glycol), XLPEG. Through this
system, I aim to better understand the influence of polymer-inorganic interactions on gas
transport. 1 systematically vary the size of silica nanoparticles over a large range with
diameters of 12 + 1.2 nm, 41 * 3.9 nm, and 130 * 6.5 nm and loading from 0 to 30 volume
percent. Silica nanoparticles were chosen because they are chemically neutral and should
not express any selectivity amongst the gases tested. As a result, only interactions between
the XLPEG and silica contribute to transport deviations from Maxwell’s model. [ examine
the effect of varying silica nanoparticle size and loading on interactions between the XLPEG
and silica through differential scanning calorimetry (DSC) measurements around the glass
transition, Tg, region and attempt to relate microscale morphology behavior to macroscale
gas transport properties. Pure gas permeabilities of hydrogen, nitrogen, methane, and
carbon dioxide, as well as the selectivity to CO2 are presented. Permeability deviations
from Maxwell’'s model were found to be dependent to silica nanoparticle size due to
increased interaction at the interface between silica and XLPEG and were predicted
through DSC measurements.

2.2 Experimental Procedure

Materials. Poly(ethylene glycol) diacrylate (PEGDA, M, = 700), 2,2-Dimethoxy-2-
phenylacetophenone (DMPA), ammonium hydroxide, tetraethyl orthosilicate (TEOS), and
Ludox SM silica were purchased from Sigma Aldrich. 70% HNO3z was purchased from Alfa
Aesar. All chemicals were used as received. Hydrogen, nitrogen, methane and carbon
dioxide with a purity of at least 99.97% were purchased from Praxair for use in gas
permeation studies.

Silica Nanoparticle Synthesis and Preparation. Silica nanoparticles of 41 and 130 nm
diameters were prepared following the Stober method.? Ammonium hydroxide, water, and
ethanol were mixed at pre-determined amounts. TEOS was added to give a final
concentration of 0.15 M. The volume of ammonium hydroxide, water, and ethanol added
was determined through an empirical correlation developed by Bogush and co-workers®3
based on TEOS concentration and desired final particle size. The synthesized silica
nanoparticles were cleaned by centrifugation with ethanol and finally dispersed in
isopropanol. Ludox SM (~12 nm) were transferred from an aqueous solution to an
alcoholic solution by mixing Ludox SM with 60:1 ratio of ethanol:nitric acid followed by
centrifugation. The nanoparticles were then redispersed in ethanol, centrifuged, and finally
dispersed in isopropanol. Nanoparticles were deposited onto a holey carbon copper TEM
grid and imaged using a Zeiss Libra 120 transmission electron microscope operated at 120
keV. Nitrogen adsorption measurements were performed at 77 K using a Tristar II
(Micromeritics). Surface area values were calculated following Brunauer-Emmet-Teller
method over a relative pressure range, p/po, of 0.05 to 0.25.

Membrane Preparation. XLPEG films were fabricated following published procedures.?* A
polymer solution containing PEGDA and 0.1 wt% of the initiator DMPA were pre-mixed.
Silica nanoparticles in isopropanol were then mixed with the polymer solution to give a
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final dry silica volume loading of approximately 0 vol%, 8.5 vol% (15 wt%), 18 vol% (30
wt%), and 30 vol% (45 wt%). The mixture of silica, polymer, and isopropanol was placed
under nitrogen flow to slowly evaporate all of the isopropanol with occasional gentle
vortexing. The resulting solution was clear and homogenous. The solution was sonicated
for 10 minutes to remove bubbles. Films were cross-linked by sandwiching the hybrid
solution between two quartz plates separated by spacers and exposing the film to 354-nm
UV light (Spectrolinker XL-1000, Spectronics Corp.) for 90 seconds. The films were then
dried under vacuum at 25 °C overnight to remove any residual solvent.

Membrane Characterization. Volume and mass loading of the XLPEG/silica composites
was verified gravimetrically using a Q5000IR Thermogravimetric Analyzer (TA
instruments). Hybrid films were decomposed under atmospheric conditions to 600 °C at 10
°C/min The conversion of mass to volume loading was done using values of 1.18 g/cm3, 2.1
g/cm3, and 2.2 g/cm3 for the density of XLPEG, Stober silica, and Ludox SM silica
respectively as follows.?3-95

w

=

p
bsioz = —ﬂfw_p (2.1)
PF PP
sioz is the volume fraction of the silica nanoparticles. wr and w, are the mass fraction of
p p

silica nanoparticles and polymer respectively, while pr and pp are their respective densities.
Cross-sectional images of the hybrid films were acquired with a Zeiss Gemini Ultra-55
Analytical Scanning Electron Microscope using a beam energy of 5 keV. Prior to imaging,
the films were cryofractured after immersion in liquid N2 to provide a clean surface.
Density measurements of the bulk hybrid films were performed using hydrostatic weighing
and a density determination kit (Mettler Toledo). Heptane was used as the secondary
liquid. A Q200 differential scanning calorimeter (TA instruments) was used to determine
glass transition temperatures and obtain thermograms surrounding the glass transition
region, scanning from -90 °C to 0 °C at a heating rate of 20 °C /min. Density measurements
of the bulk dense hybrid and pure polymer membranes were conducted using a hydrostatic
weighing method (Mettler Toledo). The density of the membranes, pm were calculated as
follows:
My
Pm = M, — M, PL

where M, is the weight of the membrane in air, My, is the weight in the auxiliary liquid, and
pLis the density of the auxiliary liquid. In this case, heptane was chosen as the auxiliary
liquid as it does not readily swell the polymer.

The effective medium density, papprox, of the hybrid membranes is calculated as follows:

Papprox = ¢Si02p5i02 + (1 - ¢Si02)pp

where ¢sio2 is the volume fraction of the silica nanoparticles, psioz is the density of the silica
(2.1 or 2.2 gm/cm3 for Stober synthesized silica or Ludox SM silica, respectively), and pp is
the density of the polymer, 1.18 g/cm3-XRD patterns of the hybrid membranes were taken
with a Bruker D8-Advance X-ray diffractometer equipped with a GADDS area detector
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operating at the Cu Ka wavelength, 1.54 A. Peaks were fitting using Multi-peak Fit 2
package.

Gas Permeability Measurements. Pure gas permeability of XLPEG/silica composite
membranes for Hz, Nz, CHs4, and CO2 were measured using a custom built constant
volume/variable pressure apparatus based upon the work of Lin and coworkers.?4% The
films were masked with brass discs to accurately define an area where gas transport could
occur. Thicknesses of films were measured and found to be approximately 90 to 120 pm.
Prior to testing, the films were degassed within the apparatus. A fixed pressure (between 3-
16 atm) was applied to the upstream side of the membrane, while the gas flux was
recorded as a steady-state pressure rise downstream of the membrane. Permeability
values were calculated as follows:

p=—o() (2.2)

pzART

where Vp is the downstream volume (cm3), [ is the film thickness (cm), p2 is the upstream
pressure (cmHg), A is the surface area of the film (cm?), R is the gas constant, T is the
absolute temperature (K), and dp;/dt steady state pressure rise downstream at fixed
upstream pressure (cmHg/sec). The measurements were obtained under isothermal
conditions at 308 K
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2.3 Results and Discussion

2.3.1 Silica Nanoparticle Characterization

Silica nanoparticles have been commonly used in hybrid membranes in the form of fumed
silica. 515697 However, the polydisperity of fumed silica, a result of large poorly controlled
inhomogeneous aggregates of particles exceeding 100 nm, hinders more fundamental
studies of microscopic interactions in hybrid system. Therefore, it was critical to control
the shape and size of silica for our study. Following the method proposed originally by
Stober, we chemically synthesized uniform silica nanoparticles greater than 30 nm in
diameter. Stober-synthesized nanoparticles of less than 30 nm in diameter are more
irregularly shaped and were not used in this study. Instead, I used Ludox SM silica
nanoparticles for the smallest particle size studied. Due to the alkaline conditions present
in native Ludox SM dispersion, the direct addition of the polymer resulted in heavy
gelation. Consequently, it was necessary to transfer the Ludox SM particles into an organic
alcohol. Silica nanoparticles were imaged through transmission electron microscopy as
seen in Figure 2.1. The particles are spherical with low polydispersity, and the particle
diameters were calculated to be 130 + 15, 41 + 3.8, and 12 + 1.2 nm. Hereafter, the
nanoparticles will be referred to only by their size.

Figure 2.1. TEM images of silica nanoparticles from isopropanol and representative
XLPEG/silica nanocomposite film. (a) Stober silica (130 nm), (b) Stober silica (41 nm), and
(c) Ludox SM silica (12 nm)
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2.3.2 Hybrid Membrane Characterization

Hybrid organic/inorganic membranes consisting of silica nanoparticles of various
diameters dispersed in a cross-linked poly(ethylene glycol) matrix were successfully
prepared through UV photopolymerization. Silica loading in films ranges from 0 vol% up
to 30 vol% and was confirmed through TGA experiments (Figure 2.2). Values of silica
volume percent, ¢sioz, are presented in Table 2.1. Figure 2.3(a) shows a representative
image of a hybrid XLPEG/silica film containing 19 vol% 12-nm silica nanoparticles. There
was no appearance of pinhole defects and film quality is easily reproducible from sample-
to-sample. All films studied were optically transparent, suggesting macroscale
homogeneity of the composite. If heterogeneity or phase segregation of the hybrid were
present, it would be readily observable as a consequence of light scattering off of
macroscale particulate aggregates. Thus, the high transparency of all the films studied
indicates that the inorganic nanoparticles are homogenously well-dispersed within the
polymer. Additionally, the bulk density measurements of the hybrid films are consistent
with effective medium density calculations and do not suggest the presence of macroscale
defects, Table 2.1 and Figure 2.4.

Table 2.1. Properties of Cross-Linked Poly (Ethylene Glycol) Containing Silica Nanoparticle
Composites.

Polymer Silica Size (nm) ¢si02x100% Density (g/cm3) Tg (°C)

XLPEG - 0 1.182 £ 0.001 -39
XLPEG 130 £ 6.5 6.9 1.265 = 0.006 -38
XLPEG 130 £ 6.5 17 1.351 £ 0.008 -38
XLPEG 130 £ 6.5 27 1.434 £ 0.003 -38
XLPEG 41+3.9 7.9 1.258 £ 0.006 -39
XLPEG 41+3.9 17 1.348 £ 0.003 -39
XLPEG 41+3.9 28 1.441 + 0.004 -40
XLPEG 12+1.2 7.8 1.279 £ 0.004 -39
XLPEG 12+1.2 19 1.372 £ 0.005 -36
XLPEG 12+1.2 30 1.498 £ 0.007 -39

Cross-sectional scanning electron microscopy (SEM) images of the pure XLPEG and hybrid
membranes were collected to examine microscopic homogeneity of the films and are
presented in Figures 2.3(b)-(k). The pure XLPEG film, as seen in Figure 2.3(b), is highly
uniform, non-porous, and consistent with the macroscale observations of a defect-free film.
Hybrid films containing 130-nm silica nanoparticles are presented in Figures 2.3(c)-(e) in
order of increasing volume loading. The silica nanoparticles are easily discernable from the
polymer and uniformly distributed throughout the film, as evinced by lack of light
scattering. The nanoparticles are randomly distributed at the lowest loading, 6.9 vol%, and
begin to undergo a transition to a close-packed configuration at the highest loading, 27
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vol%. Interestingly, the SEM images reveal a sub-layer of silica nanoparticles confined
below a layer of polymer. The homogeneity of the nanoparticles in the sub-layer further
confirms the homogeneity of the hybrid membrane. Figures 2.3(f)-(h) show hybrid
XLPEG/silica membranes containing 41-nm silica nanoparticles. The nanoparticles are
similarly homogenously distributed throughout the polymer at all volume loadings. Finally,
hybrid membranes containing 12-nm silica nanoparticles are presented in Figures 2.3(i)-
(k). While the resolution limits of the SEM make it difficult to resolve individual particles,
the film is visibly homogenous and defect-free, and no signs of micro-scale phase
segregation or aggregates were observed.
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Figure 2.2. Thermogravimetric analysis decomposition curves of XLPEG/silica. a) 130 nm
silica in XLPEG, b) 41 nm silica in XLPEG, and c) 12 nm silica in XLPEG.
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Figure 2.3. (a) Image of hybrid XLPEG/silica film containing 19 vol% 12-nm nanoparticles.
(b) SEM cross-section image of pure XLPEG film and (c)-(k) SEM cross-section images of
hybrid XLPEG/silica films. (c)-(e) 109-nm hybrid films; (f)-(h) 38-nm hybrid films; (i)-(k)
12-nm hybrid films. Images are of increasing silica loading from left to right. The silica
nanoparticles in all hybrid membranes appear homogenously dispersed.

26



3

Density (g/cm’)

1.1 ® 130 nm Silica/XLPEG|
B 41 nm Silica/XLPEG

€ 12 nm Silica/XLPEG
1.0 I I I ] ] ]

0 5 10 15 20 25 30 35

Volume %
Figure 2.4. Density of XLPEG/Silica nanocomposites versus volume fraction of silica at 20
°C. The solid lines are predicted additive density. The red line represents Ludox silica
composites, and the black line Stober silica composites.

2.3.3 Understanding Interfacial Interactions

In addition to the synthetic control of the inorganic phase, the manner in which the
inorganic species interacts with the polymer is critical, as it will greatly affect gas transport
through the membrane. Examining the glass transition temperature, Tg, of the polymer can
shed light on the interaction between the polymer and inorganic phase thereby providing
insight on the polymer dynamics. Differential scanning calorimetry is a useful technique to
elucidate changes in polymer dynamics upon the incorporation of a secondary inorganic
phase.”®-81 [n hybrid systems, the Ty of the polymer has been observed to underdo three
modes of perturbations upon the introduction of an inorganic phase: a positive shift,4880.98
negative shift,798099 and broadening.81.190 When T, shifts to higher temperatures, it
corresponds to a glassier polymer due to favorable interactions with the inorganic phase
that reduce segmental chain mobility. Alternatively, T, can shift to lower temperatures due
to unfavorable interactions with the inorganic phase.

Interestingly, I found that the Ty of all hybrid membranes in our study are similar to pure
XLPEG, as presented in Table 1 and seen in Figure 3 insets. The absence of T shifts is
common in “strong” polymers; polymer strength is characterized by its fragility.8182
Polymer fragility is understood as the rate at which cooperative segmental dynamics of
glass-forming liquids changes as Tgis approached. XLPEG has a fragility index of 23, which
is well below the general threshold of 50, where cooperativity between polymer chains is
low, and thereby considered strong.82-8% Thus, the segmental motion of XLPEG chains
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should not be dependent on the motion of neighboring chains. Instead, I would expect the
polymer to display a distribution of segmental mobility behavior that would be revealed in
the broadening of the T, region as the polymer transitions from a glass to a rubber.

In Figure 2.5, DSC thermograms of hybrid XLPEG/silica membranes are plotted and
compared to that of the pure homopolymer, XLPEG. Each thermogram is shifted laterally by
its respective Ty, and the heat flow has been normalized to the heat flow difference
between the rubbery and glassy state to compare between films. Thermograms of hybrid
membranes containing 130-nm nanoparticles closely match the thermal behavior of the
pure homopolymer, as seen in Figure 2.5(a). There is no apparent broadening at any
volume loading of the 130-nm nanoparticles. A similar observation is noted in the hybrids
containing 41-nm nanoparticles at loadings of 7.9 and 17 vol%, as seen in Figure 2.5(b). At
the highest loading, 28 vol%, the thermogram begins to broaden at temperatures above the
Tg. Furthermore, for hybrid membranes containing 12-nm nanoparticles, Figure 2.5(c)
shows systematic curve broadening of the thermograms as the loading is increased from
7.8 vol% to 30 vol%. Through our well-controlled system, I can see that the size of silica
nanoparticles plays an important role in the interaction between of the polymer and silica.
To understand the magnitude of the observed broadening of the thermograms, I attempt to
relate the broadening to surface area to volume, SA/V, ratio of the silica nanoparticles. |
expect surface area of the nanoparticles to be a significant contributor to interfacial
interactions and total surface area of silica irrespective of size would present similar
broadening behavior. Nitrogen adsorption at 77 K was used to determine the surface area
of the silica nanoparticles. BET surface area of 130, 41, and 12 nm particles was found to be
24 * 0.2, 170 = 1.4, and 293 = 2.1 m?/g, respectively, or 53, 365, and 638 m?/m3,
respectively, on a volumetric basis. Comparing these measured values to estimated SA/V
for spherical particles of equivalent size (Table 2.2), I find that the SA/V for 130-nm and
12-nm silica match closely to the estimates, while 41-nm silica is higher than estimates. The
higher than expected SA/V of 41 nm nanoparticles can be a result of surface roughness, as
seen in Figure 2.1(b), or particle porosity.?3
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Figure 2.5. DSC thermograms of XLPEG/Silica composite films containing (a) 130 nm
silica nanoparticles, (b) 41 nm silica nanoparticles, and (c) 12 nm silica nanoparticles. The
thermograms are first run scans, normalized to the maximum heat flow of each respective
scan, and shifted by their respective Tgg, listed in Table 1. Insets show T, plotted against
volume percent.
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Table 2.2. Total surface area per volume of composite films of a given volume percent and
nanoparticle size.

130 nm 41nm 12nm
SA/V m2 (silica)/m3

dsiozx (100%) (composite)
Spherical Est. (100) 45 140 640
100 52.5 365 638
28 14.7 102 179
18 9.5 65.6 114
7 3.7 25.5 44.7
3.6 6.4
0.5 - - 3.2

If surface area were the primary contributor to the observed broadening, then similar total
surface areas between nanoparticles of different sizes would exhibit similar thermal
behaviors. Hybrid membranes containing 28 vol% 41-nm silica and 19 vol% 12-nm silica
were chosen because of similar total surface area per unit volume of film, 102 and 114
m?/m3, respectively. The thermograms are plotted in Figure 2.6 and compared to the pure
homopolymer. The thermal transitions of these well-controlled hybrid membranes match
closely. This indicates that the polymer dynamics behave similarly between these two
hybrid membranes and the effect of silica on polymer dynamics is dependent on
nanoparticle size and loading. Having precise control of the nanoparticle size and
dispersion is an important criteria in making this comparison. I did not include a
comparison with 130-nm nanoparticles because even at 100% loading, [ would expect
there to be no broadening at those total surface area values (refer to Table 2.2 for SA/V
comparisons in hybrid membranes).

The broadening of the DSC thermograms is focused in the temperature region above the Ty
of the hybrid membranes. This is due to favorable interactions between the ether oxygen in
poly(ethylene glycol) and the surface hydroxyl groups found on the silica
nanoparticles.#8101 A favorable interaction results in a decrease in the segmental chain
mobility of the polymer due to adsorption onto the surface of the nanoparticle. Thus, the
polymer at the interface will become more rigid and display a higher T, than the pure
homopolymer. Similar observation of polymer chain modification in two-phase materials
has been observed with X-ray diffraction where d-spacing between polymer chains
decreases as content of the secondary phase increases.192 [ see a similar phenomenon in
our membranes, most prominently in membranes containing 19 and 30 vol% 12 nm silica
nanoparticles (Figure 2.7). However, due to the “strength” of XLPEG and lack of
cooperative segmental mobility, the polymer exhibits a distribution of segmental mobility
leading to a broadening above Tz The resulting hybrid membranes, which display
broadening behavior, are characteristically more “glassy” than the pure homopolymer.
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Figure 2.6. Comparison of DSC thermograms at equivalent total silica surface area. Pure
XLPEG (black), 28 vol% 41 nm silica (red), 19 vol% 12 nm silica (blue).
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Figure 2.7. XRD patterns of hybrid XLPEG/silica nanoparticle membranes. Each pattern
was fitted either to single or multiple Gaussian functions. XLPEG exhibits a broad
amorphous peak center at 22° 2-theta. As nanoparticle loading increases within size
classification, the peak center undergoes a shift to higher 2-theta and in the appearance of a
secondary peak at higher 2-theta. This is most clearly seen in 12 nm silica nanoparticle
membranes. 19 and 30 vol% 12 nm hybrids show a disappearance of peak at 22° and the
appearance of to peaks at 25.2° and 32°. These peaks do not correlate to amorphous silica
which has a broad peak centered around 23.2°. The location of these peaks suggests that at
these loadings the segments of the polymer have indeed become more rigid and closely
pack(id. The interchain d-spacing of the polymer has decreased from 4.05 A to 3.56 A and
2.80 A.

2.3.4 Gas Permeability Measurements

Pure gas permeability measurements of Hz, N2, CH4, and CO; as a function of silica volume
loadings at 35 °C and 6 atm are plotted in Figure 2.8 for each nanoparticle size. In general,
for all sizes, permeability decreases as nanoparticle loading is increased. Permeability
through heterogeneous systems is frequently described by effective medium
approximations such as Maxwell’'s model.”” For a system containing impermeable non-
interacting particles distributed within a polymer matrix, the composite permeability, P,
can be described by matrix, the composite permeability, P, can be described by Equation
2.3,

P. = p% (2.3)

2+dsio,
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where P is the permeability of the pure polymer, and ¢y is the volume fraction of the
dispersed impermeable filler phase.

The simplicity of Maxwell’s model allows it to be widely used to understand gas transport
through many types of hybrid membranes, but this model and other effective medium
approximations are not sensitive to variations in the dispersed phase shape and size, which
[ have shown to contribute to differences in polymer dynamics. Permeability through
hybrid membranes containing 130- and 41-nm silica can be mostly captured by Maxwell’s
model, but permeability through 12-nm silica hybrid membranes is consistently lower than
predicted by the model. Thus, permeability through our well-controlled hybrid membranes
is influenced by not only the loading of the inorganic phase, as understood by Maxwell’s
model, but also by the size of the nanoparticles. This is not predicted by Maxwell’s model,
but is clearly observed in the data.

To quantify the deviation from Maxwell’s model of the hybrid membranes, we have plotted
the permeability data as relative permeability on the basis of Maxwell’s predicted
permeability values in Figure 2.9. The predicted permeability values from Maxwell’s
model are plotted as a straight line crossing through the zero point. Data above Maxwell’s
model are measured permeabilities that deviate positively, and data below the line indicate
negative deviations. Nz, CHs, and CO2 permeabilities for hybrid membranes containing 130-
and 41-nm silica are consistent to Maxwell’s model because of the low level of interaction
between the polymer and silica as observed in the DSC measurements. However, H>
permeability has a positive deviation from the model, especially at the highest nanoparticle
loading. The Hz permeabilities are 37% and 27% higher than Maxwell’s prediction for the
130- and 41-nm hybrid membranes, respectively. Although the permeability for H: is
significantly higher than predicted by the model, it is still a lower absolute permeability
than the pure polymer.

[ speculate that the increase in H; permeability in the 130- and 41-nm silica hybrid
membranes with respect to Maxwell’s prediction may arise for one of two possible reasons.
First, at high nanoparticle loadings, the polymer may not be able to completely infiltrate the
space between nanoparticles and result in the formation of voids.193 However, the density
data does not support this explanation because [ would expect to see densities lower than
effective medium predictions. Second, voids may occur at the silica/polymer interface due
to chemical incompatibility or surface roughness.194 As a result, “nanogaps” may form in
regions where the polymer does not fully wet the silica. These nanogaps may only affect the
permeability of Hz because of its significantly smaller kinetic diameter (2.89 A vs. CO2 (3.3
A), N2 (3.64 A), and CH4 (3.8 A)).23 Furthermore, the Hz permeability is only affected at
higher loadings for 130- and 41-nm hybrid membranes, which is consistent with this
explanation. Unfortunately, it is not trivial to determine the presence of nanogaps from our
current analysis and so it will not be investigated further at this time.
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Figure 2.8. Gas permeability of CO2 (diamonds), Hz (circles), CHs4, (triangles) and N

(squares) for XLPEG/silica nanocomposites containing (a) 130 nm nanoparticles, (b) 41 nm
nanoparticles, and (c) 12 nm nanoparticles at 6 atm and 35 °C. The solid lines represent the
permeability prediction from Maxwell Model (eqn. 2.3).
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Figure 2.9. Relative permeability deviation of XLPEG/silica nanocomposites from Maxwell

prediction of gas permeability at 6 atm and 35 °C. 109 nm nanoparticles (squares), 38 nm
nanoparticles (circles), and 12 nm nanoparticles (diamonds). (a) Hz, (b) N2, (c) CH4, and (d)
CO2. Pacrual is measured permeability and Pwmaxwen is the calculated permeability of the
composite from Maxwell’s model.

Hybrid membranes containing 12-nm silica exhibit permeabilities that increasingly deviate
from Maxwell’s prediction as volume loading is increased, as seen in Figure 6. Interestingly,
at the highest loading of 30 vol%, the magnitude of deviation follows the order of kinetic
diameter of gases, Hz < COz < N2 < CH4. The permeabilities for Hz, CO2, N2, and CH4 are 29%,
36%, 37%, and 40% lower than Maxwell’s prediction, respectively. Furthermore, the
permeability of the 30 vol% 12-nm silica hybrid membranes is approximately 60% lower
for all gases than pure XLPEG permeability. The much lower permeability of hybrid
membranes containing 12-nm silica rather than 41- or 130-nm silica was expected due to
the increased interfacial interactions arising from significantly higher SA/V values of 12-
nm silica and total surface area available for interaction in 12-nm silica hybrid membranes.
The interactions, as discussed earlier, led to an overall polymer in the hybrid that is glassier
than the pure polymer system. The reduction in segmental chain mobility will decrease the
diffusion of gas molecules due to a higher activation energy required to undergo diffusive
jumps. Furthermore, when the loading of 12-nm silica increases, a larger fraction of
polymer will have reduced chain mobility, which will lead to a decrease in the gas
permeability property of the polymer that is not captured by Maxwell’s model.

[ have compared our permeability measurements to reports in literature of gas transport

through XLPEG/silica membranes. XLPEG nanocomposites containing fumed silica with
primary particle diameter of 12 nm have been reported.105106 The addition of
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methacrylate-terminated fumed silica up to 10 wt% loading showed permeability values
following Maxwell’s model. Our composites, at a similar loading of 13 wt% (7.8 vol%) and
particles size, have permeability values on average 14% lower than Maxwell. However, in
those reports, the dispersion of fumed silica was not homogenous over length scales of 100
nm, whereas our hybrid XLPEG/silica membranes are homogeneous for length scales
exceeding one micron. The fumed silica had a reported surface area of 150 + 25 m?/g,
which is much lower than the 12-nm silica and closer to the 41-nm silica used in this study.
From our results, given the reported surface area and volume loading of fumed silica, I
would not anticipate to observe any deviation from Maxwell’s model in their results. The
total surface area of silica at 7.8 vol% is not enough to force the XLPEG to undergo
significant and relevant changes in polymer dynamics and would not have any additional
affect in gas transport other than predicted in Maxwell’s model.

2.3.5 Gas Selectivity

Selectivity of COz over Hz, N2, and CHs4 for our XLPEG/silica membranes is presented in
Figure 2.10. CO2/Nz and COz/CH4 values remained unchanged relative to selectivity values
observed in pure XLPEG. The relatively constant selectivity of CO2/N; and CO2/CH4
suggests that the solution-diffusion mechanism of polymer gas transport is still the
dominant mechanism in our hybrid membranes. Furthermore, it indicates that there is no
specific interaction between the silica nanoparticles and gases tested. However, for CO2/H-
2, the selectivity decreases as silica loading increases for all nanoparticle sizes studied. In
130- and 41-nm silica hybrid membranes, CO2/H; selectivity is lower than for the pure
polymer membrane due to higher Hz permeability than predicted by Maxwell. In 12-nm
silica hybrid membranes, lower COz/H: selectivity is a result of smaller H, permeability
reductions than CO2, N2, or CH4. This could be due to the smaller kinetic diameter of H>
molecules, which are not subject to the same constraints of segmental chain mobility of
larger molecules.
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Figure 2.10. Gas selectivity of CO2/Nz (diamonds), CO2/CO4 (squares), COz2/H2 (circles) for
XLPEG/silica nanocomposites containing (a) 130 nm nanoparticles, (b) 41 nm
nanoparticles, and (c) 12 nm nanoparticles at 6 atm and 35 °C. The solid lines serve as

guides to the eye.
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2.4 Conclusions

We have developed a well-controlled model system of hybrid XLPEG/silica membranes
with uniformly dispersed nanoparticles to understand the effects of polymer/nanoparticle
interactions on gas transport. The nanoparticles studied span over an order of magnitude
in size and are homogeneously distributed throughout the membrane at all loadings
explored. The incorporation of silica nanoparticles into the polymer matrix can lead to a
reduction of segmental chain mobility of the polymer, which was manifested as a
broadening of the Ty in DSC measurements, because of the favorable interaction between
the hydroxyl groups on silica and ether oxygen in the XLPEG. Hybrid membranes with low
surface area to volume ratios and minor interfacial interactions (e.g. those with 130-nm
and 41-nm silica nanoparticles) exhibited permeability properties that can be understood
by applying effective medium approximations such as Maxwell’s model. However, hybrid
membranes displaying significantly increased interfacial interactions due to increased
surface area (e.g. those with 12-nm silica nanoparticles) exhibited a decrease in gas
permeability that significantly deviated from Maxwell’s model, due to a broad reduction in
segmental chain mobility, especially at higher loadings.

Furthermore, the selectivity of the hybrid membranes remained relatively constant
indicating weak interactions between the silica nanoparticles and gases tested.
Additionally, the development of a tunable system provides a pathway for future work
towards understanding how I can control surface chemistry and interactions with the
polymer to enhance gas transport properties of hybrid organic/inorganic membranes.
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Chapter 3. Enhancing separation and mechanical performance of
hybrid membranes through nanoparticle surface modification

Adapted from “Enhancing separation and mechanical performance of hybrid membranes
through nanoparticle surface modification.” N.C. Su, H.G. Buss, B.D. McCloskey, and ].J.
Urban. ACS Macro Letters. 2015, 4, 1239, DOI: 10.1021/acsmacrolett.5b00681. Reproduced
with permission from ACS Macro Letters.

Membranes with selective gas transport properties and good mechanical integrity are
increasingly desired to replace current energy intensive approaches to gas separation.
Here, I report on the dual enhancement of transport and mechanical properties of hybrid
cross-linked poly(ethylene glycol) membranes with aminopropyl-modified silica
nanoparticles. In the previous chapter, I analyzed the effect of size, and I build from the
model platform to investigate surface functionalization effects. CO2 permeability in hybrid
membranes exceeds what can be predicted by Maxwell’s equation and surpasses values of
the pure polymer. Furthermore, dynamic mechanical and Thermogravimetric analyses
reveal increases in both the storage modulus and thermal stability in hybrid membranes,
with respect to silica nanoparticle loading.
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3.1 Introduction

Membranes have become increasingly important in gas separation processes with
applications ranging from carbon capture to chemical production because of their relative
ease of operation and efficiency.8?! Current research in membranes is concentrated on
polymeric systems due to ease of processability, which enables large-scale
commercialization. While significant progress has been made towards improving the
performance of these membranes, they suffer from an empirical trade-off between
permeability and selectivity, which has thus far prevented the development of high
performance membranes.28:87

Hybrid membranes, which typically consist of inorganic nanomaterials dispersed within a
continuous polymer matrix, present an opportunity to overcome the traditional limitations
of polymers and optimize separation performance.*® Membranes derived solely from
inorganic materials often possess better transport properties than polymers. For instance,
the rigid nature of porous inorganic materials allows significantly better molecular size
discrimination.#35% Furthermore, inorganic materials exhibit much higher chemical
selectivity.6%.107 Unfortunately, the separation performance and commercial scalability of
inorganics are ultimately limited by material brittleness. Thus, hybrid membranes can
combine the separation properties of inorganics with the processability of polymers and
provide additional avenues to improve performance. In addition, hybrid membranes can
realize new properties and functionalities not found in pure component systems through
synergistic enhancements.#! For example, mundane materials such as silica can improve
transport properties through cooperative changes in polymer structure and
dynamics.>15597 Inorganic materials can also increase the mechanical and thermal stability
and robustness of a polymer membrane if favorable interphase interactions exist.>2108
However, improving mechanical stability often comes at a cost to transport properties.
Favorable interphase interactions can lead to rigidification of polymer chains near the
interface and increase both the glass transition temperature (Tg) of the polymer and
activation energy for molecular diffusion, thereby decreasing gas permeability.48108 The
degree of influence from these interactions can depend on the inorganic dispersant size
and volumetric loading.l” Contrastingly, interactions that are weak can result in non-
selective transport pathways due to void formation or mechanical instability.193 Therefore,
it is critical to select inorganic materials, which exhibit optimal interfacial interactions and
maximize gas separation performance.

Here, I report on the design of hybrid membranes that achieve simultaneous improvements
in transport and mechanical properties through appropriate surface modification of the
inorganic phase. The hybrid membranes are composed of cross-linked polyethylene glycol
(XLPEG) and surface-modified silica nanoparticles. I test the transport of gases, which are
relevant to carbon capture applications (e.g. carbon dioxide, methane, and nitrogen). The
silica nanoparticles used in this study have an average diameter of 12 nm. Native silica
nanoparticles are typically terminated with hydroxyl groups, whose interaction with
XLPEG has been shown to be detrimental to gas transport.19? Informed by this, I explore the
effects on membrane properties when the hydroxyl groups are replaced with aminopropyl
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ligands through silanization. I expect that the amine group will not interact too strongly or
too weakly with the ether group in XLPEG, thereby avoiding adverse effects on transport
properties. Furthermore, the incorporation of amines can increase the solubility of carbon
dioxide, helping to further drive transport performance increases. Recent literature has
also supported the use of amines on inorganic surfaces in hybrid membranes as it can serve
a dual purpose of adding facilitated transport channels and improve interfacial
compatibility with the polymer.69.85110-114 Hybrid membranes systematically prepared with
a range of different silica loadings from 0 vol% to 16 vol%. XLPEG is prepared through a
photopolymerization method using poly (ethylene glycol) diacrylate (700MW) and 2,2-
dimethoxy-2-phenylacetophenone as the photoinitiator.19°

3.2 Experimental Procedure

Silica Surface Modification and Characterization. All chemicals were purchased from
Sigma Aldrich. Ludox SM silica nanoparticles are initially transferred from an aqueous
solution into an alcohol by mixing Ludox SM with 60:1 ratio of ethanol:nitric acid followed
by centrifugation. The nanoparticles are washed again two more times with ethanol and
the final dispersed in isopropanol.

Silica silanization is conducted with aminopropyl triethoxysilane (99%) (APTES). Silica
nanoparticles are first diluted such that the concentration is below 10 mg/ml in
isopropanol. Ammonia hydroxide and water are added to the mixture in a 1:3600 and
1:6000 volumetric ratios, respectively. The mixture is heated to reflux and APTES is
injected such that the concentration is equal to ~7 monolayer molar equivalent coverage
on total silica surface in reaction mixture assuming 4 hydroxyl groups/nm?2.115 The solution
is kept under reflux for at least 16 hours, cooled to room temperature, and purified using
centrifugation and redispersion in isopropanol. Ninhydrin testing was conducted with a
0.1M solution in ethanol. 10 pL was dropped into 1 ml of silica-APTES and gently shaken.

CO2 adsorption on silica-APTES nanoparticles is conducted on a Q5000IR
Thermogravimetric Analyzer (TA Instruments). The nanoparticles are dried within the
instrument at 150 °C for a period of two hours under argon before cooling to the
experimental temperature of 40 °C. CO2 and argon are cycled in 90 minute intervals for 3
times. Nitrogen adsorption isotherms were collected at 77 K using a Tristar II Surface Area
Analyzer  (Micromeritics).  Surface area values are calculated following
Brunauer-Emmet-Teller method over a relative pressure range, p/po, of 0.05 to 0.25.

Membrane Fabrication and Characterization. Neat XLPEG and hybrid membranes are
fabricated following adapted procedures!%°. A polymer solution containing poly (ethylene
glycol) diacrylate (700 MW) and 0.1 wt % of the initiator 2 are mixed together until the
initiator is completely dissolved. Silica-APTES nanoparticles in isopropanol are gently dried
and then redispersed in a 1-2pH acidic aqueous HCI solution. After gentle vortexing of the
nanoparticle dispersion, it is combined with the polymer solution to give a final dry silica
volume loading of approximately 0 vol %, 2.5 vol % (7.5 wt %), 7 vol % (15 wt %), 11 vol %
(22.5 wt %), and 17 vol% (30 wt%). The solution is sonicated for 10 min to remove
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bubbles. Films are cross-linked by sandwiching the hybrid solution between two quartz
plates separated by spacers and exposing the film to 354 nm UV light (Spectrolinker XL-
1000, Spectronics Corp.) for 240 s. The films are then dried under vacuum at 25 °C
overnight to remove any residual solvent.

Cross-sectional images of the hybrid films are acquired with a Zeiss Gemini Ultra-55
Analytical Scanning Electron Microscope using a beam energy of 5 keV. Prior to imaging,
the films are immersed in liquid N2 and cryo-fractured are cryofractured to provide a clean
surface. Density measurements of the hybrid films are conducted with a density
determination kit (Mettler Toledo) following Archimedes’ principle. Heptane is used as the
secondary liquid. Glass transition temperature of the membranes are found using a Q200
differential scanning calorimeter (TA Instruments) scanning from -90 to 0 °C at a heating
rate of 20 °C/min.

Pure gas permeability of XLPEG/silica-APTES membranes for nitrogen, methane, and
carbon dioxide are measured using a custom built constant volume/variable pressure
apparatus. The films are masked with brass discs to accurately define an area where gas
transport could occur. Thicknesses of films are measured and are approximately 100-130
um. Prior to testing, the films are degassed within the apparatus overnight. A fixed
pressure is applied to the upstream side of the membrane, while the gas flux is recorded as
a steady-state pressure rise downstream of the membrane. Permeability values are
calculated as follows:

- () o

where Vp is the downstream volume (cm3), 1 is the film thickness (cm), pz is the upstream
pressure (cmHg), A is the surface area of the film (cm?), R is the gas constant, T is the
absolute temperature (K), and dpi/dt steady state pressure rise downstream at fixed
upstream pressure (cmHg/sec). The measurements are obtained under isothermal
conditions at 308 K. Diffusion and solubility coefficients are calculated following the
solution diffusion model and permeation time-lag experiments.

Dynamic mechanical analysis of the hybrid membranes is conducted using a TRITEC 2000
DMA (Triton Technology Ltd) in tension geometry. Films are clamped at room
temperature, and tension is applied below the glass transition temperature. Modulus and
tan 6 values are collected at a scan rate of 2 °C/min at a frequency of 1 Hz under inert N>
atmosphere.
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3.3 Results and Discussion

A schematic of the silanization of silica nanoparticles with aminopropyl triethoxysilane
(APTES) is shown in Figure 3.1(a). APTES is added in excess such that the molar amount
of APTES is 7 times more than the calculated monolayer coverage on the silica surface to
drive the reaction to completion.115116 The resulting amine-modified silica nanoparticles
will be referred to as silica-APTES. I confirm the presence and stability of APTES after
repeated purification of the nanoparticle dispersion as shown in Figure 1(b) and (c). I use
the addition of ninhydrin to detect the presence of primary amines. The reaction of
ninhydrin with primary amines results a deep purple hue, known as Ruhemann's purple.117
After the addition of ninhydrin to a solution of silica-APTES, I observe a dramatic color
change from clear to purple within seconds after addition, indicating the successful
coverage of the surface. CO2 adsorption cycles of silica-APTES are conducted using
Thermogravimetric analysis at 40 °C with argon as an inert gas and is shown in Figure 1(c).
Total CO2 adsorption capacity can be a quantitative indicator of the total surface coverage
of amines on silica nanoparticles. Silica-ATPES adsorbs 300% more CO; than native
hydroxyl terminated silica (silica-OH), increasing capacity from 0.22 mmol/g to 0.66
mmol/g. This corresponds to an approximate surface concentration of 2.7 amine/nm?
when taken into account the bare silica BET surface area of 293 m?/g. APTES coverage on
silica is reported to be roughly between 2.1 and 4.2 amine groups per nm?, depending on
the initial concentration of hydroxyl groups!!®, and suggests that I have approximately
achieved monolayer coverage.
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Figure 3.1. (a) Schematic of silanization with APTES. (b) Observing color change from clear
to purple of silica-APTES when ninhydrin is added. (c) COz adsorption cycles on TGA at 40
°C. Silica-APTES has 3 times more adsorption capacity than native silica-OH.

Morphological characterization of the homogeneity of the hybrid membranes is performed
using cross-sectional SEM and is shown in Figure 3.2. Membranes are prepared with 2.7,
6.6, 10, or 16 volume % silica-APTES. Prior to imaging, the membranes are immersed in
liquid N2 and cryo-fractured to provide a clean surface. The observed combination of good
miscibility between the polymer and the silica-APTES, the absence of obvious defects, and
the homogeneity of the distribution of nanoparticles are good indicators that APTES
interacts sufficiently well with the ether groups in XLPEG. I further confirm this through
density measurements of the hybrid membranes (Figure 3.3). The hybrid membranes
exhibit a clear linear relationship between density and volumetric loading consistent with
good interfacial interactions.1%° The density measurements also indicate that there are no
changes in the polymer free volume, which is also known to contribute to changes in
permeability. Interestingly, I note that the membranes with the highest loadings (Figure
3.2(c, d)) exhibit the most uniform dispersion of nanoparticles.
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Figure 3.2. SEM cross-section images of hybrid membranes containing (a) 2.7 vol%, (b) 6.6
vol%, (c) 10 vol%, and (d) 16 vol% silica-APTES.
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Figure 3.3. Density of hybrid XLPEG/silica-APTES membranes. Experimental densities
(circles) are well correlated with calculated volume additive density (dotted line),
suggesting good interaction between the polymer and nanoparticles.

Gas transport properties of the hybrid membranes are shown in Figures 3.4 and 3.5. |
compare the measured permeability values to values predicted by Maxwell’s equation. As
an effective medium model, Maxwell’s equation attempts to predict the permeability of
heterogeneous two-phase membranes as a function of only the volume loading of the
dispersed phase and does not take interfacial effects into consideration.”” Thus, for an
impermeable dispersed phase, I anticipate permeability to decrease as loading is increased
due to an increase in diffusive tortuosity. Maxwell’s equation for an impermeable dispersed
phase is written as follows,

2-2¢s;
PMaxwell = PPW;OOZZ (32)

where Pwmaxwen and Py are the permeabilities of the hybrid and polymer, respectively, and
dsioz is the volume fraction of silica. I plot CO2 permeability with respect to the relative
deviation from Maxwell’s equation as shown in Figure 3.4(a).

46



(@) o4 e
= 031 . Silica-APTES |
£ 024 A A I
o
N 0.1 B
g 00— — — — — — — — ——— -~ —_ _| i
n_‘z“ -0.1 4 P L
'c—g -0.2 1 P
g2 -03- Silica-OH
o
=~ -0.4- -
-0.5 —— : :
0 4 8 12 16 20
Volume %
(b)TOO ! . L L !
80- B
] CO,/N,
*? 609 L4 ® L L
=
)
]
o 40- -
wn
CO,/CH,
20m m u n -
0 —— : :
0 4 8 12 16 20
Volume %

Figure 3.4. (a) Relative CO2 permeability deviation from Maxwell’s equation of silica-
APTES (triangles) hybrid membranes as a function of volume %. Silica-OH hybrid
membranes (diamonds) are included for comparison. Dashed line represents predictions
from Maxwell’s equation. COz permeability in hybrids is higher than expected by Maxwell’s
equation. (b) COz/N: (circles) and COz/CH4 (squares) selectivity as a function of volume %.

Measurements were performed at 35 °C and 6 atm.
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Figure 3.5. Pure gas CO; permeabilities of hybrid membranes with silica-APTES and native
silica-OH nanoparticles. Permeability of silica-APTES hybrids is higher than neat XLPEG
and those predicted by Maxwell’s model (dotted line)

Surprisingly, the hybrid membranes with silica-APTES show a positive deviation from the
trend predicted by Maxwell’s equation. I expect that the improvement in transport
properties is a result of the added functionality and interaction with the polymer arising
from silica surface APTES groups. The permeability of all membranes is at least 20% higher
than what would be expected from the model and continues to increase from 0 to 10 vol%
before plateauing. Additionally, the absolute CO; permeability of hybrid membranes is
higher than neat XLPEG, except at the highest loading, achieving a maximum permeability
of 133 barrers (Figure 3.5). For comparison, I include the permeability values when silica-
OH is the inorganic component instead in Figure 3.4(a). These hybrids exhibit a detrimental
deviation from Maxwell’s equation due to stronger hydrogen-bonding interactions than
silica-APTES with XLPEG, which further induce rigidification of the polymer.199 Selectivities
of CO2/Nz and CO2/CH4 are shown in Figure 3.4(b). In both cases, selectivity is constant and
is not affected by addition of silica nanoparticles. COz/Nz and CO2/CH4 selectivities are 62
and 22, respectively. I speculate that improvement in permeability in hybrid membranes
over the neat polymer is a result of changes in polymer dynamics. The glass transition
temperature (Tg) decreases from -38 °C in neat XLPEG to -41 °C for all hybrid membranes
as shown in Figure 3.6. The modest decrease in T, indicates a slight increase in the
segmental mobility and relaxation of polymer chains, which would allow for increased
molecular diffusion through the polymer over the bulk. This in contrast to hybrids
containing silica-OH which show rigidification of the polymer at the interface. Amine
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groups as postulated earlier exhibit weaker hydrogen bonding interactions than hydroxyl
groups with the XLPEG. Fortunately, the interaction is still sufficient to promote good
homogeneity and dispersablity of the silica while affording more flexibility for segmental
chain motion.
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Figure 3.6. DSC thermograms of hybrid membranes. The glass transition shifts lower from
-38°Cto -41 °C.

Transport through membranes can often be described by the solution-diffusion model. The
permeability (P) of a membrane is the product of a kinetic diffusion coefficient (D) and a
thermodynamic solubility coefficient (S).23 I analyze permeation time lag experiments and
use the solution-diffusion model®® to calculate diffusion and solubility coefficients for
methane and carbon dioxide to confirm that the expected increase in diffusion is a result of
polymer relaxation. The results are presented in Figure 3.7. Diffusion coefficients of CO;
and CH4 show an immediate increase upon addition of silica-APTES nanoparticles, which
results in an increase in permeability, thereby confirming that segmental mobility has
increased, as suggested by Ty shifting from -38 °C to -41 °C. CO diffusion increases from
5.4*10-7 cm?/s to 6.2*10-7 cm?/s and CH4 diffusion increases from 4.1*10-7 cm?/s to 5.2*10-
7 cm?/s when 2.7 vol% of silica-APTES is added. CO; has a larger diffusion coefficient than
CH4 due to the smaller kinetic diameter of CO2 (3.3 A vs. 3.8 A). As silica loading increases,
molecular diffusion decreases from its maximum value due to the increase in tortuosity
from a higher density of nanoparticles, which competes with the effect from polymer
relaxation. For CO2, the diffusion continues to drop as nanoparticle loading increases. |
suspect this is due to the enhanced adsorption of CO2, due to the amine groups on the silica
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surface, which may act as traps for CO2, but not CHsand thereby impede the movement of
CO2. This is confirmed by inspecting the solubility of CHs and CO2. Solubility of CO:
increases from 1.5 cm3(STP)cm-3atm! in neat XLPEG up to 2 cm3(STP)cm-3atm! as silica-
APTES loading increases. Unsurprisingly, CHs solubility remains approximately 0.09
cm3(STP)cm3atm! at all loadings. I find the solubility selectivity increases from 15.5 in
pure XLPEG up to 21.8 in hybrid membranes containing 16 vol% silica-APTES due to the
amine/CO; interaction. Thus, | demonstrate that polymer segmental dynamics, tortuosity,
and gas adsorption can all contribute to effects on molecular diffusion.
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Figure 3.7. Diffusion (squares) and solubility (circles) coefficients of XLPEG/silica-APTES
hybrid membranes for (a) CH4 and (b) CO2. The initial increase in diffusion for both gases is
reflective of relaxation of segmental polymer dynamics. The increase in solubility for CO; is
attributed to amine groups on silica nanoparticles.

Mechanical properties of hybrid membranes are determined through dynamical
mechanical analysis (DMA) and are shown in Figure 3.8. Samples are prepared for tension
geometry. The sample is fully tightened below its glass transition temperature to make for
a more accurate measurement. The glassy modulus increases from 3.5 gigapascal (GPa) in
the neat XLPEG up to 8.5 GPa in hybrid membrane containing 16 vol% silica-APTES, a
250% increase. The rubbery modulus remains stable between 17 and 22 MPa. Thus, I have
demonstrated that our hybrid membranes exhibit a dual enhancement of gas transport and
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mechanical properties as compared to the neat XLPEG. I note that the observed dip in
rubbery modulus of neat XLPEG between 10 and 40 °C is likely due to trivial amounts of
moisture condensation, even though careful consideration is taken to ensure a dry
environment. The dip is consistent in multiple XLPEG samples, never observed in hybrid
samples, and is not reflective of decrease in mechanical properties of the polymer.
Additional Ty information for the membranes is also found from the peak position of tan 6
(Figure 3.9). The Tg trend from DMA measurements closely corresponds to that
determined through DSC, even though the absolute Ty values differs between the two
techniques. The Ty of neat XLPEG from DMA is -29 °C, and the T, decreases to between -32
and -34 °C when silica-APTES was added. The different T, values determined by DSC and
DMA are not unexpected because Tg is known to vary between different measurement
techniques. In addition, thermal decomposition curves of the hybrid membranes show
increased thermal stability as loading of silica-APTES increases (Figure 3.10). At 16 vol%,
the decomposition temperature is 100 °C higher than the neat XLPEG.
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Figure 3.8. Dynamic storage modulus of silica-APTES hybrid membranes. Inset show
magnified region below the glass transition temperature. Mechanical properties are robust
over all volume loadings. DMA measurements were performed at 1 Hz and scan rate of 2
°C/min.
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Figure 3.9. Tan delta of hybrid membranes as measured by DMA. T; according to tan delta
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Figure 3.10. TGA decomposition of hybrid membranes. Decomposition temperature
increases as silica-APTES loading is increased, indicating higher thermal stability.

3.4 Conclusions

In summary, I demonstrate simultaneous improvement of permeability and mechanical
properties of hybrid membranes without sacrificing selectivity through appropriate control
of the nanoparticle interface. Silanization of silica nanoparticles with APTES results in a
20% improvement in permeability from Maxwell’s equation and 250% improvement in
mechanical properties. Permeability in hybrid membranes of all gases deviates favorably
away from Maxwell’s equation and towards values higher than permeability in the neat
XLPEG. The improvement in permeability is due to the relaxation of the polymer at the
interface, which resulted in an immediate increase in the diffusion coefficients of both CO;
and CH4. This work provides an avenue to achieve a superior hybrid membrane through
control of interfacial interactions between polymers and nanoparticles.
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Chapter 4. Enhanced Permeation Arising from Dual Transport
Pathways in Hybrid Polymer-MOF Membranes

Adapted from “Enhanced permeation arising from dual transport pathways in hybrid
polymer-MOF membranes.” N.C. Su, D.T. Sun, D.K, Britt, C.M. Beavers, W.L. Queen, and ].J.
Urban. Energy & Environmental Science. 2016, DOI: 10.1039/C5EE02660A. Reproduced
with permission from Energy & Environmental Science.

The rise of anthropogenic global warming has sparked new interest in developing
strategies to mitigate carbon dioxide emissions. Conventional carbon capture processes are
not economically viable at scale due to their enormous energy cost. Membrane-based
separation is a promising alternative, but its separation performance has traditionally been
limited by a well-known trade-off between permeability and selectivity. Incorporating the
insights gained from molecular transport effects from inorganic size and surface
functionalization, I explore a hybrid polymer/inorganic membrane with dual transport
pathways. This special class of membranes allows us to overcome this traditional
limitation. The inorganic phase consists of a metal-organic framework (MOF), which is an
ideal inorganic dispersant to construct dual transport pathways as the crystalline porous
structure of MOFs is more amenable to molecular diffusion than polymers. Previous hybrid
membrane research has failed to achieve sufficiently high loadings to establish a
percolative network necessary for dual transport, often due to mechanical failure of the
membrane at high loading. Using polysulfone and UiO-66-NH,; MOF as a model system, |
achieve high MOF loadings (50 wt%) and observe the evolution from single mode to dual
transport regimes. The newly formed percolative pathway through the MOF, which has not
previously been observed, acts as a molecular highway for gases. As the MOF loading
increases to 30 wt%, CO2 permeability increases linearly from 5.6 barrers in polysulfone
homopolymer to 18 barrers. Crucially, between 30 and 40 wt%, a percolative MOF network
arises and the CO; permeability dramatically rises from 18 to 46 barrers; an eight-fold
increase over pure polysulfone, while maintaining selectivity over methane and nitrogen
near the pure polymer at 24 and 26, respectively. A similar phenomenon is observed in the
measurement of the diffusion coefficient and is consistent with the formation of dual
transport pathways. The findings in this study enable new approaches towards designing
hybrid membranes with dual transport pathways. This is an important step towards a
competitive membrane-based carbon capture process.
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4.1 Introduction

While historical trends indicate the gradual decarbonization of fuel sources over time, the
global economy in its present state remains heavily dependent on fuels with high carbon
content such as coal, oil, and natural gas. Consequently, carbon emissions are reaching
record levels and are identified as contributing to recent patterns of global climate change.?
Mitigating carbon emissions to reverse or curb climate change using traditional amine
scrubbing techniques is not scalable due to the large energy consumption and physical
footprint required. Membrane separation processes have emerged as a promising
technology because of the passive nature of its operation and relative ease of scalability.??
Unfortunately, many commercialized membranes have not been optimized for the
stringent purification metrics required for carbon capture applications.!® These
membranes, typically derived from polymers, suffer from an inherent trade-off between
permeability and selectivity as popularized by Robeson and his eponymous plot.28 The
central dilemma is that many polymers provide either high permeability or high selectivity
but not both, which limits the industrial utility of these systems.

Hybrid membranes, which typically contain an organic polymer phase and a dispersed
inorganic phase, have been shown to significantly improve separation performance over
pure polymer systems in a variety of applications including carbon capture’>119-123
hydrogen purification!?4, and petrochemicals.5160.125 The inorganic phase can be a
nonporous materials such as nanoparticles>1>>10% or porous materials such as carbon
molecular sieves3?50, zeolites126127, and metal-organic frameworks?5120-122,124,125,128-130,
When integrated with an organic polymer into a hybrid system, the competitive advantages
of each individual phase can be realized, such as the processability of polymers and
molecular selectivity of inorganics, while also fostering new properties and functionalities
through synergistic enhancements.*! While conventional mixed matrix systems display
improved separation properties, the inorganic phase often is not present in sufficient
quantity to establish a percolative network, and thus their transport behavior is limited by
classical solution-diffusion principles. If hybrid membranes can be designed to possess
continuity of both organic and inorganic phases, there is an opportunity to reach new non-
classical transport regimes governed by dual transport pathways.119131132 [n this dual
transport regime, the inorganic phase will act as a molecular transport highway. However,
achieving dual transport pathways is no easy feat as high loadings of the inorganic phase
are required to achieve percolation.133 Only a few studies have reported inorganic loadings
in hybrid membranes surpassing 40 wt% due to mechanical failure of the
membrane.8%119.125 This is primarily a result of poor interphase interactions, which lead to
the formation of voids, commonly referred to as “sieves-in-a-cage,” in hybrids containing
porous inorganic materials.4247.13% Under these circumstances, molecular diffusion can
circumvent the inorganic sieve and instead transport through the less selective voids at the
interface. Thus, precise control of both the polymer and inorganic phase is critical to
maximize separation performance.

Metal-organic frameworks (MOFs) are a relatively new class of 3-D porous crystalline
inorganic materials that are ideal candidates to incorporate in hybrid membranes and
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design dual transport pathways.2>135 Their chemical flexibility provides opportunities to
tune and optimize interfacial interactions between the MOF crystal and a polymer, thus
reducing chances for mechanical failure. Further, large internal surface areas, tunable but
rigid pores?3>, and chemical functionalities of MOFs (accessible through functionalization of
the organic linkers!” or Lewis acid open metal sites!3¢) can simultaneous improve diffusive
size selectivity and adsorption uptake of gases in membranes. While inclusion of the MOF
as a dispersed phase can be expected to improve gas transport properties, the full benefit
of hybrid MOF membranes is only realized when a continuous phase exists, which would
lead to a percolative transport highway.

Here, I report on the design and characterization of robust hybrid membranes possessing
dual transport pathways using UiO-66-NH> MOF and polysulfone for relevant carbon
capture applications. UiO-66-NH; is a zirconium based MOF, comprised of ZrsO4+(OH)4
octahedral clusters and 2-amino-1,4 benzenedicarboxylate linkers. UiO-66-NH; is a well-
studied MOF and exhibits high thermal stability, water stability, and carbon dioxide
adsorption.17137 [ selected the amine derivative over its non-functionalized counterpart
(Ui0-66) to maximize interactions with polar backbone groups in the polysulfone polymer,
which is critical to avoid mechanical failure as I increase the MOF loading beyond what is
normally considered high loadings (i.e. 30 wt%). This hybrid system successfully maintains
structural integrity at very high loadings. | demonstrate, to the best of our knowledge, the
first hybrid system possessing dual transport pathways.

4.2 Experimental Procedure

Ui0-66-NH; Synthesis. UiO-66-NH; is prepared following a modified version of a
microwave synthetic technique.l® Zirconium tetrachloride (99.5%) is supplied by Alfa
Aesar, 2-amino-1,4-benzenedicarboxylic acid (99%) and dimethylformamide (99%) is
supplied by Sigma-Aldrich.

35 mmol of ZrCls (8.12 g) and 0.11 mmol of nanopure water (2 ml) are added to 148 mmol
(400 mL) of DMF. The solid is allowed to fully dissolve. Separately, 35 mmol (6.28 g) of 2-
aminoterephthalic acid is dissolved in 148 mmol DMF. The solutions are combined and
heated using microwave irradiation (Anton Paar) in sealed vessels at 1500 W for two hours
at 120°C. The resulting pale yellow powder is filtered and washed with methanol in a
Soxhlet extractor overnight. The final product is dried in air overnight and finally in an
oven at 65°C to remove residual solvent.

Fabrication of membranes. Udel P-1700 polysulfone is generously supplied by Solvay
Plastics. Polysulfone (PSF) is dried overnight in a vacuum oven at 110 °C prior to use. PSF
is dissolved in chloroform (BDH Chemicals) to form a 5 wt% solution and subsequently
filtered with a 0.45 pm PVDF filter. For hybrid membranes containing up to 50 wt% UiO-
66-NH;, the MOF is first dispersed in chloroform by sonication. Once dispersed, the MOF is
“primed” by adding a portion of the PSF solution equal to 35 wt% of the total MOF mass
and subsequently sonicated. Priming the MOF is believed to increase interaction and
homogeneity between the MOF and polymer by coating the MOF with a thin polymer
layer3°. The remaining PSF is then added to the MOF mixture and sonicated. To mitigate
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MOF settling during casting, the solution is concentrated by gentle purging with nitrogen
gas to evaporate the solvent until the solids concentration reaches 25-30 wt%. The solution
is then cast into a casting plate, loosely covered, and allowed to dry under atmospheric
conditions over the course of two days. The dried membranes are then placed into a
vacuum oven at 110 °C overnight to remove any residual solvent and water. The target
thickness of each film is 65 pm. The thickness of each film is measured individually using a
micrometer.

MOF and Membrane Characterization. Nitrogen adsorption measurements of the MOF
are performed at 77 K using a Tristar II Surface Area Analyzer (Micromeritics). Surface
area values are calculated following Brunauer-Emmett-Teller method over a relative
pressure range, p/po, of 0.05 to 0.25. Carbon dioxide adsorption isotherms of the MOF and
membranes are collected using an ASAP 2020 Physisorption Analyzer (Micromeritics) at
20 °C up to a pressure of 1 bar. Before adsorption measurements are carried out, all
samples are heated under vacuum at 110 °C for 12 hours to remove residual solvent in the
pores.

X-ray diffraction patterns of the MOF powder and hybrid membranes are collected at ALS
Beamline 12.2.2 on a Perkin Elmer amorphous silicon detector using synchrotron radiation
monochromated by silicon(111) to a wavelength of 0.4978(1) A. Distance and wavelength
calibrations were done, using a NIST LaBe diffraction standard, with the program Dioptas,
which was also employed for radial integration. Simulated powder diffraction patterns of
UiO-66-NH> are calculated using Mercury 3.6 software (Cambridge Crystallographic Data
Centre). Glass transition temperatures of the membranes are determined using a Q200
Differential Scanning Calorimeter (TA Instruments). The samples are heated under vacuum
at 110 °C for two hours to remove water vapor before scanning to 250 °C at a scan rate of
20 °C/min. Density measurements of the bulk hybrid films are performed using hydrostatic
weighing with a density determination kit (Mettler Toledo). Heptane is used as the
secondary liquid. Cross-sectional images of the hybrid films are acquired with a Zeiss
Gemini Ultra-55 Analytical Scanning Electron Microscope using an accelerating voltage of 5
keV. Prior to imaging, the films are cryofractured after immersion in liquid N to provide a
clean surface.

Gas Transport Measurements. Pure gas permeability of PSF/Ui0-66-NH, membranes for
nitrogen, methane, and carbon dioxide are measured using a custom built constant
volume/variable pressure apparatus.’®199 The films are masked with brass discs to
accurately define an area through which gas transport could occur. Prior to testing, the
films are degassed within the apparatus. A fixed pressure is applied to the upstream side of
the membrane, while the gas flux is recorded as a steady-state pressure rise downstream of
the membrane. Permeability values are calculated as follows:

P= e (et (41

pzART

where Vp is the downstream volume (cm3), 1 is the film thickness (cm), pz is the upstream
pressure (cmHg), A is the exposed area of the film (cm?), R is the gas constant, T is the
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absolute temperature (K), and dpi/dt steady state pressure rise downstream at fixed
upstream pressure (cmHg/sec). The measurements are obtained under isothermal
conditions at 308 K.

Diffusivity and solubility of the hybrid membranes are calculated through permeation time
lag experiments described in detail elsewhere® and analyzed employing the solution-
diffusion model.
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4.3 Results and Discussions

4.3.1 Characterization of UiO-66

Traditional MOF synthesis relies on conventional solvothermal techniques, which usually
requires prolonged reaction times that range from hours to several days. Microwave
assisted synthetic techniques are an emerging method to rapidly synthesize MOFs138-140
and other microporous materials’*! within a matter of minutes to a few hours without
compromising crystallite quality. This technique is not only advantageous for its short
reaction time, but also for its scalability and particle size control. I employ microwave
synthesis for UiO-66-NH: for the reasons listed above and to minimize the risk of batch-to-
batch variation. All hybrid membranes investigated contained MOFs from a single large-
scale batch. In Figure. 4.1a, the powder X-ray diffraction pattern of the synthesized UiO-
66-NH; shows excellent agreement with the simulated diffraction pattern. Nitrogen
adsorption isotherms were collected at 77 K, as shown in Figure 4.1b, and follow Type 1
isotherm indicative of microporosity. Based upon this analysis, the BET surface area is
calculated to be 1348 + 5 m?/g, which is higher than previously reported surface area
values for Ui0-66-NH;, which fall between 1000 and 1150 m?/g.17.120

l UiO-66-NH,
A A AA P

Intensity (a.u.)
N, Adsorbed (mmol/g)

M Simulated UiO-66-NH,

T T 0 T T T T
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2-Theta (Deg.) Relative Presssure (p/p,)

Figure 4.1. a) X-ray diffraction pattern of synthesized UiO-66-NH2 matches well with
simulated pattern. b) Nitrogen adsorption isotherm of UiO-66-NH2 powder at 77 K.

4.3.2 Hybrid Membrane Characterization

By controlling the MOF-polymer interface using the techniques described previously,
robust polysulfone membranes containing up to 50 wt % UiO-66-NH; are successfully
fabricated. Few MOF-polymer membranes at such high loadings have been reported;
mainly a result of mechanical failure of the membrane at these loadings, due to poor
interphase interactions.89119.125 Thus, when undertaking the design of hybrid membranes,
it is imperative to select materials which are not only individually good materials for CO>
capture, but also with mutual chemical affinities to maximize interphase adhesion and
solubility and minimize the onset of sieve-in-a-cage morphology, which deleteriously
impacts the gas selectivity. One diagnostic used to understand the magnitude and type of
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interfacial interactions in hybrid soft/hard systems are shifts in the glass transition
temperature (Tg). Favorable interactions are noted by a T; shift towards higher
temperatures.#8109 This positive shift is due to reduced polymer chain mobility and
rigidification as the polymer becomes adsorbed onto the MOF surface, resulting in a more
mechanically robust membrane. Opposite trends (i.e. reductions in Ty relative to that of the
homopolymer) are observed when unfavorable interactions are present.??142 Glass
transition temperatures as measured by differential scanning calorimetry of the hybrid
membranes are presented in Table 4.1. The T, of the neat homopolymer is 176 °C. The
incorporation of 10 wt% UiO-66-NH2 has a minor influence on the Ty, shifting it by only 4
°C. As MOF is further added to the membrane, I observe a larger Tgshift of 10-12 °C to a
maximum T of 188 °C. The Ty shifts at all loadings indicates that favorable interactions are
present, and [ speculate this is due to hydrogen bonding interactions between the amine
groups of the MOF and sulfonyl groups in the polymer. The interactions are sufficiently
strong that any post-synthetic surface modification of the MOF to promote interaction is
not required.

Table 4.1. Glass Transition Temperature of Hybrid Membranes

Ui0-66-NH2 weight % T (°C)

0 176
10 180
20 186
30 186
40 188
50 188

Physical confirmation of good interfacial interactions as indicated by the aforementioned
Tg shifts can be seen through cross-sectional imaging of the hybrid membranes. SEM cross-
sections of the membranes are shown in Figure 4.2 and Figure 4.3 at higher and lower
magnifications, respectively. The PSF homopolymer is highly uniform and dense with no
sign of pinhole defects (Figure 4.2a and 4.3a). Strong interfacial interactions are observed
in membranes containing 10 wt% UiO-66-NH: (Figure 4.2b and 4.3b) as indicated by the
homogenous distribution of MOF crystals throughout the polymer. At this loading, there is
minimal aggregation between MOF crystals, which have a crystallite size of approximately
400 nm in diameter. As MOF loading is increased up to 50 wt%, the membranes still display
homogeneity between the polymer and MOF. Above 50 wt%, the hybrid membrane begins
to lose mechanical stability. Thus, higher membrane loadings were not pursued.
Furthermore, the appearance of a network of circular pattern morphology of the polymer is
additional evidence of the presence of strong interfacial interactions.119.120125 The addition
of Ui0-66 induces shear stress of the polymer, which results in rigidification and elongation
of polymer chains.143 As UiO-66-NH; is incorporated with the polymer, the interaction
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between the two phases induces a rigidification and elongation of polymer chains. This
phenomenon is more evident in hybrids containing 10 and 20 wt% UiO-66-NH». This
morphology is not to be confused with sieve-in-a-cage where delamination between the
phases creates a significant volume fraction of interphase voids. As further confirmation
that sieve-in-a-cage was not present in our hybrid membranes, I calculated the bulk density
of each membrane as shown in Figure 4.4. If significant voids were present in the
membranes, they would manifest itself as a non-linear density trend where the true density
of the films is lower than the arithmetic average between the two phases.8? Our hybrid
membranes show a clear linear relationship between density and weight % further
suggesting that good interfacial contact is present.

In addition to detecting strong interfacial interactions, the SEM cross-sections reveal
another significant characteristic of these hybrid membranes advantageous for gas
transport. At MOF loadings of 30 wt% or below, the MOF can be clearly discerned from the
polymer as seen in Figure 4.3. At these loadings, there is sufficient polymer to completely
enwrap MOF crystals. However, at 40 wt% and above, it becomes much more difficult to
observe isolated MOF and polymer regions. The SEM images in Figure 4.2e and 4.2f appear
to show an interconnected network of MOF crystals occasionally interrupted by the
polymer. [ anticipate that the transport properties in 40 and 50 wt% hybrid membranes to
be different than the other membranes investigated in this study because the
interconnectivity of MOF crystals will provide a parallel transport pathway to the solution-
diffusion mechanism for dense polymer membranes.
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Figure 4.2. Higher magnification SEM cross-section images of (a) polysulfone
homopolymer and (b -f) hybrid membranes containing (b) 10 wt%, (c) 20 wt%, (d) 30
wt%, (e) 40 wt%, and (f) 50 wt% UiO-66-NHz, respectively. The network polymer region
(brighter regions) signifies good interfacial contact between the MOF and polysulfone.
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Figure 4.3. Lower magnification SEM cross-section images of (a) polysulfone
homopolymer and (b -f) hybrid membranes containing (b) 10 wt%, (c) 20 wt%, (d) 30
wt%, (e) 40 wt%, and (f) 50 wt% UiO-66-NHz, respectively. A shift in dispersion of MOF in
membranes containing between 30 and 40 wt% MOF occurs, wherein interconnected MOF
network can be seen in membranes containing more than 40 wt% MOF.
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Figure 4.4. Hydrostatic density measurement of Ui0-66-NH; PSF hybrid membranes.
Density follows a linear trend, indicating good interphase interaction.

Transmittance X-ray diffraction was used to determine the presence of Ui0-66-NH: in
hybrid membranes and the diffraction patterns are shown in Figure 4.5. The pure
polysulfone membrane shows no diffraction peaks as expected because of its amorphous
nature. All hybrid membranes containing UiO-66-NH; display at least the two primary
diffraction peaks at 20 values of 2.38 ° and 2.68 °, confirming that Ui0-66-NH; maintains its
crystallinity during membrane fabrication. Furthermore, if the intensities are normalized
by membrane thickness, I find that the intensity of the highest peak correlates well with
MOF loading. The hybrid membrane containing 10 wt% UiO-66-NH: has a maximum peak
intensity of ~25% of the maximum peak intensity of the membrane with a loading of 50
wt%. Following this trend the maximum peak intensity of 20, 30 and 40 wt% membranes
are 44%, 59%, and 74% of the maximum peak intensity for 50 wt% membranes,
respectively.
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Figure 4.5. X-ray diffraction patterns of UiO-66-NH; and hybrid membranes containing 0
to 50 wt% Ui0-66-NH2. Maximum peak intensities of hybrid membranes correlate well
with MOF loading after normalization with membrane thickness.

CO2 adsorption isotherms of the hybrid membranes are collected at 25 °C as shown in
Figure 4.6. UiO-66-NH; powder exhibits a measured CO; adsorption of 2.91 mmol/g at 1
bar and matches well with literature.l” Similar to the XRD patterns, the total CO:
adsorption correlates well with the MOF loading in the membranes. 50 wt% UiO-66-NH;
membranes exhibit a CO2 adsorption equivalent to 53% of the total CO; adsorption of just
Ui0-66-NH». Hybrid membranes containing 10, 20, 30, and 40 wt% UiO-66-NH; have CO:
adsorption uptakes, which are 11%, 23%, 31%, and 37% of UiO-66-NH: only, respectively.
The consistency of COz uptakes with weight loading in these hybrid membranes is evidence
of no pore blockage due to polymer chains. Pore blockage of porous materials by polymer
chains is a major concern in hybrid membranes because it is known to be detrimental to
the gas transport.”>144 Depending on the pore size, polymer chains can completely or
partially infiltrate the pores of the MOF. Instead of gas molecules diffusing through the
MOF, molecules would be forced to travel around the pore-blocked MOF, thereby
increasing tortuosity and decreasing diffusion and permeability. As a result, I do not
anticipate that pore blockage is detrimentally affecting the gas transport performance of
the hybrid membranes.
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Figure 4.6. CO: adsorption isotherms of UiO-66-NH; and UiO-66-NH; containing
membranes at 25 °C. Total COz adsorption of membranes containing Ui0-66-NHz scale with
MOF loading.

4.3.3 Gas Transport Properties

Pure gas permeability and selectivity of N2, CHs, and CO; at 35 °C and 3 bar are shown in
Figure 4.7 and Figure 4.8, respectively, as a function of weight % of UiO-66-NH». All
hybrid membranes exhibited at least 200% higher permeability than the permeability of
neat polysulfone membranes. Surprisingly, I observe a significant increase in permeability
from hybrid membranes containing 30 wt% to 40 wt% MOF. At 30 wt%, the CO:
permeability is 18 barrer or 3.3 times higher than polysulfone only. However, at 40 wt%,
the CO2 permeability dramatically leaps to 46 barrer or 8.1 times higher than neat
polysulfone. The leap in permeability is not consistent with the linear behavior between 0
and 30 wt%, in which CO2 permeability gradually increases from 5.6 to 18 barrers.

In order to understand the permeability trends in the hybrid MOF membranes, I perform
analysis using a simple effective medium model. Such models often capture the physical
behavior of a broad range of systems with a continuous phase and a dispersant.4!
Specifically, permeability in heterogeneous two-phase materials are frequently modeled by
Maxwell’s model (Eqn. 4.2)77,

nPd+(1—n)Pp—(1—n)¢d(Pp—Pd)
nPd+(1—n)Pp+n¢d(Pp—Pd)

(4.2)

PMaxwell = p
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which consider the volume loading of the dispersed phase (i.e. MOF), ¢4, and the geometry
shape factor of the dispersed phase, n, as the only adjustable parameters. Pumaxwel, Pp, and Pq
are the permeability of the hybrid membrane, polymer, and dispersed phase, respectively.
While the simplicity of the model allows for quick comparison of experimental data to the
predicted values, the model does not consider the effects of interphase interactions, is
typically applied only to systems below 20 vol% loading, and usually assumes the
dispersed phase has spherical geometry (n = 1/3).77 In this scenario, Maxwell’s model
collapses into the more common Maxwell’s equation used in hybrid or composite
membrane analysis. From our density measurements, [ calculated the bulk density of UiO-
66-NH; to be 1.53 g/cm3, which is close to the estimated density of 1.3 g/cm3 for a perfect
crystal and ideal unit cell.#> Assuming the experimental density, I find that hybrid
membranes contain a maximum of 45 vol% MOF, which is well beyond the 20 vol%
threshold for typical applications of Maxwell’s model. However, I can still apply Maxwell’s
equation (n = 1/3) in hybrid membranes containing below 30 wt% (25 vol%) UiO-66-NH>
as shown in Figure 4.9. The equation severely underestimates permeability values by up to
44%, even when assuming an infinitely permeable dispersed phase. Gas permeability of
UiO-66-NH> has not been previously measured before, and thus, there is not an accepted
literature value to use as Pq. | speculate that the poor prediction of Maxwell’s model could
arise from one of two possibilities. First, poor interactions between the polymer and MOF
can result in interphase voids, which act as fast non-selective diffusive pathways. However,
our Ty measurements and SEM images indicate the opposite, where good interfacial
interactions are present. Second, our approximation of spherical geometry of the dispersed
phase could be incorrect. This scenario is more likely than the former and is at least
suggested by partial aggregation observed in SEM images (Figure 4.2 and 4.3). Allowing the
shape factor, n, to be an adjustable parameter, I find Maxwell’s model closely approximates
experimental values below 30 wt% when n is equal to 0.14, equivalent to elongated
ellipsoid oriented parallel to transport direction, and Pq varies between 500 and 1000
barrers, as shown in Figure 4.10. However, the model is still not a good predictor above 30
wt%, which would be expected given the model’s assumptions and hybrid systems, which
oftentimes manifest new properties that cannot be simply modeled using effective medium
analysis.
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Figure 4.7. Pure gas permeabilities of CO; (triangles) , N2 (squares), and CH4 (circles) at 3
bar and 35 °C of hybrid UiO-66-NH: polysulfone membranes as a function of weight % of
the MOF. There is a dramatic jump in permeability between 30 and 40 wt% due to
percolative network of MOF crystals. Error bars represent a single standard deviation.
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Figure 4.8. Ideal CO2/N; (squares) and COz/CH4 (circles) selectivities obtained from the
hybrid UiO-66-NH; polysulfone membranes at 3 bar and 35 °C as a function of weight % of
the MOF. Selectivity effectively remains constant with addition of Ui0-66-NH;. Error bars
represent a single standard deviation.

70



| | | | |

60—g <o, AN, ¢ CH, > -

E — CO, Maxwell —— N, Maxwell —— CH, Maxwell v
t 50_ | 4 O
S I

m L

N’

40 - + >

> v 3 3
= 3
o) ®
3 o
£ 2 =
- —
gf <
—
- v e

& 1B
O 3
D
0 =

MOF Volume %

Figure 4.9. Comparing Maxwell’s predicted permeability with a spherical shape factor of n
= 1/3 and Pq = oo to experimental permeability. Maxwell’s permeability consistently
underestimates permeability for COz, N2, and CHy; this breakdown in the predictive value of
the model is accentuated for high MOF loadings.

71



60 | | | | |

m CO,
— — Maxwell (n =0.14, P, = 950)
50 +—— Maxwell (n =0.14, P, = 580) -

CO, Permeability (Barrer)

O I I I I I
0 10 20 30 40 50

MOF Volume %

Figure 4.10. Comparing Maxwell’s permeability with an adjustable shape factor. n
converges to 0.14. Permeability of UiO-66-NH2 ranges from 500-1000 barrers. Maxwell
permeability trends shown for 580 and 950 barrer. Excellent correlation with experimental
permeability below 30 wt%.

The dramatic increase in permeability in hybrid membranes when loading is increased
from 30 to 40 wt% UiO-66-NH: is postulated to arise from the formation of a percolative
network of MOF crystals throughout the membrane, whose effect is not captured in
effective medium models. Percolation is reached when the dispersed phase surpasses a
threshold volume fraction, forming an interconnected network, which spans across the
entire system. Below this value, no interconnectivity across the entire system is present.
The percolation threshold depends on the dimensionality of the system as well as the shape
and aspect ratio of the discontinuous phase. A shape factor, n, of 0.14 suggests that the
ellipsoids will have an aspect ratio between 2 and 3 and this is suggested by SEM images of
MOF nanoparticles (Figure 4.11).14¢ Applying the percolation model theorized for
ellipsoids by Garboczi et al.133, percolation is expected to occur between 26 and 31 vol%.
This threshold overlaps with volume loading of 30 wt % (25 vol%) and 40 wt% (35 vol%)
hybrid membranes, indicating that I are in the percolation regime at 40 and 50 wt%. The
cross-section SEM images (Figure 4.2 and 4.3) show a visible change in morphology
wherein regions of interconnected network of MOF crystals appear. This concept is
illustrated in Figure 4.12 when both the polymer and MOF exhibit continuity across the
membrane. As a result, molecular transport through the MOF acts as a transport highway
exhibiting higher diffusivity over solution-diffusion transport through the polymer. The
higher permeation rates through the MOF are due to crystalline microporous structure,
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which is governed by a transport mechanism closely resembling molecular sieving. The
pore size of Ui0-66-NH; is between 6-7 A and is larger than the average kinetic diameters
of the gas molecules explored (COz (3.3 &), N2 (3.64 A), and CH4 (3.8 A)).23145 The pore size
to molecular size ratio does not constitute transport by molecular sieving that typically
displays much higher selectivity values than polymer systems. However, Knudsen
transport is not likely because the mean free path of the largest gas molecule, CHy, is over
two orders of magnitude higher than the pore size; additionally, the observed selectivities
are much higher than expected for materials that typically fall within the Knudsen regime.

Figure 4.11. SEM image of UiO-66-NH: nanoparticles. I observe partial aggregation of
smaller domains of UiO-66-NH;, which results in presence of elongated UiO-66-NH;
ellipsoids (inset) consistent with percolation theory.
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Figure 4.12. Schematic of formation of percolative interconnected network of MOF crystals
with ellipsoid geometry. Interconnected network of MOF crystals is formed when
percolation threshold is reached.

The selectivity of CO2 over Nz and CHs is shown in Figure 4.8. The CO2/N; and CO2/CH4
selectivity of pure polysulfone is 30 and 27, respectively, and are similar to those
previously reported in literature.?” As UiO-66-NH: is added to reach 10 wt% loading there
is an initial decrease in CO2/N2 and COz/CHjs selectivity of just 8%. As loading is increased
to 50 wt% MOF, the selectivities have only decreased 12% from the polymer only
membranes. Coupled with the large increase in permeability, the collective separation
performance in these hybrid membranes is greatly enhanced over neat polysulfone and
moves closer towards the Robeson upper bound line (Figure 4.13). Surprisingly, the
stability of CO2/N; and CO2/CH4 selectivity and large increase in CO2 permeability has not
been readily seen in the hybrid membrane literature for carbon capture applications as the
transport properties are still primarily governed by the solution-diffusion model. A
comparison of our results to those in literature is listed in Table 4.2. I find that our system
provides the largest increases in permeability without sacrificing permeability. Reports
that do show similar performance improvements are isolated to a few studies involving
olefin-paraffin separation processes.>112> Further, the recent work by Smith et all22
suggests that metallation of the MOF can lead to enhanced interactions and structural
changes in the polymer that can further improve or separation performance and will be
important in our future design of hybrid membranes.
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Table 4.2. Selected CO; permeability % increase and selectivity values of hybrid
membranes reported in literature and this work.

CO2 Permeability
Material Inorganic Loading CO2/CHs  CO2/N2 Ref.
Increase
PSF/Ui0-66-NH: 50 wt% 770% 24 26 This Work
PI/ZIF-8 40 wt% 155% 27 23 Ordonez et al.11?
PI/Mg(dodbc) 10 wt% 30% - 23 Bae et al.”s
PIM-1/UiO-66-NH2(Ti) 5 wt% 370% . 21 Smith et al.122
PI/ZIF-8 30 wt% 255% 25 17 Song et al.123
PI/Silica 30 wt% 156% 238 41 Suzuki et al.55
PI/CMS 36 wt% 26% 52 33 Vu et al.3?
PI/CMS 36 wt% 210% 53 33 Vu et al.3?
PB/MgO 60 wt% 1000% 4.1 7.8 Matteucci et al.8?
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Figure 4.13. Robeson upper bound plot of Ui0-66-NH; PSF hybrid membranes for COz/N;
and COz/CHa4. In both cases, the addition of MOF moves the transport performance of the
hybrid membrane closer to the upper bound line.

To better understand the changes in the transport mechanism, [ investigate diffusivity
values for hybrid membranes as a function of weight % as shown in Figure 4.14. Diffusion
coefficients were estimated by permeation time-lag experiments.’® As expected, the
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diffusion coefficient scales inversely with the kinetic diameter of the gas molecule. CO2 has
the highest diffusion coefficient, while CH4 has the lowest diffusion coefficient. The CO2
diffusion coefficient gradually rises from 1.1*10-% cm?/s to 1.7*108% cm?/s in membranes
containing 0 to 30 wt% MOF. Interestingly, after 30 wt%, the diffusion coefficient jumps to
above 2.9*%10-8 cm?/s with membranes containing 40 and 50 wt% UiO-66-NHz; this trend is
similarly observed for N2 and CHs4 as well. Thus, this jump is consistent and what is
expected as a parallel transport pathway of interconnected MOF crystals is introduced,
because diffusion through rigid porous materials is generally higher than that of
amorphous polymers. The activation energy for molecular diffusion through rigid porous
media is typically lower, because diffusion is not dependent on random thermal
fluctuations as found in polymers. I find that the activation energy for diffusion drops
significantly upon exceeding the percolation threshold (Figure 4.15).
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Figure 4.14. Diffusion coefficients of CO: (triangles), Nz (squares), and CH4 (circles) at 3
bar and 35 °C as a function of UiO-66-NH: loading in hybrid membranes. Diffusion
coefficient jumps between 30 and 40 wt% MOF due to the formation of interconnected
MOF crystal network.
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Figure 4.15. CO; activation energy for diffusion, Ep as a function of MOF weight %. Under
the percolation threshold(up to 30 wt% MOF), the activation energy shows no significant
decrease. Over the percolation threshold (over 40 wt% MOF), Ep drops significantly due to
the formation of dual transport pathways.

The solution-diffusion model is most commonly used to describe molecular transport
through dense polymer membranes?3:30 From this model, one defines the permeability of a
gas through a polymer (P) as the product of both a kinetic term (diffusivity, D) and a
thermodynamic term (solubility, S), or simply P = DS.2330 While the model may not be
appropriate towards understanding transport mechanisms in hybrid membranes, it can
still be a useful tool to provide qualitative solubility trends in hybrid membranes. Using the
permeability and diffusivity data collected, I can employ the P=DS relationship to calculate
S, which is plotted as a function of weight % in Figure 4.16. The overall solubility trend is
consistent with observed trends where solubility increases as the critical temperature of
gas species increases (Tccoz > Tecns, > Tenz). Unsurprisingly, the solubility exhibits a linear
increase as MOF loading increases. For CO2, the solubility increases from 4 cm3 (STP)/(cm3
atm) in pure polysulfone up to 12 cm3 (STP)/(cm3 atm) in 50 wt% UiO-66-NHz,
representing a 3 fold increase. Solubility is expected to increase in hybrid membranes with
the addition of porous and high surface area materials such as UiO-66-NH: as they are
more tailored for adsorption of molecular species. The solubility of gas in any material
system is a thermodynamic value and should not be dependent on any morphological
changes in the membrane due to addition of a secondary phase, as was seen with diffusion.
As a result, the adsorption capacity of these hybrid membranes depends only on the
relative loading of polymer and MOF as was seen similarly in CO2 adsorption isotherms
(Figure 4.6).
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Figure 4.16. Solubility coefficients of CO; (triangles), N2 (squares), and CH4 (circles) at 3
bar and 35 °C as a function of UiO-66-NH: loading in hybrid membranes. Solubility shows a
linear relationship with weight %. The dotted lines are linear regression fits of the data.

4.4 Conclusion

I demonstrate for the first time the formation of dual transport pathways in hybrid
polymer/MOF membranes and investigate its evolution as it relates to percolation
transition. The formation of dual transport pathways requires high loading of the inorganic
phase, which often leads to mechanical failure of the membrane. Using polysulfone and
Ui0-66-NH>, | am able to maintain structural integrity of the membranes even at very high
loadings (50 wt%). Further, the transport properties associated with dual transport
membranes are distinctively different than conventional mixed-matrix membranes, which
contain discontinuity with the inorganic phase. Thus, in dual transport membranes, gas
transport through the MOF acts as a molecular transport highway and complements
classical solution-diffusion through the polymer. Below the percolation threshold,
permeation properties of the hybrid membranes are higher than the pure polymer and
could easily be fitted to a classical effective medium model. However, above the percolation
threshold, permeation properties far exceed what the model could predict and signify a
new, non-classical dual transport regime. I find for our hybrid system that dual transport
pathways develop between 30 and 40 wt% UiO-66-NHz. In the percolative regime, CO-
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permeability rises to a remarkable 46 barrers; a 8-fold increase over pure polysulfone.
Additional evidence of dual transport pathways is found in a similar phenomenon in CO>
diffusion as I surpass the percolation threshold. Furthermore, our hybrid membranes
deviate from conventional permeability/selectivity trade-off relationships as selectivity
over methane and nitrogen remained near that of polysulfone at 22 and 25, respectively.
The unique discovery of engineering dual transport pathways enables new approaches
towards designing hybrid membranes to significantly improve gas separation performance.
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Chapter 5. Designing Highly Selective Thin-Film MOF Membranes for
CO2 Capture

Fabrication of stand-alone metal-organic framework membranes is challenging due to
current solvothermal-based synthetic techniques, resulting in a powdered product. By
coupling a MOF layer to a flexible polymer support, I can significantly enhance the design
tunability and modularity of the membrane. Adapting the principles gained from the
previous chapters and work with hybrid membrane, [ show and report a new paradigm to
form thickness-controlled CO2 selective MOF membranes. This new class of membranes
exhibits superior selectivity over current rigid supported MOF membranes.
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5.1 Introduction

In 2013, nearly 24% of the total global energy consumption is derived from natural gas
sources, second only to petroleum, equivalent to over 120 trillion scf.4#147 Natural gas is a
cleaner source of energy compared to conventional carbon-based fuels (e.g. biomass, coal,
petroleum) due to its low carbon:hydrogen ratio. As a result, natural gas has a high specific
energy and emits lower amounts of carbon dioxide per unit of energy produced. However,
an increasingly higher fraction of raw or sour natural gas needs to be processed and
purified before being transported through pipelines to end-users. Approximately 20% of all
natural gas contains concentrations of carbon dioxide above the threshold (2%) to be
transported through pipelines.148 If left untreated, carbon dioxide and other contaminants
present in natural gas will lead to pipeline corrosion and increased operational costs.
Current methods to remove carbon dioxide using amine-based absorption processes are
proven but are energy intensive and require constant monitoring of the process due to
corrosion. Membranes-based separation processes have emerged as an attractive
alternative owing to their low parasitic energy costs.2! However, separation efficiencies of
conventional polymer-based membranes are hindered by plasticization of the polymer by
highly soluble gases such as carbon dioxide.?3 Plasticization occurs when the penetrant gas
concentration in the polymer causes free volume to increase often resulting in a large
decrease in diffusive selectivity.

Metal-organic frameworks (MOFs) are a relatively new class of microporous 3-D crystalline
materials composed of metallic clusters connected by organic linker molecules.2>135 Unlike
previously explored microporous materials such as carbon molecular sieves and zeolites,
MOFs offer significantly higher chemical flexibility to tune the material for specific gas
separation needs based on pore-size and chemical interactions. Recently, membranes
whose selective component is solely derived from MOFs have shown promising separation
properties that exceed the performance of polymer membranes and do not suffer from
plasticization effects.149-152 This is because MOF membranes discriminate between
molecular species through a molecular sieving mechanism, rather than a solution-diffusion
mechanism typical in polymer membranes, which affords much higher selectivity values
and minimal plasticization effects. However, implementation of MOFs as a full-scale
membrane device has thus far been constrained due to mechanical brittleness, which
presents challenges to large-scale fabrication. To bypass this constraint, MOF crystallites
are dispersed into a polymer matrix forming hybrid or mixed-matrix
membranes.4>122123,129,153-157 These hybrid systems combine the solution processability
advantages of polymers and high molecular selectivity of MOFs, while also having to
potential to foster new properties and functionalities from synergistic enhancements. |
recently show that hybrid membranes can possess dual transport pathways through the
polymer and MOF and exhibit exceptionally high separation performance due to the
formation of a percolative MOF network.1>3 While promising, the performance of hybrid
membranes is still limited by the polymeric component, thereby necessitating the ultimate
goal of a developing and designing MOF only membranes.
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There are a variety of methods to fabricate MOF films including direct growth158159
secondary growthl160-163 and layer-by-layer (LBL)164-169 techniques. Of these methods,
direct growth and secondary growth are most widely employed owing to their ease and
conformity to traditional solvothermal synthesis techniques. Often, however, the MOF
membrane layer is thick and its thickness cannot be readily controlled due to the reaction
conditions. Conversely, the LBL growth method enables precise control of the MOF
thickness. In this approach, the support is immersed in a solution of metal ions, washed
with a solvent, and immersed in a solution of the organic ligands. The process is repeated
until the desired thickness is obtained and a defect-free membrane produced. An ideal MOF
candidate for membrane gas separations is ZIF-8 as its pore size (3.4 A) is falls within the
kinetic diameters of many molecular species of interest in gas separation.l’? For instance,
the Kinetic diameter of CO, and CHas are 3.3 A and 3.8 A, respectively, making ZIF-8
theoretically selective for COz over CHs. However, as a membrane, the CO2/CHgs selectivity is
very modest (3-7) and even reverse selective.18158162,164171-173 7]F-8 membranes do exhibit
high selectivity for separation of propene from propane.'! Further, the supports most
often used in the fabrication of MOF membranes are rigid porous alumina membranes. As a
result, the design flexibility of MOF membranes becomes significantly constrained to the
geometry of the support.

5.2 Experimental Procedure

Polyaniline Film preparation. Polyaniline is directly polymerized onto a polypropylene
support (Celgard) using previously published procedures.174#175The surface of PANI film is
photografted with a solution containing 5% benzophenone in methanol. The film is then
irradiated for a time 4 min. Non-functionalized, bare quartz plate is used to cover the
surface. After photografting, the film is washed with methanol and dried.

Additionally, the PANI layer is wetted with a photografting mixture consisting of 1-vinyl
imidazole (50 wt%) and 3:1 v/v t-butyl alcohol-water mixture (50 wt%). The film is placed
between two quartz plates whose surface is fluorinated to prevent sticking. The quartz
plates are fixed with clamps and positioned under a deep UV lamp at 360 nm (Hg/Xe 500W
short-arc lamp UXM-501MA, Ushio America) at a distance of 23 cm for 15 min. After
completion of the UV exposure, the quartz plates are carefully removed and the membrane
is immediately immersed in 1,4-dioxane for about 1 h to dissolve all soluble polymers, then
washed with methanol, and dried.

ZIF-8 Thin Film Preparation. PANI films functionalized with 1-vinyl imidazole were
immersed subsequently in a 100 mM of Zn(NO3);*6H20 methanol solution for 2 minutes
and in a 50 mM 2-Methylimidazole (mIm) methanol solution for 3 minutes at room
temperature. Between each step the substrates were rinsed with methanol and dried in a
nitrogen stream. The process is repeated until the desired thickness is obtained

Scanning Electron Microscopy. Cross-sectional and top-down imaging of the membranes
is acquired using a Zeiss Gemini Ultra-55 Analytical Scanning Electron Microscope at an
accelerating voltage of 5 keV.

82



X-ray Photoelectron Spectroscopy. A PHI 5400 ESCA system (PerkinElmer, Waltham, MA,
USA) including an Al anode (primary photon energy of 1486.6 eV) and an X-ray source with
a power of 150 W (15 kV at 10 mA). Sputtering of an area of 2x2 mm? was performed with
an Ar* ion gun (Beam Voltage 3000 V, Emission Current 25 mA). Membranes were dried
prior these measurements at room temperature for 24 hours.

Gas Permeance Measurements. Pure gas CO; and CHs permeance measurements are
collected using a custom built constant volume/variable pressure system. The films are
masked with brass discs to accurately define an area through which gas transport could
occur. Prior to testing, the films are degassed within the apparatus. A fixed pressure is
applied to the upstream side of the membrane, while the gas flux is recorded as a steady-
state pressure rise downstream of the membrane. Permeability values are calculated as
follows:

- (o) o

where Vp is the downstream volume (cm3), 1 is the film thickness (cm), pz is the upstream
pressure (cmHg), A is the exposed area of the film (cm?), R is the gas constant, T is the
absolute temperature (K), and dpi/dt steady state pressure rise downstream at fixed
upstream pressure (cmHg/sec). The measurements are obtained under isothermal
conditions at 308 K.

83



5.3 Results and Discussions

Utilizing the LBL growth method, I report on the development of flexible thin film ZIF-8
membranes solvated with the room temperature ionic liquid (RTIL), 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([C6mim][T2fn]). These membranes
exhibit high selectivity for carbon dioxide over methane. Figure 5.1a illustrates the scheme
towards synthesizing ZIF-8 onto the support membrane. To achieve the desired flexibility
of the membrane, I chose to use an asymmetric polyaniline (PANI)/polypropylene (PP)
membrane as the support. PANI is polymerized directly onto the PP into a dense structure
following previously reported procedures.'74#17> The thickness of the PANI layer is on
average 150 nm as measured by cross-sectional SEM imaging. The PP layer is necessary to
provide mechanical strength to both the PANI and ZIF-8 layers, while the PANI layer serves
two purposes. Previous work with PANI thin film membranes has shown exceptionally high
CO2 separation properties when the membrane is solvated with water or polyethylene
glycol.175176  Further, the PANI surface is photografted with benzophenone and 1-
vinylimidazole to allow ZIF-8 to be covalently grown onto the support. Layers of ZIF-8 are
then grown on the modified surface by first immersing the modified PANI/PP membrane
into a 100 mM solution of zinc nitrate hexahydrate in methanol, rinsed with methanol, and
dried. The membrane is then immersed into a 50 mM solution of 2-methylimidazole in
methanol, rinsed with methanol and dried. The process is repeated for 10, 20, or 30 cycles.
The LBL growth method is highly advantageous over other methods because it provides
precise control over the thickness of the deposited layer. As seen in Figure 5.1b, the ZIF-8
layer thickness is directly proportional to the number of deposition cycles. 10 cycles
equates to a ZIF-8 thickness of 290 nm (ZIF-8/290); 20 cycles equates to a ZIF-8 thickness
of 500 nm (ZIF-8/500); and 30 cycles equates to a ZIF-8 thickness of 900 nm (ZIF-8/900).

While the LBL growth method can generate dense, defect-free membranes, often, the
method produces membranes with micro-defects that span across the direction of gas
transport.167.169.173 Tnitial gas transport measurements of ZIF-8 and PANI membranes
indicate presence of micro-defects resulting in non-selective transport properties. Thus to
seal the defects, a layer of [C6mim][T2fn] is coated onto the ZIF-8 surface by spin coating
with a 50 vol% solution with methanol. In addition, [C6mim][T2fn] can also serve as a
secondary facilitated transport carrier for CO;. [Cébmim][T2fn] is chosen because of its
known solubility selectivity of CO2 over CHgs; its chemical structure is shown in Figure
5.1¢.177178_ In facilitated transport, the gaseous species undergoes a reversible chemical
interaction with a carrier species in the membrane that shuttles the molecules across the
membrane. In this case, [Cbmim][T2fn] acts as a mobile carrier for COx.
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Figure 5.1. a) Schematic illustrating the layer-by-layer growth method of ZIF-8
membranes. The number of cycles dictates to total overall thickness of the MOF layer. b)
ZIF-8 thickness scales linearly with the number of ZIF-8 layers synthesized. c) Chemical
structure of the RTIL, [C6mim][T2fn].

SEM images of the membrane surface before and after deposition of the ZIF-8 layer are
presented in Figure 5.2. The PANI support layer (Figure 2a) exhibits a granular
morphology with some precipitated PANI granules present on the surface. The average size
of these granules is 15 nm. The granular morphology is continued into the ZIF-8
membranes, in addition to the appearance of larger topological features in the ZIF-8 layer.
Larger island domains (300-400 nm) can be observed and is covered by small granules of
ZIF-8 that are on average 18 nm in size. While it is difficult to differentiate between ZIF-8
and PANI granules, I note that the granular morphology in ZIF-8/290 is more clearly
distinct. The concentration of larger domains increases as the number of ZIF-8 cycle
increases. The average size of the small granules is 18 nm and 28 nm for ZIF-8/500 and
ZIF-8/900 membranes, respectively. To better observe the growth and homogeneity of the
ZIF-8 layer, the formation of the ZIF-8 layer is done on the porous PP support (Figure 5.3).
A dense layer of ZIF-8 could not be formed due to the microporous nature of the PP
support as the pore size of the PP ranges between 20 and 200 nm. As seen in Figure 5.3b,
islands of ZIF-8 between 20 and 100 nm in size are formed and contour to the porous
structure of the PP. The formation of islands is expected, as the growth of ZIF-8 should
obey classic nucleation theory. The concentration of the precursors is at high enough
concentrations such that multiple nucleation sites should occur.
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Figure 5.2. SEM images of membranes: a) PANI, b) ZIF-8/290, c) ZIF-8/500, and d) ZIF-
8/900. A granular morphology is present in each membrane due to the polymerization and
growth method of PANI and ZIF-8, respectively.
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Figure 5.3. Top-down SEM images of a) Celgard polypropylene support and b) 30 cycle
deposition of ZIF-8. The growth of ZIF-8 is island like and is concentrated on polymer
regions of the porous support.

Table 5.1. Relative atomic compositions of the PP, PANI, and ZIF-8/500 films determined
using XPS quantitative analysis after argon etching for 10 seconds.

01S N 1S C1S 7Zn2p3/2 C/N C/Zn N/Zn
PP 0 0 100 - - - -
PANI 10.2 15.9 73.9 - 4.65 - -
ZIF-8/500  10.7 14.6 67.1 7.6 4.60 8.82 1.92

XPS analysis is used to characterize the composition of the membrane at various
fabrication steps and verify the presence of ZIF-8 at the membrane surface. The
measurements are conducted over binding energy range between 180 and 1200 eV, which
encompasses the Zn 2p, O 1S, N 1§, and C 1S regions. Hydrogen is excluded as it cannot be
detected through XPS methods. Table 5.1 presents the relative atomic percentages of Zn,
O, N, and C for the bare PP support, 1-vinyl imidazole grafted PANI, and ZIF-8/500 films
after 10 seconds of argon etching to clean the surface. As expected, only carbon is present
in the bare PP support. Oxygen and nitrogen peaks arise in the 1-vinyl imidazole grafted
PANI film at a relative concentration of 10.2% and 15.9%, respectively. The oxygen signal is
observed due to surface adsorption of oxygen species with nitrogen groups found in PANI
and 1-vinyl imidazole, as well as the presence of unreacted benzophenone. If oxygen
concentration is excluded, the relative concentrations of nitrogen and carbon become to
17.7% and 82.3%, respectively, equivalent to a C/N ratio of 4.65. In comparison, the C/N
for PANI and 1-vinyl imidazole are 6 and 2.5, respectively, and confirms that 1-vinyl
imidazole is successfully grafted onto the PANI layer.
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In ZIF-8/500 membranes, zinc is detected and quantified by its 2p 3/2 photoelectron peak.
The relative concentrations for O, N, C, and Zn are 10.2%, 14.6%, 67.1% and 7.6%,
respectively. The C/Zn and N/Zn ratios are 8.82 and 1.92, respectively. The expected
relative composition of ZIF-8 is 30.8%, 61.5%, and 7.7% for N, C, and Zn, respectively,
which is equivalent to a C/Zn of 8 and an N/Zn of 4. These results suggest that the ZIF-8
layer may be deficient in Zn. However, as XPS is surface sensitive technique, the
composition at the surface would be skewed towards which layer is last deposited
following the LBL growth method. Here, 2-methyl imidazole is the final layer deposited and
results in the higher than expected concentration of nitrogen species relative to zinc.. The
presence of oxygen and higher than expected carbon species, with respect to, nitrogen
(C/N of 4.6) can arise from a number of reasons. Undercoordinated Zn atoms within the
framework can coordinate with water and carbon dioxide molecules to form hydroxyl and
carbonate species, resulting in the appearance of oxygen species and higher carbon
concentrations in XPS.179 Excess carbon species can also arise due to the presence of
adventitious carbon, as the samples are prepared under atmospheric conditions.
Nonetheless, the atomic quantification of the ZIF-8 /500 membranes from XPS suggests that
ZIF-8 is successfully synthesized as a thin layer.

Pure gas CO2 and CH4 permeance is measured using a constant volume/variable pressure
Permeance values and CO2/CH4 selectivity is presented in Figure 5.4 as a function of ZIF-8
thickness and CO2 pressure. CO2 permeance initially increases from 24.8 in PANI only
membranes to 28.2 GPU when the thickness of ZIF-8 reaches 290 nm (ZIF-8/290) as seen
in Figure 5.4a at a pressure of 2 bar. The increase in permeance is attributed to the addition
of the porous ZIF-8. The porous nature of ZIF-8 allows molecular species to diffuse faster at
the PANI interface than if [C6mim][T2fn] is used solely. As the ZIF-8 thickness increases
from 290 nm to 500 (ZIF-8/500) and 900 nm (ZIF-8/900), CO2 permeance decreases to
13.9 and 15 GPU, respectively. However, in parallel, CO2 selectivity over CH4 undergoes a
rapid jump when the ZIF-8 thickness increases from 290 nm to 900 nm. CO2/CH4
selectivity is initially 12.5 for PANI only membranes and remains the same when ZIF-8 is
deposited to a thickness of 290 nm. Further increases in the ZIF-8 thickness to 500 and 900
nm results in the selectivity rapidly increasing to 16.6 and 25.1, respectively. [ speculate
that the dramatic decrease in permeance from a ZIF-8 layer of 290 nm to 500 nm is due to a
thicker ZIF-8 layer and grain boundaries in this layer. Mismatch of the porous structure can
lead to dead-end pathways of molecular diffusion across the membrane. This postulation is
partially confirmed through the increase in selectivity. There are more opportunities for
grain boundary mismatch as the thickness increases. Thus, I would expect selectivity to
increase as the ZIF-8 layer thickness increases.
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Figure 5.4. a) CO2 permeance and COz/CH4 selectivity of ZIF-8 membranes as a function of
ZIF-8 thickness. Pressure dependent CO; permeance and CO2/CHg selectivity for b) PAN], c)
ZIF-8/290, d) ZIF-8/500, and e) ZIF-8/900. 1 GPU = 3.34*10-1mol m-2?s-1 Pa‘l.

Figure 5.4b-e present pressure dependent CO2 permeance and CO2/CH4 selectivities of the
PANI and ZIF-8 membranes. In all membranes, CO2 permeance increases as pressure
increases from one bar to five bars. A similar trend is observed for the pressure
dependence of CO2 permeance to ZIF-8 thickness where the behavior of PANI only and ZIF-
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8/290 membranes differ from the ZIF-8/500 and ZIF-8/900 membranes. PANI only and
ZIF-8/290 membranes exhibit CO; permeance increases of only 7.7% and 9.2%,
respectively, from 24.8 and 27.7 to 26.7 and 29.9 as COzfeed pressure increases from one
to five bar. A significantly higher increase in permeance is observed in ZIF-8/500 and ZIF-
8/900 membranes. In these membranes, the CO; permeance increases 17% and 16%,
respectively, from 12.6 and 13.8 to 14.8 and 16.1 GPU. The highest CO2/CH4 selectivities
are observed at one bar for ZIF-8/500 and ZIF-8/900 membranes with values reaching as
high as 24.9 and 24.6 respectively. This selectivity is over 200% higher than the PANI
membrane (12.3) and 300-400% higher than previously reported ZIF-8 membranes. The
tremendous increase in CO2/CH4 selectivity is attributed to the presence of [C6mim][T2fn]
RTIL. [Cémim][T2fn] improves selectivity on two fronts. First, the RTIL can plug non-
selective defects present within the ZIF-8 membranes. Second, the fluid nature and CO;
selective properties of the RTIL enable a highly selective facilitated transport mechanism in
parallel with the molecular sieving capabilities of ZIF-8.

5.4 Conclusions

In summary, I demonstrate the method to fabricate COz-selective flexible MOF membranes
solvated by a RTIL utilizing the layer-by-layer growth method. The separation properties of
the membrane depend on both the thickness of the MOF layer and the CO: feed gas
pressure. The process described here to prepare membranes can be widely applied to
many other classes of MOFs given the diversity of organic linker molecules. Further, the
flexibility of these membranes will enable significant design freedom and conformity to
current polymer-based membrane modules.
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Chapter 6. Conclusions and Outlook

The unfettered rise in global carbon emissions has led to increasing efforts to advance
technologies and policies to curtail consumption of fossil-based fuel sources. While many
strategies exist, the most immediate and deployable effort lies within carbon capture and
storage. In this sector, hybrid membranes are the most promising carbon capture
technology, and membranes as a class offer significant higher energy efficiencies than
incumbent solvent exchange and adsorbent processes. Hybrid membranes combine the
solution processability of polymers with the enhanced selectivity of inorganic materials to
craft a high-performing membrane, which can also benefit from synergistic enhancements
due to interphase interactions. However, the success of hybrid membranes greatly depends
on understanding fundamental transport effects from the inorganic phase and ensuring
proper interfacial contact and adhesion. This dissertation has focused on exploring effects
of inorganic size and surface chemistry on fundamental molecular transport properties to
designing high performing dual-transport membranes to applying insight gained from
hybrid membranes to craft the next generation MOF membranes.

In Chapter 2, I show that the size of silica nanoparticles leads to significant transport
deviations not captured by effective medium models. The total available interfacial area is
found to primarily contribute to the observed deviations. As the nanoparticle size
decreases, total interfacial area increases and leads to simultaneous increase in polymer
rigidity and increase in polymer chain packing. In Chapter 3, following the model system
devised in Chapter 2, I exploit the interfacial area through silica surface functionalization
with amine groups to characteristically alter the hydrogen-bonding environment at the
interface. This leads to a fundamental shift to transport performance exceeding the pure
polymers, indicative of a synergistic enhancement, in addition to improvements in
mechanical and thermal stability of the membranes. In Chapter 4, the insights learned from
the model system are applied to a new material system containing UiO-66-NH, MOF.
Through pushing the boundaries of previously achievable MOF loadings, I show the
possibility to form dual transport pathways. The availability of a secondary pathway
through the MOF enables significantly enhanced permeation without sacrificing selectivity.
Finally, in Chapter 5, I demonstrate the possibility to form a selective MOF layer on a
flexible polymer support enabling a new paradigm in next generation membranes.

The findings presented in this dissertation provide a clearer view of fundamental shifts in
molecular transport properties due to changes of the inorganic material and design
opportunities for performance enhancement in hybrid membranes. Further coupling and
integration of the inorganic with the polymer through functionalization of the inorganic
surface will lead to fewer defects and more selective membranes. Extending the notion of
dual transport pathways to more CO; permeable polymers and size selective MOFs are
promising opportunities to design membranes competitive with incumbent technologies.
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Appendix

A.1 Supporting Information for Chapter 2
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Figure A.1. Pure gas permeability of XLPEG/silica composites plotted over pressure. a)-c)
H> permeabilities, d)-f) N2 permeabilities, g)-i) CHs permeabilities, and j)-1) CO:
permeabilities. Silica nanoparticle size decreases from left to right in for each respective
gas. Vol% loading are approximately 0 vol% (diamonds), 7-9 vol% (circles), 17-19 vol%,
(triangles) and 27-30 vol% (squares)
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Table A.1. Pure Gas Permeability and Selectivity of Various Gases at 6 atm and 35 °C.

Polymer | Silica Size Psiozx H2 N2 CH4 CO: COz/Hz | COz/N2 | COz/CH4
(nm) (100%)
XLPEGDA | - 0 14.6 £ 1.86 £ 55+ 116 7.9 % 62.2 %
0.17 0.03 0.07 1.4 0.2 1.2 21+x04
XLPEGDA | 109 £ 15 6.9 135+ 1.62 £ 514 + 108 = 211+
0.23 0.032 0.078 1.6 8+0.2 67+17 | 05
XLPEGDA | 109 £ 15 17 122 % 132+ 393+ 83.2+ 6.8+ 212+
0.23 0.03 0.075 1.5 0.2 63+18 | 0.6
XLPEGDA | 109 £ 15 27 12.7 1.14 % 349 % 73.1% 57+ 64.1 209+
0.19 0.02 0.052 1 0.1 1.4 0.5
XLPEGDA | 38+3.8 7.9 13.2+ 16+ 458 7.3+ 60.8 £ 213+
0.27 0.036 0.094 97.2+2 | 0.2 1.8 0.6
XLPEGDA | 38+3.8 17 116+ 134+ 3.76 £ 6.9+ 59.4 + 211+
0.3 0.038 0.098 7932 | 0.3 2.3 0.8
XLPEGDA | 38+3.8 28 11.8+ 117+ 325+ 69.7 £ 59+ 59.5 + 214 +
0.2 0.03 0.058 1.2 0.2 1.8 0.7
XLPEGDA | 12+1.2 7.8 111+ 137+ 414 + 90.2 + 62.2 %
0.26 0.036 0.064 1.3 8.1+0.2 | 1.2 21+0.4
XLPEGDA | 12+1.2 19 1.09 3.07 218+
9+0.14 | 0.023 0.049 66.8+1 | 74+0.2 | 6592 0.7
XLPEGDA | 12+1.2 30 6.2+ 0.71 % 201+ 449 61.5 + 21.8+
0.23 0.02 0.036 0.7 7.2+0.2 | 1.6 0.6
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A.2 Supporting Information for Chapter 3

Table A.2. BET surface area measurements of silica nanoparticles before and after
silanization with APTES

Silica Nanoparticles BET Surface Area (m?/g)
Before silanization 293
After silanization with APTES 236

Table A.3. Pure gas permeability of XLPEG/silica hybrid membranes

XLPEG/Silica-APTES Permeability (Barrer) XLPEG/Silica-OH Permeability (Barrer)
Silica volume % CO2 N2 CH4 Silica volume % CO2 N2 CH4
0.0% 116 1.9 5.5 0% 116 1.9 5.5
2.7% 134 2.1 6.4 7.8% 90 1.4 4.1
6.6% 130 2.1 6.3 19% 67 1.1 3.1
10.2% 125 2.0 6.1
16.2% 109 1.7 5.3

Table A.4. Pure gas selectivity of XLPEG/silica hybrid membranes

XLPEG/Silica-APTES Permeability XLPEG/Silica-OH Permeability
(Barrer) (Barrer)
CO2/N2 CO2/CH4 volume % CO2/N2 CO2/CH4

0.0% 62 21 0% 62 21
2.7% 63 21 7.8% 66 22
6.6% 62 21 19% 62 22
10.2% 62 20
16.2% 64 21
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Table A.5. Solubility selectivity of hybrid membranes for CO2/CHa4

SCOZ/SCH4
This Work Lin et al.*®°
XLPEG 15.5 10.6

2.7 vol% Silica 16.6 -
6.6 vol% Silica 18.4 -
10 vol% Silica 20.8 -
16 vol% Silica 21.8 -
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A.3 Supporting Information for Chapter 4
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Figure A.2. a) FT-IR spectra of UiO-66-NH>, PSF, and 30 wt% UiO-66-NH/PSF. b) Primary
amine peak of Ui0-66-NHz at 1567 cm'! becomes less apparent upon incorporation with
PSF at 30 wt% indicating possible hydrogen-bonding interactions. c) Sulfonyl peak at 1150
and 1170 cm-! does not shift with addition of UiO-66-NHz
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Figure A.3. Thickness of hybrid membranes. a) PSF, b) 10 wt% UiO-66-NH,, c) 20 wt% UiO-

66-NH,, d) 30 wt% UiO-66-NH,, e) 40 wt% UiO-66-NH,, f) 50 wt% UiO-66-NH,. All scale bars
represent 10 um.
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Figure A.3 DSC thermograms of Ui0-66-NH2 PSF hybrid membranes. Scan rate 20 °C/min.
Tg increases with increasing MOF loading.
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Table A.6. CO2, N2, and CH4 permeabilities in barrers for UiO-66-NH: at 3 bar and 35 °C

MOF Weight % N2 CHq CO2
0% 0.19+0.011 0.21+0.017 5.6+0.32
10% 0.41+0.012 0.45%+0.013 11+0.32
20% 0.61+0.032 0.68+0.036 16+0.86
30% 0.67£0.017 0.77+0.02 19+0.47
40% 1.7+£0.024 19+0.28 46+ 6.2
50% 1.65+0.022 1.8+0.28 43+48

Table A.7. CO2/CH4 and CO2/N; selectivities for Ui0-66-NH; at 3 bar and 35 °C

MOF Weight % COz/CHs CO2/N2

0% 27 30
10% 25 27
20% 24 27
30% 24 28
40% 24 27
50% 24 26

Gas transport above the percolation threshold can be understood by the following
equation:181,182

PHybrid = l:)cluster(l)cluster + Ppolymer(1 - (I)cluster) (83)

where Puybria is the permeability of the hybrid membrane, Pcuster is the permeability of the
percolation cluster, Qcuster is the volume fraction of the percolation cluster, and Ppolymer is
the permeability of the polymer. We were not able to quantify the volume fraction of the
MOF that participated as a percolation cluster but we believe it to be only a small fraction
of the total MOF available for transport.
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Table A.8. Diffusivity, Solubility, and Gas Uptake Values for UiO-66-NH> membranes at 3
bar and 35 °C

Diffusion*10"8 Solubility (cm3(STP)/(cm?3 Gas Uptake(cm3/(cm3
(cm?/s) atm)) atm))

MOF
wt% N> CHs CO2 N> CH4 CO2 N> CH4 CO2
0% 0.72 018 1.1 0.20 0.90 4.0 0.63 2.8 12.5
10% 1 0.27 1.5 0.30 1.2 5.8 0.92 3.9 17.9
20% 1.3 042 1.9 0.35 1.2 6.4 1.1 3.8 19.8
30% 1.2 0.39 1.7 0.44 1.5 8.1 1.4 4.7 25.5
40% 1.5 0.7 31 0.92 2.3 11.6 2.8 7.2 36.0
50% 1.7 0.69 2.9 0.88 2.4 12.3 2.7 7.6 38.2
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A.4 Supporting Information for Chapter 5

Table A.9. CH4 and CO2 Permeance and selectivity for PANI membrane
Pressure (bar) CH4 (GPU) CO: (GPU) CO2/CH4

1.1 1.94+/-0.04 255+/-0.58 12.3+/-0.4
2.2 2.01+/-0.03 24.78+/-0.39 12.4+/-0.2
3.1 2.02+/-0.03 2521+/-04 12.6+/-0.2
4.1 2.05+/-0.03 2599 +/-041 12.4+/-0.2

Table A.10. CH4 and CO; Permeance and selectivity for ZIF-8/290 membrane
Pressure (bar) CH4 (GPU) CO2 (GPU) CO2/CH4

1.1 212+/-0.03 27.7+/-03  13+/-0.2
2.2 243 +/-0.02 2829+/-0.26 11.6+/-0.1
3.1 2.75+/-0.02 28.64+/-0.27 103 +/-0.1
4.1 3.1+/-0.03 29.85+/-03 9.6+/-0.1

Table A.11. CH; and CO; Permeance and selectivity for ZIF-8/500 membrane
Pressure (bar) CH4 (GPU) CO2 (GPU) CO2/CH4

1.1 0.5+/-0011 12.5+/-0.1 24.9+/-1.9
2.2 0.55 +/-0.006 13.9+/-0.1 25+/-1.3

3.1 0.77 +/-0.008 14.3+/-0.1 18.6 +/-0.9
4.1 0.94 +/-0.009 14.7 +/-0.1 15.6 +/-0.7

Table A.12. CH4 and CO; Permeance and selectivity for ZIF-8/900 membrane
Pressure (bar) CH4 (GPU) CO: (GPU) CO2/CH4

1.1 0.56 +/-0.02 13.8+/-0.42 24.6+/-1.2
2.2 0.9+/-0.03 15+/-0.42 16.5+/-0.7
3.1 113 +/-0.03 15.5+/-0.43 13.6+/-0.5
4.1 133+/-0.04 16.1+/-045 12+/-0.5
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