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ABSTRACT

This work focuses on modifying active membrane of polymeric substrates using layer by
layer coatings and laser induced graphene for hydrogen purification and carbon capture
applications. Membranes offer an alternate solution for gas separation over the current industrial
process including pressure swing adsorption and cryogenic distillation. Polymeric membranes
owing to the cost-effective, energy efficient, and low carbon footprint operation can be used for
gas separation applications, however, polymeric membranes have intrinsic trade-off between

permeability and selectivity of the membrane.

This thesis focuses on two topics: a) Layer-by-layer (LbL) coatings on hollow fibers
composed of poly amide imide (Torlon©), and b) laser-induced graphene (LIG) on polysulfone
films. In LbL deposition process, alternate layers of polycationic and polyanionic polymers are
deposited on a substrate to form highly cross-linked and inter-diffused layers. In this work, two
polymeric pairs were investigated: (a) Polyethyleneimine (PEI) and polyacrylic acid (PAA) pair
for hydrogen and, (b) Poly methacrylic acid (PMMA) and polyethylene oxide (PEO) pair for
carbon capture. This work utilized the LbL technique to fabricate a new class of highly selective
and composite polymer membrane on Torlon© based hollow fibers for hydrogen separation and

carbon capture applications.

For laser-induced graphene/polysulfone membrane, CO> laser was used to photothermally
reduce the top surface of the polymeric film to LIG layer. Optimal parameters of laser were
identified to get defect-free and reproducible membranes. The LIG/polysulfone membranes

resulted in an improvement in the permeability and selectivity of the neat polysulfone film.
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NOMENCLATURE

LbL = Layer-by-Layer

PEI = polyethyleneimine

PMAA-= polymethyl acrylic acid

PAI = polyamide imide

DI = Deionized water

FTIR = Fourier-transform infrared spectroscopy

GPU = Gas permeation unit

RF = Radio Frequency

MW = Microwave

MWCNT = Multiwalled carbon nanotubes

SEM = Scanning Electron Microscope

XRD = X-ray Diffraction

XPS = X-ray photoelectron spectroscopy

TGA = Thermal Gravimetric Analysis

DSC = Differential Scanning Calorimetry

PAN = polyacrylonitrile

PPI = Points per Inch

Vi



C = Carbon
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1. Introduction

The separation of mixtures to purify components is one of the most significant process in
the chemical and petrochemical industry accounting for about 10-15% of total global energy
consumption.*® Current industrial processes for gas separation include cryogenic distillation,
pressure swing adsorption. Cryogenic distillation has been used to produce high purity gases
including nitrogen, oxygen, and argon at large scale. Air separation unit is one of the most critical
components of chemical industry producing high purity liquid oxygen, liquid argon, and liquid
nitrogen.* Pressure swing adsorption (PSA) utilizes the adsorption property of gases on specific
materials like zeolites to separate the desired components from the mixture. The gas mixture passes
through a packed column with pellets or powder, and when the gas gets compressed it adsorbs on
the pellets or powder.> With continuous pressurization/depressurization cycle the desired gas is
separated out of the mixture. These state-of-the-art processes are complex, costly at smaller scale,
and has limited modularity for distributed manufacturing. Membranes offer unique advantage over
existing industrial process in terms of low cost, energy efficiency, small carbon footprint, and

complexity of operation.

Membrane based gas separation have been extensively used since late 1970s with the
development of Prism© by Permea for hydrogen for hydrogen separation from the purge streams
of ammonia plants.® The utilization of membranes has significantly expanded, and its usage have
been improved as a part of standalone or hybrid separation units. The gas separation market size
in expected to reach $1 billion by 2025. The major accomplishments by industries in recent years

have been listed in Table 1.1.



Table 1: Industrially used membranes.

Year Description Company
1980 First Plant with polysulfone hollow fiber membranes for | Permea  (Now  Air
H2/N2 products)
1982 Cellulose triacetate membranes for CO2/H> Separex
1983 First Plant with cellulose acetate spiral wound membranes | Cynara
for CO2 separation in EOR
1984 Polysulfone hollow fiber membranes for O2/N> Dow Chemicals
1987 Composite hollow fiber membranes for O2/N; IMS
1989 Polyimide membranes for H» separation Ube
1991 Polyphenylene oxide membranes for air separation Delair
1994 Polyimide hollow fibers membranes CO,/CH4 Medal
1998 Field test of membrane contactors for CO2/N2, Kvaerner
1995 cellulose acetate membranes for COz/natural gas | UOP
separation
2008 Teflon composite membranes, for CO, removal MTR
2010 Pilot plant with polyethylene oxide membranes for CO, | MTR
separation
2018 Olefin-paraffin separations Compact  Membrane
Systems
2018 Dissolved Gas Removal Compact  Membrane
Systems

1.1Light gas separation

Membranes have garnered great traction for light gas separation in the industrial
application including hydrogen recovery during ammonia preparation from (H2 from N2), Oxygen
or nitrogen enrichment of air (O2 from air), natural gas or biogas upgrading, large scale CO> capture
from flue gas originating from power plants, H> from hydrocarbons in the refinery, H, and CO

separation for syn gas ratio adjustment, removal of H.S for acid gas treatment or sour gas



treatment, removal of moisture from air for air dehydration, Helium recovery from He/N:

mixtures.
1.1.1 Separation of O, and N>

Oxygen-enriched air is used in a multitude of applications in several chemical and
environmental, and medical processes.” Nitrogen is used as an inert blanketing for storing and
shipping inflammable liquids, fresh fruits, and vegetables. Production of high purity nitrogen from
the air using membrane is comparatively easier than the production of high purity oxygen owing
to the composition of air.® For separating O, or N2 from the air, the feed air is compressed and then
it is passed through a membrane that selectively filters out either nitrogen or oxygen. The gases
produced are already pressurized and can be easily transported. Although there has been significant
improvement in the membranes used for oxygen enrichment there is a need for much improvement
in terms of selectivity and throughput of the membranes to compete with current industrial

practices.
1.1.2 Separation of H2 from hydrocarbon

Hydrogen recovery in refineries has become increasingly important as well as economical
with new environmental restriction, fuel specifications, and increased processing of heavier crude.®
In the refinery, the main source of hydrogen is catalytic naphtha reforming, however, at the same
time, there are multiple rich hydrogen purge gas streams or the off-gas streams which contribute
up to 20% of the total hydrogen production.'® Typically, pressure swing adsorption or cryogenic
distillation is used in the refinery for large scale hydrogen separation. Membrane can be used for

relatively smaller scale or in hybrid with PSA or cryogenic distillation. Separation of hydrogen



from methane has been one of the promising applications where inorganic membranes can be

used.ll'lz
1.1.3 Separation of H,and CO

Carbon monoxide is key raw material for the production of major chemical products such
as liquid hydrocarbon fuels that typically use Fischer-Tropsch process.’® Synthesis gas is
commonly produced from natural gas, oil, coal, or any other any other carbon sources results in a
mixture of Hydrogen, Carbon monoxide, and small races of carbon dioxide. The H,:CO ratio in
the product stream is roughly around 1:3. However, for its use in the production of acetic acid,
methanol, plasticizers on any other valuable products, this ratio needs to be reduced. The syn gas

enrichment can be achieved by selectively removing hydrogen as permeate through a membrane.*
1.1.4 Separation of H, and N2

Ammonia is an important product in the chemical industry wire annual production
exceeding 200 million tons.*® Although, ammonia production requires a large amount of hydrogen,
it also releases a vast amount of hydrogen in purge gas mainly containing hydrogen (60-70%) and
nitrogen (20-25%) that needs to be reused. Hydrogen and nitrogen separation using membrane is
one of the most difficult gas pairs for separations owing to similar kinetic diameter and quadrupole
moment.'® Metallic membranes have an excellent permeability for H2, especially Pd or Pt based
membrane.!” Inorganic membranes along wine zeolites and metal-organic framework (MOFs)
have been considered for potential membrane materials owing to their uniform pore size,

framework structure, and molecular sieving properties.*®



1.1.5 Separation of H,and CO>

Currently, in the industry, hydrogen is produced from thermochemical conversions of
hydrocarbon sources including natural gas, oil, and coal.'® These processes result in a mixture of
hydrogen and carbon dioxide that needs to be purified for further usage. The current state-of -the-
art processes for hydrogen separation, including pressure swing adsorption or cryogenic
distillation, are extremely complex costly, and leave a large carbon footprint.!® Membranes provide
a better alternative over the existing processes in terms of low cost, low energy use, and ease of
operation. Oftentimes, membranes are used in the industry in hybrid form alongside existing
processes to achieve economical separation and purification of hydrogen from mixed gas stream.?°
Apart from hydrogen separation after the reforming or oxidation process in the industry, H2/CO>
separation is also used in the pre-combustion carbon capture.?! Pre-combustion carbon capture
process refers to removing CO- from fossil fuels before the combustion is complete typically used
in the gasification process where feedstock such as coal is partially oxidized in steam and
oxygen/air at high temperature and pressure to form synthesis gas. This product oftentimes has
CO- concentration in the range of 15-50% that can be captured, separated, and transported for
sequestration.?>% The pre-combustion process is preferred over post combustion as the pre-
combustion streams are concentrated and are at elevated pressure aiding in the separation by

membrane.

1.2 Basic concept of membrane separation

Membrane in simplest terms can be stated as any semipermeable barrier which under a
driving force permits preferential transfer of desired species or components in gaseous and/or
liquid mixture solution. Membrane-based separations are based on the selective transport of one

type of gas through the membrane. Species that pass through the membrane is termed as permeate
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and species rejected by the membrane is called retentate. The driving force exists in the form of
pressure, concentration or sometimes voltage difference across the membrane. Membranes are
defined by two most important parameters describing their performance i.e., permeability and
selectivity. Permeability is defined by the throughput of the membrane and it is an indication of
the overall capacity of the membrane. Selectivity is defined the ratio of permeabilities of different
components in simple terms it is the ability of membrane to selectively transfer desired gas over

other components.

Membrane

Permeate

Driving force: AP

Figure 1.2 1: Schematic diagram of gas separation by a membrane

Depending upon the pore size, pore structure, and the free volume, gases follow different
mechanism while they transfer across the membranes i.e., (1) Poiseuille flow, (2) Knudsen
diffusion, (3) Molecular sieving, and (IV) solution-diffusion. The first three mechanism is
dependent upon the pore size of the membrane and the gases are separated using the molecular

size through the small pores of the membrane. Polymeric membranes follow solution-diffusion
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mechanism, and the permeability of the gases are dependent upon the solubility of the gases in the

membrane and diffusivity of the gases through the membrane.
1.2.1 Poiseuille flow

When the pore size of the membrane is larger than the mean free path of the gases and
gases follow viscous flow. The membrane contains large flow and enough to allow convective
flow to occur, the gas molecule collide with each other and no separation is obtained between the
gas components. Poiseuille flow (or Hagen-Poiseuille) is observed for the membranes that have

much larger pore size than the gas molecules and the flux is directly proportional to r.
1.2.2 Knudsen diffusion

When the ration pore size of the membrane over the mean free of the gases are less than
unity the gases follow Knudsen diffusion. In this case, there are more collision between the gas
molecule and the wall compared to collision among the gas molecules. The separation of different
gases is achieved based on the respective velocity of the gases through the pores of the membrane.
The selectivity of binary gases can be estimated from the square root of the ratio of the molecular

weights.?
1.2.3 Molecular Sieving

Molecular sieving occurs in membranes having uniform channels and the pore diameter is
in between those of the gas molecules to be separated.?>?® If the membrane has the pore size
between the diameter of the smaller and larger gas molecules, only the smaller molecule can
permeate resulting in extremely high selectivity. The porosity of these membranes results in higher
permeability and at the same time high selectivity is achieved through effective size and shape
separation of the gas species. Typically, the pore size in angstrom range which can be used to

7



selectively filter a multitude of gas pairs i.e., O2/N2, H2/CO2, CO2/CHs. Zeolites, graphene,
molecular organic frameworks (MOFs) and other recently developed 2-D materials exhibit

molecular sieving mechanism.
1.2.4 Solution-diffusion mechanism

The solution-diffusion mechanism occurs in polymeric membranes where gases dissolve
in the membrane material and then diffuse through the membrane depending upon the pressure
gradient.?’° A separation between different components of feed gas occurs due to the difference
in the number of gases dissolving in the polymeric matrix and the rate at which the gases diffuse
through the membrane. Based on this mechanism the permeability coefficient of a polymer for a

gas A can be written as
Py = 54Dy
Where, S, is the solubility coefficient and D, is the diffusion coefficient of gas A

For a given pair of gas components (e.g., O2/N2, H2/CO2, CO2/CHg, etc.), permeability
coefficient and selectivity are fundamental parameters characterizing the membrane performance.
The permeability coefficient is the product of permeance (gas flux across the membrane) and the
thickness of the membrane. Gas selectivity is the ratio of the permeability coefficients of the gases

where, Pa is the permeability of gas A and a5 is the selectivity of the membrane.

Py

da/p = p
B

Polymer with high selectivity as well as high permeability is desired. High permeability
directly translates to reduction in the surface area required for high throughput of the industrial

requirement. High selectivity results in higher purity of the product gases. In combination, this will
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reduce the capital cost of membrane units. However, homogenous polymeric membranes exhibit
a trade-off between the permeability and selectivity. This trade-off relationship has shown to have
an upper bound where the log of the selectivity vs the log of the higher permeability gas yielded a
limit termed as “Robeson Upper Bound”.?"?® The upper bound relationship is expressed by P, =
kals, where a,p represents the selectivity of gas A over gas B and n is the slope of the upper
bound. There exists a linear relationship between the —1/n versus Ad,g (the different between the
molecular diameter of the two gases).®! Since its inception, this upper bound has become a
benchmark for membrane performance and several published work has been able to surpass this

upper bound.

1.3Membrane modules

Membrane modules is the way membranes are arranged into final devices to achieve
required specification, they are available in mainly three basic designs i.e., plate and frame, spiral
wound, and hollow fibers. These modules are designed on the basis of hydrodynamic conditions,

pressure difference required, product purity, energy consumption, membrane area, etc.
1.3.1 Plate-and-frame

Plate and frame membrane system employs membrane put on a plate like structure that is
held together by a frame support.®2-2 Flat sheet membranes are fixed with a frame similar to the
filter press or plate type heat exchanger. Flat membranes are clamped together with spacers and
porous membrane supports. There are two types of plate and frame membrane: dead-end plate and
cross flow. As the name suggests, in dead-end plate and frame membranes the feed flows directly

into the membrane while the crossflow system the flow is tangential. Typically, these plate and



frame membrane modules have low surface area to volume ratio which makes it difficult for its

usage for gas separation.
1.3.2 Spiral wound

Spiral wound membranes follow the same principle as the flat sheet frame and plate
membrane with a sandwich of flat sheet membranes, spacers, and a porous support wrapped around
cylindrically with a central tube that collects permeate. It offers advantage over plate and frame
module in terms of surface area per unit volume of the membrane, typically 600 m?/m? . The feed
gas passes in the axial direction through the feed channels across the membrane surface and then
the permeate is collected via the central porous tube. Spiral wound membrane modules are

extensively used for ultra-filtration for reverse osmosis application.®*
1.3.3 Hollow fibers

Hollow fiber module typically contains 50 to 5000 self-supporting fibers with diameter in
the range from 0.2 mm to 2 mm.**3® The packing densities for hollow fiber modules can be as
high as 10000 m?/m? which is significantly higher that other modules that is required for high
throughput industrial feed gases.®” Feed enters at higher pressure from one end and retentate leaves
from the other end. The set up can be operated under co current and counter current flow patter
with entry and exit ports at both ends. Hollow fiber modules are employed in multiple applications
in the industry ranging from water filtration to bio reactor units. Commercial hollow fibers use
commonly use phase inversion techniques with commonly used polymers including polyether
sulfone (PES), polyetherimide (Ultem®©), polyimides (Matrimid®©). Several parameters (e.g.,

composition of dope solution, bore solution, flow rate, temperature of spinneret and bath
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temperature) in the phase inversion process define the membrane morphology and gas permeation

properties.®

1.4 Research objective and organization of the thesis

This research study aims at studying the application of novel materials for their use in
membranes and reactors. This study focuses on two method of fabrication of membranes for their
applications in hydrogen separation and carbon capture. In the last couple of decades there has
been several discoveries of new materials that have great characteristic properties in terms of
permeability and selectivity, however, their large-scale industrial application is limited by the

ability to scale up and cast the material as either flat sheet membrane or hollow fiber membrane.

Chapter 2 and chapter 3 delves into the application of Layer-by-layer (LbL) deposition of
micron level conformal coatings on polyamide imide based hollow fibers for enhanced light gas
separation. LbL technique is method to deposit dense ultra-thin conformal coatings of functional
polymeric films over a variety of substrates for applications as diverse as biomedicine, drug
delivery, water purification, solar cells, optics, batteries, fuel cells, gas barriers, and gas separation.
In chapter 4 a new approach to synthesis graphene-based material using CO laser is used for
H2/CO- separation. Laser-induced graphene (LIG) shows promise as a membrane component
because of its ease of production and scalability. LIG is fabricated when the surface of a polymer

substrate is photothermally converted to graphene containing carbon material using a CO2 laser.
1.4.1 Layer by layer membranes:

The LbL process deposits alternate layers of polycationic and polyanionic pairs that form
a highly cross-linked and inter-diffused layer by hydrogen bonding and ionic interactions.*® Two

polymeric pairs were investigated:(a) Polyethyleneimine and polyacrylic acid pair for hydrogen
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separation due to the high solubility of hydrogen in LbL membrane; (b) Poly methacrylic acid and
polyethylene oxide (PEO) pair for carbon capture, due to the dipole-quadrupole interaction
between PEO and CO2 molecules. This work utilized the LbL technique to fabricate a new class
of highly selective and composite polymer membrane on Torlon© based hollow fibers for

hydrogen separation and carbon capture applications.

A new and unique in-situ technique was developed by using inside a shell-and-tube
assembly for LbL deposition to make defect-free and conformal coatings. This is a significant
improvement over the traditional LbL approach which utilized dip-coating and often resulted in
defective coatings due to vibrations and mechanical stresses induced on the substrate. The
fabrication time was also reduced by 70% by using a surface functionalization approach to improve
the hydrophilicity of the substrate. This low-cost and aqueous polymers deposition on polymeric
hollow fiber has potential industrial applications. Future work will focus on understanding the
solution-diffusion mechanism for improved membrane performance by estimating solubility,
diffusivity, and adsorption behavior of gases using quartz crystal microbalance.

1.4.2 LIG membrane:

This project utilizes CO- laser to photothermally reduce the top surface of the polysulfone
film to laser-induced graphene (LIG) layer which offers high hydrogen perm-selectivity. This
study involved the identification of optimal parameters of laser to get defect-free and reproducible
membranes. The L1G/polysulfone membranes resulted in an improvement in the permeability and
selectivity of the neat polysulfone film by a factor of 700 and 15, respectively. Future studies will
focus on understanding the large improvement in the permeance of the LIG/polysulfone membrane

and further optimize the process condition to achieve the highest possible performance. This rapid
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approach of forming a thin selective layer on the polymeric substrate will pave a way for scalable

membrane fabrication for high throughput applications.
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2. Enhancing H2-Permselectivity of High-Flux Hollow Fiber Membrane Via in-

Situ Layer-By-Layer Surface Treatment *

2.1 Introduction

Development of the emerging hydrogen economy combined with existing industry demand
from fertilizer production, crude oil and biofuel upgrading, and semiconductor industry has driven
the need for high purity hydrogen.*®*® Current industrial practice for H, purification, specifically
pressure-swing adsorption or cryogenic distillation, are both complex in nature and energy-
intensive.'* Polymeric gas separation membranes offer a passive, energy-efficient alternative, with
asymmetric cellulose acetate, polyamide, and polysulfone membranes already in use by industry
for air enrichment, natural gas upgrading, and hydrogen recovery from reformate mixtures.?® 46
Gas transport in dense polymer films occurs via solution-diffusion mechanism, in which separation
is achieved by exploiting the disparity in gas solubility (sorption selectivity) and/or solid-state
diffusivity (size selectivity).*” For the case of homogeneous size-selective dense polymeric
membranes, there exists an intrinsic trade-off between permselectivity and permeability
represented by “Robeson upper bound”.?” 3148 These polymers are typically cast in the form of
asymmetric membranes consisting of a thick highly porous support layer (>200 um) and a thin
dense functional layer(<10 um), such that overall gas permeance is maximized while retaining

sufficient mechanical integrity at industrial scale. To-date, the implementation of new polymers

* Reprinted with permission from (Naveen K. Mishra, Nutan Patil, Carolyn Long, Shouliang Yi, David
Hopkinson, Jaime C. Grunlan, and Benjamin A. Wilhite, Enhancing Hp-Permselectivity of High-Flux Hollow Fiber
Membrane Via in-Situ Layer-By-Layer Surface Treatment. Journal of Membrane Science, 615, 118312. doi:
https://doi.org/10.1016/j.memsci.2020.118312) Copyright 2020 Published by Elsevier B.V.
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for gas separation has been limited by the ability to cast the material as either asymmetric flat-

sheet or hollow fiber membranes at competitive cost.

Alternatively, a dense ultra-thin film of a novel polymeric material could be introduced on
existing mechanical substrates via casting, application of Langmuir Blodgett films, or by layer-by-
layer deposition. Layer-by-layer (LbL) assemblies continue to gain interest as a robust and low-
cost means to achieve ultra-thin conformal coatings of functional polymeric films over a variety
of substrates for applications as diverse as biomedicine, drug delivery, water purification, solar
cells, optics, batteries, fuel cells, gas barriers, and gas separation.*>>® Deposition of LbL films
involves a cyclic process wherein a charged material (e.g. polyelectrolyte) is adsorbed onto a
substrate followed by adsorption of an oppositely charged material, achieved by dipping, spinning,
spraying, or rinsing via fluidic assembly;®" during each deposition step, the charged materials
adsorb, diffuse, and interact with the underlying layer to form an interconnected and/or diffused
bi-layer. The resulting film properties can be manipulated by adjusting electrolyte concentration,>®
pH,>® viscosity,% molecular weight,%! deposition time,% and temperature.®® Recently, LbL films
have found usage in gas separation; Sullivan and Bruening deposited polyamic
acid/polyallylamine hydrochloride on porous alumina support followed by imidization; resulting
LbL coating displayed H2:N2> and H2:CO> separations comparable to conventional polyimide
films.* Subsequent studies demonstrated polyallyl-amine/polystyrene sulfonate on silicone
substrate,®® polyallylamine hydrochloride/polysodium-styrene sulphonate on oxidized poly4-
methyl-1-pentene substrate both reported hydrogen selectivity similar to conventional membranes.
% Qur research group previously achieved Hz:N2 and H2:CO> selectivity in excess of 2000:1 and
200:1, respectively, at permeability ~5 barrer using LbL films of polyethyleneimine/polyacrylic

acid deposited on an alumina-coated porous stainless-steel tubular substrate.%® Given the promising
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Haz-permselectivity displayed by the [PEl10/PAA4]x LbL films, the present work aims to apply these

films to an industrially applicable, easily manufacturable hollow fiber substrate.

Asymmetric hollow fiber membranes are widely employed in industry for both liquid and
gaseous separations, owing to intrinsic properties of high surface area to volume ratio, mechanical
resistance to large pressure differences, low cost, and high flux.5” Polyamide imide (PAI) is
commonly used for the manufacturing of hollow fibers due to its excellent chemical and
mechanical properties, arising from the presence of amide functional groups with excellent thermal
stability attributed to the imide ring.8 PAI-based hollow fibers provide stability against
plasticization due to the presence of inter- and intra-chain hydrogen bonding. Several studies have
focused on improving the hydrogen selectivity of PAI hollow fibers by use of thermal
rearrangement,®® crosslinking,” or chemical modification.”* Polyethyleneimine (PEI) has been
extensively used to chemically modify the PAI to introduce a positively charged surface which has
found its use in water purification,”? removal of Ciprofloxacin from water,”® forward osmosis
membranes,’* CO; separation,” and carbon capture.”® These unique properties make PAI-based

hollow fibers an excellent candidate as a substrate for LbL deposition.

In this work, we demonstrate LbL deposition of sub-micron conformal coating on a highly
selective membrane with competitive permeability on hollow fibers for enhanced light gas
separation. The H> selectivity of high flux HF membranes was enhanced by the addition of
Polyethylenimine (PEIl)/polyacrylic acid (PAA) bilayers. The effect of surface functionalization
was also studied to tune the substrate surface to provide a favorable condition for LbL deposition

resulting in a highly selective membrane for hydrogen.
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2.2 Experimental Section

2.2.1 Materials

Branched polyethyleneimine (Millipore Sigma) (MW ~25,000 g mol™) and polyacrylic
acid (Millipore Sigma) (MW ~100,000 g mol™) were dissolved into deionized water (18.2 MQ) to
prepare 0.1 wt % and 0.2 wt % solution, respectively. The pH of the PEI solution was adjusted to
10 from its unaltered value of 10.5 by adding 1 M hydrochloric acid solution (HCI) (Millipore
sigma) and the pH of the PAA solution was adjusted to 4 from its unaltered value of 3.1 using 1
M sodium hydroxide solution (NaOH) (Millipore Sigma). For the functionalization, branched

polyethyleneimine and water were mixed with 2-propanol to prepare a solution of 5: 5: 90 by wt %.

2.2.2 Substrate

Asymmetric Torlon© (PAI) hollow fiber substrates were fabricated using a dry-jet wet-
quench spinning process. A polymer dope was first formed by dissolving Torlon© into a mixture
of 1-methyl-2-pyrrolidone (solvent) and DI water (non-solvent). LiCl was added as a pore-forming
agent. The dope was well mixed by placing the jar on a roller for at least a week until the solution
was homogenous. Hollow fibers were produced by co-extruding the polymer dope with the bore
fluid via syringe pumps (Teledyne ISCO) through a custom spinneret, passing through an air gap
and into a coagulation bath. The nascent fibers were kept in a DI water bath for three days to
remove any residual solvent.

2.2.3 Set-up

Individual hollow fibers were potted into a tube and shell assembly prepared using a 0.25-inch
diameter tube and tee fittings (Swagelok), and hollow fibers (5 inches each), followed by sealing

with epoxy adhesive (3M DP 100. This set upwas used for LbL deposition and permeation tests.
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ﬁ ﬂ Gas Bubbler Mass Spectrometer

Figure 2.2-1: A schematic diagram of a) Layer-by-layer deposition process and b)
PEI/PAA layer-by-layer deposition on a hollow fiber support.

2.2.4 Layer-by-layer Deposition

Each bilayer was deposited by passing alternating aqueous cation-anion solutions through the
annulus at a flow rate of 10 ml/min via a syringe pump (kdScientific KDS-100). PEI solution
(0.1 wt %, pH 10) is introduced first, which deposits an initial positively charged layer over the
neutral hollow fiber substrate surface. After 5 minutes, the system is rinsed three times with
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deionized water at a flow (10 ml/min) for 30 s to remove excess polyelectrolyte, followed by air
at the same flowrate to remove excess moisture. After three rinse-dry cycles, PAA solution (0.2
wt %, pH 4) is fed to the annulus of the assembly with the same flow rate and contact time,
followed by identical rinsing and drying steps, to achieve a single [PEl1o/PAA4] bilayer. After the
initial bilayer, polyelectrolyte solutions were passed through the system for 2 minutes contact
time and the steps were repeated to deposit a total of 10, 15, and 20 bilayers; denoted as [HF-

PEl10o/PAA4]10, [HF- PEl1o/PAA4]15, and [HF- PEl1o/PAA]20.

2.2.5 Surface Functionalization

For the functionalization, hollow fibers were immersed in an IPA-PEIl-water solution
(5:5:90 wt %) for 4 hrs. at 70 °C in an oil bath followed by washing with DI water and drying at
70 ° C overnight. For the LbL deposition on functionalized hollow fiber, PAA solution is used first
to deposit a negatively charged layer upon the positively charged functionalized hollow fiber
surface, followed by the deposition of a positively charged layer of PEI with identical flowrate,
contact times, rinsing and drying steps as before. These steps were repeated for 2, 5, and 10

bilayers; denoted as [f-HF- PEl10/PAAs]2, [f-HF- PEl10/PAA4]s, and [f-HF- PEl1o/PAA4]10.

2.2.6 Characterization

Contact angle measurements for the hollow fibers and functionalized hollow fibers were
calculated using a sessile drop technique (water, 5 pL). The ImageJ software (National Institutes
of Health (NIH), Bethesda, MD, USA) was used to analyze the contact angle by using a plug-in
named Low-Bond Axisymmetric Drop Shape Analysis.”” FTIR spectra of HF and f-HF were

measured with a Bruker Optics ALPHA-P 10098-4 spectrometer in ATR mode. For the SEM
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analysis, hollow fibers were cut after dipping it in liquid N2 to preserve the cross-section. A

Hysitron T1950 Triboindenter was used to measure the mechanical properties.

2.2.7 Permeation Study

The shell and tube assemblies containing each coated hollow fiber were used to measure
H> permeability as follows: Argon sweep gas (99.998% purity) was supplied to the bore of hollow
fiber (30 ml/min), while a feed gas mixture of N2 + Hz or CO2 + H> was supplied to the annulus
region. The outlet of the bore hollow fiber (permeate) is continuously monitored via mass
spectrometer (RGA 100, Stanford Research Systems). During the experiments, each membrane
feed gas mixture was supplied to the annulus keeping the overall feed flowrate constant. The feed
gas composition was varied only after the outlet signal of the mass spectrometer reaches a steady

state (typically 10 minutes) for the previous feed gas composition.

All experiments were performed at room temperature (~21 °C) and atmospheric outlet
pressure. For the present case of co-current flow, the overall observed permeability can be
calculated using an observable log mean average driving force via Equation (1)

F; = Ppuix —(pp_pig ]_pS) 1)

Pf—Ps i

Where, F; is the measured permeation rate (mol m~2s~1) of species 7, tis the thickness of the
membrane (M), puuk IS the overall observed permeance (mol m=2 s~1Pa~1) of the membrane,
and p,, pr, Ps, and py are the partial pressures of the permeate, retentate, sweep, and feed side for

the species 7 respectively. Gas selectivity of gas i over j (a; ;) is given by the ratio of their
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respective permeabilities (P;/P;). ppuix Values were calculated from the curve fitting of log mean

pressure difference with permeation rate as shown in Figure. A resistance-in-series model was

used to deduce the permeability of the selective layer by using the following equation.

1 _ Umembrane + 1 (2)

Pbulk Pmembrane Dsubstrate

Where, ppux is the overall observed bulk permeance (mol m=2 s~*Pa~1) of the membrane,
Psubstrate 1S the permeance of the substrate used, and t,,emprane 1S the thickness of the selective
layer of membranes calculated using the SEM images. Equation 2 is used to calculate the

permeability of the selective layers.

2.3 Results and Discussion

2.3.1 Surface Functionalization

The outer surface of the hollow fiber is highly hydrophobic in nature, which restricts
adsorption of the polyelectrolyte solution; thus, multiple bilayers are necessary to establish a
favorable condition for subsequent uniform and defect-free layers to deposit. To address this,
hollow fibers were functionalized prior to LbL deposition using a PEI-water-1sopropanol solution
(5:5:90 wt %) to improve their surface properties. The strong nucleophilic primary amine group
of the PEI attacks the electrophilic carbonyl group in the imide ring of the PAI hollow fiber
backbone opening the imide ring as confirmed by FTIR (./® The untreated hollow fiber exhibit
strong imide carbonyl (C=0) absorbance at 1750 ¢cm™! and 1730 cm~! and an imide C-N
absorbance at 1360 cm™1; the functionalized hollow fiber shows weaker absorbances for imide
carbonyl group and none for the imide C-N absorbance confirming the breaking of C-N bond and

opening of the imide ring. This results in a positively charged surface owing to the presence of
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amine groups on the imide ring which improves the hydrophilicity of the HF substrate, confirmed
by a decrease in the contact angle of the hollow fiber surfaces from 101° to 68° after

functionalization.”’
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Figure 2.2-2: Effect of functionalization of hollow fiber: (a) breaking of C-N amide bond
in PAI backbone, (b) FTIR spectra supporting the bond breaking, and change in hydrophilicity of
hollow fiber (c) before and (d) after functionalization.

2.3.2 Morphology of PEI-PAA Membrane

Cross-section and surface SEM images of hollow fibers confirm the presence of a dense
LbL coating on each substrate. On the PEI-functionalized hollow fiber, defect-free conformal
coatings were achieved with as low as 2 bilayers, which was not possible for non-functionalized
hollow fibers. The LbL coating thickness of [f-HF-PEIl10/PAA4]10 is 8.2 um which is roughly 1.5
times that of [HF-PEl1o/PAA4]10; this is attributed to the introduction of a positively charged

surface on the hollow fiber after functionalization which aids in ionic interaction between the
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oppositely charged layers. The deposition of LbL films on both untreated and functionalized
hollow fibers followed exponential growth, similar to previously studied weak polyelectrolytes
(including PEI and PAA); this behavior results from the charge overcompensation by the
interpenetration of the polyelectrolyte through the layers.”®"® Functionalization also resulted in a

change in the pore structure of the hollow fiber as depicted in Figure 2.2-5.

Figure 2.2-3: SEM cross-sectional image of (a) hollow fiber, (b) [HF- PEI10/PAA4]10,
(c) [HF- PEIl10o/PAA4]15, and (d) [HF- PEl1/PAA4]20, (e) functionalized hollow fiber, (f) [f-HF-
PEl10/PAAs]2, (9) [f-HF-PEIl1o/PAA4]s, and (h) [f-HF-PEI1o/PAA4] 10
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Figure 2.2-4:SEM image of hollow fiber surface before (left) and after (right) LbL
deposition indicating uniform membrane deposition.

Figure 2.2-5: Pore structure of hollowfiber (Left) changes after functionalization (Right)
depicted by SEM images at 20,000 x magnification.
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2.3.3 Permeation Performance

Initial gas permeation tests were performed with as-received hollow fibers prior to LbL
coating or PEI-functionalization with observed Hz, N2, and CO> permeance of 11886 GPU, 7561
GPU, and 8341 GPU, respectively. The gases follow Knudsen diffusion inside the as-received
hollow fiber with observed selectivity for H2:N2 and H2:CO2 as 1.6 and 1.4, respectively. Upon
deposition of each PElio/PAAs LbL films, the H> permeance decreased while Hx selectivity
improved significantly. Our previous studies confirmed that humidity plays an important role in
the functioning of these LbL membranes assembly®®, as water molecules swell and plasticize the
LbL films leading to bond reshuffling which heals micro-scale surface defects.®8! Thus, the feed
was bubbled through DI water to achieve 50% RH prior to entering the shell-tube assembly. Figure
2.2-6 and Figure 2.2-7 presents the trend from no membrane to 20 bilayer deposition for Ha/N2
and H2/CO2 gas pairs for hydrogen permeance with its selectivity. For the case of [HF-
PEIl10/PAA4]20, permeate N2 and CO> partial pressures remained below the detection limit of the
mass spectrometer, such that a minimum observable H2:N2 and H2:CO> selectivity of >2000:1 and
>200:1, respectively, was based on the minimum detection limit calculated on the basis of three

standard deviations of the baseline noise.?®

Identical permeation studies were performed for PEI-functionalized hollow fiber with 0, 2,
5, and 10 bilayers of PEl1o/PAA4. The functionalized hollow fiber showed an order of magnitude
improvement in its Ho selectivity which may be attributed to a change in the pore structure and
composition of the outer functional layer of the hollow fiber observed via scanning electron
microscopy (Figure 2.2-5). For the case of 5 bilayers of PE11o/PAA40n functionalized hollow fiber,
the CO> permeate signal again drops below the detection limit of the mass spectrometer, thus

achieving similar levels of selectivity as of [HF-PEI10o/PAA4]20. This may be attributed to enhanced
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carbon dioxide adsorption upon functionalization of hollow fiber with PEI, which has been
reported by Koros et. al.”®, which may decrease the driving force of CO; partial pressure difference

across the membrane. COz and N2 permeate pressures remained below the detection limit for 10

bilayers.
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Figure 2.2-6: Selectivity of H2 over N2 vs H2 Permeance for Ho/N2 gas pair for hollow
fiber, [HF-PEl10/PAA4]10, [HF- PEIl1o/PAA4] 15, [HF-PEI10o/PAA4]20, functionalized hollow fiber,
[f-HF-PEl10o/PAA4]2, [f-HF-PEI10/PAA4]s, and [f-HF-PEIl10/PAAs]10
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Figure 2.2-7: Selectivity of H2 over CO2 vs Hz> Permeance for H2/CO- gas pair for hollow
fiber, [HF- PEl1o/PAA4]10, [HF- PEl10/PAA4] 15, [HF- PEl1o/PAA4]20, functionalized hollow fiber,
[f-HF-PEIl10/PAA4]2, [f-HF-PEl10/PAA4]s, and [f-HF-PEl10/PAA4]10

Figure 2.2-8 and Figure 2.2-9 compares the performances of these LbL films with the
Robeson upper bounds for a) H2/N2and b) H2/CO- gas pairs; the permselectivity of LbL functional
films can be tailored by tuning the number of bilayers. For the case of [HF-PEIl10/PAA4]20 and [f-
HF-PEl10/PAAs]10, the selectivity values exceed the Robeson upper bound for Ho/N2 and H2/CO»
gas pair and [f-HF-PEIl1o/PAA4]s exceed the upper bound for H2/CO2 gas pair performing better

than the Mixed matrix membrane, zeolites, and MOFs in terms of selectivity.
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Figure 2.2-8: Robeson upper bound plots for Hz2/N2 gas pair for [HF- PEl1o/PAA4]10, [HF-
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Figure 2.2-9: Robeson upper bound plots for H2/CO> gas pair for [HF- PEl1o/PAAs]10,
[HF- PEl1o/PAAs] 15, [HF- PEl1o/PAA4]20, [f-HF-PEl10/PAAs]2, [f-HF-PEI10/PAA4]s, and [f-HF-
PEl10/PAAs]10
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Figure 2.2-10: Force versus displacement curves from nanoindentation tests performed on
10 bilayers of PEI/PAA assembly coated on a flat sheet Torlon a) neutral hollow fiber, b)
functionalized hollow fiber.
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2.3.4 Nanoindentation

The bilayers are too thin to test mechanical properties as free-standing films, hence,
nanoindentation was used to measure mechanical properties of 10 bilayers of PEI/PAA films on
both neutral hollow fiber and functionalized hollow fiber. Each test was done in load-controlled
feedback mode with a quasi-load function with a 5-second loading to a peak force of 1.5 mN
followed by a 2-second hold and a 5-second unloading segment. These values were chosen to
ensure that the tests were as free as possible from surface roughness and substrate effects. The
hardness and elastic modulus were obtained from the loading and unloading curves (Figure

2.2-10).

The LbL membrane system has a compact, dense, and homogenous polymeric structure,
as inferred from SEM images and mechanical behavior. The average elastic modulus and hardness
of [HF-PEIl10/PAAs]10 measured by nanoindentation analysis on flat Torlon© sheet, are
0.99 + 1.10 GPa and 0.79 + 0.11 GPa, respectively, with comparable values of 11.35 + 0.51 GPa

and 0.85 + 0.04 GPa for [f-HF-PEIl10/PAA4]10, respectively.

2.4 Conclusion

In conclusion, this study demonstrates a highly hydrogen-selective membrane deposited
on industrial, mass-producible, low cost, high flux, and low selectivity hollow fibers. Also, the
surface properties of the substrates play a vital role in the deposition of the LbL. membrane which

can be enhanced by chemical modification of these substrates.
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3. Highly Selective Hollow Fiber Membranes for Carbon Capture via in-situ
Layer-by-Layer Surface Functionalization *

3.1 Introduction

There is a pressing need to reduce anthropogenic CO2 emissions, with an ultimate goal of
achieving a carbon-neutral economy.8282 The current Intergovernmental Panel on Climate Change
(IPCC) recommends drastic measures to limit the rise in average global temperature to below 1.5
°C relative to the pre-industrial era to avoid frequent heatwaves, heavy rainfall, melting of polar
ice, and rising sea levels which might result in loss of life and property.8* Emissions from fossil
fuels remain the largest contributor to rising CO levels, with approximately 28% of total
greenhouse gas emissions generated by electricity production.®>-8 While electricity production
from renewable sources (e.g. solar, wind, and nuclear) continue to rise, fossil fuels are expected to
remain the largest contributor to global energy demand for at least another 30 years. Thus, there
is a critical need for mitigating the CO2 emission in existing, new, and upcoming power plants.3”
8 post-combustion CO2 capture is an attractive option, as it can be retrofitted into existing power
plants without requiring any major modification of infrastructure.>°° Current post-combustion
CO2 capture technologies employing gas-liquid absorption and/or pressure swing adsorption are
expensive, contributing 70-80% of the total cost of carbon capture and sequestration.'°2 Over the
past two decades, cost-effective membrane technologies for CO> capture have gained significant

attention due to their low energy consumption, small carbon footprint and passive operation.®®

* Reprinted with permission from (Naveen K. Mishra, Nutan Patil, Shouliang Yi, David Hopkinson, Jaime
C. Grunlan, and Benjamin A. Wilhite, Highly Selective Hollow Fiber Membranes for Carbon Capture via in-situ
Layer-by-Layer Surface Functionalization. Journal of Membrane Science) Copyright 2020 Published by Elsevier B.V.
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Homogenous polymeric membranes possess an intrinsic trade-off between permeability
and selectivity, while industrial application demands membranes with both high permeance and
high selectivity for increased process throughput and product purity.®® This trade-off was first
introduced as an experimentally observed upper bound for homogeneous polymeric membranes
by Robeson in 1991 (and a revision in 2008) and theoretically proven by Freeman.?’ 23! Most
current research focuses on breaking this upper bound by means of modifying membrane
morphology via thermal rearrangement, mixed matrix membrane (MMMSs), polymers of intrinsic
micro porosity (PIMs), and other approaches.? % In a typical dense polymeric membrane, gas
separation is driven by the pressure difference across the membrane and occurs via solution-
diffusion mechanism.®! The penetrant gas molecule first adsorbs on the upstream side of the
membrane, dissolves into the solid phase, then diffuses through the membrane, and finally desorbs
on the downside of the membrane. The selectivity of the membrane is therefore dictated by both

the relative solubility and diffusivity of each species.
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Figure 2.2-11: A schematic of dipole quadrupole interaction between polyethylene oxide
and CO>

Polymers containing polar moieties, such as the ether group in poly(ethylene oxide) (PEO),
have an affinity for CO2 due to the dipole-quadrupole interactions which increase CO> selectivity
(Figure 2.2-11).°® While PEO-based membranes have been reported with promising CO:

selectivity, their high degree of crystallinity results in low overall gas permeability, as crystalline
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regions creates a tortuous pathway for diffusion within the polymer matrix.**°" Various strategies
have been employed to address this issue, including copolymerization, blending and crosslinking

with polyimides or polyamides.%°

Layer-by-layer (LbL) assembly is a powerful technique that allows conformational coating
of nanoscale blends from two or more unique polyelectrolytes.!® LbL has gained significant
traction over the past two decades for the fabrication of thin functional films owing to its versatility
across a wide range of fields including biomedicine, drug delivery, water purification, solar cells,
optics, batteries, gas barriers, and gas separation.>®%255101 | b|_js a cyclic process where substrates
are dipped alternatively in oppositely charged polyelectrolyte solutions with rinsing and drying
steps in between. During each immersion, molecules adsorb, diffuse, and interact with the
oppositely charged surface ions resulting in either linear or exponential film growth.>” This
approach provides excellent control of tunability of the resulting thin film structure, composition
and material properties by adjusting concentration, pH, temperature, molecular weight, deposition
time, and viscosity of the polyelectrolyte solution.®% 83192 | p|_ assemblies for gas separation thus
offer the potential to tune permselectivity and permeability by changing the number of cation-
anion deposition (i.e. “bilayers”). Over the past two decades, several LbL films have been studied
for gas separation.®” Stroeve et al. deposited 40 bilayers of poly(allylamine) and poly(styrene
sulfonate) on polypropylene substrate and 100 bilayers of the same on a dimethyl silicone
membrane; CO2/N2 selectivity up to 24:1 were observed at 70° C.3® McCarthy et al. reported an
increasing trend in selectivity over deposition of 20 to 200 bilayers of poly(allylamine
hydrochloride) and polysodium styrene sulfonate on a poly(4-methyl-1-pentene) substrate,
however, membrane permeability decreased with increase in the number of bilayers due to

formation of rigid and dense structures.?® Sullivan and Bruening deposited defect-free poly(amic
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acid) and poly(allylamine hydrochloride) bilayers on porous alumina, followed by heat induced
imidization. These membranes exhibited O2/N2and CO./N. selectivity of 6.9 and 68,
respectively.141% Kentish et al. studied 4 and 2 tri-layers of polystyrene sulfonate, carbonic
anhydrase, and poly(allylamine hydrochloride) on poly(propylene) and poly(dimethoxy silane)
hollow fiber support resulting in 3-fold increase in CO, adsorption.'® LbL assemblies of
poly(ethylene oxide) as proton acceptor and either poly(methyl acrylic acid) or poly(acrylic acid)
as proton donors have been studied for controlled released applications in drug delivery and

Lithium ion conductivity in solid polymer electrolytes. 07110

Our research group previously demonstrated highly selective membranes for gas separation
using LbL method.%? 11-115 | g recent work, poly(methacrylic acid) (PMAA) and poly(ethylene
oxide) (PEO) bilayers deposited at pH of 2 i.e. [PEO2/PMAA:], on a dense poly(styrene) substrate
was studied for CO2/N, separation.'? This work was able to solve one of the issues with PEO-
based membranes by reducing the degree of crystallinity to ~5 %. The combination of reduced
crystallinity and high CO> solubility resulted in one of the highest selectivity (~140:1) reported for
homogenous polymeric membranes, albeit at low CO permeability of 0.011 Barrer. However,
permeabilities were measured separately using pure gas mixtures (owing to the limitation of
constant-volume variable-pressure technique), and thus did not consider the effect of plasticization
on CO2/N; selectivity.!'® Additionally, functional LbL films were deposited on a non-
functionalized, dense polymer substrate. Given the performance of this bilayer pair in terms of
CO: selectivity, the present work aims at applying these thin functional films to low-cost, easily
manufacturable, and mass-producible hollow fibers with functionalized surfaces to achieve CO>

permselective membranes with competitive permeance.
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In this work, we demonstrate LbL deposition of highly selective PEO2/PMAA: bilayers
hollow fibers capable of achieving both high CO2/Nz selectivity and CO2 permeabilities for post-
combustion carbon capture. The effect of functionalization to create favorable conditions for LbL
deposition was also studied. The CO: selectivity for 5 and 10 bilayers on functionalized hollow
fibers and 20 bilayers on hollow fiber support exceeds selectivity values for most of the polymeric
membrane. These impressive values can be attributed to the increased solubility of CO: in the

selective layer originated from the favorable PEO and CO2 dipole quadrupole interaction.

3.2 Experimental section
3.2.1. Materials

Poly(ethylene oxide) (MW ~4,000,000 g mol™), branched poly(ethyleneimine) (Millipore
Sigma) (MW ~25,000 g mol?), and poly(methacrylic acid) (MW ~100,000 g mol™) were
purchased from Millipore Sigma. Hydrochloric acid (37% purity) and isopropanol (99.5 % purity)

from VWR are used as solvents.

3.2.2. Hollow Fiber Fabrication

Torlon© (PAI) hollow fibers were fabricated using dry-jet wet-quench spinning. A
polymer dope was first formed by dissolving Torlon© polymer into 1-methyl-2-pyrrolidone and
water. LiCl was added to create a more open porous structure that is desirable in a membrane
support. The dope was mixed on a roller for more than one week . The dope solution and bore
solutions were pumped using syringe pumps (Teledyne ISCO) through a spinneret, passing
through an air gap and into a quench bath of DI water. The hollow fibers were immersed in water
for three days to remove any remaining solvent and additives. The fibers were then solvent
exchanged by immersion of the fibers for 20 min each in three batches of fresh methanol followed

by three batches of fresh n-hexane and dried under vacuum at 70 °C for 3 h. These Torlon HF
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supports have an outer diameter of ~600 um, and a wall thickness of ~150 pum; they are highly

permeable to CO2 and N2 with Knudsen selectivity.

3.2.3 Membrane Fabrication

PEO and PMAA solutions with 0.1 wt % and 0.2 wt % loading, respectively, were prepared
using deionized water (18.2 MQ). The pH of the PEO and PMAA solutions were adjusted to 2 by
adding 1 M (HCI). For the surface functionalization process, branched PEI and water were mixed
with 2-propanol to prepare a solution of 5: 5: 90 by wt %. Hollow fiber surface was functionalized
using an IPA-PEI-water solution in an oil-bath setup for 4 hours at 70° C followed by overnight

drying.

Neutral hollow fibers were cut in 5 inches length and sealed into shell (0.25-inch diameter)
and tube assembly using epoxy and Swagelok compression fittings. This setup was then used for
in-situ deposition of PEO/PMAA films, which prevented vibrational damage during coating.
PEO/PMAA layers are deposited on hollow fiber surface using an iterative process of flowing
alternating polymer solutions (5 mins for first bi-layer and 2 mins for the later) with water flushing
and air-drying steps each for 30 s. A syringe pump assembly was used to feed PEO and PMAA
solutions alternatively to the annulus at 10 mL/min flowrate at ambient conditions. PEO solution
is introduced initially to form a positively charged layer over the neutral hollow fiber surface. 10,
15, and 20 bilayers were deposited on hollow fibers to study their permeation behavior and these

are denoted as [HF-PEO2/PMAA?]10, [HF-PEO2/PMAA:]15, and [HF-PEO2/PMAA:?] 2.

For the functionalized hollow fiber, similar set up for in-situ deposition of bilayers was
prepared. PMAA solution with negative charge was introduced initially to the hollow fiber

assembly since the functionalization produces a positively charged surface. The remaining
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procedure is same as above. These steps were repeated for 2, 5, and 10 bilayers; denoted as [f-HF-

PEO2/PMAA:]2, [f-HF-PEO2/PMAA;]s, and [f-HF-PEO2/PMAA:]10.

3.2.4 Characterization

A sessile drop technique was used for contact angle measurements on flat
nonfunctionalized and functionalized Torlon© substrate and the data was analyzed using the
ImageJ software (National Institutes of Health (NIH), Bethesda, MD, USA). FTIR spectra of
Hollow fibers and its functionalized form was collected by making pellets with KBr powder.
Surface and cross-sectional images were obtained to confirm defect-free coating on the membrane.
Samples were prepared by using liquid N2 to freeze fracture followed by a 5nm platinum coating.
Scanning electron microscopy was performed using a JEOL JSM-7500F FESEM (Jeol Ltd, Tokyo,

Japan).

A Hysitron TI950 Triboindenter was used to measure the hardness and elastic modulus.
The thickness of the selective films is in micron range which makes it challenging to analyze free-
standing films to study the mechanical properties, hence, nanoindentation methodology was used
to measure hardness and elastic modulus. Samples were prepared by depositing 10 bilayers of
PEO/PMAA on both neutral and functionalized Torlon© flat sheet using the procedure described
in the methods section. Nanoindentation tests were performed in load-controlled feedback mode
with a loading-hold-unloading segment of 5, 2, and 5 seconds each with a peak force reaching up
to 1.5mN. These values were considered to avoid any effects from surface roughness and substrate
properties. The hardness and elastic modulus values were calculated from the loader and unloading

curves.
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3.2.5 Permeation Study

The shell and tube assemblies containing each coated hollow fiber were used to measure
gas permeabilities at 21°C and 1 atm outlet pressure. A feed of test gas mixture N2 and CO> (varied
from pure N2 to pure CO>) with a constant overall flowrate of 50 mL/min was fed to the annulus
and a sweep gas of argon with a flowrate of 30 mL/min was fed to the bore of the setup as shown
in Figure S2. The composition of feed gas mixture was varied from pure CO; to pure N2 while
keeping the overall gas flowrate constant. The permeate i.e., the outlet of the bore hollow fiber
(permeate) is connected to a mass spectrometer (RGA 100, Stanford Research Systems) which
analyzes composition of gases. The feed gas composition was changed only after the outlet signal
from mass spectrometer reaches steady state. The overall permeability is calculated using an

observable log mean average driving force for co-current flow configuration via Equation (1)

F; = pi (pp_pr)_(pf_ps) (1)

t ln[l’p—l’r]
Pf—Ps i

Where, F; = Flux (mol m~2s~1) of species i
p; = observed permeance (mol m~2s~1Pa~1), and

Py, Pr. Ds, and p= partial pressure of the permeate, retentate, sweep, and feed side for the

species i, respectively

The permeability of the selective layer-by-layer film is calculated from overall permeance

and substrate permeability using a resistance-in-series model.

1 lselective layer + 1 (2)

Pbulk Pselective layer ~ Psubstrate

Where, pp.x = overall observed bulk permeance (mol m=2 s~*Pa~1) of the membrane,
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Psubstrate = Permeance of the substrate used, and

tselective tayer ANA Pselective 1ayer= thickness and permeability of the selective layer of the

membranes estimated using the scanning electron microscopy images,
Equation 2 is used to calculate the permeability of the selective layers.
Selectivity is calculated using:
Xco,/N, = Pcoz/PN2 3)
Where, aco,/n,= selectivity of COz over N2
P¢o,= permeability of CO2, and Py,= permeability of N

This co-current flow configuration facilitates bench-scale measurement of gas
permeabilities under mixed-gas conditions, while sweep gas sufficiently dilutes permeate gas
composition as to allow accurate determination of steady-state permeabilities in the absence of

mixing effects present under concentrated conditions.

3.3 Results and Discussion
3.3.1 Substrate

Torlon®© based hollow fibers are chemically and mechanically stable due to the presence
of amide and imide groups present in the backbone.!'” This also results in a highly hydrophobic
surface which impedes bilayer growth requiring multiple initial bilayers to establish favorable
conditions for depositing defect-free subsequent layers. Several studies have focused on
interaction of polyimides with PEI as a promising approach to introduce a positively charged
surface by introducing the amine group from PEI on the membrane surface.®® Sun et al. studied

the use of PEI to improve the hydrophilicity of the PAI hollow fiber surface to filter Ciproflaxin
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from water stream and L.i et al. functionalized PAI based hollow fiber to improve carbon dioxide
uptake.” 8 Similarly, as-received hollow fibers were functionalized using a PEIl-water-
Isopropanol solution (5:5:90 wt %) to improve the surface hydrophilicity. The primary amine
group from the branched PEI attacks the carbonyl (C=0) from the PAI backbone resulting in the
opening of imide ring. Comparison of FTIR spectra of untreated and functionalized hollow fiber
shows the changes in the structure of PAI after the functionalization reaction . The peaks for imide
(C-N) absorbance at 1360 cm™! are missing in the functionalized hollow fiber and the carbonyl
(C=0) absorbance peaks at 1750 ¢cm~! and 1730 cm™?! are weaker when compared to neutral
hollow fibers. The changes in the backbone and the presence of amine group introduces positive
charge on the surface improving the hydrophilicity, as confirmed by contact angle measurement.
The contact angle of the hollow fiber surface decreases from 102°to 68° after functionalization.
This improvement in hollow-fiber surface wettability in turn facilitated uniform, defect free

coatings using aqueous polyelectrolyte solutions via layer-by-layer technique.'®®

3.3.2 Functional Layer

The ether groups present in PEO act as H-bond acceptor and the carboxylic acid groups in
the PMMA act as H-bond donors which enables hydrogen bonding between the layers. The LbL
process is dependent on the pH of polyelectrolyte solutions and the stability of interpolymer
complexes. The stability of interpolymer complexes is dependent on a critical pH which results in
phase separation and it precipitates from the solution.'*® Sukhishvili and Granick have reported
that in the PEO/PMAA system the multilayer films are stable below pH value of 4.6.1%° The
influence of polyelectrolyte pH of PEO/PMAA system on membrane performance was studied
previously (for pH values 2, 2.5, and 3) with pure CO2 permeability unaffected by pH while the

N2 permeability was minimized at a pH of 2.1%2 The carboxylic groups in PMAA are fully
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protonated at pH < 2 providing maximum sites for interaction with PEO.?° The deposition of LbL
films on both untreated and functionalized hollow fibers followed exponential growth, which
results from charge overcompensation by diffusive penetration of the polyelectrolyte through the
multilayer film.109-110. 121-122 Thjg diffusive penetration of PEO during each deposition cycle not
only results in exponential growth but also result in increase in PEO content owing to the higher
mobility of PEO molecule over PMAA molecule, as confirmed by several studies using solid state

C*® nuclear magnetic resonance. 23126

Hydrogen bonding C=0 -C-0-C- Hydrogen bonding C=0 -C;0-C-
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Figure 2.2-12: FTIR spectra of support and membrane; a) functionalized hollow fiber support
with 10 layers of PEO/PMAA; b) hollow fiber support with 20 bilayers of PEO/PMAA

Fourier-transform infrared (FTIR) spectra were collected to confirm the presence of
hydrogen bonding, C-O-C stretch, C=0 stretch, and CH> peaks. Figure 2.2-12 shows FTIR spectra
of 10 bi-layers of PEO/PMAA on functionalized hollow fiber and 20 bi-layers of PEO/PMAA on
hollow fibers and their respective substrates. These FTIR spectra confirm the presence of
functional groups related to PEO and PMAA; peaks at 820, 1030-1110, and 1120-1170 cm™ are
similar to C-O-C stretch and -CH- peaks reported for amorphous PEI.'?” The absorption between
1700 and 1750 cm™ is from carbonyl bond stretching, commonly observed for carboxylic acid
similar to PMMA. Hydrogen bonding between the layers is indicated by a broad absorption peak

at ~3000 cm™. The intensity of hydrogen bonding peak for the 10 bilayers of PEO/PMAA on
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functionalized hollow fiber support showed higher intensity confirming our hypothesis that
functionalization improves the support surface condition, in turn increasing interactions between
layers as well as between the initial layers and the support. The ratio of C-O-C (from both PEO
and PMMA) over C=0 (from PMMA increases from 0.32 to 1.46 for 10 bilayers of PEO./PMMA;
to 20 bilayers which confirms the hypothesis that PEO content increases as number of bilayers are

deposited.
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Figure 2.2-13: Scanning electron microscope image of cross-section of (a) hollow fiber,
(b) [HF-PEO2/PMAA2]10, (c) [HF-PEO2/PMAA:]i5, and (d) [HF-PEO2/PMAA2]20, ()
functionalized hollow fiber, (f) [f-HF-PEO2/PMAA:]., (g) [f-HF-PEO2/PMAA:]s, and (h) [f-HF-
PEO./PMAA2]10

Cross-section scanning electron microscopy images of hollow fibers confirm the presence
of a dense functional coating on each substrate (Figure 4). The coating thickness for 10 bilayers
on functionalized hollow fibers (4.77 um) is roughly 1.6 times that for the same number of bilayers
deposited on neutral hollow fiber. Functionalization of support creates a favorable condition for

the subsequent layers to grow due to the presence of a positively charged surface.

42



10 v HF
rge [HF-PEOPMAA )

v [HF-PEOFMAA |
3 O+ v [HF-PEOUPMAA.).
1] Y $ - by
& LHF
’4 5o [f-HF-PEO,/PMAA
e [FHE-PEOPMAA. ],
mz 3 [FHE-PEOIMAA, |
"N 0 8
£ -
<, .
-~
S 10
&)
>
0 5
l“ | +
107!
10 ° I 3 4

10° 1} 10
Permeance CO_ (GPU)

10

Figure 2.2-14: Selectivity of CO2 over N2 vs CO> Permeance for CO2/N. gas pair for
hollow fiber, [HF-PEO2/PMAA:]10, [HF-PEO2/PMAA:]15, [HF-PEO2/PMAA:]20, functionalized
hollow fiber, [f-HF-PEO2/PMAA:]», [f-HF-PEO2/PMAA:]s, and [f-HF-PEO2/PAA2]10

3.3.3 Permeation result

Initial N2 and CO2 gas transmission rates for uncoated hollow fiber support were analyzed
before any layer deposition or functionalization with observed N2 and CO> permeances of 7561
GPU and 8341 GPU, respectively. The hollow fibers are highly porous in nature, and thus gases
follow Knudsen diffusion with a selectivity of CO2 over N2 of ~ 1.1. Figure 2.2-14 presents the
CO2/N2 selectivity vs CO2 permeance values for 10, 15, and 20 bilayers on hollow fiber support
and 2, 5, and 10 bilayers on functionalized hollow fiber support. The CO. permeance for the
membranes decreases slightly with increase in number of bilayers of PEO2/PMAA: on hollow
fibers, however, the nitrogen permeance decreases significantly resulting in an increase in

selectivity of CO, over N,. The kinetic diameter of N (3.64 A) and CO> (3.3 A) are very similar;
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the results confirm our hypothesis that the presence of dipole-quadruple interaction between PEO

and CO creates a favorable condition for CO; transport.

Similarly, for 2, 5, and 10 bilayers of PEO/PMAA on functionalized hollow fibers, the
CO2 permeance of the membranes was almost the same and the selectivity increases with an
increase in the number of bilayers. The N2 permeate pressure remained below the detection limit
for the case of 5 and 10 bilayers and the selectivity values are calculated on the basis of the
minimum detection limit of the mass spectrometer. The permeance of hollow fiber after
functionalization decreased significantly; this may be attributed to change in CO> adsorption after
functionalization as reported by Koros et al. which creates resistance for CO..}'® High
magnification scanning electron microscope images of hollow fibers show a change in pore
structure and FTIR and contact angle measurement shows the change in the backbone of the hollow
fibers.!'® The drastic improvement in the selectivity values for 5 and 10 bilayers can be attributed
to the favorable conditions developed at the interface due to the functionalization of the hollow

fiber.

Figure 2.2-15 compares the performances of PEO2/PMAA; LbL films on hollow fibers and
functionalized hollow fiber support with the Robeson upper bounds for CO2/N2 gas pair with
homogenous polymeric membranes (Table 1). The blue dots are data points for various other
homogeneous polymer membranes collected from the Membrane Society of Australasia
database.'?® The 5 and 10 bilayers on functionalized hollow fiber support and 20 bilayers on
functionalized hollow fiber support exceed all CO2/N2 selectivity. Based on the discussion from
section 3.2, it can be hypothesized that exponential growth and better PEO diffusion results in the
increase of PEO concentration over increase in the number of bilayers. Thus, increase in bilayers

improves CO> solubility which in turn enhances CO, permeability as well as CO2:N: selectivity.
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The performance of the membranes can be tailored by manipulating the interaction in between the

alternate layers and between the substrate and selective films.
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Figure 2.2-15: Selectivity of CO2 over N2 vs CO2 Permeability on Robeson plot for CO2/N;
gas pair for hollow fiber, [HF-PEO2/PMAAz]10, [HF-PEO2/PMAA:]15, [HF-PEO2/PMAA;]20,
functionalized hollow fiber, [f-HF-PEO2/PMAA:];, [f-HF-PEO2/PMAA;]s, [f-HF-PEO2/PAA2] 10,
and comparison with previously published data!!? 128

These membranes have a uniform, compact, conformal, dense, and homogenous structures
depicted from their mechanical behavior and high magnification scanning electron microscope
images. The maximum displacement of nano indenter tip was in between 500-600 nm, and the
average elastic modulus and hardness of 10 bilayers of [PEO2/PAA:] on flat Torlon© sheet was

measured by nanoindentation analysis, are 6.03 + 1.32 GPa and 0.24 + 0.12 GPa, respectively,
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with comparable values of 6.50 + 1.32 GPa and 0.26 + 0.09 GPa for [f-HF-PEO2/PAA:]10,

respectively.

Table 2: CO2/N2 permeance, selectivity, and thickness of PEliwo/PAA4 bilayers on

hollow fibers and functionalized hollow fibers

Membranes Thipkness Permeance CO2 |Permeance N2 COz/!\Iz_
[microns] [GPU]? [GPU]? Selectivity
HF --b 1126.8 171.1 6.6
[HF- PEO2/PAA:]10 29+0.1 117.6 12.4 28.1
[HF- PEO2/PAA2]15 52+0.7 105.7 1.0 106.3
[HF- PEO2/PAA2]20 10.0+0.6 101.5 0.4 239.4
f-HF --b 14.8 23.0 0.6
[f-HF- PEO2/PAA2]:2 0.7+0.1 23.9 23.1 1.0
[f-HF- PEO2/PAA:]s 1.4+0.2 24.2 < >11001
[f-HF- PEO2/PAA2]10 47+07 12.8 < >11001

2 (Gas Permeation Unit); °(substrate): ¢(below the detection limit) %(based on minimum

detection limit of mass spectrometer)

3.4 Conclusion

This work reports for the first time the successful layer-by-layer (LbL) deposition of a
PEO/PMAA membrane on hollow fiber support, with CO2/N2 selectivity of 28-240 at
permeabilities of 350-1018 with [HF-PEO2/PMAA:]2 i.e., 20 bi-layers on neutral hollow fiber
displaying a permeance of ~101 GPU at a selectivity of ~240. After the addition of 20 bilayers of
PEO/PMAA on hollow fiber substrate, the selectivity of CO2/N. exceeded the Robeson upper

bound for homogenous polymeric films. The hollowfiber support is made from commercial
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polymeric material with standard spinning process and the LbL technique also utilizes commercial
polymers with dipping procedure that is easily scalable. The cost of fabricating these membranes
is expected to be comparable to the commercially available membranes. In conclusion, the LbL
technique on low-cost and mass-producible hollow fiber substrate thus has significant potential for

carbon dioxide capture in power plants and refinery flue gases.
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4. Highly selective laser-induced graphene (LI1G)/polysulfone composite
membrane for hydrogen purification”

4.1 Introduction

There is a growing demand for inexpensive and high purity hydrogen for sustainable use
of fossil fuels and the emerging hydrogen economy.?%-42 4445 The demand for hydrogen in
desulfurization and denitrification of hydrocarbon fuels processes continues to grow as
increasingly sour resources remain available, whereas the use of ultra-high purity hydrogen in
semiconductor processing and fuel cell applications is expected to rise.1% 12131 Cyrrently, 95% of
hydrogen is produced by steam reforming or combustion of hydrocarbon sources followed by
separation of hydrogen from carbon dioxide.’*? The current techniques for hydrogen separation
use pressure-swing adsorption and cryogenic distillation; both of which are complex relative to a
passive membrane, costly at smaller scale, and has limited modularity for distributed processing.t*
Membranes offer advantages over existing gas separation technologies in terms of low cost, low
energy usage, and ease of operation.*” Over the decades, a large number of highly perm-selective
membranes have been developed, but their industrial application has been limited by the cost,

scalability, and reliability of membranes.®

Porous membranes with uniform nanochannels like graphene nanosheets, graphene oxide,
zeolites, and molecular organic frameworks (MOFs) follow the molecular sieving mechanism and
have shown promising gas separation performance. Porous membranes with uniform

nanochannels like graphene nanosheets, graphene oxide, zeolites, and molecular organic

* Reprinted with permission from (Naveen K. Mishra, Nutan Patil, Muhammad Anas, Xiaofei Zhao,
Benjamin A. Wilhite, and Micah J. Green, Highly selective laser-induced graphene (LIG)/polysulfone composite
membrane for hydrogen purification. Applied Materials Today, Volume 22, March 2021, 100971
https://doi.org/10.1016/j.apmt.2021.100971 ) Copyright 2020 Published by Elsevier
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frameworks (MOFs) follow the molecular sieving mechanism and have shown promising gas
separation performance. Several published works have focused on utilizing the uniform pore size,
functional materials, and separation properties of MOFs for a variety of gas separation
applications.!33-1% Graphene and Graphene oxide-based membranes have reported exceptionally
high selectivity for H2:CO2 gas pair owing to the interlayer spacing of these 2-D materials. Li et
al. studied structural defects and interlayer spacing between graphene sheets for nanometer
thickness GO and reduced GO membranes for hydrogen separation; with selectivity values of 3400
for H2/CO, were reported.?’ Koenig et al. studied atomic layer thick graphene membranes where
a UV oxidative etching technique was used to create pores in micrometer sized graphene
membranes.?® However, most of these techniques involve chemical and physical steps for
synthesis of graphene and are limited by their mechanical integrity, scalability, and economic

feasibility.

Dense polymeric membranes have an intrinsic trade-off between selectivity and
permeability based on the kinetic diameter of the gases involved; these membranes rely on the
solution diffusion mechanism, and the separation of gases occurs because of the difference in the
flux through the membrane.?” This intrinsic trade-off between selectivity and permeability is
shown in a Robeson plot with an upper bound for homogeneous polymeric size-selective
membranes whose slope correlates to the kinetic diameter of each gas species.?” “® In efforts to
improve the upper bounds for polymeric membranes, mixed matrix membranes have been
developed by blending nanoporous membrane materials (e.g. zeolites, silicon oxide, graphene
oxide, carbon nanotubes) into the dense polymer. However, these methods are often limited by
incompatibility between the polymer and nanoporous materials which leads to non-selective void

formation. [12-136
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Laser-induced graphene (LIG) shows promise as a membrane component because of its
ease of production and scalability. LIG is fabricated when the surface of a polymer substrate is
photothermally converted to graphene containing carbon material using a CO; laser.*¥"1*®8 Laser
processing offers certain advantages over traditional graphene production techniques including
Hummer’s method and chemical vapor deposition;**14! laser processing is a rapid, robust, and
inexpensive way to produce LIG on polymer surfaces. 14246 The quality of LIG can be controlled
using power and speed parameters of the CO> laser, both of which control how much energy is
exposed to the sample during laser contact.}*” Laser power determines the amount of energy that
the sample is exposed to per second at a single laser contact point and directly affects the depth at
which graphitic material is formed at each contact point. The speed of the laser controls the amount
of time that the laser is engaged with the sample at any given contact point; thus, lower speed
means higher contact time and more energy supplied. The points per inch (PPI) corresponds to the
number of laser spots exposed per inch, it controls the spacing between laser contact points and
the amount of LIG formed per unit area.’*® In the past few years, LIG has been studied for its
potential application in supercapacitors, electrocatalysts, sensors, adsorbents, antibacterial
purposes, and composites. 143 147. 149154 gingh et al. used LIG fabricated on polysulfone polymers

for ultrafiltration membranes for antimicrobial and antifouling purposes.>®

This manuscript reports LIG on polysulfone film as a candidate material for gas separation
membranes. LIG on 100 um thick polysulfone substrate using optimal laser parameters (80 mm/s
speed, 9.8 W, 250 PPI) is used for separation of light gas pair H2/CO; at room temperature and 1
atm pressure. The composition of gases is varied from 0 to 1 mole fraction for the gas pair, and
the permeance values are calculated using a linear fit between flux and partial pressure difference

values. The data indicates that this combination is a high perm-selectivity membrane with an
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H>:CO> selectivity of 30.5 + 1.4 and H> permeance of 176.4 +19.5 GPU as compared to neat

polysulfone with an H2:CO> selectivity of 1.87 and permeance of 0.19 GPU.

4.2 Experimental
4.2.1 Materials
Polysulfone films (25 pum and 100 um thickness, Goodfellow USA), hydrogen (99.99%

purity), carbon dioxide (99.99% purity), and argon (99.99% purity) were used.
4.2.2 LIG fabrication

For the generation of LIG on polysulfone substrate, a 10.6 pum continuous CO> laser with
65 W maximum power and 2-inch lens was used. The laser was defocused by 4 mm from its actual
focus i.e., the laser was moved an additional 4 mm away from the polymeric film. The spot size
of the laser at focus is 0.13 mm and the depth of focus is 2.54 mm. Thus, the spot size of the laser
at defocus of 4 mm was calculated to be 0.277mm. The laser is equipped with an air nozzle adjacent
to the laser tip which is used to prevent warping of polymeric film. LIG is formed in ambient air
condition and at room temperature. The speed, power, and resolution of laser is varied to allow

LIG formation on polymeric substrate.
4.2.3 Characterization

The LIG-polysulfone samples were studied under optical microscope. SEM images were
taken on surface and cross-section of LIG using a FE-SEM instrument to study the surface
characteristics and thickness of membrane. The LIG sample was sputter coated with 5 nm Pt
coating. XRD was conducted on the sample using 1.8 “/min scan rate. TGA analysis was performed
on the LIG under air and nitrogen conditions at a temperature ramp rate of 5 °C/min. XPS analysis

was performed on neat polysulfone and LIG/polysulfone film using spectral scan and studying
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individual C12 and S2p peaks. A peak deconvolution was performed to understand the bonds
present in neat polysulfone vs. LIG/polysulfone. TGA analysis was also performed on the LIG
powder at 5 °C/min temperature ramp rate up to 800 °C under nitrogen and air conditions.
Modulated DSC and TGA analysis were performed on polysulfone before and after laser
treatment. GPC analysis was used to track change in molecular weight of polymer after the laser

process.

4.2.4 Permeation Test:

Defect-free LIG membranes were tested using a permeation cell set up with constant
volume variable pressure technique for quantifying membrane permeabilities with the porous LIG
interface facing the feed side. The film to be studied is mounted in a 19 mm filter holder made in
house using TAMU facilities and only permeate volumes are subsequently flushed with inert gas.
Argon sweep gas (99.998% purity) was supplied to the permeate side (30 ml/min), while a feed
gas mixture of CO2 + Hz (50 ml/min) at different composition was supplied to the feed side. Both
pure-gas and binary gas mixtures are provided by gas mixing panel equipped with digital flow
controllers for precise measurements of feed composition. The permeate is continuously monitored
via mass spectrometer (RGA 100, Stanford Research Systems). The feed gas compositions were
varied only after the outlet signal of the mass spectrometer reaches a steady state (typically 10
minutes) for the previous feed gas composition. Membrane permeability can be calculated from
the slope of the linear region of permeate pressure data which includes gas flux and partial pressure

difference.
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4.3 Results and discussion

Polysulfone films were chosen as a model substrate, as they are well-known for their
toughness and high-temperature stability and are thus commonly used for membrane applications
in ultrafiltration and gas separation.’*¢**® The polysulfone film is irradiated with a CO- laser to
form LIG as shown in Figure 2.2-16A and optimal laser spot focus, speed, power, and resolution
were selected to form defect free membranes. The LIG/polysulfone sample contains porous

graphene, LIG/polysulfone interface, and polysulfone substrate (Figure 2.2-16B).
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Figure 2.2-16: (A) Schematic of CO: laser set up used to make LIG on polysulfone film.
(B) Schematic of cross-section of LIG/polysulfone membrane. (C), (D), & (E) Optical image,
cross-sectional and surface SEM images of L1G/polysulfone.
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Figure 2.2-17: SEM image of cross section and surface of (A) and (B) polysulfone film;(C)
and (D) LIG2; (E) and (F) LIG3.
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Figure 2.2-18: (A)XPS survey for LIG/polsyulfone showing presence of sulfur, carbon, and
oxygen, (B) Peak deconvolution for XRD data of LIG1.

Optical microscopy and Scanning Electron Microscopy (SEM) were used to characterize
the LIG layer formed on the polysulfone substrate. Figure 2.2 16C shows an optical image of the
LIG/polysulfone surface where the darker parts represent the LIG and the lighter parts correspond

to the underlying polymeric film that was not converted to LIG during the laser etching process.
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SEM images of LIG/polysulfone film shows porous LIG formation on the polymeric surface in

Figure 2.2 16D. The cross-sectional images show the thickness of polymer and LIG foam.

Figure 2.2 17 shows SEM images of neat polysulfone film and its surface before LIG
formation. X-ray Photoelectron Spectroscopy (XPS) shows surface elemental composition,
electronic state, and bonds present on the surface. XPS data on LIG/polysulfone shows that 3 peaks
at ~285.5 eV, ~534 eV, and ~167 eV which correspond to C1s, O1s, and S2p peaks as shown in

Figure 2.2-18.
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Figure 2.2-19: (A) and (B) S2p peaks for polysulfone and LIG, respectively; (C) C1s peak
for LIG, and (D) XRD data on LIG powder made on polysulfone.

A peak deconvolution was performed on C1s and S2p peaks, and the data show details of
bonds present on the surface. The Cls peakwas deconvoluted to identify C=0, C-O, and C=C
bonds; a high C=C bond indicates a high level of graphitization. The S2p peak of LI1G/polysulfone

shows two kinds of bonds: C-SOx and C-S at 168.5 eV and 164 eV, respectively, whereas the
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polysulfone has only C-SOx peak.. This again shows that the LIG process photothermally reduced
some of the C-SOx bonds in polysulfone to C-S bonds. The X-Ray Diffraction (XRD) data for
LIG powder shows graphene peaks between 10° to 60° 26 values. Peak deconvolution shows a
002-plane peak at 25.77° and a peak at 21.72° due to sulfur functionalized groups similar to other
published works.'®%-162 The 002 peak indicates the graphitization during the LIG formation and the
interlayer spacing of 0.34 nm. The peak at 43.9° corresponds to 100 plane and is associated with
an in-plane structure. The crystal sizes (L) along the ‘c’ axis and domain size along the ‘a’ axis
(La) are 5.27 nm and 10.89 nm respectively calculated using Scherrer equation. Thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), and gel permeation chromatography
(GPC) on polysulfone (before and after laser treatment) suggests minimal thermal degradation or
chemical changes in the polymer. Wide angle X-ray Diffraction (WAXD) analysis of the
polysulfone before and after laser treatment indicate change in the interchain distance (d-spacing)

of the polysulfone film (Figure 2.2-22).
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Figure 2.2-20: TGA data for (A) LIG, (B) polysulfone before and after laser treatment,
under nitrogen at 5°C/min ramp rate.
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formation
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Figure 2.2-22: Wide angle X-ray diffraction (WAXD) analysis of polysulfone before and after laser
treatment indicating change in the d-spacing of the inter-chain distance.
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A schematic of a crossflow gas separation setup used to test the L1G/polysulfone membrane
is shown in Figure 2.2-23. All experiments were performed at room temperature (~21 °C) and
atmospheric pressure. The feed composition of gases was varied from 0 to 1 mole fraction. For the

present case, the overall observed permeance can be calculated using Equation (1)
Fi = Pi. Api (D)

where Fi is the measured permeation rate (mol m s?) of species i, Pi is the permeance
(mol m2 st Pa?) and Api is the partial pressure difference (Pa). Gas selectivity of gas i over j (ai;)

is given by the ratio of their respective permeances (Pi/P;).
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Figure 2.2-23: Schematic of permeation study

The permeance and selectivity was calculated by linear fit of Fi vs. Api data where slope of
lines is the permeance and ratio of permeance is selectivity. Initial gas permeation tests were
performed with as received polysulfone film and permeance of ~0.25 GPU and ~0.125 GPU was

observed for H>and CO2 respectively and a selectivity of 2 for a 100 um film. The measured values
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were compared with permeance (0.19 GPU) and selectivity value (~ 1.87) for the same thickness
polysulfone membrane studied in the literature.’® The selectivity and permeance of the
polysulfone film increased significantly on LIG formation on the surface. The selectivity vs.
permeance of hydrogen values for LIG1 (power: 9.8 W; speed: 80 mm/s; resolution: 250 PPI) and
polysulfone samples are shown in. LIG1 sample has a selectivity of 30.5 + 1.4 and permeance of
176.4 £ 19.5 GPU, respectively, and the data points are highly reproducible. The performance of
LIG/polysulfone membranes is comparable to GO on porous substrate (Hollow fiber, alumina, and
metal organic frameworks) membranes and crosses the Robeson upper bound for 1 um thick
membranes.?” 2% 163165 Taple 1 summarizes the membrane performance data. For higher PPI
values with optimized laser parameters, the membrane performance improved but the
reproducibility was poor. The overlap between areas exposed to the laser increases with increasing

PPI and adds more uncertainty to the data.'4?

Table 3: Permeance and selectivity of LIG1 samples and polysulfone (control)

Sample Permeance H2[GPU]? Permeance CO2[GPU]2  H2/CO:2 Selectivity

Polysulfone 1.0 0.4 2.2
LIG1-1 167.8 5.2 32.1
LIG1-2 203.4 6.6 30.8
LIG1-3 158.0 5.5 28.75

3GPU, Gas Permeation Unit (1 GPU = 3.35 x 101 mol m? s Pal)
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Figure 2.2-24: (A) Comparison of selectivity and permeance of LIG membranes with
control neat polysulfone (and published work on polysulfone),’>” Robeson plot (*Robeson plot for
selectivity vs. permeance of 1.m thick membranes),®® and similar previous literature (GO on
polymeric hollow fibers, GO on MOFs, and GO on alumina),*%3-1% (B) LIG membranes with error

plot indicating repeatability of membrane performance using LIG1 processing parameters.

Several factors may contribute to enhancements in selectivity of LIG/polysulfone relative
to neat polysulfone. The LIG/polysulfone interface acts as a molecular sieve, allowing hydrogen

to pass through the membrane and preventing the flow of CO,. Several prior reports have
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confirmed that the interlayer spacing for LIG (3.4 A) is equivalent to graphene membranes, which
contributes to this observed improvement in the selectivity.'>® %6167 However, the selectivity
values of LIG/polysulfone are still lower than GO and r-GO membranes or carbon molecular
sieves; this can be attributed to the lack of uniform, conformal graphene sheets in
LIG/polysulfone.168-162 However, LIG has several advantages over traditional GO processing
techniques: this process is rapid, can be fabricated in ambient conditions, is compatible with roll-
to-roll processing, and can be created from a wide variety of polymers. In addition, enhancement
in selectivity may also be attributed to a reduction in surface polar groups (sulfonic acids,
sulfoxides and sulfones) resulting from LIG formation, which would reduce CO solubility in
polysulfone. In the neat polymer, sulfonic acid and sulfoxide groups enhance CO: solubility via
polar interactions and hydrogen bonding with C=0 bond. In the LIG phase, from the XPS data and
peak deconvolution for S2p electronic state, it is seen that some of these polar groups are reduced
photothermally to sulfide and disulfide groups. The polar groups interact with CO; via dipole-
quadrupole interaction which is stronger than the hydrogen bonding.*"®*"* Thus, decreased in polar
interactions would decrease the solubility of CO: in the membrane, leading to an increase in

selectivity for Ho/CO,. 136 172173

The increased hydrogen permeance of the LIG/polysulfone membranes indicates that the
substrate polymer undergoes a change during the laser process. GPC data in Table S4 shows that
there is a slight decrease in molecular weight after the laser process, and DSC data confirms that
there is a shift in glass transition temperature. During the laser exposure, the polymer is rapidly
heated and then cooled, allowing changes in the existing micro and nano structures that contribute
to the significant improvement in the overall permeance.}’*1” Prior literature have confirmed the

improvement in diffusion of gases when polymer goes through the glass transition temperature
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and extra free-volume is immobilized in the mixture, and also, the interchain distance (d-spacing)
of the polymer decreases as confirmed by Wide angle X-ray Diffraction analysis (Figure
2.2-22).17%17% The selectivity of LIG/polysulfone membranes in this work are equivalent to
literature values reported for GO on porous hollow fiber and porous alumina substrates. Thus, the
formation of this functional molecular sieving LIG layer, combined with the changes in the
underlying polysulfone layer, explains the observed selectivity (~15x) and permeance (~700x)
increases. Future research efforts will focus on understanding the relative contributions of each of

these factors.

4.4 Conclusion

In conclusion, this study demonstrates an improvement in hydrogen selectivity as well as
permeance over neat polysulfone using a scalable and rapid formation of laser induced graphene
on the surface of polysulfone membranes. Also, the laser parameters play an important role in
making conformal membranes. The observed enhancement in perm-selectivity of these
membranes is possibly due to the molecular sieving carbon interface between graphene foam-like
structure and polymer, decrease in polar sulfonic acid and sulfoxide groups on the surface of the

membrane due to LIG formation, and large pore formation in polymeric phase.
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5. Summary

5.1 Layer-by-layer membranes

Layer-by-layer approach provide an alternate approach to produce highly selective
membranes deposited on high flux, low cost, easily manufacturable, and low selective hollow
fibers. The hollow fiber support used in the study is produced using commercially used polymers
with standard spinning process. The cost of manufacturing these membranes is expected to be
comparable to the commercially available membrane. In Summary, layer-by-layer technique
provide a new approach to deposit defect free coating of novel material that are industrially
applicable. Given the performance of previously published work on LbL membranes, this work
combined the properties of hollow fiber with surface functionalization to enhance the

permselectivity of the membranes.

In future work, further analysis on LbL membrane is proposed to further analyze the
structure-property relationship of the membrane. Polymeric membranes follow solution diffusion
mechanism and further analysis of solubility and diffusivity of gases in the LbL films will provide
fundamental understanding of the materials. Quartz crystal microbalance with dissipation (QCM-
D) can be used to analyze the solubility of gases in the layers and study the effect of solubility with
change in the numbers of bilayers. QCM-D can be used to detect change in the mass at picogram
level and it can be used analyze the adsorption of these gases on a free-standing substrate with

multiple bilayers.

This study has mainly focused on initial study of the LbL on hollow fibers for their
application in hydrogen purification and carbon capture that can be further analyzed for industrial
usage. In further studies, this membrane will be employed on a pilot-plant scale to study the
response on a simulated flue gas mixture. Future studies will also focus on long-term stability, and
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other influencing factors (including heat, moisture, acid, and other contaminants like SO2). For
the permeability analysis, authors have used a mix gas as feed instead of pure gases as CO2 acts
as a plasticizer for polymeric membranes which have an effect on the permeability of other gas (in

this case nitrogen) therefore, it is important to analyze permeation performance of mixed gases.

5.2 Laser-induced-graphene membrane

The formation of LIG layer on surface of polymeric membranes modify surface properties
in multiple ways: (a) Molecular sieve formation, (b) Change in hydrophilicity/hydrophobicity of
material, (c) Change in functional groups on surface of polymer and hence, change in adsorption
of gases on surface of polymer, and (d) Increased surface area due to porous LIG formation . These
surface properties depend on the laser parameters like speed, power, PPI, and the atmosphere
(oxidizing condition or reducing conditions ). The molecular dynamic simulations will provide
better understanding the surface properties of LIG as a function of polymer choice and laser
processing parameters. The modified surface properties can enhance the separation performance
of membranes by combining multiple mechanisms. Future studies can focus n further

characterization and analysis of structure property relationship.

The pore structure and surface area will be studied using BET analysis and mercury
porosimeter. Dry polymeric substrate before and after L1G formation (and subsequent removal via
doctor blade) will be characterized to measure extent of pore formation in polymer substrate during
LIG formation. Further experiments on LIG powder can be performed to assess chemisorption
activity of LIG formed over range of light gases (He, H2, CO, CO2, N2, CH4). For light gas
separation, defect-free LIG/polymer membranes will be tested using a cross-flow permeation cell
to quantify individual gas permeabilities over a range of binary gas pairs. Also, the effect of

temperature on the permeation performance will studied using experiments over a suitable range
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of membrane temperatures (nominally 298 — 398K) via multi-zone external heating of the entire

permeation assembly.

In the final step, an in-depth study on the molecular dynamic simulation can be done using
theoretical models to calculate individual selectivity and permeability of skin layer and substrate.
The experimental data for selectivity, and permeability along with the characterization of the
material will be used to compare with the proposed molecular simulations. ReaxFF simulations
will be carried out to study chemisorption for S-doped LIG by examining the reduction of surface

polar groups on polysulfone films and the H2 adsorption.
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APPENDIX A

RF REACTORS FOR PORTABLE GREEN CHEMISTRY"

A.1 Introduction

Heterogeneous catalytic reactions, which require operating temperatures ranging from
>100 °C to 1000 °C, pose a central challenge to achieving modular chemical processing in the
absence of conventional plant-site utility infrastructure; this class of unit operation accounts for
upwards of 80% of all chemical conversion processes. 188 Conventional catalytic reactor designs
rely upon combustion for direct or indirect heating, with the latter requiring additional utility
infrastructure for steam generation.!89-1% |n addition to limiting the modularity of the resulting
overall process, combustion-based heating of catalytic reactors results in significant greenhouse
gas emissions.*®! According to a recent study, the chemicals and petrochemicals industries account
for ~10% of global energy consumption and ~7% of greenhouse gas emissions.'8! Lastly, external
heating of catalytic packed beds introduces radial heat transport limitations which can compromise

catalyst efficiency, reaction selectivity and opportunities for scale-up.92-19

Recent studies have explored electric power-to-heat strategies in chemical production,
termed as “power to chemicals”® and these electrically driven heterogeneous catalytic chemical
processes can support distributed manufacturing. The use of electricity from carbon neutral sources
can significantly reduce greenhouse gas emissions and directly support the realization of a carbon
neutral chemical industry.%+1% Wismann et al. designed a laboratory scale reactor from FeCrAl

alloy coated with nickel-impregnated washcoat on interior for methane reforming achieving 85 %

* Reprinted with permission from (Nutan Patil, Naveen K. Mishra, Mohammad A. Saed, Micah J. Green, and
Benjamin A. Wilhite, Radio Frequency Driven Heating of Catalytic Reactors for Portable Green Chemistry. Adv.
Sustainable Syst. 2020, 2000095. https://doi.org/10.1002/adsu.202000095.) Copyright 2020 John Wiley and Sons.
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conversion of methane. %" The direct electrical heating of catalytic surface assisted in minimizing
thermal gradients, increasing catalyst utilization, and limiting unwanted byproduct formation.
However, direct current approach requires electrical contact with reactor internals and thus is

limited by safety issues.

In contrast, use of noncontact microwave field (300 MHz — 300 GHz) enables indirect
dielectric heating of the catalyst with the additional advantage of rapid heating times and high
heating rates over conventional heating methods.!®® Ramirez et al. showed a similar finding that
homogeneous undesired reactions can be avoided due to the lower gas phase and catalyst support
temperature in microwaves for oxidative dehydrogenation of isobutane.'®® However, microwave
frequencies are also limited by penetration depth, higher reflection and lower safety exposure

limits. 290

Radio frequency waves (1 MHz-200 MHz) can achieve faster and uniform heating as
compared to conventional methods and they also have a greater penetration depth than
microwaves.?t They have been studied for a variety of application ranging from medical
ablation,?%? polymer welding,?® wood drying,?® and food processing applications.?® loffe et al.
used high power RF (2.5 KW) for acetylene production from methane over activated carbon
catalyst.2%® In our recent work, carbon nanotubes and silicon carbide fibers were used as RF
susceptors to cure preceramic polymers to silicon carbides for noncontact processing in 3D
printing, composite manufacturing and fiber processing applications.?* Our group has studied RF
susceptive novel nanomaterials including multi walled carbon nanotube (MWCNTS) ,2% metallic
and semiconducting single walled carbon nanotube,?” MXenes, and silicon carbide fibers?® and
it was observed that these materials heat up to significantly high temperatures under low power

RF radiation.
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This study reports for the first time the use of radio frequency to selectively heat RF
susceptible catalyst coatings or supports to drive an endothermic heterogeneous reaction using
noncontact applicators. Multiwalled carbon nanotubes (MWCNTS) evolve heat on exposure to RF
fields due to the vibration of the electrons in m bonds and SiC fibers heat due to interfacial
polarization on surface of fibers. Thus, these two materials were used as model RF susceptors in
this study. This concept was demonstrated for methanol steam reforming reaction using platinum
as a catalyst. The RF heating response of CNT/Pt/alumina and SiC fiber/Pt were investigated for
varying temperature using different kinds of applicators. The product flow and conversion for three
different reaction temperatures were compared to conventional ovens. This method has application
in power to heat route where conventional ovens and gas-fired reactors could be replaced by

electricity for portable and distributed chemical production.

A.2 Experimental Section

A.2.1 Materials:

MWCNT (Cheaptubes, purity > 95 wt %), alumina nanopowder (5nm, Sigma Aldrich),
and platinum on alumina powder (5 wt. % in alumina, 44 microns, Sigma Aldrich) were used to
prepare a catalyst wash coat. Sodium dodecyl sulfate (Sigma Aldrich) was used as a surfactant to
make a dispersion of MWCNT in water. SiC fibers supplied by COI Ceramics (Hi Nicalon type)

were used and sputter coated with platinum.
A.2.2 Catalyst preparation:

1 wt. % SDS was added to 30 ml of distilled water followed by mixing 1 wt. % MWCNTSs
to the mixture which was tip sonicated for 15 mins at 30 W power to prepare a well dispersed

solution. Platinum on alumina particles (5 wt. % in alumina, 44 microns, Sigma Aldrich) and
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alumina nano powder (5nm, Sigma Aldrich) (to adjust the viscosity of coating) were added to this
water-SDS mixture and it was tip sonicated for another 15 mins. A 75 mm X 10 mm X
1 mm glass slide was then coated with this aqueous solution and dried at ambient conditions for
24 hrs. The estimated dried coating composition is 6.5 wt. % MWCNT, 6.5 wt. % SDS, 2.8 wt. %
Pt and 84.2 wt. % Al>Os weight assuming complete evaporation of water from the washcoat
solution. In order to remove SDS, the coating was pretreated by heating under RF fields using
parallel plate applicator at 35 W power and 120 MHz frequency for 20 min at 300 ° C to decompose
SDS. Glass slide was used as it was convenient to perform temperature measurements and optical
analysis on a flat surface rather than on curved surfaces like the interior of the quartz tube Silicon
carbide fiber was used as a substrate for depositing platinum on its surface. The catalyst thin films
of platinum with an average thickness of 1.5 nm were prepared by means of Sputter Coater (208
HR by Cressington) at room temperature using a 2"-diameter platinum (99.95% purity) target and
DC power of 10 W. Argon was used as a working gas for the growth of metallic platinum. With a
constant gas pressure in the magnetron chamber at 4 x 10! Pa the deposition rate was

approximately 3 nm/min for metallic platinum.
A.2.3 RF reactor

The RF source is a signal generator (DSG815, Rigol Inc.) and amplifier (GN500D, Prana
R&D) connected to the applicator via 50-ohm coaxial cable with alligator clips. In this study, three
types of RF applicator geometries were used: (a) Parallel plate capacitor, and (b) Fringing field
applicator. For parallel plate applicator, two copper plates separated by 0.625 inch spacing were
connected to ground and hot terminal of RF power source using alligator clips. In order to obtain
the desired temperature, RF power was varied. For fringing field applicator, we used a quartz tube

with two copper strips wound around the tube with one inch spacing. All temperature
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measurements were made using Forward Looking Infrared Camera (FLIR). The target temperature
for the reaction were 220 °C, 250 °C and 280 °C for MWCNT as RF susceptor The RF power was

varied such that we achieved Tavg around these values in 180 seconds of RF exposure.

All temperature measurements were made using Forward Looking Infrared Camera (FLIR)
as conventional thermocouples do not work in RF fields and are strongly affected by the electric
current. For, maximum RF heating there needs to be an impedance match between the source and
applicator system. It can be done either by using an auto tuner or by frequency sweep. We used
the latter approach and manually chose an RF frequency where we observed maximum

temperature at constant power.

The target temperature for the reaction were 220 °C, 250 °C and 280 °C for CNT as RF
susceptor The RF power was varied such that we achieved Tayg around these values in 180 seconds
of RF exposure. In order to perform temperature measurements without reaction, we used two
quartz tubes with copper tape wrapped around and separated them. Depending on temperature

values attained and uniformity of heating, half inch spacing was used for the reaction experiments.

The reactor setup comprised of a bubbler with 118 ml of methanol and 282 ml water such
that the molar ratio of vapors is 1:1. The bubbler was operated at room temperature of 25 °C. Argon
gas with 99.99% purity was used as a carrier gas and was passed through the bubbler at 30 ml/min
flow rate. The reactor comprised of a quartz tube with Swagelok at both ends. The reactor inlet
was connected to the outlet of the bubbler and reactor outlet was sent through a liquid trap at -20
°C. The temperature of the moisture trap was controlled using dry ice. The gas flowing out of the

liquid trap was sent to a mass flow controller.
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Methanol steam reforming reactions were performed with conventional oven heating and
RF heating setup. For RF-MWCNT experiments, we used two applicators: a) parallel plate b)
Fringing field applicator. The glass slide was placed in the center of the quartz tube. The reactor
is purged with argon for 30 mins. After the nitrogen signal drops significantly below the detectable
limit, RF power was turned on. We performed the reaction at three different average temperatures:
previous RF heating experiments determined 220 °C, 250 °C and 280 °C. RF power required to
achieve the desired temperature. RF power was on for 15 mins approximately for all reaction
experiments. The hydrogen signal was recorded using the mass spectrometer throughout the

experiment.

A.3 Results and Discussion

A.3.1 Characterization of catalyst

The RF-responsive catalytic wash coating was fabricated from a combination of
commercial 5 wt. % platinum on alumina (44 microns, Sigma Aldrich), alumina nanopowder (5
nm, Sigma Aldrich), and multi walled carbon nanotubes (10-20 nm, Cheaptubes). Initial tests
confirmed negligible heating response of the as-procured Pt-Al,O3 catalyst powder to the RF field.
In our previous studies, a strong relation between electrical percolation and CNT loading on the
heating response of CNT composites was observed, wherein, very high loadings of MWCNTSs
above percolation threshold results in increased conductivity and reflection of electromagnetic
waves which compromises RF heating response.?%® Figure A- 1shows a microscopic image of two
coatings where coating A is cracked and comprises of aggregates and results in poor heating
whereas coating B, which is more uniform, resulted in a maximum heating response. Thus, an
intermediate MWCNT solid loading of 7 wt. % was targeted and the solutions were properly

dispersed to avoid agglomerate formation.
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Figure A- 1: Optical image of the wash coat showing a (A) RF responsive continuous

coating, (B) Poor RF responsive cracked coating.
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Figure A-2: Catalyst characterizations: (A) XRD data for CNT/Pt/AI203 wash coat,
alumina is found in its hydroxide and oxide forms since coating is made from aqueous solution.
(B) SEM image of the wash coat shows that the dispersion of MWCNTSs was uniform. (C) TGA
weight % vs. temperature data on wash coat before and after RF heating; shows that SDS degrades
after the heat treatment. (D) EDS data showing weight % of respective elements in the wash

coat.(Reprinted with permission from Patil & Mishra et al.)?1°
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A wash coating solution was prepared by tip sonicating 1 wt.% of MWCNTSs in 1 wt.%
SDS in DI water for 15 minutes followed by addition of 5 wt. % platinum in Al>Oz and alumina
nano powder and tip sonication for another 15 mins. A 75 mm X 10 mm X 1 mm glass slide was
then coated with this aqueous solution and dried at ambient conditions for 24 hrs. The estimated
dried coating composition is 6.5 wt. % MWCNT, 6.5 wt. % SDS, 2.8 wt. % Pt and 84.2 wt. %

Al>,O3 weight assuming complete evaporation of water from the washcoat solution.

In order to remove SDS, the coating was pretreated by heating under RF fields using
parallel plate applicator at 35 W power and 120 MHz frequency for 20 min at 300 ° C to decompose
SDS). Thermal Gravimetric Analysis of the coating before and after RF heating indicates virtually
most of the SDS decomposes during the pretreatment (Figure A-2A). Assuming complete removal
of SDS, the final composition of the catalyst wash coating is calculated as 7 wt. % MWCNT, 3 wit.
% Pt, and 90 wt. % Al>Oz. Figure A-2B presents X-ray Diffraction analysis of wash coat prior to
treating obtained for 26 values of 20 ° to 90 ° at a scan rate of 1.8 °/min, indicates peaks for
platinum at 45 °and 65 °, and alumina in its oxide (32.5°, 34.5°, 36.5°, 39.8°) and hydroxide form
(28° 49° 61° as shown in Figure A-2B. The Scanning Electron Microscopy and Energy
Dispersive X-ray Spectroscopy analysis on the wash coat before heating indicate uniform coating
with excess O and C content resulting from SDS. Figure A-2C shows the uniform distribution of
all four species over the catalyst wash coat; multiple EDS mapping throughout various areas on

wash coat rendered a similar composition (Figure A-2D).

A.3.2 Heating Response

The RF heating response of the pretreated wash coat was measured using parallel plate and
fringing field applicators in the absence of chemical reaction. The RF source comprised of a signal

generator (DSG815, Rigol Inc.) and amplifier (GN500D, Prana R&D) connected to the applicator
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via 50-ohm coaxial cable with positive and negative alligator clips. Average surface temperature
of the coating was monitored using a Forward Looking Infrared (FLIR) camera (A655sc, FLIR
Systems Inc.). The RF heating response was initially optimized by matching impedance of the RF
power source and the setup by manually varying the frequency at affixed power output to
maximize temperature increase, this frequency was maintained over the full range of studied power
levels. Hence, for this experiment, only 1-inch length of glass slide was heated, and reactions were
carried over smaller catalyst loading as compared to parallel plate setup. Figure A-3A and Figure
A-3B show the equilibrium average surface temperature attained after 180 s vs. RF power applied

for both applicators at 120 MHz and 180 MHz, with a linear relationship between temperature and

power for each.
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Figure A-3: Steady state average temperature measured 180 s after RF power is on for
CNT/Pt/Al,O3 wash coat catalyst tested on: (A) Parallel plate applicator, and (B) Fringing field
applicator. Thermal image of catalyst wash coat heated using: (C) Parallel plate applicator and
(D) Fringing field applicator.(Reprinted with permission from Patil & Mishra et al.)?*
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A.3.3 RF Reactor

Methanol steam reforming (MSR) reaction was employed to demonstrate catalytic reaction
using novel RF-active catalytic mixture. MSR is an endothermic reaction where methanol and
water decompose over a transition metal or oxide catalyst to form hydrogen and carbon dioxide

via the following overall reaction:
CH;0H + H,0 - C0, + 3H, AH = 49.2 kJ/mol

Table A-1: Methanol conversion obtained via RF field heating compared to

conventional external (oven) heating.

METHANOL CONVERSION (%)

CATALYST T (°C)

RF Heating Oven Heating
CNT/Pt/AlLO3 220 0.96 1.25
CNT/Pt/AL,Os 250 1.19 1.93
CNT/Pt/AlLOs3 280 3.34 5.07
SiC fiber/Pt 400 1.52 1.89

A glass slide with 107 mg of catalyst washcoat was placed in the center of a half-inch
quartz tube with Swagelok fittings on both ends to provide inlet and outlet gas connections (Figure
4.4A). Argon as a carrier gas was passed through a bubbler containing 118 ml of methanol and
282 ml water such that the vapor mole ratio of methanol and water was 1:1 as per Vapor Liquid

Equilibrium (VLE) curve. The catalyst was then heated using either of the two RF applicators at
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the previously identified resonant frequency (120 MHz and 180 MHz respectively for two RF
applicators) to target three different temperatures: 220 °C, 250 °C and 280 °C. As the quartz tube
enclosure prevents temperature measurement under reaction conditions, temperature calibrations
from were used to estimate the temperature. The outlet of the quartz tube was passed through a
liquid trap at -20° C to remove any moisture and unreacted methanol prior to analysis via mass
spectrometer to estimate the dry basis hydrogen composition in the product stream. The RF power
was turned on for 15 mins at predefined power levels. Inlet vapor composition (Argon: 96.8 %,
Methanol: 1.6 %, water 1.6 %, by volume) was calculated based on the humidity of the vapor (30
%, measured by hygrometer) and VLE for the methanol-water mixture (additional details can be

found in the Sl) at 298 K. The conversion of methanol to hydrogen was defined as:

1  moles of H, in outlet
X== - x 100
3 moles of methanol inlet

Figure A-4B shows the parallel plate RF heating setup used to carry out MSR reaction with
7.5 cm? catalyst wash coating area (3 mg total platinum), respectively. Figure A-4C shows the
steady state methanol conversion vs. temperature for the RF setup. The same catalyst coating was
used in a conventional oven setup to compare the results from RF reactor. Once the furnace reached
the set temperature (220 °C, 250 °C and 280 °C), the quartz tube with catalyst coated glass slide
was placed in the preheated tube furnace with identical inlet and outlet connections for estimating

dry basis hydrogen outflow.
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Figure A-4: (A) Schematics of experimental set up used for methanol steam reforming. (B)
Schematic of RF reactor setup using a parallel plate applicator. (C) Steady state conversion vs.
reaction temperature for 3 mg platinum.(Reprinted with permission from Patil & Mishra et al.)?°

The summarized conversion data for RF and oven heating can be found in Table 4.1. For
the target temperatures of 220 ° C and 250 ° C, the methanol conversion and hydrogen yield for RF
reactor was comparable to that of the oven reactor; however, in the case of target temperature of
280 ° C, a significant difference in conversion was observed. The low conversion reported for Rf
reactor at 280 ° C can be attributed to inaccuracies in temperature calibration as thermal imaging

required for calibration experiments were performed in the absence of gas flow and associated

convective losses due to gas flow during the experiment.
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Figure A-5: (A) SEM image of the fiber showing presence of Si/O/C impurities on the
surface of the fiber, (B) RF heating response of SiC fiber with 1 nm sputter coating at 50 W. (C)
Schematic of RF heating applicator system used for the reactor setup.(Reprinted with permission
from Patil & Mishra et al.)?%°

A second proof-of-concept experiment was performed using SiC fibers as catalytic support
for a sputter coated platinum catalyst for methanol steam reforming. Our previous work has shown
rapid RF heating property of commercial Hi-Nicalon silicon carbide fibers and turbostratic carbon
on surface of fibers. A 1 nm platinum sputter coating was applied to the surface of these fibers
using a sputter coater (208 HR, Cressington). The fibers were placed in the center of the quartz
tube and heated using a fringing field applicator at 30 W RF power and 100 MHz frequency to 400
°C (Figure 4.5A). Figure 4.5B shows the SEM images of fibers used as susceptors. The same
sputter coated platinum on SiC fiber was used in a conventional oven heating method at the same
temperature and the results were comparable. Since the catalyst loading was low (1 nm coating);
the conversion of methanol was low; an increase in hydrogen flowrate as RF power is turned on

and a drop as RF power is turned off is observed.
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A.4 Conclusion

A new route for chemical synthesis was demonstrated utilizing the interaction between RF
susceptors and RF fields to heat catalytic sites and drive the reaction. The RF susceptors can be
added to catalyst add mixture to form a coating or used as catalyst support. This route for chemical
synthesis offers selective, volumetric, and local heating of catalysts without need of an external
heat source like an oven. It is a potential breakthrough over conventional catalytic reactors as it
enables small, safe, sustainable, on-site, and on-demand production of chemicals in the absence of
traditional manufacturing infrastructure. A proof-of-concept of this method was shown for
methanol steam reforming reaction using platinum as catalyst with two different types of RF

applicators. The methanol conversion for RF experiment was comparable to oven heating.

The introduction of new chemicals to the market is often limited by the high risk and capital
involved in the scale up from laboratories to industrial scale. This method could be useful for scale-
up studies from laboratory to industry, and rapid screening of different catalysts and reaction
pathways. This style of chemical production will be advantageous for the fine chemicals and in
pharmaceutical industry, where annual production is often less than a few metric tons per day. This
method also offers isolation of the reaction zone, which minimizes heat losses and increases safety.
For heterogeneous catalysis, the selective heating of catalytic sites can prevent undesired side
reactions for specific chemistries. Energy from intermittent renewable energy sources can be
converted to electricity and stored in the form of chemicals using such RF reactors resulting in
significant CO. savings. Thus, this method has direct application in sustainable and distributed

production of chemicals like methanol, ammonia etc.
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