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ABSTRACT OF THE THESIS

Electrospun Nanofiber Metal Oxides

for Reactive Sorption and Catalysis

by

Faisal H. Alshafei

Master of Science in Chemical Engineering
University of California, Los Angeles, 2018

Professor Dante A. Simonetti, Chair

Electrospun metal oxides is a new class of materials that have demonstrated
auspicious potential and have been used in a wide range of applications. In this work,
various smooth, continuous, and defect-controlled metal-polymer nanofibers were
synthesized via electrospinning with diameters ranging from approximately 50 to 600 nm,
and subsequently thermally treated to decompose the polymer (PVP or PEO) and form
highly porous, fibrous metal (Cu-, Ni-, Mg-, and Ca-) oxide nanostructures. In the first part
of this thesis, parameters that influence the electrospinning process were systematically
investigated for PVP-Cu(NOs). systems. Both solution properties (polymer/metal
concentration, polymer molecular weight, and solvent identity) and processing conditions
(applied voltage, tip-of-needle to collector distance, extrusion rate, and humidity) were

varied to probe the effect of these electrospinning factors on fiber quality prior to thermal



treatment. The data collected demonstrated that factors that do not directly and strongly
influence viscosity, conductivity and solvent evaporation (e.g., applied voltage, extrusion
rate, and tip-of-needle to collecting plate distance) do not have substantial effects on fiber
diameter and morphology. Subsequent thermal treatment of the electrospun nanofibers and
choice of metal, however, were found to markedly impact the morphology of the formed
fiber oxides (e.g., string-like structures or segmented particles).

In the second part of this thesis, electrospun fiber metal oxide materials were tested
in two main applications (high temperature CO2 removal and low-temperature H>S
removal) and their performance was compared to materials prepared via traditional
synthesis routes (e.g., sol-gel, co-precipitation, hydrothermal treatment, etc.) In the first
application, CaO-based materials were tested as potential sorbents in sorption enhanced
steam methane reforming (SE-SMR) to capture CO. and shift the reaction towards
producing more hydrogen. The electrospun CaO-nanofibers, when reacted with COy,
achieved complete conversion to CaCOs and had an initial CO. sorption capacity of
0.79gco2/gsorent at 873 K and 923 K (highest of all materials tested), as the macro-porosity
imparted by the electrospinning process improved the CO; diffusion through the CaCOs
product layers. Furthermore, when these electrospun sorbents were added to a commercial
catalyst and tested in SE-SMR conditions, they had three to four times longer breakthrough
times than CaO sorbents derived from natural sources (e.g., CaO-marble). To further
improve the stability of CaO-based sorbents, chemical doping of Ca-supports with Mg, Al,
Y, La, Zn, Er, Ga, Li, Nd, In, and Co was combined with electrospinning to yield mixed
oxide materials with high sorption capacities (~0.4-0.7 gco2/Qsorbent) and improved

durability (up to 17 cycles). It was demonstrated that metals that have high Tammann



temperatures were effective at reducing sintering and CaO particle agglomeration by acting
as spacers, thus, retaining the sorbent’s initial sorption capacity upon repeated cycling.

In the second application, CuO nanofibers with varying diameters (~70-650 nm)
were prepared from two polymers (PEO and PVP) and reacted with H>S at ambient
conditions to form CuS. The results from this study demonstrated that the sulfur removal
capacity of CuO materials, whether prepared via electrospinning, hydrothermal treatment,
sol-gel or co-precipitation, was strongly dependent on crystallite size (a linear relationship
was established between CuO removal capacity and crystallite size and held true for all
CuO materials with crystallites between 5-26 nm) and CuO purity (i.e., presence of residual
carbon on the surface of the oxide). Indeed, properties such as surface area, pore volume
and morphology (e.g., flowerlike, fiber-like, belt-like, etc.) were found to have an
insignificant impact on removal capacity. This work offers fundamental insights into the
design of multifunctional and highly porous metal oxide nanofibers for sorptive and

catalytic applications.
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Chapter 1 | introduction

1.1 Background

Nanotechnology is a broad field that has gained accrued attention and evolved dramatically
over the last couple of decades. Indeed, today, nanoparticles and nanostructured materials
represent an active area of research and discovery, epitomizing a techno-economic force with full
expansion. On a fundamental level, nanoparticles are particles that are between 1 and 100 (or more
broadly 1000) nanometers (nm) in size. As an example, to get a comparative size of this small
dimension, a human hair has a diameter of approximately 80,000 nm.* Nanotechnology, as a term,
corresponds to the scientific methods which exploit unique material properties at nanometer
dimensions to perform tasks that are not possible using the same materials in their bulk,
macroscopic form.! Indeed, the ability to understand, control, and manipulate materials at the level
of individual atoms and molecules is what this field is all about.

What makes nanotechnology such a fascinating field and an area that is of great interest to
the scientific community is that nanomaterials often manifest special characteristics and have
unique mechanical, optical, magnetic, and/or chemical properties, which are different than the bulk
material® (because at the atomic level, gravity forces take a backseat to electrostatic forces and
quantum effects).!® These unique and sometimes unexpected properties that arise at the atomic
level allow for the development of more efficient and robust materials (e.g., more effective
medicines, extremely active catalysts, improved storage devices, etc.).*® Because of the wide
assortment of potential applications for nanomaterials, research involving them have encompassed

numerous disciplines, including, molecular engineering, medicine, construction, biology,



chemistry, physics, polymer science, mechanical engineering, catalysis, food technology,
environmental health, energy, and cosmetics.”**

Nanofibers is a type of nanomaterial that has been widely researched. Various techniques
have been exploited for the fabrication of nanofibers including mechanical drawing,'® template
synthesis,'®!" phase separation,’® and electrospinning.’®?° Electrospinning, which as an
electrostatic fabrication technique, has been widely recognized as a simple, easy-to-use, and an
efficient method for the synthesis of nanofibrous structures.?*~2% Electrospinning produces fine and
robust materials with specialized features and exceptional properties such as, high surface areas,
superior mechanical strengths, flexible surface functionalities, and tunable porosities.?*2® It’s
precisely these outstanding properties and functionalities that make electrospun materials
applicable to many important applications today. Some notable applications were electrospun
materials have been successfully used include tissue engineering, biosensors, filtration, drug
delivery, enzyme immobilization, fuel cells, energy storage cells, protective clothing, optical
electronics, healthcare, defense and security, environmental engineering, and catalysis.?’~¢ This
thesis reports in depth on this synthesis technique and the utilization of electrospun metal oxides

for the fabrication of highly active materials, for use in sorption and catalysis applications.

1.2 Thesis Overview

This thesis describes the author’s work in two major areas of research in electrospinning:
the first deals with the fundamental, experimental science of electrospinning metal oxide
nanofibers (chapters 3-4). Specifically, this part deals with investigating and understanding the
effect of electrospinning solution and processing parameters on metal-polymer fiber properties

(e.g., dimension and morphology); the latter focuses on the utilization of electrospun metal oxide



materials in sorption and catalysis applications and comparing the performance of these
nanostructures to traditional (i.e., powder or quasi-spherical) materials (chapters 5-7).

Chapter 2 presents a literature review covering the overall electrospinning process
(historical background, key fiber properties, and electrospinning parameters/variables). Chapter 3
deals with the synthesis of copper-polymer nanofibers as well as copper oxide nanofibers and
describes the effect of electrospinning solution and processing conditions on metal-polymer fiber
dimension and morphology. Chapter 4 showcases other metal oxides that were electrospun using
polyvinylpyroolidone (PVP) and various metal nitrates (nickel, magnesium and calcium). Chapter
5 deals with the utilization of electrospun calcium oxide-based materials as sorbents in sorption
enhanced steam methane reforming and compares the performance of electrospun materials to
other materials prepared via different synthesis techniques (e.g., hydrothermal treatment, thermal
decomposition, etc.). Chapter 6 expands on chapter 5 by surveying 11 dopants (Mg, Al, Y, La, Zn,
Er, Ga, Li, Nd, In, and Co) that were incorporated into the fibrous CaO structure, to enahce stability
and durability in high temperature CO2 removal applications. Chapter 7 deals with CuO materials
that were prepared via electrospinning, sol-gel, co-precipitation, hydrolysis, and hydrothermal
treatment and then reacted with H>S at room temperature, to investigate the sorbent properties
(surface area, pore volume, pore diameter, morphology, etc.) that influence the removal capacity

of CuO-materials. Chapter 8 offers a brief conclusion.



Chapter 2 | Literature Review

2.1 Historical Background and Popularity

Although the term “clectrospinning” was first used in 1994—very recently, indeed—the
fundamental concept of electrospinning dates back to the early 1900s.2%?° In 1902, John Cooley
invented an apparatus which electrically dispersed fluids.®® Thereafter, from 1934 to 1944, Anton
Formhals published several patents, in which an experimental setup was described, which relied
on an electrostatic force to produce polymer filaments.?%4%-43 For example, in the first patent by
Formhals in 1934, cellulose acetate and acetone were introduced into an electric field, resulting in
the formation of polymer filaments between two electrodes with opposite polarities.*® In 1952,
Vonnegut and Neubauer developed an apparatus which was able to produce a stream of highly
electrified droplets with small diameters.?! Later, in 1955, Drozin examined the dispersion of
several liquids under high electric potentials, using a glass tube with a fine capillary.?'4* He
concluded that certain liquids under appropriate conditions form highly dispersed aerosols, with
uniform sizes. These were some of the earliest reports on electrospinning.

Several inventions and scientific reports continued to be filed or written on this topic in the
1960s and 1970s,%® however, despite these discoveries, electrospinning did not gain real
popularity, momentum, or true scientific attention until the late 1900s and early 2000s (Figure
1)—most likely due to a surging interest in the field of nanotechnology during that time. The
interest in electrospinning has only grown since those early days, as this method’s ability to
consistently produce fibers in the submicron and nano-range that is otherwise difficult to achieve
by using other mechanical fiber spinning fabrication techniques became realized. Indeed,

electrospinning is the only method of choice for large scale preparation of nanofibers, as it offers



easy handling and processing, consumes relatively small amounts of solution and raw materials,

fabricates reproduceable materials, and is easily scaled up.?1:2%33
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Figure 1. Comparison of the annual number of scientific publications involving the term
"electrospinning" covering the period from 1997 until 2017.

A survey of open publications—including, but not limited to, books, reviews, patents,
journal articles, reports, and conference proceedings—related to electrospinning in the past 20
years (from 1997 until 2017) is given in Figure 1. These literature data were obtained based on a

SciFinder search system. The data clearly demonstrates that electrospinning has attracted increased
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attention recently, especially in the last decade. It’s worth mentioning, though, that the majority of
research involving electrospinning in the last fifteen years has mainly dealt with the application of
these materials as opposed to understanding the fundamentals of the electrospinning process. That
said, oddly enough, even though this process has existed in the literature for a quite a bit of time
now and has been used in several applications and rather successfully, its understanding is still

fairly limited.

2.2 Working Principle and Instrumentation

Figure 2 illustrates the working principle of electrospinning and offers a schematic
diagram of a typical experimental apparatus used to perform electrospinning experiments. As
shown in Figure 2, typically, there are three main components to an electrospinning apparatus: a
high voltage supplier, a metal collector (either stationary, which is ideal for the formation of
randomly-oriented fibers, or a rapidly rotating wheel/drum (not shown in scheme), which is ideal
for the formation of aligned fibers), and a capillary tube or a needle with a small diameter. Other
modifications, particularly different collector designs, can be and in fact have been added to the
basic electrospinning apparatus by other researchers® in order to overcome certain limitations
involving the typical electrospinning scheme or to enhance the quality of the formed fibers.

On a very fundamental level, the electrospinning technique operates on the principle of
electrostatic interactions. Simply put, the solution that is being electrospun (often comprises of a
natural or synthetic polymer and a solvent) has a surface tension that must be overcome in order
for the solution to electrospin and form fibers. By applying a high voltage power supply at the
spinneret (needle), the solution in the syringe becomes charged. As a result, the polymeric liquid
droplet at the tip of the needle comes under the action of two electrostatic forces: Coulombic
forces, which are applied by an external electric field (power supply), and mutual electrostatic
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repulsion forces, which exist between the surface charges of the fluid.?® On the opposite side of
the spinneret lies the oppositely charged collector (often a rotating drum or a stationary collecting
plate) (~10-35 cm). During the supply of a high voltage (~10-40 kV) and due to electrostatic
interactions, the solution emerges out of the needle and the liquid droplet elongates by overcoming
its own surface tension and charges towards the collector. Indeed, the intensity of the electric field
applied must be high enough in order for the electrostatic forces to overcome the fluid’s surface
tension. As the solution emerges and the liquid droplet elongates to travel to the collector, it forms
a cone-like structure referred to as a “Taylor Cone”. The droplet/jet, therefore, elongates by first
forming this cone and then spins, following first a linear trajectory, but at some critical distance
(bending instability), whip out in a chaotic fashion in a helical path. As the jet travels, the solvent
undergoes extreme instabilities and elongation,*® which allows the jet to become long and thin.

Meanwhile, in this process, the solvent evaporates, allowing for polymeric nanofibers to form.

Needle

Plate

Charged Jet

Figure 2. Schematic diagram showing the formation of nanofibers by electrospinning.



Although many researchers have used the single-needle scheme shown in Figure 2 and
described in the previous paragraph to form nanofibers, the low fluid throughput of this scheme
has limited its industrial use. And, as such, to meet the high liquid throughput requirements
required by industry, multi-jet schemes or needless processes have been developed and as a matter
of fact have been successfully implemented.*’*® Those complex designs, however, will not be

discussed in this work.

2.3 Properties of Electrospun Nanofibers

As mentioned previously, nanofibers fabricated via electrospinning exhibit unique
properties that are often not seen in other one-dimensional structures such as, nanowires, nanorods,
and nano-ribbons. Some of these key properties and features that distinguish electrospun
nanofibers (or are of paramount importance to describing electrospun materials) are described in
this section.

2.3.1 Fiber Dimension and Morphology

Fiber diameter is likely the most important nanofiber property, as often times this property
controls which application the fibers can be used in. The diameter of an electrospun fiber is
dependent on practically (and collectively) all the electrospinning parameters and conditions
affecting the process (e.g., viscosity, conductivity, surface tension, voltage, distance between the
capillary and collector, flowrate, and ambient conditions).?® However, of these parameters,
polymer concentration or more broadly solution concentration is perhaps the most crucial
parameter influencing the diameter of the formed fibers. An increase in solution concentration
generally results in the formation of fibers with thicker and larger diameters. In fact, by critically

increasing a solution concentration, fibers in the micron range can be formed. Demir et al.* studied



the effect of polymer concentration (and thus, viscosity) and the authors reported a power law
relationship (cubical) between polymer concentration and polyurethane fiber diameter. It has also
been shown that increasing the solution concentration results in the formation of fibers with wider
distributions due to the presence of secondary jets (i.e., jet splitting).>® Zong et al.®* studied the
effect of solution conductivity, another important electrospinning parameter, on fiber diameter and
found that they were inversely related (i.e., solutions with higher conductivities resulted in fibers
with smaller diameters). Parameters such as, polymer molecular weight, voltage, flowrate,
distance, humidity, and solution temperature were also found to impact the diameter of the formed
fibers in various ways, depending on the identity of the polymer/solvent system used and their
interaction with each other.5>" These parameters and their influence on fiber diameter will be
discussed in greater depth in subsequent sections.

In addition to fiber diameter, the presence of beads, a structural defect, in electrospun
materials is an important property affecting fiber morphology and is considered a commonly
encountered problem in electrospinning.>®%%%8 This structural defect occurs due to operating the
electrospinning setup under un-optimal conditions. There are various processing variables which
have been reported in the literature to be responsible for the occurrence of beading. For instance,
when the applied voltage is increased beyond a certain point, the jet velocity is drastically increased
and the solution withdrawn from the tip of the needle is removed at a much higher speed and force.
As such, the volume of the droplet at the tip of the needle becomes smaller resulting in the
formation of a Taylor cone that oscillates, which in turn results in the formation of beaded fibers.?®
Solution concentration has also been shown to greatly affect bead formation. Specifically, highly
concentrated solutions have been shown to produce more uniform nanofibers with fewer structural

defects.>® It’s also been shown in the prior art that the shape of the bead can be altered from



spherical to spindle-like by increasing the viscosity of the electrospun solution (by increasing the
polymer molecular weight or polymer concentration, for example).®° In addition to viscosity, a
solution’s surface tension is another property that influences the morphology and size of
electrospun nanofibers (as well as their structural defects). For instance, it’s been reported that the
addition of ethanol to poly(vinyl alcohol) (PVA) and polyethylene oxide (PEO) affected the
solutions surface tension, which in turn led to the formation of less beaded fibers for PEO but more
for PVA. The reason being is that ethanol is considered a solvent for PEO, but not for PVA 2861
2.3.2 Fiber Surface Structure

Electrospun nanofibers are generally smooth and cylindrical in shape; however, certain
processing parameters can result in the formation of fibers with different surface structures. For
instance, by operating the electrospinning apparatus at a high electric potential or by
electrospinning a solution with a low polymer concentration, fibers with rougher surface structures
are formed.%? Additionally, although electrospun nanofibers generally have circular cross sections,
other structures can also be synthesized such as, ribbon-like structures. Ribbon-like structures form
when polymers with high molecular weights or solutions with high polymer concentrations (i.e.,
high viscosity) are used.5®%* Specifically, these structures form as a result of the formation of wet
fibers as opposed to dry fibers. When wet fibers reach the collector, they get flattened out upon
impact as a result of the collapse of the outer skin of the fiber, thus, yielding ribbon-like
structures.?
2.3.3 Fiber Porosity

The neat thing about electrospinning is that it allows for the synthesis of fibers with varied
and tunable porosities. When dealing with electrospun materials, two types of pores exist: pores

within each fiber, which can form by controlling the humidity inside the electrospinning chamber
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(discussed in detail in subsequent sections),% and pores between the fibers. When compared to
mesoporous materials (e.g., molecular sieves), the BET surface area of electrospun fibers is
generally lower, but the sizes of the pores present in electrospun fibrous structures are relatively
larger (i.e., macro-pores) and they are fully interconnected, forming a three-dimensional
network.%® Indeed, understanding the fibrous structure pore size and porosity is essential to
controlling and enhancing a membrane’s performance, for example, and/or for applying

electrospun materials in certain fields, such as, biomedical applications.

2.4 Electrospinning Parameters

Although the electrospinning process appears simple, a number of processing variables
ought to be properly regulated, as evidenced from the previous sections, in order to effectively and
efficiently use this technique to generate smooth, bead-less fibers. As a matter of fact, a major
challenge with the electrospinning process lies in the optimization of these parameters to achieve
fibers with desirable properties (e.g., morphology, size (width), porosity, surface area, and
topography). The main variables that impact the quality of the formed fibers include: polymer
concentration and molecular weight (i.e., solution viscosity), solution conductivity (i.e., metal
concentration), nature of solvent, applied voltage, solution flow-rate, distance between the
capillary and collector, and humidity. These parameters and variables will be discussed in this
section, in light of the prior art.

2.4.1 Polymer Concentration, Polymer Molecular Weight, and Solution Viscosity

Because the process of electrospinning is based on the principle of uniaxial stretching of a

charged polymer jet, 2% the choice of polymer (identity, molecular weight, and concentration) is

of a paramount importance to forming defect-free nanofibers. Indeed, the concentration of a
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polymer in an electrospinning solution has a direct effect on both the viscosity as well as the
surface tension of the liquid, which in combination decide the electrospinnibility of a solution (i.e.,
whether a solution will electrospin or electrospray).?:% In general, low polymer concentrations
(below a critical value required for electrospinning) result in the formation of fragmented charged
jets (instead of a continuous jet). A fragmented jet does not form fibers but rather electrosprays,
thus, forming discrete droplets as opposed to nanofibers. Increasing the polymer concentration
improves the viscosity of a solution which in turn increases and improves the chain entanglements
between the polymer chains. Increased chain entanglements lead to the formation of continuous
jets, and thus, nanofibers. At the lower end of this acceptable concentration (i.e., viscosity) range,
fibers with structural defects form. As the viscosity is increased, these defects tend to reduce in
size and quantity until they disappear. At some critical value, increasing the polymer concentration
(viscosity) further results in a solution that is too viscous to properly electrospin. At this limit, the
viscosity becomes so high that it disrupts the flow of the polymer through the capillary (e.qg., tube
and/or needle).®® It’s important to note, though, that each polymer and solvent system has unique
values for these critical viscosity values, which not only depend on the identity of the solvent and
concentration of the polymer, but also on the other electrospinning parameters (e.g., voltage,
distance, etc.).

Deitzel et al.”® studied the electrospinning of PEO solutions and reported that the optimal
range for PEO fiber formation was between 4 and 10% wt/v. The authors reported that below this
range a combination of fibers and droplets formed due to high surface tension and low viscosity.
When viscosity was optimal, nanofibers that were regular and cylindrical formed, with only a few
junctions and bundles. Junctions and bundles form due to inadequate drying/evaporation. Doshi

and Reneker™ also investigated the effect of viscosity; they observed that when the viscosity of
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their PEO solutions were between 800 and 4000 cp, fibers formed. However, below 800 cp,
dispersed droplets formed and above 4000 cp, no fibers formed. At those conditions (high
viscosity), it was difficult to form fibers since clogging occurred. Similar results were observed
involving a myriad of polymer and solvent systems by other authors as well.?%:"
2.4.2 Metal Concentration and Solution Conductivity

Conductivity is another important solution parameter because conductivity corresponds to
the charge carrying capacity of an electrospinning solution. Essentially, the charge carrying
capacity of an electrospinning solution is higher when a solution has higher conductivity. This
higher conductivity means that the solution is subjected to a greater tensile force when its exposed
to an external applied voltage. In general, it has been observed that an increase in solution
conductivity translates to fibers with thinner diameters. Zong et al.>! studied the effect of adding
different salts (KH2POs, NaH2PO4, and NaCl) to a 30 wt% poly(D,L-lactide) (PDLA) solution and
found that adding 1% wt/v of salt resulted in the synthesis of fibers with significantly smaller
diameters for all three metals tested. The size of the ions in solution where also found to have an
impact on the diameter of the formed fibers, with ions with smaller radii producing thinner fibers
due to them having higher charge densities. Son et al.”® investigated the effect of adding
poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA) on the conductivity of PEO
aqueous solutions. The authors concluded that adding PAH and PAA increased the conductivity
of the solutions, which resulted in the formation of thinner fibers.
2.4.3 Solvent

The selection of a solvent is another critical parameter as the choice of solvent indirectly
influences properties such as, surface tension, conductivity and viscosity. When considering a

solvent, the three most important properties to consider are the solubility of the polymer in the
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solvent, the solvent’s boiling point., and the solvent’s surface tension. The solvent’s dielectric
constant and dipole moment are also two properties that should be considered. In electrospinning,
solvents with low boiling points are generally preferred as these solvents evaporate quicker during
the electrospinning process, thus, forming dry fibers as opposed to wet, fused fibers or droplets.
However, it important to note that solvents with extremely low boiling points are also to be avoided
as these solvents tend to evaporate at the tip of the needle, thus, clogging the needle. The surface
tension of the solvent also ought to be acceptable as solutions with high surface tensions tend not
to electrospin easily, and even when they do electrospin, they generally form beaded fibers. They
also require more extreme electrospinning conditions (e.g., higher voltages).

Some of the most common solvents used in the electrospinning literature (with their key
intrinsic properties in parenthesis), include: dichloromethane (DCM; low dielectric constant and
high surface tension), methanol (high dielectric constant and low surface tension), ethanol (low
surface tension and high viscosity), water (low intrinsic viscosity), dimethylformamide (DMF;
high conductivity and high dipole moment), tetrahydrofuran (THF; high dipole moment and good
conductivity), and chloroform (high viscosity).6%:"4"8 Jarusuwannaopoom et al.”® studied eighteen
different solvents and found that of the eighteen, DMF, THF, ethyl acetate, 1,2-dichloroethane,
and methylethylketone (MEK) were optimal for electrospinning polystyrene fibers. These solvents
were found to be suitable for electrospinning because they had excellent conductivity, viscosity,
and surface tension; high dipole moment; and an acceptable boiling point. Fong at el.%* investigated
a solvent mixture of ethanol and water to produce PEO fibers. The authors found that increasing
the ratio of ethanol to water while maintaining all other parameters constant (e.g., polymer
concentration, distance, voltage, distance, etc.) resulted in the formation of fibers with larger

diameters and lesser (or no) beads. The authors attributed these observations to the fact that ethanol
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has a lower boiling point than water, and therefore evaporated faster, and also lower surface
tension, which resulted in the formation of defect-free or defect-controlled fibers.
2.4.4 Applied Voltage

Aside from the three solution parameters described previously (polymer concentration (or
viscosity), metal concentration (or conductivity), and solvent selection), there are processing
conditions that also must be in an acceptable range in order for electrospinning to occur. One of
the most critical processing parameters in electrospinning is applied voltage. Each polymer-solvent
system has a unique critical applied voltage value, which is required to cause a polymer droplet to
become conical in shape (i.e., form a Taylor cone). If an external voltage below this value is
applied on an electrospinning solution, no fibers form. Any increase in voltage beyond this critical
value, however, leads to the ejection of a polymer jet, which results in the formation of fibers.
Each polymer-solvent system has an optimal electric field range. When within this range, smooth,
defect-free fibers form. When outside this range, however, fibers with beaded morphologies or
rough structures are generally formed.

Interestingly, despite being a key processing condition in electrospinning, the effect of
voltage on fiber diameter and morphology is not fully understood and there seems to be conflicting
reports on the effect of voltage, where some groups have reported increased diameters with
increased applied voltages whereas other groups have reported decreased diameters with increased
applied voltages. Mazoochi et al.>® reported on the diameter of polysulfone nanofibers as a function
of voltage applied. The authors showed that increasing the voltage led to an increase in fiber
diameter, which was followed by a decrease in the diameter as the voltage continued to increase.
Moreover, Zhang et al. ”® reported that increased voltage led to the synthesis of thicker PVA fibers

when 6-8 % PVA aqueous solutions were electrospun. In both of these cases, the increase in
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nanofiber diameter was attributed to a decrease in travel time of the polymeric jets due to the higher
applied voltages. A study by Wu et al.,®° however, showed that fiber diameter decreased with
increased voltage. This was explained by the fact that at elevated applied voltage values, the
polymer jet was subjected to greater stretching forces, which in turn led to thinner fibers. The
results in the literature seem to demonstrate the complexity of the effect of applied voltage on fiber
diameter and morphology, showing that its indirectly dependent on other properties as well (e.g.,
polymer identity and concentration, solvent identity, distance, and flowrate).

2.4.5 Flowrate (Extrusion Rate)

The flowrate at a which a polymer is pumped and passed through a needle influences, to
varying degrees, the nanofiber diameter, porosity, and geometry. Beachley and Wen®> reported
that within a certain range, solution extrusion rate generally does not have a significant impact on
the diameter and morphology of most electrospun materials. Ideally, a balance between the rate at
which a solution is pumped/dispensed and the rate at which a solution is drawn from a needle (due
to the applied voltage) ought to be present.8* When the flowrate is too high, periodic dripping of
the solution will occur and thicker fibers, with wider distributions, will form. Zargham et al.>
studied the effect of flowrate of Nylon 6 in formic acid on fiber diameter and reported that
increasing the feed-rate led to the formation of thicker fibers. Megelski et al.®? also demonstrated
that increasing flowrate results in an increase in diameter as well as in pore size of polystyrene
nanofibers. As the flowrate of an electrospinning solution is increased, more polymer becomes
available at the tip of the needle. That results in larger volumes of polymer being spun, which in
turn results in the formation of thicker jets. Simply put, thicker jets form thicker nanofibers.
Moreover, flattened ribbon-like nanofibers can form at extremely high flowrates because at high

flowrates, fibers do not have adequate time to completely dry by the time they reach the collector,
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thus, they form wet fibers.8? As mentioned previously, wet fibers are more likely to collapse upon
impact, thus, forming ribbon-like structures.
2.4.6 Distance Between the Capillary and Collector

The distance between the capillary (needle) and a collector influences the size, distribution
and morphology of the formed nanofibers, as it effects the jet’s path and travelling time. The effect
of distance, however, is probably the least pronounced processing condition on fiber diameter of
all the other processing variables discussed in this section. Generally, an optimum distance
between the capillary and collector is required to form smooth, bead-free nanofibers and to prevent
electrospraying. But, when changes in distance are applied within the optimum distance, small to
no changes in diameter are generally observed (depending on the polymer-solvent system used
and the other electrospinning processing conditions). Doshi and Reneker’ studied the effect of
distance between the capillary and collector. They reported that a decrease in nanofiber diameter
was observed when distance was increased. They also reported that beyond a certain distance, the
fiber jet became too small or unstable. Megelski et al.? studied this parameter as well; they noted
no significant changes in fiber diameter with respect to distance, albeit they observed bead
formation when the distance between the capillary and collector was decreased. At short distances,
a few authors also observed and collected fused fibers. Fused fibers form due to insufficient
evaporation. Ghelich et al.,® for example, observed fused fibers when they electrospun composite
nanofibers.
2.4.7 Humidity

The electrospinning process and the physical characteristic of the formed fibers are
strongly influenced by ambient conditions, especially humidity. Humidity, in effect, controls the

rate of solvent evaporation; therefore, it effects the diameter, morphology and porosity of
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electrospun polymer nanofibers. The effect of humidity on fiber diameter could be positive,
resulting in thinner fibers, or negative, resulting in thicker fibers, depending on the very interaction
between the solution and the surrounding water vapor. Polymers that could absorb water vapor
from the atmosphere (i.e., water soluble) tend to form thinner fibers as their viscosities decrease
upon absorbing water vapor, whereas polymers that are water insoluble tend to form thicker fibers,
as water vapor precipitates on their surfaces, thus, inhibiting the solvent evaporation process. Kim
et al.®* reported that at higher relative humidity levels, thicker polystyrene fibers were synthesized.
Polystyrene is a polymer that is water insoluble. Htike et al.®, on the other hand, demonstrated the
opposite effect of humidity on fiber diameter. Specifically, by using PVA as a water-soluble
polymer, they showed that increasing humidity resulted in the formation of thinner fibers.

A less commonly reported observation associated with operating the electrospinning
apparatus at low humidity levels has to do with the formation of broken fibers. Nezarati et al.®®
hypothesized, after studying poly(ethylene glycol) (PEG) and polycaprolactone (PCL) fibers, that
fiber breakage occurs at low humidity levels as a result of the presence of excessive electrostatic
charges. At higher relative humidity levels, some of these electrostatic charges are discharged from
the jet to the surrounding water vapor molecules. But, at low relative humidity levels, most of these
charges remain in the jet. Therefore, the force generated due to the repulsion experienced by the

charges causes the fibers to break.

2.5 Summary

The electrospinning technique has certainly come a long way since it was first used in the
early 20" century. Since that time, significant improvements have been made to the electrospinning

apparatus (i.e., design) to efficiently produce numerous fibers with desirable and varying
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properties. Fiber properties such as fiber diameter, morphology, surface structure, and porosity can
be controlled by carefully regulating the electrospinning processing conditions. However, this is
where the real challenge lies: in understanding how these processing parameters interact with each
other and how they impact the properties of the formed fibers for various polymer and solvent
systems. This chapter shed light on the complex nature of the electrospinning process and showed
how the electrospinning processing parameters (e.g., polymer concentration and molecular weight
(viscosity), metal concentration (conductivity), solvent properties (surface tension, boiling point,
dipole moment, etc.), applied voltage, flowrate, distance between the capillary and collector, and
humidity) are closely interrelated. It’s interesting how a slight change in one parameter or one
property can affect the thinning of a jet and thus the quality of the formed fibers.

Although the influences of numerous solution properties (e.g., viscosity, conductivity, etc.)
and processing conditions (e.g., voltage, flowrate, distance, etc.) on fiber morphology have been
investigated experimentally by various groups, as rather exemplified in this chapter, the effect of
these parameters on fiber diameter and morphology have not been studied systematically. This is
particularly true for solutions comprising of metals (metal nitrates, metal acetates, etc.) and
polymers, where there is no comprehensive work that addresses the effects of electrospinning
variables on metal-containing fibrous structures. As such, the next chapter will deal with

investigating these electrospinning parameters for such metal-polymer systems.
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Chapter 3 | Targeted Morphology of Copper Oxide Nanofibers

3.1 Introduction

The field of nanotechnology has paralleled the rise in demand for energy as global
consumptions continue to surge. The interest in this field stems from the belief that nanotechnology
has the potential to ameliorate energy efficiency across multiple industries through novel and
innovative solutions, prompting researchers to extensively research and systematically investigate
the unique properties of nanomaterials,’®"? especially those that are prepared from earth-abundant
and inexpensive metals.® The behavior of materials in the nanoscale is believed to offer insight
into the control and design of objects on the atomic scale. Although nanotechnology has a lofty
potential, it remains a new area of research that is not completely understood. The synthesis of
nanostructures that offer superior properties and catalytic performances is a major challenge across
multiple disciplines.

Nanofibers is a type of nanomaterial that has been widely researched. Various techniques
have been exploited for the fabrication of nanofibers including mechanical drawing,® template
synthesis,'®'" phase separation,’® and electrospinning.!®?° Electrospinning, which is an
electrostatic fabrication technique for the synthesis of long continuous fibers, has received
heightened interest due to its potential for application in various fields, including catalysis,
sorption,®” and separation processes.?? Unlike other techniques that are used for generating one-
dimensional nanostructures, electrospinning is a relatively simple, easy to use, and cost-effective
method, which is based on uniaxial stretching.”®*® When compared with mechanical drawing,
electrospinning is more suitable for producing fibers with ultra-thin diameters because the

elongation process is due to an external applied electric field. Recently, electrospinning has been
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extended to produce nanofibers made of ceramics, composite materials, and oxides.® In fact, a
variety of metal oxides have been fabricated using this technique and have shown potential in
different engineering domains. The addition of metal particles into the polymer produces
nanofibers that are multifunctional and have enhanced properties.8% Quasi-cylindrical materials
produced from electrospinning may be tuned to have high surface area-to-volume ratios, superior
mechanical properties, interconnected porous networks, and tunable porosities,’2°%%13" thus, out-
performing quasi-spherical particles or powders. Although several polymer/metal combinations
have been successfully formed via electrospinning,’®¢23 limited information exists regarding the
impact of synthesis conditions on metal-polymer nanofiber morphology.

Previous research has shown that the properties of fibers formed via electrospinning are
determined by synergetic effects of the solution variables, electrostatic forces applied on the
solution jet, as well as electrospinning operational conditions.®>"® A comprehensive work that
addresses the effect of the electrospinning parameters and variables on metal-containing fiber
structures, however, is still lacking. Diezel et al.”® examined fiber formation of polyethylene glycol
(PEO) via electrospinning by changing the concentration of the polymer and the voltage applied,;
however, many critical parameters such as, polymer molecular weight, solvent properties,
extrusion rate, distance between tip-of-needle and collecting plate, and relative humidity were not
investigated in that work and the effects of metal precursor addition were not tested. Similarly,
previous work by Casper et al. focused only on the effects of molecular weight and atmospheric
conditions for polystyrene fibers,®? and Khalil and Hashaikeh probed only the effect of metal
precursor concentration within electrospinning solutions.?®

The work presented herein aims to elucidate the effects of several electrospinning

parameters for nanofibers comprised of copper and polyvinyl pyrolindone (PVP). PVP was used
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as a polymer source because it is an important amorphous polymer, which has low toxicity,
excellent solubility in most organic solvents, capability to interact with a wide range of hydrophilic
materials, and high biocompatibility.*® Additionally, PVP is considered an excellent steric
stabilizer or capping agent for various metal nanoparticles.** Copper nitrate was used as a metal
source because nitrates tend to dissolve easily in ethanol, which is the preferred electrospinning
solvent.?! Ethanol plays a vital role in local polarization during the electrospinning process and
has low surface tension, which encourages the formation of smooth, defect-free, and continuous
nanofibers.?® Copper was selected as the metal source because of its broad application in catalysis,
energy storage, gas and liquid sensors, and optoelectronic devices.%%

The principal factors that affect the electrospinning process, which have been
systematically examined in this study, can be divided into two categories: (1) polymer/metal
solution parameters (polymer molecular weight, polymer/metal concentration, solvent(s)
properties). These three parameters were found to intrinsically impact the viscosity, boiling point,
density, surface tension, dipole moment, and conductivity of the electrospinning solution. (2)
processing conditions (applied voltage, distance between tip-of-needle and collecting plate,
extrusion flowrate, and relative humidity). These parameters were found to mostly affect the travel
time and the overall forces applied on and experienced by the travelling jet. To elucidate
compositional, morphological, and structural information about the formed solids, the electrospun
nanofibers were characterized using thermogravimetric analysis (TGA), X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), transmission
electron microscopy (TEM), and high resolution TEM (HRTEM). It was found that significant
changes in fiber diameter, size distribution, and morphology accompany changes in these

parameters. By optimizing and regulating the electrospinning parameters (particularly,
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polymer/metal concentration, solvent identity, and humidity), smooth, continuous, ultrafine and

defect-free nanofibers were synthesized.

3.2 Experimental Methods
3.2.1 Materials and Electrospinning Synthesis

Polyvinylpyrrolidone (M.W. 1,300,000, 360,000, and 40, 000; Sigma-Aldrich), copper (1)
nitrate trihydrate (Sigma Aldrich, 99%), N,N-Dimethylformamide (DMF; Sigma-Aldrich,
anhydrous, 99.8%), ethyl alcohol (Sigma-Aldrich, 100%), and 1-propanol (Alfa Aesar, 99+%)
were purchased and used without subsequent purification.

Polymer solutions were prepared by dissolving PVP (0.7-1.9 g) in solvent (methanol,
ethanol, 1-propanol, DI water, or N,N-Dimethylformamide; 23 cm®). The polymer solution was
then vortexed (Fisher Scientific Digital Vortex Mixer) at 3000 rpm for 1 h until the polymer was
completely dissolved. The solution was left to settle for 10 minutes, transferred to a beaker, and
stirred for 0.5 h. The metal containing solution was prepared by dissolving copper (1) nitrate (O-
1.3 g) in 10 cm? of DI water and stirring the solution for 0.5 h. The copper containing solution was
then added dropwise to the polymer containing solution. The solution was stirred for 0.25 h, and
then vortexed for 0.5 h at 3000 rpm.

The electrospinning solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer
Lok™ tip) with a hypodermic needle (Monoject™ Standard 30G x %”). The distance between the
tip of the needle and a stainless-steel collecting plate covered with aluminum foil was between 14-
22 inches. A Gamma High Voltage Research ES75 power supply was used to apply voltage (25-
45 kV) while the polymer solution was extruded through the needle at a rate controlled by a syringe

pump (0.25-2.0 cm® h'!; Kent Scientific Genie Plus). Dry air was circulated inside a 3 m® chamber
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at 0.1-5 cm® min to control the relative humidity (20-60 + 1%). All electrospinning was carried
out at ambient temperature (294 K) and pressure (101 kPa). The collected fibers were thermally
treated under air at 823 K for 4 h at a ramping rate of 2 K min™’. To investigate the effect of
parameters on the morphology of the electrospun fibers, the parameters mentioned in Section 3.1
were systematically varied. Table 1 lists the ranges for the parameters probed in this study.
3.2.2 Characterization

The viscosity and conductivity of the electrospinning solutions were measured using
CANNON-FENSKE viscometers (size: 50, 100 and 200) and an Oakton conductivity meter (CON
6). The synthesized nanofibers were characterized using a variety of techniques. Powder X-ray
diffraction patterns were obtained on an X-ray diffractometer (JEOL JDX-3530 and Philips X-
Pert) using Cu Ka radiation of 1.5410 A to identify the CuO phases and average crystallite sizes.
Thermogravimetric analysis was conducted on a Perkin EImer TGA system. Alumina crucibles
were used to hold the sample. Gas flow rates were set to 200 standard cm® mint. Heating occurred
under air or argon (Matheson UHP Argon; 99.999% purity) at a ramping rate of 10 K min™.
Scanning electron microscopy and energy dispersive X-ray spectrometry (SEM/EDS; NOVA 230
Nano SEM) were used to determine the morphology and elemental composition of the nanofibers.
Both Low Vacuum Detector (LVD) and Everhart-Thornley Detector (ETD) detectors were used.
The mean diameter and size distribution of the fibers were calculated from the SEM micrographs
using ImageJ software (n = 250; where, n is the number of fibers that were measured and
averaged). The FEI Titan 80-300 kV S/TEM was used to carry out the transmission electron
microscopy (TEM) analysis. The TEM/HRTEM sample was prepared by drop casting an ethanolic

dispersion of CuO nanofibers onto a carbon-coated Cu-grid.
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Table 1. Experiment list and operating conditions for the electrospinning parameter study.

Ranges Tested

Effect of Electrospinning Parameters Unit #1 #2 #3 #4 #5 #6

Solution Properties: Polymer Molecular Weight g/mol 1,300,000 360,000 40,000 - - -
Polymer Concentration g/lem?® 0.021 0.027 0.033 0.039 0.045 0.058
Metal Nitrate to Polymer Weight Ratio wt % 0 25 50 75 100 -
Solvent (Polymer Solvent) - Methanol Ethanol 1-Propanol Water DMF -
Binary Solvent (Ethanol:Water Ratio) vol % 100:0 70:30 50:50 30:70 0:100 -
Ternary Solvent (Ethanol:Water:DMF Ratio) vol % 70:0:30 70:15:15  70:22.5:7.5 50:0:50 50:25:25 -

Processing Conditions:  Applied Voltage kv 25 30 35 40 45 -
Distance between Tip-of-Needle and Collector inches 14 16 18 20 22 -
Extrusion Rate cmi/h 0.25 0.50 1.00 1.50 2.00 -
Relative Humidity % 20.0 30.0 40.0 50.0 60.0 -
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3.3 Results and Discussion
3.3.1 Electrospinning of PVP-Cu(NOs)2 Fibers and Requirements for CuO Formation

A standard solution comprising of 1.3 g of PVP (MW=1,300,000), 1.3 g of copper nitrate
trihydrate, 23 cm?® of ethanol and 10 cm?® of DI water was prepared following the method described
in section 3.2.1. The standard solution was electrospun at: 30 kV (voltage), 1.0 cm? h' (extrusion
rate), 18 inches (distance between tip-of-needle and collecting plate), and 20 % (relative humidity).
These conditions were selected to be in the middle of our experimental capabilities.
Electrospinning the standard solution at these parameters yielded PVP-Cu(NOz)2 nanofibers that
were long, smooth, and defect-free, which were subsequently characterized.

XRD was used to identify the crystalline phases of the PVP-Cu(NOs) nanofibers
synthesized under the conditions described in the previous paragraph. Figure 3 shows the XRD
patterns of the PVP-Cu(NOs3). nanofibers before and after thermal treatment at 823 K. Well defined
diffraction peaks are absent from the pattern of the PVP-Cu(NOs) nanofibers before thermal
treatment (Figure 3 (a)) which indicates that these materials consist of amorphous polymer phases
and Cu species that are either ionic or crystalline, with crystallites sizes too small to diffract X-
rays. The XRD pattern of the nanofibers after thermal treatment (Figure 3 (b)) shows peaks at 26
=32.5°35.6° 38.8°48.8° 53.4° 58.1° 61.5° 65.9° and 68.1°, which are consistent with the
(110), (002), (200), (-202), (020), (202), (113), (311), and (220) planes of a single-phase
monoclinic CuO, respectively.®” The average crystal domain size of the CuO nanofibers calculated
using Scherrer’s equation based on the 35.6 °, 38.8°, 48.8°, 68.1° peaks are 55.4, 80.1, 73.5, and
65.8 nm, respectively. The mean values of a=4.688 A,b=3.419 A, ¢ =5.099 A, p=99.8°, and
o=y =289.7 °are in good accord with the reported values (a = 4.6837 A, b = 3.4226 A, ¢ = 5.1288

A, B=99.54° and o=y =90 °).%
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Figure 3. XRD patterns of (a) PVP-Cu(NOs3). and (b) thermally treated CuO nanofibers at 823 K.

The XRD data indicate that thermal treatment in air is required for the formation of phase
pure, monoclinic CuO from non-crystalline copper species that exist in PVP-Cu(NOz)2 nanofibers.
No reaction of the copper (I) nitrate precursor occurs during the electrospinning process (as also
supported by other characterization techniques discussed subsequently). The crystal sizes of the
CuO nanofibers synthesized in this work via electrospinning were compared against other
synthesis techniques reported in the literature. Prakash et al.%® synthesized and characterized
copper oxide nano-powders using a copper nitrate trinydrate precursor (similar to the precursor
used in this work). The authors reported average crystal domain sizes of 70.47, 74.36, and 90.17
nm based on the following peaks 35.7°, 38.8°, 48.9°, respectively. Furthermore, Wongpisutpaisan
et al.’%° synthesized copper oxide nanoparticles by a sonochemical process using a copper nitrate

precursor, and the authors reported a CuO crystal domain size of approximately 80 nm at a reaction
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time of 30 minutes. Compared to these fabrication techniques, electrospinning produces copper
oxide particles and crystallites that are smaller in size.

SEM and EDS of the nanofibers were used to probe the effect of thermal treatment on
nanofiber morphology (at the micron scale) and elemental composition. Figure 4 shows the SEM
image (5,000 and 20,000 times magnification) of the PVP-Cu(NOs3). nanofibers before and after
thermal treatment. Figure 4 (a, b) shows that the PVVP-Cu(NO3)2 nanofibers consist of uniform,
continuous cylinders that are free of micron-scale surface defects and have diameters of 261 + 63
nm and lengths of up to several hundred micrometers. The SEM images of the thermally treated
nanofibers (Figure 4 (c, d)) indicate a distinct change in morphology. Thermal treatment causes a
transition in morphology from smooth, continuous cylindrical fibers to a network of fibers that
appear to consist of segments. The reason for this morphological change is that at the initial stage
of thermal treatment, the PVP molecules act as a template. As the fibers undergo thermal treatment,
the PVP molecules escape along with the nitrate residuals leaving behind CuO nanoparticles,

which tend to agglomerate due to VVan der Waals forces.
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Figure 4. (a, b) SEM images of PVP-Cu(NOz3). nanofibers and (c, d) CuO nanofibers after thermal
treatment at 823 K.

Figure 5 shows the EDS spectrum of the thermally treated fibers. The Cu to O atomic ratio
in the CuO nanofibers was 35.57 to 36.31%, respectively, which is close to 1:1, indicating the
presence of pure copper (I1) oxide. The C content in the EDS data was from the carbon tape used
in the SEM analysis (Figure 5). The SEM and EDS data prove that the change in morphology
upon thermal treatment is due to the removal of the PVP matrix and crystallization of CuO which

causes a compositional transition from a polymeric-based nanofiber to a CuO nanofiber.
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Figure 5. EDS spectra of CuO nanofibers after thermal treatment at 823 K.
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TEM and HRTEM analysis were carried out to investigate the individual CuO grains of
the nanofibers. Figure 6 (a, b) shows the TEM micrograph of an individual CuO nanofiber at
different magnifications (0.2 um and 100 nm scales). The CuO nanoparticles that comprise the
nanofibers appear as multi-layered, agglomerated particles, with irregular shapes. The CuO fibers
have widths of approximately 300-400 nm. The growth direction for the CuO nanofibers were
determined from HRTEM as shown in Figure 6. The lattice images shown in Figure 6 (c, d)
confirm the presence of CuO as highly crystalline grains. Figure 6 (c) shows the lattice spacing
along the (200) plane for a CuO structure (indicated by white arrows) to be 2.33 A, which is

consistent with the d-spacing obtained from the XRD data (2.319 A) for the same plane.

. |

X
Figure 6. (a, b) TEM and (c, d) HRTEM of CuO nanofibers after thermal treatment at 823 K.
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TGA experiments were conducted to quantify the extent of PVP removal during thermal
treatment, and Figure 7 shows the TGA curves of pure PVP and PVP-Cu(NOs3). nanofibers. All
nanofibers were decomposed under air and/or argon at a heating rate of 10 K min. Nanofibers
synthesized using only PVP decomposed under argon in two steps with a total weight loss of
approximately 96%. Weight loss of 16% occurred from ambient temperature to 623 K and was
followed by a 78% weight loss between 623 and 763 K. The first weight loss step can be attributed
to the loss of volatile solvents, and the second weight loss can be attributed to the thermal
decomposition and degradation of the PVVP chains. It is clear from the TGA curve that the PVP
matrix is removed at temperatures higher than 773 K and, thus, supports the conclusion of PVP

removal from PVP-Cu(NOs). nanofibers during thermal treatment at 823 K.
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Figure 7. Thermogravimetric analysis (TGA) curves of (a) pure PVP nanofibers run under argon

(black), (b) PVP-Cu(NOs3)2 nanofibers run under argon (green), and (c) PVP-Cu(NOs)2 nanofibers
run under air (red).
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Figure 7 also shows the decomposition of the PVP-Cu(NOs)2 nanofibers under air and
argon. More weight loss was observed under air, and this can be attributed to the increased extent
of PVP and copper nitrate decomposition in the presence of oxygen. Also, it is possible that copper
() oxide formed under argon during the decomposition of the nitrate group due to the lack of
oxygen, thus, also explaining the weight loss differences observed under air and argon. As the
TGA data shows, the decomposition of PVP occurs at lower temperatures in the PVP-Cu(NOs):
fibers (~475 K) than the pure PVP fibers (~640 K) indicating the effect of copper nitrate, which
weakens the bonds within the PVP chains, and the impact of the nitrate anions, which act as an
oxidant to combust PVVP. The degradation profiles of the P\VP-Cu(NOs)2 nanofibers also exhibited
a two-stage weight loss process, with a total weight loss of 73% and 84% in argon and air,
respectively. The total weight loss in air is consistent with the complete conversion of Cu(NO3)2
to CuO. Thus, the first stage mass loss can be attributed to the loss of volatile solvents, and the
second can be attributed to the decomposition of PVP and copper nitrate and formation of CuO.
These TGA results are in agreement with the results from the other characterization techniques
described in this section. Each of these techniques provide quantitative evidence of the removal of
the majority of PVP, decomposition of copper nitrate, and formation of CuO during thermal
treatment of PVP-Cu(NOs)2 nanofibers in air at 823K.

3.3.2 Tuning Nanofiber Morphology by Changing Synthesis Conditions

Due to the flexibility and adaptability of electrospinning, the materials that can be
synthesized using this method and the applications in which they can be applied to are wide in
scope. In fact, the electrospinning process can be modified to yield fibers with different properties
(e.g., dimensions, structures, morphology, porosity, etc.). Therefore, understanding how the fibers

change, specifically, on a morphological-level with respect to these electrospinning parameters, is
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critical. Synthesizing defect-free, ultrafine fibers requires the process parameters to be within a
specified and an optimized range. If the synthesis and spinning parameters are outside this range,
even slightly, one of two things occur: (1) highly-defective fibers are formed, which may contain
different types, shapes, and sizes of structural defects, or (2) no electrospinning happens and
instead electrospraying takes place, which results in the formation of single droplets rather than
continuous fibers. Section 3.3.1 described the successful synthesis and detailed characterization of
PVP-Cu(NOz3), and CuO-based nanofibers. To understand the effects of changing process
parameters on the dimensionality and morphology of these nanofibers, PVP-Cu(NOs3). nanofibers
were synthesized at various conditions (Table 1), and the results of these studies are reported and
discussed in the following sections.

As shown in chapter 2, the properties of the polymer-metal solution (e.g., viscosity,
conductivity, dielectric constant, and surface tension) play a pivotal role in the electrospinning
process and the resultant fiber diameter and fiber morphology for polymer only systems. These
properties were controlled by changing the viscosity of the solutions (polymer identity and
molecular weight, polymer concentration in solution, and solvent matrix), and/or the conductivity
of the solutions (metal precursor identity and concentration). In this work, these solution
parameters were systematically varied to examine their effects on metal-polymer nanofibers.

As in the case of solution properties, the electrospinning processing conditions can also
influence the morphology of fibers for polymer systems because they affect the overall forces
applied on and experienced by the jet. As shown in the literature review, the strength (or
magnitude) of these effects is dependent on the electrospinning solution being examined and the

specific value of the processing parameter. The processing conditions studied in this work were:
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voltage supplied, extrusion rate, distance between the tip-of-needle and collecting plate, and
humidity.
3.3.2.1 Altering Solution Viscosity via Polymer Molecular Weight and Concentration

One of the key factors that influences the properties of the synthesized nanofibers is the
molecular weight of the polymer. As discussed in chapter 2, the molecular weight of a polymer is
one indicator of the extent of chain entanglements present in the electrospinning solution, which
ultimately influences viscosity. Changes in viscosity have been shown to strongly affect the
morphology of electrospun fibers for various polymer systems.10:102

In this work, three molecular weights of PVP (1,300,000; 360,000; and 40,000) were used
to probe the effect of polymer molecular weight on PVP-Cu(NQO3)2 nanofibers diameter and
morphology. In these experiments, three electrospinning solutions were prepared using 1.3 g of
PVP at each molecular weight. The other electrospinning parameters were the same as those
described in section 3.3.1. Table 2 shows the viscosity measurements at room temperature (298
K) for PVP MW=1,300,000 (56.23 cP), MW=360,000 (44.79 cP) and MW=40,000 (6.23 cP),
indicating the effect of molecular weight on viscosity. The conductivity of the three solutions is
also shown in Table 2. Despite showing a strong influence on viscosity, changes in molecular
weight did not have a significant impact on conductivity as the recorded conductivity values were
16.66 mS cm™* for PVP MW=1,300,000, 1 6.32 mS cm for PVP MW=360,000, and 15.96 mS cm"

! for PVP MW=40,000.
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Table 2. Solution properties (viscosity and conductivity), fiber properties (SEM images, average diameter, standard deviation and
morphology), and structural defects (type and average diameter) of PVP-Cu(NOz3) fibers prepared using three molecular weights of
PVP. Each electrospinning solution was prepared using 1.3 g of each polymer, 1.3 g of copper nitrate, 23 cm? of ethanol, and 10 cm?® of
DI water. Electrospinning was operated at 30 kV, 1.0 cm® hrl, 18 inches, and 20% relative humidity.

PVP Molecular Weight (g/mol)

1,300,000 360,000 40,000
. . Dynamic Viscosity (cP) 56.23 44.79 6.23
Solution Properties: .
Conductivity (mS/cm) 16.66 16.32 15.96

SEM
Fiber Appearance:
Average Diameter (nm) 261.33 -
1 Standard Deviation (nm) 63.01 38.08 -
Morphology cylindrical cylindrical discrete droplets

Type of Defect no defects spherical beads -

Structural Defects: .
Diameter of Beads (um) - 3.9 -
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Table 2 shows the SEM micrographs, average diameter as well as standard deviation of
the PVVP-Cu(NOs)2 nanofibers. The average diameter and standard deviation of the formed fibers
were measured using ImageJ software (n=250). The trend observed from the SEM micrographs
revealed that molecular weight had an instrumental effect on fiber diameter (average and standard
deviation) as well as on bead formation. Specifically, when the molecular weight of the polymer
was reduced (thus, viscosity), the nanofibers average diameter decreased. The PVP
(MW=1,300,000) solution resulted in the formation of fibers that had an average diameter and
standard deviation of 277 £ 79 nm whereas the PVP (MW=360,000) solution resulted in the
formation of fibers that were 168 + 38 nm (Table 2). The lower molecular weight solution, PVP
(MW=40,000), did not form any fibers, however, as this solution’s viscosity (6.23 cP) was too low
to electrospin. The results in this study confirm the role of polymer chain entanglements on
electrospinning even for solutions containing high metal concentrations. Reducing these
entanglements by means of reducing the molecular weight (and thus viscosity) is necessary for
obtaining ultrathin fibers. However, by significantly reducing the molecular weight of the polymer,
the chain entanglements are not able to maintain a continuous jet and as a result discrete droplets
form. Figure 8 shows the diameter distribution of the three materials formed. When the molecular
weight of PVP was reduced from 1,300,000 to 360,000 it was observed that the diameter

distribution of the fibers was lowered.
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Figure 8. Diameter distribution of PVP-Cu(NOz3). nanofibers at different PVP (M.W.=1,300,000
and 360,000) molecular weights. PVP (M.W.= 40,000) did not form any fibers (not shown). Each
electrospinning solution was prepared by mixing 1.3 g of each polymer, 1.3 g of copper nitrate, 23
cm?® of ethanol, and 10 cm?® of DI water. Electrospinning was conducted at 30 kV, 1 cm® hrt, 18
inches, and 20% relative humidity.

In this work, one by-product of altering the molecular weight of the polymer that was
observed in the synthesized fibers under SEM was structural defects. In this set of experiments,
structural defects with diameters in the micro-range (1-4 um) formed when the molecular weight
of PVP was lowered from 1,300,000 to 360,000 (Table 2). Specifically, the solution that contained
PVP (MW=360,0000) had both spindle-like and spherical defects. Structural defects of that
magnitude may deleteriously impact the reactivity and/or performance of the formed fibers in
certain applications, and thus, avoiding their formation may be critical for the fibers to work.

Just like in the case of polymeric fibers, the data here suggests that metal-polymer fibers
are also prone to the formation of structural defects. When the polymer’s viscosity is reduced by

means of reducing its molecular weight, fewer chain entanglements are present in the solution,

37



thus, allowing surface tension to influence the electrospinning jet. Therefore, when working with
lower molecular weight polymers, higher concentrations of the polymer are generally required to
increase viscosity and stabilize the electrically charged jet. Basically, increasing the concentration
of the polymer compensates for the low molecular weight by increasing the number of polymer
chain entanglements.

Although the choice of molecular weight was shown to significantly influence viscosity
and thus fiber diameter and morphology, concentration is another way to change a solution’s
viscosity and spinnibility. To examine the effect of PVP (MW=1,300,000) concentration on the
morphology of PVP-Cu(NOs)2 nanofibers, six different masses of PVP (0.7, 0.9, 1.1, 1.3, 1.5, and
1.9 g) were added to the electrospinning solution to yield solutions with the following polymer
concentrations: 0.212, 0.0273, 0.0333, 0.0394, 0.0455, and 0.0576 g cm, respectively.
Additionally, appropriate masses of copper nitrate were added to each solution to so that the PVP
to copper nitrate weight ratio remained at 1:1 in all the electrospinning solutions. The other
electrospinning parameters were the same as those described in section 3.3.1.

Figure 9 shows the measured dynamic viscosity values of the six solutions. The trend
observed in Figure 9 reveals that viscosity increases exponentially as a function of PVP
(MW=1,300,000) concentration (y = 9.488e*+5* with a coefficient of determination (R?) = 0.996,
where “y” is viscosity (cP) and “x” is PVP concentration (g cm)). Gomes et al.1®® investigated
the synthesis of polyacrylonitrile (PAN) at different processing conditions and reported a similar
exponential trend for viscosity as a function of polymer concentration for PAN (1-8 %) in DMF.
In addition to the viscosity changes, increasing the PVP concentration in the electrospinning
solution resulted in changes in conductivity (because the metal concentration in this section was

also varied to maintain a weight ratio of 1:1 between the polymer and copper nitrate). When plotted
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(not shown), conductivity increased linearly as a function of PVP concentration, with a coefficient
of determination equal to 0.995. The conductivity values measured experimentally for the six
solutions were: 11.21 mS cm™ (0.012 g cm™®), 12.32 mS cm™? (0.0273 g cm®), 14.49 mS cm™
(0.0333 gcm™®), 16.66 mS cm™ (0.0394 g cm®), 18.00 mS cm* (0.0455 g cm™®), and 22.10 mS cm’

1(0.0576 g cm™®) (Table 3).
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Figure 9. Dynamic viscosity of the electrospinning solutions (fitted using an exponential curve)
and average diameter of PVP-Cu(NOs). nanofibers at five concentrations of PVP
(MW=1,300,000). Each electrospinning solution was prepared using an appropriate amount of
PVP and copper nitrate to maintain a polymer to copper nitrate weight ratio of 1:1, 23 cm® of
ethanol, and 10 cm? of DI water. Electrospinning was conducted at 30 kV, 1.0 cm® hr?, 18 inches,
and 20% relative humidity.

Table 3 shows the SEM images, average diameters and standard deviations of the
synthesized PVP-Cu(NOs). nanofibers. The data obtained reveals a strong correlation between
PVP (MW=1,300,000) concentration and average nanofiber diameter (Figure 9). When the PVP
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concentration was 0.0212 g cm3, the PVP-Cu(NO3), nanofibers had an average diameter of 99 nm
(Table 3). Indeed, the electrospinning of this solution (0.0212 g cm™) resulted in the formation of
ultrathin nanofibers because of the relatively low viscosity of the solution (23.7 cP). Increasing the
polymer concentration increases the viscosity by increasing the polymer chain
entanglements.%41% Therefore, when the PVP concentration was increased from 0.0212 to 0.0273
g cm3, the viscosity increased accordingly from 23.70 to 31.75 cP, yielding fibers that were 190
nm (Table 3). This trend was observed for all six concentrations that were tested, as shown in
Figure 9, and agrees with the literature.®

Based on the SEM micrographs shown in Table 3, Figure 9 can divided into three distinct
regions: region 1 (0.0212 g cm?), region 2 (0.0273, 0.0333, and 0.0394 g cm) and region 3
(0.0455 and 0.0576 g cm™). Region 1 comprised of PVP-Cu(NOs): fibers that were ultrathin, but
contained structural defects in the form of spherical or spindle-like beads. The nanofibers in this
region were formed from a solution that had a low viscosity (23.7 cP) (Table 3). It’s been reported
in the electrospinning literature (for polymer only nanofibers) that when viscosity is marginally
increased above the critical value necessary for electrospinning, structurally defective fibers tend
to form.1%6197 These defects form because of capillary instability, which is caused by the reduction
in the overall electrical charges experienced by the jet (due to low viscosity).>° This reduction in
electric charge causes the liquid jet to effectively separate, forming droplets. When these droplets
dry and solidify, they form beads. As viscosity increases, a gradual change occurs to the shape of
these structural defects as they start to change from spherical to spindle-like until they completely

disappear and smooth fibers are obtained.'%
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Table 3. Solution properties (viscosity and conductivity), fiber properties (SEM micrographs, average diameter, standard deviation and
morphology), and structural defects (type and average diameter) of PVP-Cu(NOg)2 fibers prepared using different PVP (MW=1,300,000)
concentrations. Each electrospinning solution was prepared using an appropriate amount of PVP and copper nitrate to maintain a metal

nitrate to PVP weight ratio of 1:1, 23 cm®of ethanol, and 10 cm? of DI water. Electrospinning was conducted at 30 kV, 1.0 cm® hr?, 18
inches, and 20% relative humidity.

PVP Concentration (MW=1,300,000) (g/cm?)

0.0273 0.0333 0.0394 0.0455 0.0576
. . Dynamic Viscosity (cP) 31.75 44.35 56.23 69.06 123.17
Solution Properties: o
Conductivity (mS/cm) 12.32 14.49 16.66 18.00 22.10
SEM

Fiber Appearance:

Average Diameter (nm) 217.88 254.22 339.44 536.47
1 Standard Deviation (hnm) 56.75 55.14 80.55 128.63
A Lo A Lo cylindrical and - T
Morphology cylindrical cylindrical cylindrical cylindrical ribbon-like ribbon-like
Type of Defect spherical beads no defects no defects no defects no defects no defects
Structural Defects:

Diameter of Beads (um) 3.8 - - -
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Region 2 in Figure 9 comprised of PVP-Cu(NOg)z2 fibers that were continuous, cylindrical,
smooth, and free of surface defects. The fibers in this range were electrospun from solutions that
had viscosities that are significantly above the critical viscosity value necessary for electrospinning
PVP and copper nitrate with water and ethanol as co-solvents. Because the viscosity was adequate,
enough chain entanglements of the polymer were present in the solution. Increasing the PVP
concentration in this region (region 2) from 0.0273 to 0.0333 to 0.0394 g cm™ resulted in
increasing the viscosity from 12.32 to 14.49 to 16.66 cP, respectively (Figure 9). As the viscosity
increased, thicker fibers formed as increasing the polymer concentration improved the
intermolecular interactions between the polymer molecules and increased the solution’s resistance
to stretching.

Region 3 comprised of fibers that not only had large diameters, but also ribbon-like
structures (Figure 9). The fibers in this region were prepared from solutions that contained high
PVP concentrations (0.0455 and 0.0576 g cm™) and as such, high viscosities (69.06 and 123.17
cP) (Table 3). Ribbon-like structures occur because at high polymer concentrations, the skin of
the fibers solidify before all solvent molecules diffuse through. As the evaporation process
proceeds, the skin of the fibers form hollow tubes, which later collapse forming ribbon-like
structures (instead of circular cross section tubes).®® The results in Figure 9 demonstrate the
importance of maintaining an optimal polymer concentration (region 2) to allow the
electrospinning solvent ample time to evaporate to form smooth and cylindrical metal-polymer
fibers, with minimal defects.

In addition to its influence on diameter size, polymer concentration affects the standard
deviation and distribution of the formed nanofibers. Diameter distribution is a key and a real

challenge in the synthesis of nanofibers via electrospinning because electrospun nanofibers are
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rarely uniform.?! Synthesizing fibers with a wide distribution could considerably limit the
application and use of these fibers, especially in fields like filtration, where a narrow distribution
is required. Therefore, the effect of viscosity (by means of varying the polymer concentration) on
diameter distribution is reported. Figure 10 shows the diameter distribution of all the PVP-
Cu(NO:3)2 nanofibers that were electrospun. The results show that in order to obtain a narrow fiber

diameter distribution, lower polymer concentrations (viscosity) are required.
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Figure 10. Diameter distribution of PVP-Cu(NOs). nanofibers at six different PVP
(MW=1,300,000) concentrations. Each solution was prepared using an appropriate amount of P\VP
and copper nitrate to maintain a polymer to metal nitrate weight ratio of 1:1, 23 cm? of ethanol,

and 10 cm® of DI water. Electrospinning was conducted at 30 kV, 1 cm3 hr?, 18 inches, and 20%
relative humidity.

3.3.2.2 Controlling Solution Conductivity via Metal Concentration
The previous section demonstrated that PVP-Cu(NOs). nanofibers properties (e.g.,
diameter and morphology) were sensitive to the viscosity of the electrospinning solution. Both

polymer molecular weight and polymer concentration were found to strongly influence metal-
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polymer fiber diameter and morphology. In this section, the effect of conductivity (or simply, metal
concentration) is investigated by changing the weight ratio of copper nitrate to PVP. Of all the
electrospinning parameters that were reported in the literature, the effect of metal to polymer ratio
(or simply, metal concentration) was the least researched. This is due to the fact that the synthesis
of metal-polymer fibers or metal oxide fibers is a relatively new area of research in electrospinning.
To probe the metal concentration effect on fiber diameter and morphology, five solutions
were prepared in which 1.3 g (0.0394 g cm™) of PVP (MW=1,300,000) was added while the weight
ratio of metal nitrate to PVVP was changed: 0% (0 g), 25% (0.325 g), 50% (0.65 g), 75% (0.975 g),
and 100% (1.3 g). In this work, more emphasis was placed on the lower metal loadings (since the
prior art shows that lower metal concentrations correspond to thinner and rougher fibers).?® Thin
and rough fibers are generally desired especially in catalysis-based applications where rough fibers
are believed to be more reactive. As in the previous section, electrospinning was conducted under
the conditions described in section 3.3.1. In this section, the PVP-Cu(NQOz), nanofibers were
collected for 12 h before they were thermally treated at 823 K for 4 h to form CuO nanofibers.
Table 4 lists the viscosity and conductivity measurements of the five solutions. The results
shown in Table 4 indicate that adding copper nitrate to a PVP-containing solution does not
significantly alter viscosity, as the viscosity of the 0% and 100% solutions were 52.76 to 56.23 cP,
respectively (Table 4). However, as Figure 11 shows, conductivity increased steadily as a function
of metal concentration, as adding more metal effectively increased the number of ions present in
the electrospinning solution. The solution that contained PVP only (0%), for instance, had a
conductivity of 0.023 mS cm™ while the solution with 100% metal nitrate to PVP ratio had a

conductivity of 16.66 mS cm™.
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Table 4. Solution properties (viscosity and conductivity) and fiber properties (SEM micrographs, average diameter, standard deviation,
and morphology) of PVP-Cu(NOz)2 nanofibers and CuO fibers prepared using different copper nitrate to PVP (MW=1,300,000) weight
ratios. Each electrospinning solution was prepared using 1.3 g of PVVP, an appropriate amount copper nitrate to yield the desired metal
nitrate to PVP ratio, 23 cm?® of ethanol, and 10 cm?® of DI water. Electrospinning was conducted at 30 kV, 1.0 cm?® hr%, 18 inches, and
20% relative humidity. CuO fibers formed after the PVP-Cu(NOz3). fibers were subjected to thermal treatment in air at 823 K and 101
kPa for 4 h.

Copper Nitrate to PVP (MW=1,300,000) Weight Ratio (%)

0% 25% 50% 75% 100%
. . Dynamic Viscosity (cP) 52.76 - - - 56.23
Solution Properties:

Conductivity (mS/cm) 0.023 4.79 9.13 12.70 16.66

SEM
PVP-Cu(NO3):
Fiber Appearance: : i T A
Average Diameter (nm) 288.61 168.55 175.32 199.9 261.33
1 Standard Deviation (nm) 66.49 47.29 56.88 57.11 63.01
Morphology fused fibers cylindrical cylindrical cylindrical cylindrical
SEM de?:?)%?oesres
CuO Fiber
Appearance: — LT
Average Diameter (nm) - 142.64 257.37 394.73 433.43
1 Standard Deviation (nm) - 40.18 61.85 128.43 172.76
Morphology - segmented segmented segmented segmented
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Figure 11 shows the average diameter of PVP-Cu(NOz)2 and CuO nanofibers. The
reported average diameters, standard deviations, and distributions were found using ImageJ
software (n=250). Table 4 shows the SEM images (20,000 times magnification) of the nanofibers
before and after thermal treatment. When no metal was added to the electrospinning solution (0%),
the PVP-Cu(NO:3): fibers had a fused (i.e., crosslinked) structure, with an average diameter of 288
+ 66 nm. Crosslinking occurred due to inadequate drying of the fibers during the electrospinning
process. The low conductivity (0.023 mS cm™) of the electrospinning solution is responsible for
the inadequate drying, and thus, the crosslinked structure (Table 4). When the metal concentration
is increased by increasing the copper nitrate to PVP ratio from 0 to 25%, the conductivity increased
from 0.023 to 4.79 mS cm™, respectively (Table 4). This increase in conductivity caused the
average diameter to drop from 288 £ 66 nm (0%) to 168 + 47 nm (25%) (Table 4). Fundamentally,
conductivity is related to the number of charges carried by an electrospinning jet.1®!° Since
electrospinning requires the charges on the surface of the jet to repulse to start the stretching
process of the solution, having more charges (by increasing the number of copper and nitrate ions
present in the solution) increases the stretching of the jet, which results in thinner fibers. These
findings agree with the work of Qiu et al.!** in which they synthesized nickel and zinc oxide
nanofibers at two metal concentrations and observed a decrease in diameter size when the metal
nitrate concentration was lowered.

Interestingly, in this work, as the metal content was increased from 25 to 50 to 75%, the
average fiber diameter increased from 168 £ 47 nm to 175 £ 56 nm to 199 £+ 57 nm, respectively,
instead of decreasing (Figure 11). It’s likely that this moderate increase in PVP-Cu(NOs)2
diameter going from 25 to 50 to 75% (copper nitrate to PVP ratio) was due to the competition

between viscosity, which slightly increases with metal concentration and encourages the formation
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of thicker fibers, and conductivity, which increases with metal concentration and encourages the
formation of thinner fibers. Figure 11 also shows that increasing the copper nitrate to PVP ratio
from 3:4 to 1:1 resulted in a significant increase in fiber diameter (261 £ 63 nm). It’s likely that at
low copper nitrate to PVP ratios (below 75%), the copper nitrate ions deposit mostly on the surface
and within the structure of the nanofiber. At these low concentrations, there is no significant
crowding effect or lateral interactions between the metal ions, and as such, the fiber diameters do
not significantly change. However, when the metal nitrate to PVP ratio is 100% (or greater), the
interactions increase, and the fiber structure becomes considerably packed and this results in the

formation of thicker fibers.
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Figure 11. Conductivity of electrospinning solutions (fitted using a linear line) and average
diameter of PVP-Cu(NOs3). and CuO nanofibers (before and after thermal treatment at 823 K and
101 kPa for 4 h) at five copper nitrate to PVP (MW=1,300,000) weight ratios. Each electrospinning
solution was prepared using 1.3 g of PVP, an appropriate amount copper nitrate to yield the desired
metal nitrate to PVP ratio, 23 cm?® of ethanol, and 10 cm® of DI water. Electrospinning was
conducted at 30 kV, 1.0 cm® hrl, 18 inches, and 20% relative humidity.
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Figure 12 shows the diameter distribution of the five PVP-Cu(NOs). fibers discussed in
this section. It was found that increasing the metal concentration from 25% to 100% resulted in a
slight increase in the PVP-Cu(NOgz). diameter distribution, which is caused by viscosity.
Increasing the metal concentration results in the formation of slightly more viscous solutions and
bigger polymer-metal droplets at the tip of the needle. When a more viscous solution is
electrospun, the droplet forms a jet that has a greater width (diameter) to start with. Since all
solutions were subjected to similar forces (e.g., identical electrospinning conditions), the smaller

droplets (and thus jets) resulted in the formation of thinner fibers with the narrower distributions.
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Figure 12. Diameter distribution of PVP-Cu(NOgz). nanofibers (before thermal treatment)
prepared using different copper nitrate to PVP weight ratios (0, 25, 50, 75, 100 %). Each
electrospinning solution was prepared using 1.3 g of PVVP, an appropriate amount copper nitrate to
yield the desired metal nitrate to PVP ratio, 23 cm?® of ethanol, and 10 cm® of DI water.
Electrospinning was conducted at 30 kV, 1.0 cm® hrl, 18 inches, and 20% relative humidity.

Even though the effect of metal nitrate to PVP on nanofiber diameter was modest prior to
thermal treatment, as shown in Figure 11, the fibers after thermal treatment in air at 823 K and
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101 kPa for 4 h showed inordinate sensitivity to this electrospinning synthesis parameter. In fact,
the CuO fiber diameter increased almost linearly between 25 to 75% (metal nitrate to PVP weight
ratio), changing from 142 + 40 to 394 + 128 nm, respectively (Table 4). Also, the gap between the
nanofiber diameter before and after thermal treatment was found to be larger at the higher metal
nitrate to PVP ratios than at the lower ones, reaching 433 nm (after thermal treatment) compared
to 261 nm (before thermal treatment) at the 100% case compared to 142 nm (after thermal
treatment) and 168 nm (before thermal treatment) at 25%. Table 4 shows the SEM images of CuO
fibers after thermal treatment. The SEM images reveal that the CuO fibers appear as short and
segmented particles. The PVP fibers that contained no metal (0%) burnt off completely when
thermally treated under air at 823 K.

Figure 13 shows the diameter distribution of the CuO fibers. The results demonstrate the
importance of lowering the metal nitrate concentration in the electrospinning solution. By lowering
the copper nitrate concentration, the formed CuO fibers in this work not only had smaller average
diameters, but also smaller distributions. On the other hand, CuO fibers prepared from solutions
that contained higher copper nitrate concentrations suffered from particle agglomeration (because
the fibrous structures were more overpacked and also because CuO particles tend to agglomerate
when thermally treated at elevated temperatures).**? Moreover, it was found in this work that the
thermal treatment of a thick layer of PVP-Cu(NO3). nanofibers (after 12 hours of electrospinning
as shown in Table 4) as opposed to a thin layer (after 1 hour of electrospinning as shown in Figure
4 (b)) for the same electrospinning solution (1:1 copper nitrate to PVP ratio) encouraged the
formation of agglomerated CuO particles, which affected the nanofibers morphology (overall void

space and macro-porosity).

49



100

B25% @50% m75% ®m100%

Frequency Distribution (%)

0o w. .

0-99 100-199 200-299 300-399 400-499 500-599 600-699 700-799 800-899 900+
Nanofiber Diameter (nm)

Figure 13. Diameter distribution of CuO fibers prepared using different copper nitrate to PVP
weight ratios (25, 50, 75, 100%). The fibers were thermally treated in air at 823 K and 101 kPa for
4 h. Each electrospinning solution was prepared using 1.3 g of PVP, an appropriate amount copper
nitrate to yield the desired metal nitrate to PVP ratio, 23 cm? of ethanol, and 10 cm? of DI water.
Electrospinning was conducted at 30 kV, 1.0 cm® hrl, 18 inches, and 20% relative humidity.

3.3.2.3 Influence of Solvent Properties and Composition

3.3.2.3.1 Single Polymer Solvent System

As shown in chapter 2, the choice of solvent is critical for the transformation of the
electrospinning solution to solid fibers.2%® An amalgam of solvents have been used and reported in
the literature for electrospinning nanofibers; they include formic acid, dimethyl formamide (DMF),
chloroform, water, methanol, dichloromethane, tetrahydrofuran, and acetic acid.!**"* When it
comes to PVP-based fibers, ethanol has been the most commonly used solvent due to its properties
(e.g., low boiling temperature, low surface tension, high dielectric constant, and low viscosity).

To investigate the effect of solvent choice on morphology, five solutions were prepared
using three alcohols (methanol, ethanol, and 1-propanol), water, and DMF. These solvents acted

as single polymer solvents (23 cm®) while DI water remained as the Cu(NOs). solvent (10 cm?).
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All other electrospinning parameters remained the same as discussed in section 3.3.1. In addition
to the above listed solvents, 1-butanol and acetone were both tested as possible polymer/metal
solvents for PVP and copper nitrate; however, these two solvents did not completely dissolve in
PVP and Cu(NOz). at room temperature (~298 K) even after 24 h of stirring. Therefore, they were
not electrospun. Methanol, ethanol and 1-propanol were specifically selected in this work because
of their properties (shown in Table 5) and because they all contain the same functional group (-
OH), and as such, comparisons can be made regarding the interactions between the solvent and
PVP/Cu(NOs)2. Table 5 lists key solvent properties. The data shows that the three alcohols have
roughly similar dipole moment and surface tension values; however, their boiling temperatures,
densities, and dielectric constants differ. Water has a considerably high dielectric constant (80.1)

when compared to the other solvents while DMF has a high dipole moment (3.82 D).

Table 5. Key properties (boiling temperature, surface tension, dielectric constant, density,
viscosity, and dipole moment) of the solvents used in the fabrication of PVP-Cu(NO3)2 nanofibers.

Boiling Surface Dielectric Densit Viscosity Dipole

Solvents Temperature  Tension Constant ( /cm%/ at 300 K Moment
(K) (mN/m) at 293 K g (cP) (D)
Methanol 337.85 22.6 32.6 0.792 0.56 1.69
Ethanol 351.55 22.2 24.3 0.789 1.10 1.66
1-Propanol 370.15 23.7 20.1 0.803 1.96 1.68
Water 373.15 72.8 80.1 0.998 0.89 1.87
N,N-Dimethylformamide 426.15 37.1 36.7 0.944 0.96 3.82

Table 6 shows the average fiber diameter and standard deviation of PVP-Cu(NO:s): fibers.
Methanol, ethanol, and 1-propanol resulted in the formation of fibers that were 78 + 23 nm, 261 +
63 nm, and 363 + 151 nm, respectively. The trend exhibited by the three alcohols suggest that the

diameter of the PVP-Cu(NO3)2 fibers was affected by dielectric constant and viscosity. Methanol
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had the highest dielectric constant (32.6) and lowest viscosity (0.56 cP), and consequently, it had
the thinnest nanofibers. Of the three alcohols, 1-propanol had the highest viscosity (1.96 cP) and
lowest dielectric constant (20.1), as shown in Table 5, and as such it had the thickest fibers. The
fibers that were formed using 1-propanol also had a fused structure (Table 6). As mentioned
previously, crosslinking or fusing of fibers at the touching points occurs due to incomplete
evaporation of the solvent. From Table 5, it can be rationalized that crosslinking occurred because
1-propanol had the highest boiling temperature (370.15 K) of the three alcohol solvents. Ethanol
and methanol, for instance, had boiling temperatures of 351.55 K and 337.85 K, respectively. By
looking at the data obtained for the three alcohols (methanol, ethanol and 1-propanol) in Table 6,
it becomes clear that boiling temperature, dielectric constant, and viscosity are the three main
properties that influence the PVP-Cu(NOs). morphology and average diameter.

Even though the results in Table 6 for the three alcohols indicate the effect of boiling
temperature, dielectric constant, and viscosity, on fiber diameter and morphology, the data for
water and DMF seem to suggest that density (which affects the kinematic viscosity of a solution)
and surface tension also play a role in the suitability of a solvent for electrospinning. When water
was tested as a polymer solvent, no fibers were formed. Instead, discrete droplets were collected
on the aluminum foil, as shown in Table 6. Water, when compared to the other solvents, has a
considerably high boiling temperature (373.15 K). Indeed, the high boiling temperature of water
and its low volatility are the two main reasons why no fibers formed when water was used as a
solvent. Water also has high surface tension (72.8 mN m™), the highest of all the solvents tested
(Table 5). As discussed in chapter 2, when a solution is electrospun, the solution must first
overcome its own surface tension.” The surface tension of a fluid favors the formation of sphere-

like shapes that have smaller surface areas per unit volume.>® Therefore, solutions that have high
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surface tensions such as, water, essentially resist the jet formation process. Because of these
reasons (high boiling temperature, low volatility, and high surface tension), water in this work did
not electrospin at the conditions tested.

DMF, on the other hand, formed crosslinked and beaded fibers that had an average
diameter of 82 £ 29 nm (Table 6). As a matter of fact, DMF was shown in this work to be a
promising solvent for the formation of ultrathin fibers. DMF has a dielectric constant and viscosity
of 36.7 and 0.96 cP, respectively, which are close to those of methanol (32.6 and 0.56 cP) (Table
5). As mentioned previously, solvents that have high dielectric constants and low viscosities tend
to form thinner fibers. The main differences between the fibers formed from methanol and DMF
as seen from the SEM images in Table 6 lies in morphology. Since DMF has a high boiling
temperature, DMF did not adequately dissolve prior to reaching the collecting plate, thus, forming
fused fibers. Furthermore, DMF has a higher surface tension than methanol, ethanol and 1-
propanol (but less than water) (Table 5). As mentioned previously, solutions that have high surface
tension tend to either not electrospin or form fibers with defects.

Figure 14 shows the diameter distributions of P\VP-Cu(NO3)2 nanofibers, and it shows that
the usage of methanol or ethanol results in the formation of fibers with a narrow distribution. The
results in this section show the complexity of the electrospinning process and the involvement of
many factors (e.g., solubility, dielectric constant, surface tension, boiling temperature, and
viscosity) in the selection of a solvent. Because each solvent has a unique set of properties—some
that are suitable for the electrospinning process while others might be deleterious, often, to
optimize the effect of solvent on fiber diameter and morphology, more than one solvent is used.

This approach of using co-solvents is discussed in the next two sections.
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Table 6. Solution properties (density and conductivity), fiber properties (SEM micrographs, average diameter, standard deviation, and
morphology), and structural defects (type and diameter) of PVP-Cu(NOs). fibers prepared using different polymer solvents. Each

electrospinning solution was prepared using 1.3 g of PVP, 1.3 g of copper nitrate, 23 cm? of solvent, and 10 cm?® of DI water.
Electrospinning was operated at 30 kV, 1.0 cm® hr?, 18 inches, and 20% relative humidity.

Identity of Polymer Solvent

Methanol Ethanol 1-Propanol Water DMF

i ) Density (g/cm®) 0.906 0.911 0.929 1.021 1.003
Solution Properties: o

Conductivity (mS/cm) 29.70 16.66 12.19 65.90 16.85

SEM
Fiber Appearance:
Average Diameter (nm) 78.31 261.33 363.45 - 82.89
1 Standard Deviation (nm) 23.46 63.01 151.08 - 29.84
Morphology smooth, cylindrical smooth, cylindrical crosslinked discrete droplets crosslinked
Type of Defect no defects no defects no defects - spherical beads
Structural Defects:

Diameter of Beads (um) - - - - 31
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Figure 14. Diameter distribution of PVP-Cu(NOs). nanofibers synthesized using different
polymer solvents (methanol, ethanol, 1-propanol, and DMF). Water (not shown) did not form any
fibers. Each electrospinning solution was prepared using 1.3 g of PVP, 1.3 g of copper nitrate, 23
cm? of polymer solvent, and 10 cm?® of DI water. Electrospinning was conducted at 30 kV, 1.0 cm?
hrl, 18 inches, and 20% relative humidity.

3.3.2.3.2 A Binary Solvent System (Ethanol and Water)

In the previous section, five solvents (methanol, ethanol, 1-propanol, water and DMF) were
examined as possible solvents for PVP while the copper nitrate solvent (water) remained
unchanged. Those results demonstrated the suitability of ethanol and water when used as co-
solvents for the electrospinning of PVP-Cu(NOz). fibers. In this section, instead of having a
polymer solvent (23 cm?) and a metal solvent (10 cm?®) as two separate solvents, one binary solvent
system of a total volume of 33 cm® was used. To investigate the effect of a binary solvent system
comprising of ethanol and water on the morphology of PVP-Cu(NO:s)2, the ethanol to water
volumetric ratio in the electrospinning solution was varied (100:0, 70:30, 50:50, 30:70, and 0:100).

All other electrospinning parameters remained the same as described in section 3.3.1.
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Table 7 shows the SEM images of the PVP-Cu(NOs). nanofibers synthesized at the five
volumetric ratios listed previously. When the ethanol to water ratio was 100:0 (pure ethanol
solution of 33 cm®), the solution gelled when the metal containing solution was added to the
polymer solution. As such, this solution was not electrospun. The solutions that contained 30:70
and 100:0 ethanol to water volumetric ratios also did not electrospin. The reason these two
solutions failed to electrospin was because they comprised of mostly water, which in the previous
section was shown to have high surface tension. Indeed, the results demonstrate that water is an
inadequate electrospinning solvent for the synthesis of PVP-Cu(NOs). nanofibers at these
experimental conditions (solution parameters and processing conditions). The two solutions that
electrospun and formed fibers were the ones that comprised of 70:30 and 50:50 ethanol to water
volumetric ratio. The 50:50 solution resulted in the formation of thinner fibers (70 £ 21 nm) (Table
7). The 70:30 solution, on the other hand, formed fibers with diameters of 261 + 63 nm (Table 7).

The results indicate that water encourages the formation of thinner PVP-Cu(NO3)> fibers
(when a small amount of it is added as a part of a binary solvent system) because of its high
dielectric constant (80.1) and low viscosity (0.89 cP) (Table 5). When added in small volumetric
ratios to ethanol, water effectively increases the dielectric constant of the solution and lowers the
viscosity of the solution, resulting in the fabrication of ultrathin fibers. The trend observed in this
work for a co-solvent comprising of water and ethanol agrees with the findings of Fong et al.,5!
who reported that increasing the ethanol to water ratio formed smoother and larger poly(ethylene

oxide) fibers.
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Table 7. SEM images, average diameter and standard deviation of PVP-Cu(NOz). nanofibers synthesized at different volumetric ratios
of ethanol to water. Each electrospinning solution was prepared using 1.3 g of PVP, 1.3 g of copper nitrate, and 33 cm? of ethanol and
water in the appropriate volumetric ratio. Electrospinning was conducted at 30 kV, 1.0 cm? hrl, 18 inches, and 20% relative humidity.

Volumetric Ratios of a Binary Solvent System (Ethanol and Water)
Ethanol : Water 100:0 70:30 50:50 30:70 0:100

SEM solution gels no fibers no fibers
Average Diameter (nm) - 261.33 70.32 - -
1 Standard Deviation (hm) - 63.01 21.66 - -
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3.3.2.3.3 A Ternary Solvent System (Ethanol, Water, and DMF)

A ternary solvent system of a total volume of 33 cm? is investigated in this section. DMF
has been shown in this work to form very thin, yet fused fibers. Since ethanol and water were
proven to yield smooth and defect-free fibers when they were added as a binary solvent system,
they were combined in this section with DMF in different volumetric ratios to test their ability to
form ultrathin PVP-Cu(NO3): fibers. Five solutions were prepared with the following ethanol to
water to DMF volumetric ratios: (70:0:30, 70:15:15, 70:22.5:7.5, 50:0:50, and 50:25:25). In all
these electrospinning solutions, ethanol made up the volumetric majority of the ternary solvent
system. All other electrospinning parameters remained the same as described in section 3.3.1.

Table 8 shows the SEM images and average diameters of the PVP-Cu(NO3z)2 nanofibers.
Solutions that contained only ethanol and DMF (70:0:30, 50:0:50) resulted in the formation of
crosslinked and relatively thick fibers, as the average diameter of the fibers prepared from these
electrospinning solutions were 338 + 126 and 259 + 104 nm, respectively. The high boiling
temperature (426.15 K), density (0.944 g cm™), and surface tension (37.1 mN m™) of DMF affected
the evaporation rate of the co-solvents, resulting in fused fibers (Table 5). On the other hand, the
solutions that contained ethanol, water and DMF (70:15:15, 70:22.5:7.5, 50:25:25; ethanol to water
to DMF volumetric ratio) resulted in the formation of mostly smooth and defect-free PVP-
Cu(NO3)2 nanofibers. As shown in Table 8, the solution that contained 50:25:25 (ethanol to water
to DMF ratio) had the thinnest PVP-Cu(NOz)2 fibers of the five solutions tested (108 + 31 nm).
The results in this section indicate that DMF when combined with ethanol and water results in the
fabrication of thin yet crosslinked nanofibers. Although most of the electrospinning literature has
focused on the synthesis and application of smooth, thin, defect-controlled, and cylindrically-
shaped nanofibers, thin and crosslinked fibers are preferred in many biomedical applications due
to their enhanced thermostability and mechanical properties.*
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Table 8. SEM images, average diameter and standard deviation of PVP-Cu(NOz)2 nanofibers at different volumetric ratios of ethanol
to water to DMF. Each electrospinning solution was prepared using 1.3 g of PVP, 1.3 g of copper nitrate, and 33 cm? of ethanol, water,

and DMF in the appropriate volumetric ratio. Electrospinning was conducted at 30 kV, 1.0 cm® hrl, 18 inches, and 20% relative
humidity.

Volumetric Ratios of a Ternary Solvent System (Ethanol, Water, and DMF)
Ethanol : Water : DMF 70:0:30 70:15:15 70:22.5:7.5 50:0:50 50:25:25

SEM
Average Diameter (nm) 338.29 233.72 207.18 259.06 108.74
1 Standard Deviation (nm) 126.48 58.12 50.62 104.23 31.92
smooth, cylindrical and smooth,
Morphology fused cylindrical fused fused cylindrical
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3.3.2.4 Effects of Applied Voltage

Sections 3.3.2.1-3.3.2.3 demonstrated that polymer molecular weight, polymer
concentration, metal concentration, and solvent choice substantially affected the intrinsic
electrospinning solution properties (e.g., viscosity, dielectric constant, surface tension,
conductivity, boiling temperature, dipole moment, and density), which influenced the morphology
of the synthesized PVP-Cu(NOs). nanofibers. The electrospinning processing conditions (voltage
supplied, extrusion rate, distance between the tip-of-needle and collecting plate, and humidity)
were also systematically varied in this work, to explore their effect on nanofiber diameter and
morphology. One of the most critical elements in the electrospinning process is the application of
voltage on a droplet to form a Taylor cone. The voltage value that allows for the formation of a
Taylor cone is referred to as critical voltage and this value varies from one solution to another.*®

In this work, an electrospinning solution was prepared as described in section 3.3.1. The
solution was electrospun at varying voltages (25, 30, 35, 40, and 45 kV), to investigate the
influence of the voltage supplied and resultant electric field on the diameter and morphology of
PVP-Cu(NO3): fibers. Figure 15 shows the average diameter of the PVVP-Cu(NOz3). nanofibers,
which was calculated using ImageJ software (n=250). The results indicate that fiber diameter is
mildly affected by this electrospinning parameter. When the applied voltage on the PVP and
copper nitrate solution was higher than the critical voltage (found experimentally to be 21 kV at
the current electrospinning conditions), the applied electric field caused the solution to stretch. As
seen from Figure 15, between 25 and 40 kV there was a linear relationship, with a coefficient of
determination equal to 0.999, between the applied voltage and the average diameter of the PVP-
Cu(NOs3)2 nanofibers. Specifically, as the applied voltage increased from 25 to 40 kV, the fiber

diameter increased from 294 + 55 nm to 359 + 115 nm, respectively (Table 9). When the applied
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voltage was 45 kV, the diameter remained roughly the same as the diameter of the fibers that
formed at 40 kV (Table 9). It can be rationalized that between 25 and 40 kV, the high voltage led
to accelerating the travel velocity of the electrospinning jet towards the collector (especially given
the fact that the distance between the tip-of -needle and collecting plate in this study is long when
compared to the literature), thus, reducing the overall travel and stretching time experienced by
the jet, which led to the formation of fibers with larger diameters. Several authors observed and
reported similar trends as the ones observed here, but for different polymers. Mazoochi et al. %
reported on the diameter of polysulfone nanofibers as a function of voltage applied. The authors
showed that increasing the voltage led to an increase in fiber diameter, which was followed by a

decrease in diameter as the voltage continued to increase.
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Figure 15. Average diameter of PVP-Cu(NOs3). nanofibers at five applied voltages (25, 30, 35, 40,
and 45 kV). Each electrospinning solution was prepared using 1.3 g of PVP, 1.3 g of copper nitrate,
23 cm? of ethanol, and 10 cm?® of DI water. Electrospinning was conducted at 1.0 cm® hr?, 18
inches, and 20% relative humidity.
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Table 9. Fiber properties (SEM micrographs, average diameter, standard deviation and morphology) and structural defects (type and
diameter) of PVP-Cu(NO:s) fibers prepared at different applied voltages. Each electrospinning solution was prepared using 1.3 g of

PVP, 1.3 g of copper nitrate, 23 cm?® of ethanol, and 10 cm® of DI water. Electrospinning was conducted at 1.0 cm? hr?, 18 inches, and
20% relative humidity.

Applied Voltage (kV)
25 30 35 40 45

SEM
Fiber Appearance: e o A M
Average Diameter (nm) 249.03 288.29 325.23 359.02 361.53
1 Standard Deviation (hm) 55.4 83.01 103.6 115.09 112.57
Moroholo smooth, smooth, smooth, smooth, smooth,
phology cylindrical cylindrical cylindrical cylindrical cylindrical
Type of Defect no defects no defects spindle-like spindle-like sph_er(;i:all faknd
Structural Defects: spinale-fike
Diameter of Beads (um) - - 11 1.6 3.4and0.7
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Figure 16 shows the distribution of the PVP-Cu(NOs3). nanofibers. The results show that
increasing the voltage increased the distribution of the formed fibers. For instance, the PVVP-copper
nitrate solution that was electrospun at 25 kV had 16.8% of it fibers between 100-199 nm, 68%
between 200-299 nm, 14% between 300-399 nm, and 1.2% between 400-499 nm. On the other
hand, the solution electrospun at 45 kV had a much wider distribution: 2.8% of its fibers were
between 100-199 nm, 28.8% between 200-299 nm, 36.8% between 300-399 nm, 17.6% between
400-499 nm, 12% between 500-599 nm, 1.2% between 600-699 nm, and 0.8% between 700-799
nm (Figure 16). The increase in distribution could potentially be caused by the formation of more

secondary jets at higher voltages, which invariably lead to wider fiber distributions.
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Figure 16. Diameter size distribution of PVP-Cu(NO3)2 nanofibers prepared at different applied
voltages (25, 30, 35, 40, and 45 kV). Each electrospinning solution was prepared using 1.3 g of
PVP, 1.3 g of copper nitrate, 23 cm?® of ethanol, and 10 cm?® of DI water. Electrospinning was
conducted at 1.0 cm® hr, 18 inches, and 20% relative humidity.
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Table 9 shows the SEM images of the collected PVP-Cu(NOz), nanofibers and describes
the structural defects that were present in those fibers. The results indicate that the fibers that were
formed under more extreme conditions (i.e., higher voltages) had more spindle-like and/or
spherical defects. The sizes of these defects increased, too, as a function of increased voltage.
Several authors have reported that the increase in size and density of structural defects is the result
of increased instabilities in the jet.522® Therefore, it could be rationalized that by increasing the
applied voltage on the PVP and copper nitrate electrospinning solution, the jet was indirectly
subjected to more instabilities, which resulted in the formation of more pronounced defects.
3.3.2.5 Effects of Distance Between the Tip-of-Needle and Collecting Plate

The distance between the tip-of-needle and collecting plate is another parameter that has
been reported to influence the electrospinning process and the quality of the synthesized
nanofibers.>® To examine the effect of distance on the morphology of PVP-Cu(NOs), nanofibers,
the standard solution (from section 3.3.1) was run at different distances (14, 16, 18, 20, and 22
inches). Most publications on electrospinning report the ideal operating distance for forming
smooth, bead-free and continuous nanofibers to be between 10 to 15 cm (3.94 to 5.91 inches). 1611
However, we have carried our tests at longer distances, specifically, from 14 to 22 inches. The
reason for that is that the standard solution used in this work consists of approximately 30% water
and 70% ethanol (by volume) and has a low polymer concentration. Water was used as a co-solvent
to form thinner fibers. However, water requires more time to evaporate as a result of its high
boiling temperature. Because of this, distance and applied voltage were higher in this work.

Figure 17 shows that the average diameter of the synthesized fibers decreases with
increasing distance. For example, at 16 and 22 inches, the average diameters were found (using

ImageJ software, n=250) to be 283 + 77 nm and 192 + 47 nm, respectively. Interestingly, in this
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work, when the distance was increased from 14 to 16 inches, the fiber diameter was unaffected by
this change (Table 10). This could be attributed to the fact that at these short distances, the polymer
jet experiences a high electric field (due to the high voltage) that the distance effect is essentially
negated. Although there was no significant effect observed on the average diameter when the
distance was increased from 14 to 16 inches, a closer look at the SEM images in Table 10 reveals
that far more structural defects were present in the fibrous structure at 14 inches than at 16. The
spindle-like structural defects that formed at that these short distances were probably due to
inadequate evaporation and increased instabilities experienced by the jet. The results in this section
are in agreement with the work of several authors who have observed beads and structural defects
at low distances for different polymeric systems.’”2%” Table 10 shows that when the distance is set
to 22 inches, structural defects in the form of beads (1.3 pum in size) were also present. These beads
formed because the electrospinning jet experiences a weakened field strength at this distance,
which affects its stability.
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Figure 17. Average diameter of PVP-Cu(NO3)2 nanofibers at different tip-of-needle to collecting
plate distances. Each electrospinning solution was prepared using 1.3 g of PVP, 1.3 g of copper
nitrate, 23 cm?® of ethanol, and 10 cm® of DI water. Electrospinning was conducted at 30 kV, 1.0
cm?® hr, and 20% relative humidity.
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Table 10. Fiber properties (SEM micrographs, average diameter, standard deviation and morphology) and structural defects (type and
diameter) of PVP-Cu(NO:s)> fibers at different tip-of -needle to collecting plate distances. Each electrospinning solution was prepared

using 1.3 g of PVP, 1.3 g of copper nitrate, 23 cm? of ethanol, and 10 cm? of DI water. Electrospinning was conducted at 30 kV, 1.0 cm®
hr, and 20% relative humidity.

Tip-of -Needle to Collecting Plate Distance (inches)
14 16 18 20 22

SEM
Average Diameter (nm) 283.10 283.59 261.33 215.82 192.35
1 Standard Deviation (hm) 106.43 77.00 63.01 57.17 47.79
Morphology smooth, cylindrical ~ smooth, cylindrical ~ smooth, cylindrical ~ smooth, cylindrical ~ smooth, cylindrical
Type of Defect spindle-like no defects no defects no defects spherical
Diameter of Beads (um) 0.9 - - - 1.2

66



Figure 18 shows the diameter distribution of the PVP-Cu(NO3). nanofibers. The results
indicate that the distance between the tip of the needle and collector does not influence the
distribution of the formed fibers. Indeed, this section proves that properties such as fiber diameter

and morphology are only slightly affected by changes in distance.
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Figure 18. Diameter size distribution of PVP-Cu(NO3)2 nanofibers prepared at different tip-of -
needle to collecting plate distances (14, 16, 18, 20, and 22 inches). Each electrospinning solution
was prepared using 1.3 g of PVP, 1.3 g of copper nitrate, 23 cm? of ethanol, and 10 cm? of DI
water. Electrospinning was conducted at 30 kV, 1.0 cm® hr?, and 20% relative humidity.

3.3.2.6 Effects of Extrusion Flowrate

The flowrate at which the electrospinning solution is extruded through a capillary has been
reported to influence the diameter and morphology of polymer nanofibers.>*8 To investigate the
effect of flowrate on the diameter and morphology of PVP-Cu(NOs3). nanofibers, the flowrate of
the standard solution (described in section 3.3.1) was tested at 0.25, 0.50, 1.00, 1.50, and 2.00 cm®
h™l. All other electrospinning parameters were held constant. It is important to note that in these

experiments when the extrusion flowrate was above 1.0 cm® h%, dripping was observed.
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Figure 19 shows the average diameter of the PVVP-Cu(NO3): fibers synthesized at different
flowrates. The results demonstrate that the effect of extrusion flowrate was almost absent at 0.25,
0.50 and 1.00 cm® ht. At 0.25, 0.5 and 1.0 cm® h'%, the average diameter and standard deviation of
the PVP-Cu(NOz3)2 nanofibers calculated using ImageJ software (n=250) were 256 + 65, 258 + 74,
and 261 + 63 nm, respectively. As the flowrate was increased from 1.00 to 1.50 to 2.00 cm® h?,
the fiber diameter increased more significantly going from 279 + 84 to 314 £ 78 to 372 = 128 nm,
respectively. At the higher flowrates, fibers with larger diameters were formed because more
electrospinning solution was available at the tip of the needle. When more solution is available at
the capillary, the electrospinning jet starts with a larger radius, which ultimately results in the
formation thicker fibers.?* Table 11 shows the SEM images of the formed fibers, which reveal that
all (except one) of the synthesized nanofibers were smooth, continuous and defect free. The only

exception was the sample that was electrospun at the highest flowrate (2.0 cm? h).
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Figure 19. Average diameter of PVP-Cu(NO3)2 nanofibers at five extrusion flowrates (0.25, 0.5,
1.0, 1.5, 2.0 cm® hY). Each electrospinning solution was prepared using 1.3 g of PVP, 1.3 g of
copper nitrate, 23 cm? of ethanol, and 10 cm?® of DI water. Electrospinning was conducted at 30
kV, 18 inches, and 20% relative humidity.
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Table 11. Fiber properties (SEM micrographs, average diameter, standard deviation and morphology) and structural defects (type and
diameter) of PVVP-Cu(NO3)2 nanofibers prepared at different extrusion rates. Each electrospinning solution was prepared using 1.3 g of

PVP, 1.3 g of copper nitrate, 23 cm? of ethanol, and 10 cm?® of DI water. Electrospinning was conducted at 30 kV, 18 inches, and 20%
relative humidity.

Extrusion Rate (cm?h)
0.25 0.50 1.0 15 2.0

SEM
Fiber Appearance: i o LWk
Average Diameter (nm) 256.37 258.12 261.33 314.71 372.30
1 Standard Deviation (hnm) 65.91 74.32 63.01 78.08 128.74
Morphology smooth, cylindrical ~ smooth, cylindrical ~ smooth, cylindrical ~ smooth, cylindrical nf;]i?ﬁg;?
Type of Defect no defects no defects no defects no defects no defects

Structural Defects: .
Diameter of Beads (um) - -
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Figure 20 shows the diameter distribution of PVP-Cu(NOs), nanofibers at different
flowrates. The results show that when the flowrates were increased from 0.25 to 1.5 cm® h, no
significant changes were present in the distribution of the fibers (Figure 20). The distribution,
however, did slightly increase when the flowrate was increased to 2.0 cm® h! (because more
solution was available at the tip of the needle, which most likely increased the likelihood of jet
splitting). The results in this section encapsulate the effect of extrusion flowrate on the morphology
of PVP-Cu(NOs). nanofibers. Extrusion rate was found to have a weak to moderate effect on the

diameter and morphology of PVP-Cu(NOs3). nanofibers.
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Figure 20. Diameter size distribution of PVP-Cu(NOz3)2 nanofibers prepared at different extrusion
flowrates (0.25, 0.5, 1.0, 1.5, and 2.0 cm® h1). Each electrospinning solution was prepared using
1.3 g of PVP, 1.3 g of copper nitrate, 23 cm?® of ethanol, and 10 cm® of DI water. Electrospinning
was conducted at 30 kV, 18 inches, and 20% relative humidity.
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3.3.2.7 Effects of Relative Humidity

Interactions between the surrounding atmosphere (in the form of relative humidity) and the
electrospinning jet have been reported to influence the morphology and properties (e.g.,
mechanical strength) of the synthesized nanofibers.'!85" Yet, relative humidity, as an
electrospinning parameter, remains an area that is has not been thoroughly researched. In this
section, the standard PVP and copper nitrate solution was electrospun at different relative humidity
levels (20, 30, 40, 50 and 60%). All other parameters were the same as those described in section
3.3.1.

Figure 21 shows the average diameter of PVVP-Cu(NO3)2 nanofibers, which were measured
using ImageJ software (n=250), as a function of relative humidity. The data shows that when
relative humidity was increased from 20 to 50%, the average fiber diameter decreased from 271 +
81 nmto 63 + 21 nm, respectively (Table 12). Indeed, Figure 21 demonstrates a strong correlation
between relative humidity (between 20 and 50%) and fiber diameter. The diameter of PVP-
Cu(NO3)2 nanofibers was sensitive to the relative humidity in the electrospinning chamber due the
absorption of water on the surface of the jet/fiber.>? These water vapor molecules interfered with
the solidification process of the charged jet (effectively hampering it), which led to inadequate
drying, which invariably influenced the fiber morphology. Figure 22 shows the distribution of the
PVP-Cu(NOs), fibers at different relative humidity levels; the figure shows that, in general,
increasing humidity decreases the diameter distribution of the fibers. Interestingly, as humidity
was further increased from 50 to 60%, the fiber diameter as well as distribution increased rather
than continue on a decreasing trajectory (Figure 21). This might be due to the presence of
structural defects, which became abundant and significant in terms of density and size (3.7 um) at

60% relative humidity (Table 12).
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Figure 21. Average diameter of PVP-Cu(NOz)2 nanofibers at five relative humidity levels (20, 30,
40, 50, and 60 %). Each electrospinning solution was prepared using 1.3 g of PVP, 1.3 g of copper
nitrate, 23 cm?® of ethanol, and 10 cm? of DI water. Electrospinning was conducted at 30 kV, 18
inches, and 1.0 cm? hrt.
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Figure 22. Diameter size distribution of PVP-Cu(NO3)2 nanofibers prepared at different relative
humidity levels (20, 30, 40, 50, and 60%). Each electrospinning solution was prepared using 1.3 g
of PVP, 1.3 g of copper nitrate, 23 cm® of ethanol, and 10 cm? of DI water. Electrospinning was
conducted at 30 kV, 18 inches, and 1.0 cm® hr?,
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Table 12. Fiber properties (SEM micrographs, average diameter, standard deviation and morphology) and structural defects (type and
diameter) of PVP-Cu(NOs). nanofibers prepared at different relative humidity levels. Each electrospinning solution was prepared using

1.3 g of PVP, 1.3 g of copper nitrate, 23 cm? of ethanol, and 10 cm? of DI water. Electrospinning was conducted at 30 kV, 18 inches,
and 1.0 cm® hr?,

Relative Humidity (%)
20 30 40 50 60

SEM

Fiber Appearance:

Average Diameter (nm) 261.33 194.58 98.31 63.40 79.50

1 Standard Deviation (hm) 63.01 48.71 36.17 21.49 30.43
Morphology smooth, cylindrical smooth, cylindrical smooth, cylindrical smooth, cylindrical smooth, cylindrical
Type of Defect no defects splndle-ll_ke and splndle-ll_ke and splndle-ll_ke and spherical

Structural Defects: spherical spherical spherical

Diameter of Beads (um) - 1.2 24 29 3.7
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Table 12 shows the SEM images of the PVP-Cu(NOz)2 nanofibers. At 20% relative
humidity, smooth, continuous and defect-free nanofibers were formed. As the relative humidity
was increased, however, the SEM images show that although the diameter of the spun fibers
decreased (up until 50% relative humidity), the fibers formed had numerous and sizable defects.
More defects formed as the humidity was increased from 30 to 40 to 50 to 60%. The structural
defects that formed at these humidity levels were spindle-like and spherical in shape, and their
density and sizes increased with increasing humidity. For instance, at 30% humidity, spindle like
structures with diameters of 0.4 um and spherical beads with diameters of 1.2 um infiltrated the
fibrous structure (Table 12). When the humidity was 60%, however, there were no spindle-like
defects but the spherical defects were 3.7 um in diameter (on average) and they covered almost
entirely the fiber structure.

The results in this section show that in the case of PVP-Cu(NOs) fibers (prepared from
PVP, copper nitrate, ethanol and water) humidity encouraged the absorption of water into the
electrospinning jet, which decreased the diameter of the synthesized fibers. Nazarati et al.®®
investigated the effects of humidity on poly(carbonate urethane) (PCU) fibers. The authors
reported an increase in fiber diameter with increased relative humidity (5 — 75%), which disagrees
with the results in this section. The contradiction in the effect of humidity on morphology between
our work and theirs can be explained by looking at the properties of the polymer and solvent
selected in each work. PVP, which was used in this work, is more soluble in water than PCU.
When water in-soluble polymers like PCU are used in electrospinning, the water vapor present in
the air is not absorbed by the polymer jet (like in the case of PVP)—instead it precipitates. The
precipitation of water molecules on the jet as it undergoes the stretching process hinders the

elongation of the metal-polymer jet and evaporation of the solvent, which leads to the formation
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of fibers with larger diameters. The results in this section prove that polymer hydrophobicity and
solvent miscibility are good predictors of whether humidity will have a positive or a negative effect
on the synthesized fiber diameter. Given these results, humidity can be used as a tool for regulating

the morphology of polymer-metal nanofibers.

3.4 Summary

Electrospinning was shown in this chapter to be an easy and effective technique for the
fabrication of continuous, smooth and defect-controlled or defect-free metal-polymer fibers
(specifically, PVP-Cu(NO3)2 nanofibers). Thermal treatment of the synthesized PVP-Cu(NOz3).
fibers was shown to alter the morphology of the spun fibers from smooth and continuous to a
connected network of segmented and agglomerated CuO nanoparticles.

In this chapter, parameters that effect viscosity, conductivity, dielectric constant, surface
tension, boiling temperature, and density were altered by changing the solution properties
(polymer molecular weight, polymer/metal concentration, and solvent identity). The experimental
results demonstrated that the morphology and bulk properties of PVP-Cu(NOz). fibers were
governed mainly by the choice of electrospinning material (polymer, metal and solvent(s)).
Molecular weight and polymer concentration were found to strongly impact the viscosity of the
PVP-copper nitrate solution (thus, fiber morphology), forming fibers with diameters as thin as 100
nm and as large as 540 nm. Metal concentration was found to greatly affect the conductivity of the
spun solution. Although metal concentration did not greatly affect the morphology of PVP-
Cu(NO3)2 fibers (prior to thermal treatment), particularly at the low metal to polymer weight ratios,
the thermally-treated CuO fibers, however, showed great sensitivity towards this parameter. The
investigation of solvent choice showed that ultra-thin, defect-free nanofibers can be fabricated with

the right choice of solvent or by combining solvents in different volumetric ratios. A good
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electrospinning solvent for the fabrication metal-polymer nanofibers is one that is able to dissolve
the polymer as well as the metal precursor and has a high dielectric constant, low boiling
temperature, low surface tension, and an acceptable viscosity. Methanol and water (78.31 nm),
DMF and water (82.89 nm) and ethanol and water (70.32 nm) were found to be promising binary
solvent systems for the synthesis of ultrafine PVP-Cu(NO:s): fibers.

The electrospinning processing conditions (voltage supplied, extrusion rate, distance
between the tip-of-needle and collecting plate, and humidity) were also systematically varied to
explore their effects on nanofiber morphology. Our results demonstrate that factors which do not
directly and strongly influence the evaporation of solvents (voltage, extrusion rate, and tip-of-
needle and collecting plate distance) do not have substantial effects on fiber diameter and
morphology. However, relative humidity was found to greatly impact the PVP-Cu(NO3): fibers
diameter and morphology.

Although many challenges exist in the electrospinning process, this work has demonstrated
that the properties of the synthesized fibers (fiber diameter and morphology) can be precisely
controlled and regulated by controlling the parameters that influence electrospinning. This work
offers insight into better controlling the electrospinning process for the customization of ultrathin

polymer-metal fibers with specified morphologies, for various applications.

76



Chapter 4 | synthesis of NiO, MgO and CaO Fibers

4.1 Introduction

In the previous chapter, it was shown that highly porous CuO materials can be synthesized
by electrospinning PVP, copper nitrate, water, and ethanol and then thermally treating the PVP-
Cu(NO3). fibers in air. In order to investigate the effects of electrospinning parameters on metal-
polymer fiber diameter and morphology, copper nitrate was selected as a model metal precursor
and was electrospun to form PVP-Cu(NOz): fibers. In this chapter, three metal precursors are used
(nickel nitrate, magnesium nitrate, and calcium nitrate) to form nickel oxide (NiO), magnesium
oxide (MgQO) and calcium oxide (CaO) and to probe the effect of metal choice on the morphology

of the thermally treated fibers.

4.2 Materials and Electrospinning Synthesis

4.2.1 Materials

Polyvinylpyrrolidone (M.W. 1,300,000; Sigma-Aldrich), nickel nitrate hexahydrate
(Sigma-Aldrich, 99.999%), calcium nitrate hydrate (Sigma-Aldrich, 99.997%), magnesium nitrate
hexahydrate (Sigma-Aldrich, 99.999%), and ethyl alcohol (Sigma-Aldrich, 100%) were purchased
and used without subsequent purification.
4.2.2 Synthesis of NiO Nanofibers

A polymer solution was prepared by dissolving 1.0 g of PVP in 23 cm® of ethanol. The
polymer solution was then vortexed (Fisher Scientific Digital Vortex Mixer) at 3000 rpm for 0.5
h until the polymer was completely dissolved. The solution was left to settle for 10 minutes,

transferred to a beaker, and stirred for 0.5 h. The metal containing solution was prepared by
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dissolving 1 g of nickel nitrate in 10 cm? of DI water and stirring the solution for 0.5 h. The nickel
containing solution was then added dropwise to the polymer containing solution. The solution was
stirred for 0.25 h, and then vortexed for 0.5 h at 3000 rpm.

The electrospinning solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer
Lok™ tip) with a hypodermic needle (Monoject™ Standard 30G x %”). The distance between the
tip of the needle and a stainless-steel collecting plate covered with aluminum foil was between 16
inches. A Gamma High Voltage Research ES75 power supply was used to apply voltage 30 kV
while the polymer solution was extruded through the needle at a rate controlled by a syringe pump
(1.0 cm® h'!; Kent Scientific Genie Plus). Dry air was circulated inside a 3 m® chamber at 5 cm?®
min! to control the relative humidity (20 + 2%). All electrospinning was carried out at ambient
temperature (294 K) and pressure (101 kPa). The collected fibers were thermally treated under air
at 873 K for 2 h at a ramping rate of 2 K min™.
4.2.3 Synthesis of MgO Nanofibers

A polymer solution was prepared by dissolving 1.5 g of PVP in 23 cm? of ethanol. The
polymer solution was then vortexed (Fisher Scientific Digital Vortex Mixer) at 3000 rpm for 0.5
h until the polymer was completely dissolved. The solution was left to settle for 10 minutes,
transferred to a beaker, and stirred for 0.5 h. The metal containing solution was prepared by
dissolving 1 g of magnesium nitrate in 10 cm® of DI water and stirring the solution for 0.5 h. The
magnesium containing solution was then added dropwise to the polymer containing solution. The
solution was stirred for 0.25 h, and then vortexed for 0.5 h at 3000 rpm.

The electrospinning solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer
Lok ™ tip) with a hypodermic needle (Monoject™ Standard 30G x %”). The distance between the

tip of the needle and a stainless-steel collecting plate covered with aluminum foil was between 16
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inches. A Gamma High Voltage Research ES75 power supply was used to apply voltage 30 kV
while the polymer solution was extruded through the needle at a rate controlled by a syringe pump
(0.75 cm® h'!; Kent Scientific Genie Plus). Dry air was circulated inside a 3 m® chamber at 3 cm?®
min* to control the relative humidity (20 + 2%). All electrospinning was carried out at ambient
temperature (294 K) and pressure (101 kPa). The collected fibers were thermally treated under air
at 823 K for 4 h at a ramping rate of 1 K min™.
4.2.4 Synthesis of CaO Nanofibers

A polymer solution was prepared by dissolving 1.3 g of PVP in 23 cm? of ethanol. The
polymer solution was then vortexed (Fisher Scientific Digital Vortex Mixer) at 3000 rpm for 0.5
h until the polymer was completely dissolved. The solution was left to settle for 10 minutes,
transferred to a beaker, and stirred for 0.5 h. The metal containing solution was prepared by
dissolving 0.975 g of calcium nitrate in 10 cm? of DI water and stirring the solution for 0.5 h. The
calcium containing solution was then added dropwise to the polymer containing solution. The
solution was stirred for 0.25 h, and then vortexed for 0.5 h at 3000 rpm.

The electrospinning solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer
Lok ™ tip) with a hypodermic needle (Monoject™ Standard 30G x %”). The distance between the
tip of the needle and a stainless-steel collecting plate covered with aluminum foil was between 16
inches. A Gamma High Voltage Research ES75 power supply was used to apply voltage 30 kV
while the polymer solution was extruded through the needle at a rate controlled by a syringe pump
(1.0 cm® h'!; Kent Scientific Genie Plus). Dry air was circulated inside a 3 m® chamber at 5 cm?®
mint to control the relative humidity (20 + 1%). All electrospinning was carried out at ambient
temperature (294 K) and pressure (101 kPa). The collected fibers were thermally treated under air

at 823 K for 2 h at a ramping rate of 2 K min™.
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4.2.5 Characterization
Scanning electron microscopy (SEM/; NOVA 230 Nano SEM) was used to determine the
morphology of the as-synthesized nanofibers and thermally treated fibers. An Everhart-Thornley

Detector (ETD) detector was used.

4.3 Results and Discussion

Figure 23 shows the SEM images of the nickel-, magnesium-, and calcium-based
nanofibers before and after thermal treatment. The results indicate that the as-synthesized
nanofibers (PVP-Ni(NOs)2, PVP-Mg(NO3)2, and PVP-Ca(NOs3).) had similar properties as those
of PVP-Cu(NO3)2 nanofibers (discussed in the previous chapter). All three metal-polymer fibers
were smooth and free from surface defects. The PVP-Mg(NO3)2 nanofiber sample had somewhat
of a different morphology than the other two samples, as the PVP-Mg(NOz). nanofibers were
crosslinked (Figure 24). That was the only major difference evident from the SEM images. After
undergoing thermal treatment, the as-synthesized metal-polymer fibers were transformed to metal
oxides. As Figure 23 shows, just in the case of PVP-Cu(NOz)2 nanofibers, thermal treatment of
the as-synthesized fibers resulted in a dramatic change in the morphology of the material. Despite
initially looking the same, the three fibers exhibited a significant departure from their smooth,
continuous, and cylindrical morphology upon thermal treatment and they all formed porous oxide
nanostructures (NiO, MgO and CaO), with different shapes, sizes, and roughness. These results

demonstrate the effect of metal choice after thermal treatment on fiber morphology and structure.
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Figure 23. SEM images of (a) PVP-Ni(NO3)2, (b) NiO, (c) PVP-Mg(NO3)z, (d) MgO, (e) PVP-
Ca(NO:s)2, and (f) CaO nanofibers.
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4.4 Summary

PVP-Ni(NO3)., PVP-Mg(NOs)2, and PVP-Ca(NOz)2 nanofibers were synthesized via
electrospinning and characterized using SEM. These three samples were later thermally treated to
form NiO, MgO and CaO nanofibers. The results in this section show that even though
electrospinning results in the fabrication of nanofibers that are smooth, continuous and cylindrical,
thermal treatment transforms these nanofibers to highly porous, interconnected metal oxide
nanoparticles with varying shapes and sizes. Indeed, the morphology of thermally treated

electrospun materials (metal oxide nanofibers) is greatly influenced by the choice of metal.
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Chapter 5 | Application I: Sorption Enhanced Steam Methane

Reforming

5.1 Introduction

The increased reliance on fossil fuels to meet energy needs has led to increased CO>
emissions into the atmosphere.1°120 Mitigating the impact of CO; on the environment by reducing
its emissions from various industrial processes and large combustion sources is a vital scientific
goal.*21122 While much research has been done on post process carbon capture and sequestration
(CCS), sorption enhanced processes that trap carbon at the point of generation (i.e., as it is formed
in chemical reactions) are also attractive options to mitigate CO, emissions. These processes have
the additional advantages (compared to traditional CCS) of improved thermodynamics that often
lead to lower energy consumption in addition to carbon emission mitigation.'?®> One prominent
example of simultaneous CO: capture with chemical reaction is the use of the gas-solid reaction
between CO, and CaO for hydrogen production?* via sorption enhanced steam methane reforming
(SE-SMR).123125126  |n SE-SMR, the combination of CO, sorption with methane reforming
reactions shifts the reaction equilibrium toward Hz production (Figure 24), ultimately leading to
greater than 90% conversion with Ha selectivity greater than 85%. The combination of reaction
and adsorption steps in a single reactor reduces the complexity of the reforming plant by
eliminating the need for water-gas shift reactors and pressure swing adsorption downstream of the
reforming reactor.'?® Furthermore, SE-SMR has the potential to operate at much lower
temperatures and pressures (723-873 K and 101-304 kPa) than conventional methane reforming
(1123-1173 K and 1520-2533 kPa). This simpler reactor configuration has the potential to

significantly reduce heat and power requirements of reforming (i.e., lower compression costs and
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lower consumption of natural gas to heat the reactor) while also sequestering the CO> byproduct,

leading to a “Green Reforming” process.
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Figure 24. Chemical reaction equilibrium constants for reaction (a) CHs () + 2 H20 (g) <> CO2 (g)
+4 Hz g and (b) CHa (g) + 2 H20 (g) + CaOgs) <> 4 Hz (g) + CaCOs ) at various temperatures. Steam
methane reforming becomes thermodynamically favorable at T > 873 K. The coupling of methane
reforming with CaO carbonation is thermodynamically favorable across a wide range of T.

CaO-based materials are the predominant sorbents used in SE-SMR because of their high
adsorption capacity (0.79 gco2/gcao), adequate reversibility (CaO + CO2 «» CaCOs; Keq = 87 at
923 K), fast carbonation-calcination kinetics (Ecarbonation = 20 kJ mol™®; Ecaicination = 104 kJ mol™),*’
and low material cost.*?®130 Unfortunately, CaO sorbents (usually derived from natural CaO
compounds such as limestone and dolomite) suffer from low conversions (54% after 60 minutes

of reaction of limestone with 10% CO; at 923 K)*3! due to the formation of CaCOs product layers
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that cover CaO surfaces and fill material pores, thereby inhibiting diffusion of CO; to reaction
interfaces surfaces.’®? In addition, CaO-based sorbent capacities significantly decrease over
multiple cycles (60% loss in initial capacity for limestone after 10 cycles)** due to sintering or
agglomeration of the CaO particles.*®* Indeed, highly active, efficient, and inexpensive adsorbents
are critical to the widespread implementation of SE-SMR technology.!®®

Current research efforts to improve the utilization and durability of CaO-based sorbents
include (i) the synthesis of calcium-based sorbents from organic and inorganic precursors (instead
of naturally derived CaO sources),'® (ii) doping CaO with various metals,**"3 and (iii) post
treating the sorbents in an attempt to increase their lifespan.®® The objective of this work is to
develop high-capacity and high-stability CaO-based sorbents by synthesizing materials with
controlled crystallite sizes, large intra-particle void volumes, optimal pore structures and chemical
compositions, and varied morphologies. Thermal decomposition, hydrothermal dissolution-
recrystallization, and electrospinning were employed to control the morphological properties of
the sorbents. To elucidate the structure-activity relationship of the CaO sorbents, physico-chemical
properties were determined using X-ray diffraction (XRD), N2-physiosorption measurements,
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and
transmission electron microscopy (TEM). This characterization data was combined with reaction
Kinetics experiments (via thermogravimetric analysis (TGA) and steam methane reforming) to
demonstrate that increases in surface area and porosity and decreases in particle agglomerate size
and crystallite size lead to increases in effective diffusivities and surface reaction rate constants
which, in turn, leads to improved capacity. In particular, this work demonstrates that (i)
stoichiometric CO, capacity can be achieved using interconnected, highly porous networks of

CaO-based nanofibers that consist of small CaO crystallites, and (ii) the initial high capacity of
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electrospun CaO-based materials can be maintained over multiple cycles of carbonation and
calcination by rationally incorporating a metal (e.g., Al) into the CaO structure to form Cai2Al14033
phases, which act as a spacer, thus, effectively separating the sorbent particles to prevent them

from sintering or aggregating, which in turn prevents the porous fibrous structure from collapsing.

5.2 Experimental Methods

5.2.1 Materials and Synthesis
5.2.1.1 Materials

Polyvinylpyrrolidone (PVP) (M.W. 1,300,000, Sigma-Aldrich), calcium nitrate
tetrahydrate (Sigma Aldrich, >99.0%), calcium acetate hydrate (Alfra Aesar, 99.9965%), calcium
oxide from marble (Millipore Sigma), aluminum nitrate nanohydrate (Sigma Aldrich, 99.997%),
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123; Sigma
Aldrich, M, ~ 5,800), and ethyl alcohol (Sigma-Aldrich, 100%) were purchased and used without
subsequent purification. The calcium oxide sample from marble is denoted as CaO-marble.
5.2.1.2 CaO-Based Nanofibers Synthesis via Electrospinning

A polymer solution was prepared by dissolving 1.3 g of PVP in 23 cm? of ethanol. The
solution was then vortexed (Fisher Scientific Digital Vortex Mixer) at 2900 rpm for 1 h until the
PVP was completely dissolved. The polymer solution was left to settle for 5-10 mins, transferred
to a beaker, and stirred for 15 mins. The metal containing solution was prepared by dissolving 0.98
g of calcium nitrate and an appropriate amount of aluminum nitrate (for the Al-doped materials)
in 10 cm® of DI water and stirring the solution for 0.5 h. The Al:Ca atomic ratio, for the three Al-
doped samples, was 3:10, 1:10 and 1:20. The calcium-containing solution was then added
dropwise to the polymer-containing solution. The solution was stirred for 0.25 h, and then vortexed
for 0.5 h at 2900 rpm.
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The electrospinning solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer
Lok™ tip) with a hypodermic needle (Monoject™ Standard 30G x %”). The distance between the
tip of the needle and a stainless-steel collecting plate, which was covered with aluminum foil, was
16 inches. A Gamma High Voltage Research ES75 power supply was used to apply 30 kV on the
polymer jet while the polymer solution was extruded through the needle at a rate controlled by a
syringe pump (1.0 cm® h; Kent Scientific Genie Plus). Dry air was circulated inside a 3 m®
chamber at 6 cm® min to control the relative humidity at 19.5 + 2%. All electrospinning was
carried out at ambient conditions: temperature (294 £ 3 K) and pressure (101 kPa). The collected
fibers were thermally treated in air at 923 K for 8 h at a ramping rate of 5 K min to remove the
majority of PVP and form calcium oxide. A second thermal treatment was performed on the Al-
doped nanofibers to yield a mayenite structure (Cai2Al14033),14%1%! a stable calcium-aluminate
framework, and CaO. Specifically, the Al-doped fibers were treated in air at 923 K for 5 h at
ramping rate of 5 K min*! and then at 1173 K for 2 h at ramping rate of 2 K min™. In this work,
the non-doped electrospun CaO sorbent is denoted as CaO-nanofibers whereas the Al-doped CaO
sorbents are denoted as 3Al-10Ca-O-nanofibers, 1AIl-10Ca-O-nanofibers, and 1Al-20Ca-O-
nanofibers, where the numbers before the Ca and Al correspond to the atomic ratio of Al to Ca in
the synthesis procedure.
5.2.1.3 Thermal Syntheses of CaO from Calcium Acetate and Calcium Nitrate

Calcium acetate was crushed and sieved to < 200 mesh, and then thermally treated in air at
1023 K for 8 h (ramp rate of 5 K min) to form CaO (denoted as CaO-D-acetate). Additionally,
calcium nitrate was crushed and sieved to <200 mesh, and then thermally treated in air at 923 K

for 8 h (ramp rate of 5 K min!) to form CaO (denoted as CaO-D-nitrate).
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A porous CaO sample was synthesized according to the method of surfactant-assisted
hydrothermal interaction (denoted as CaO-H-nitrate).*>4 First, calcium nitrate was heat treated
under air at 1023 K for 8 h (ramp rate of 5 K min™) to decompose the nitrate group and form
calcium oxide. Subsequently, 0.8 g of CaO was mixed in a beaker containing 150 cm?® of DI water
and 5 cm?® of ethanol, and stirred for 2 h. The CaO solution was then ultrasonically treated for 2 h.
The surfactant solution was prepared by dissolving 2.8 g of P123 in 100 cm? of water while stirring
for 2 h. After stirring, the CaO-containing solution was added to the surfactant solution, left stirring
for 72 h, and then ultrasonically treated for 4 h. The solution was then transferred to a 1000 cm?
Teflon-lined stainless-steel autoclave for hydrothermal treatment at 473 K for 60 h. The solid
substance was filtered out and washed with 480 cm? of DI water and 20 cm? of ethanol for the
removal of the majority of the P123 surfactant. The solid was then dried overnight in a drying oven
at 353 K. The as-obtained material was calcium hydroxide (Ca(OH)2), which was subsequently
thermally treated in air from room temperature to 923 K at ramping rate of 5 K min for the
generation of CaO.

5.2.2 Characterization

The synthesized CaO-based sorbents prepared via thermal decomposition, hydrothermal
treatment and electrospinning were characterized using a variety of techniques. Powder X-ray
diffraction patterns were obtained on an X-ray diffractometer (JEOL JDX-3530 and Philips X-
Pert) using Cu Ka radiation of 1.54 A to identify the CaO and Cai12Al14033 phases. The average
crystallite sizes were found using Scherrer’s formula. Nitrogen adsorption-desorption isotherms
were measured at 77 K with a Micrometrics ASAP 2020 Plus system. The Brunauer-Emmett-
Teller (BET) surface areas were calculated from the isotherms. The pore size distribution was

derived from the adsorption branches of the isotherms using the Barrett-Joyner-Halenda (BJH)
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model. Scanning electron microscopy with energy dispersive X-ray spectroscopy (NOVA 230
Nano SEM/EDS) was used to determine the morphology and chemical composition of the
sorbents. The mean diameter and size distribution of the electrospun nanofibers were calculated
from the SEM micrographs using ImageJ software (n = 250; where, n is the number of fibers that
were measured and averaged). The FEI Titan 80-300 kV S/TEM was used to carry out the
transmission electron microscopy (TEM) analysis. The TEM samples were prepared by drop
casting an ethanolic dispersion of CaO onto a carbon-coated Cu grid.
5.2.3 Carbonation and Methane Reforming Testing

Reaction kinetics and capacities for CaO carbonation were collected via thermogravimetric
analysis using a Perkin Elmer TGA. Alumina crucibles were used to hold the samples. Gas
flowrates were set to 200 standard cm® min to minimize external diffusion from the bulk gas to
the sample interface. Heating/reaction occurred in house air (dry, CO2-free), CO2 (Wright Bros,
Inc., 99.5%) and/or argon (Matheson UHP Argon, 99.999% purity) at a ramping rate of 5-20 K
mint. Prior to carbonation reaction testing, CaO-marble samples were crushed and sieved to < 200
mesh. Prior to all reactions (carbonation or methane reforming) all samples were calcined in air at
923 K with a ramp rate of 5 K min™* for 8 h in a Thermolyne F6028C-80 muffle furnace. In the
TGA, prior to reaction with CO», the CaO-based sorbents were treated at 1073 K for 10 minutes
at a ramp rate of 10 K mint in air to ensure the decomposition of any residual Ca(OH), or CaCOs3
that formed during exposure to the atmosphere.®*® After the in-situ calcination, the samples were
cooled at a rate of 20 K min™! to their reaction temperatures and held for 20 min to equilibrate. All
samples were carbonated for 1 h at 101 kPa in 200 sccm of pure CO..

The first cycle for each of the cycling studies were carried out according to the methods

described in the previous paragraph. For subsequent cycles, following 1 h of carbonation, the gas
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was switched from CO: to air, and the temperature was ramped from 873 K to 1073 K at a rate of
10 K mint. Samples were held at 1073 K for 10 min, then cooled to 873 K at a rate of 15 K min-
! Samples were then held at 873 K for 15 min to equilibrate before the gas was switched from air
to CO; to begin subsequent carbonation.

CaO-marble, CaO-nanofibers, and 1AI-20Ca-O-nanofibers were tested for sorption
enhanced steam methane reforming (SE-SMR) in a stainless steel packed bed reactor (12” OD)
containing physical mixtures of commercial NiO-based methane reforming catalyst (HIFUEL
R110, Alfa Aesar, 40% nickel (1) oxide and 60% aluminum oxide) with CaO-marble (2.58 g of
CaO-marble with 1.01 g of HIFUEL; 180-250 um particles), CaO-nanofibers (0.247 g CaO-
nanofibers with 0.384 g HIFUEL), or 1AI-20Ca-O-nanofibers (0.322 g 1Ca-20Al-O-nanofibers
with 0.421 g HIFUEL) between two plugs of quartz wool. The CO> sorbents were pretreated ex-
situ at 923 K for 8 h at a ramp rate of 5 K min in air. Prior to reaction, the sorbent/catalyst mixture
was pretreated in-situ under 50 sccm H at 998 K (ramp rate of 2.3 K min®) for 10 hrs. After H
pretreatment, the temperature was reduced to 823 K (measured with a type-K thermocouple) in 50
sccm helium (Airgas UHP helium, 99.999% purity) before introduction of a 90% methane/10%
argon reactant mixture (Praxair, £+2% methane). Reactant and product compositions were
measured online using an Agilent 7890B GC system with a thermal conductivity detector. All
gasses were introduced with electronic mass flow controllers (MKS, model GE50A). Water was
introduced through a positive displacement pump into the gas line, which was heated to
temperatures above 393 K from the gas inlet to the post reactor condenser, to ensure all water in
the system is in vapor phase (temperatures along the gas line were measured using type-K
thermocouples). The total flowrate at reaction conditions for the SE-SMR reaction containing

CaO-marble was 300 cm= min, and for the reaction containing CaO-nanofibers and 1Al-20Ca-
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O-nanofibers, the total flowrate was 100 cm™ min't. The ratio of sorbent to gas flow was 120 cm-
3 min g for the reaction containing CaO-marble and 405 cm™ min* g* and 310 cm™ min* g
for the reactions containing CaO-nanofibers and 1Al-20Ca-O-nanofibers, respectively. The steam
to carbon ratio is 3 for all reactions.
5.2.4 Random Pore Model

The random pore model (RPM), first proposed by Bhatia and Perlmutter'4+145 and
simplified to two equations by Grasa et al.1*® for the kinetic (Equation 1) and diffusion reaction
regimes (Equation 2), was used in this work to quantify carbonation reaction kinetics in terms of
the reaction rate constant (krem) and the effective diffusivity (Drem). The structural parameter, ¥
(Equation 3), was calculated using the initial surface area (So), initial length of pores (Lo), and
initial porosity (e0), which were determined from the N2 physisorption isotherms. The RPM was
not applied to the cycling studies due to potential changes in W during carbonation-calcination
cycling. In Equations 1 and 2, Cp, Ce, t, Mcao, pcao, and Z are the bulk concentration of CO.,
equilibrium concentration of CO., reaction time, molar mass of CaO, density of CaO, and ratio of

molar volumes of CaCOs to CaO, respectively.
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5.3 Results and Discussion

5.3.1 Physiochemical Properties of CaO and Al-Ca-O Sorbents

TGA experiments were conducted on the PVVP-Ca(NOs3). nanofibers to quantify the extent
of PVP removal during thermal treatment and provide evidence of the conversion to CaO. Figure
25 shows the TGA curves of pure PVP and PVP-Ca(NOz). nanofibers. Pure PVP nanofibers were
decomposed under argon at a heating rate of 10 K min™* whereas PVP-Ca(NOs)2 nanofibers were
decomposed under air at a heating rate of 5 K min™. The heating rate was reduced in the case of
PVP-Ca(NOs). to mimic the post-thermal treatment conditions described in section 5.2.1. The
nanofibers synthesized using pure PVP (MW=1,300,000) decomposed under argon in two steps,
with a total weight loss of approximately 95%. The first step weight loss of 16% occurred between
ambient temperature and 622 K. This weight loss step can be attributed to the evaporation of
volatile solvents. The second step weight loss of 79% from 623 to 763 K can be attributed to the
thermal degradation of the polymer chains. It is clear from the TGA curve that the majority of the
PVP matrix is removed at temperatures higher than 923 K. Additionally, PVP-Ca(NO3).
nanofibers decompose under air in multiple steps, with a total weight loss of approximately 80%
(Figure 25). The first step weight loss of 12% occurred between ambient temperature and 360 K
and can be attributed to the evaporation of volatile solvents. The second weight loss of 27% from
580 to 620 K can be attributed to the rapid combustion of PVP in the presence of oxygen. The
third gradual weight loss of 14% from 620 to 770 K can be attributed to the oxidation of residual
carbon remaining on the nanofibers. The final weight loss of 24% from 770 to 790 K can be
attributed to the decomposition of calcium nitrate (Ca(NO3)2) to CaO, indicating that the thermal
treatments of PVP-Ca(NOs)2 nanofibers in this study result in the formation of CaO nanofibers

without residual carbon.
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Figure 25. Weight loss profiles as a function of temperature from thermogravimetric analysis of
(a) pure PVP nanofibers treated in argon (black) and (b) PVP-Ca(NOz3)2 nanofibers treated in air
(red).

XRD was used to identify the crystalline phases and average crystal sizes of the CaO and
Al-Ca-O sorbents prepared using the synthesis techniques described in Section 5.2.1. Figure 26
(a) (1) shows the XRD patterns of the as-synthesized, non-doped PVP-Ca(NOz)2 nanofibers before
thermal treatment at 923 K. Well defined diffraction peaks are absent from the XRD pattern, which
indicates that the nanofibers consist of amorphous polymer phases and calcium species that are
too small to diffract X-rays. Figure 26 (a) (2-6) shows the XRD patterns of CaO-nanofibers, CaO-
D-acetate, CaO-D-nitrate, CaO-H-nitrate, and CaO-marble, respectively, after undergoing thermal
treatment as described in section 5.2.1. Crystalline peaks of both CaO (m) and Ca(OH), (e) were

identified. Ca(OH). was formed after the samples adsorbed moisture from the atmosphere because

93



of the hydroscopic nature of Ca0.*” The edge length of the unit cell of the five CaO sorbents was
calculated using XRD. Each sample had a lattice parameter of 4.8 A, confirming that the samples
consist of cubic CaO. Average crystallite sizes were calculated from the peak at 26 = 37° using
Scherrer’s equation (Table 13). The average crystal domain sizes of CaO-nanofibers, CaO-D-
acetate, CaO-D-nitrate, CaO-H-nitrate, and CaO-marble were 39 nm, 33 nm, 64 nm, 35 nm, and
84 nm, respectively, confirming that CaO derived from natural sources (in this case, marble) have
significantly larger crystallite sizes than CaO derived from organometallic sources. The XRD
patterns of the post-cycled CaO sorbents are shown in Figure 26 (a) (7-9). Those results will be

discussed in subsequent sections.
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Figure 26. (a) XRD patterns of (1) PVP-Ca(NOz3). nanofibers prepared via electrospinning prior
to any thermal treatment, (2) CaO-nanofibers after thermal treatment (923 K, 101 kPa), (3) CaO-
D-acetate (thermal decomposition), (4) CaO-D-nitrate (thermal decomposition), (5) CaO-H-nitrate
(hydrothermal treatment), (6) CaO-marble (thermal treatment), (7) CaO-nanofibers after 10 cycles,
(8) CaO-D-nitrate after 10 cycles, and (9) CaO-marble after 10 cycles. (b) XRD patterns of Al-
doped electrospun materials: (1) 3AI-10Ca-O-nanofibers, (2) 1Al-10Ca-O-nanofibers, (3) 1Al-
20Ca-O-nanofibers, (4) 3Al-10Ca-O-nanofibers after 17 cycles, (5) 1Al-10Ca-O-nanofibers after
16 cycles, and (6) 1Al-20Ca-O-nanofibers after 16 cycles. Characteristic peaks for CaO, Ca(OH)a,
Cai12Al14033 are indicated by squares, circles, and diamonds, respectively.

Figure 26 (b) shows the XRD patterns of the three Al-doped CaO-based nanofibers after
undergoing thermal treatment at 1173 K as described in section 5.2.1. Crystalline peaks
corresponding to mayenite,}*® Cai;2Al14033, are evident in the XRD data as well as peaks
corresponding to CaO. The XRD data confirms that Cai12Al14033, a stable composite metal, was
integrated successfully into the CaO sorbent, to serve as a binder or a spacer. The average crystal
domain sizes of the Al-doped electrospun materials were 53 nm (3Al-10Ca-O-nanofibers), 50 nm

(1AI-10Ca-O-nanofibers), and 50 nm (1AIl-20Ca-O-nanofibers). Figure 26 (b) also shows the

95



XRD patterns of the post-cycled Al-doped sorbents. Those results will be discussed in subsequent

sections.

Table 13. Properties of CaO and Al-Ca-O sorbents. [a] Calculated by BET method. [b] Calculated
by BJH method. [c] Based on XRD. [d] Obtained by EDS.

Pore Crystallite Post-Cycled

S Vpore . . e
Sorbent (m27gE)T - (cm379) Il D(lnar?)e[g?r (ns;rl]z)e[c] Crys(t:lr!l)t?c]Sue Ca/Al [
CaO-marble 7.6 0.034 9.5 84 76 [10 cycles]
CaO-D-acetate 17 0.110 13.9 33 -
CaO-D-nitrate 4.8 0.003 2.7 64 73 [10 cycles]
CaO-H-nitrate 16 0.010 18.6 35 -

CaO-nanofibers 16 0.092 13.1 39 64 [10 cycles] -
3Al-10Ca-0O-nanofibers - - - 53 50 [17 cycles] 3.5
1AI-10Ca-0O-nanofibers - - - 50 46 [16 cycles] 9.7
1Al-20Ca-0-nanofibers - - - 50 48 [16 cycles] 22

N2-physisorption was used to determine the surface area, pore volume, and average pore
diameter of the CaO samples (Table 13). The CaO-nanofibers (16 m?/g), CaO-D-acetate (17 m?/g),
and CaO-H-nitrate (16 m?/g) samples exhibited more than twice the surface area of CaO-marble
(7.6 m?/g) and more than three times the surface area of CaO-D-nitrate (4.8 m?/g). Similarly, the
BJH pore volumes of the CaO-nanofibers (0.092 cm®/g), CaO-D-acetate (0.110 cm®/g), and CaO-
H-nitrate (0.099 cm®/g) samples were a factor of three higher than the CaO-marble sample (0.034
cm?®/g) and a factor of 30 higher than the CaO-D-nitrate sample (0.0032 cm®/g). The chemically
synthesized samples, with the exception of CaO-D-nitrate (2.7 nm), also had larger BJH average
pore diameters (CaO-nanofibers: 13.1 nm, CaO-D-acetate: 13.9 nm, CaO-H-nitrate: 18.6 nm)

compared to CaO-marble (9.5 nm). These data indicate that the techniques used to synthesize CaO

96



from organometallic precursors (i.e., hydrothermal treatment and electrospinning) lead to highly
porous materials that retain their pore structure even after thermal treatments.

SEM was used to probe the effect of synthesis technique and calcium source on sorbent
morphology at the micrometer scale. Figure 28 (a, b) shows the SEM image (5,000 and 20,000
times magnification) of the as-synthesized PVP-Ca(NOs). nanofibers before thermal treatment.
The electrospun fibers consisted of uniform, continuous, and smooth nanofibers with circular cross
sections. The fibers had a narrow distribution with a mean diameter of 180 + 57 nm (Figure 27)
and lengths of up to several hundred micrometers. As seen from Figure 28 (a), a few spindle-like
structural defects with an average diameter of 1.3 um were present, and these defects were possibly
formed from transient instabilities experienced by the travelling jet during the electrospinning
process.' %150 Upon thermal treatment at 923 K, CaO-nanofibers were obtained as indicated by the
XRD analysis (discussed previously). The post thermally treated fibers (CaO-nanofibers) had a
mean diameter of 208 + 53 nm (Figure 27 (b)). By comparing the SEM images of the nanofibers
before (Figure 28 (a, b)) and after thermal treatment (Figure 28 (c)), it becomes clear that the
thermal treatment transforms the PVP-Ca(NOs)2 fibers from smooth and continuous nanofibers,
which are cylindrical in shape, to a network of nanoparticles that are closely connected in a
nanofibrous structure with considerable macro-porous (>300 nm diameter) intraparticle void
volume. This change in morphology occurs, of course, because of the degradation of the polymer
chains and the formation of CaO at these elevated temperatures.

Figure 28 (d-g) shows the SEM images of the remaining non-doped CaO sorbents (CaO-
marble, CaO-D-acetate, CaO-D-nitrate, and CaO-H-nitrate) after undergoing thermal treatment.
Both CaO-marble and CaO-D-nitrate had considerably large average agglomerate sizes, with the

marble-derived sorbent having sizes of approximately 835 + 262 nm (measured from the SEM
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micrograph using ImageJ) and CaO-D-nitrate having agglomerates in the micron range. The
agglomerate sizes of these two sorbents were a factor four or more larger than the other sorbents,
with CaO-nanofibers having the smallest average agglomerate size of 184 + 33 nm of the non-
doped sorbents. Smaller agglomerate/particle sizes, in general, are believed to contribute to
enhanced sorption performance due to their larger surface-to-volume ratios.® The SEM images
in Figure 28 (d-g) also reveal that CaO samples prepared from the decomposition of calcium
acetate and nitrate and from the hydrothermal treatment of CaO (using calcium nitrate as a
precursor) have uneven surface textures with considerably rough and sharp edges. On the other
hand, the marble-derived CaO and electrospun CaO nanofibers have well-defined, rounder, and
smoother structures, with the nanofibers having a noticeably smaller domain size and visibly larger

macro-sized void volumes.
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(b) Average = 209 nm
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Figure 27. Diameter distribution and normal distribution of (a, black) PVVP-Ca(NOs3). nanofibers
before thermal treatment and (b, red) CaO-nanofibers after thermal treatment at 923 K. The
average diameter and standard deviation for the fibers were calculated using ImageJ (n=250) as
described in section 5.2.2 in the main text.

Figure 28 (h-j) shows the SEM images of the Al-doped CaO sorbents (3Al-10Ca-O-
nanofibers, 1AI-10Ca-O-nanofibers, and 1Al-20Ca-O-nanofibers). The SEM images reveal that
all the Al-containing nanofibers have morphologically similar features as the non-doped CaO-
nanofibers sorbent, albeit with slightly smaller domain sizes. The reduction in the domain size of
the AIl-Ca-O sorbents is believed to be due to the higher metal content present in the
electrospinning solution (i.e., more aluminum nitrate ions), which increases the conductivity of the
electrospinning solution, which in turn yields thinner fibers.%5%2 In addition to SEM, EDS analysis
was performed on the Al-doped samples to confirm the atomic ratio of Al to Ca in the formed
sorbents. Table 13 shows the Al/Ca ratios obtained from the SEM/EDS analysis.

Figure 28 (k-0) shows the SEM images of the CaO-based sorbents following 10-17 cycles

of carbonation and calcination. As seen from the SEM images, the non-doped CaO sorbents (CaO-
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marble and CaO-nanofibers) suffered from severe morphological changes after 10 cycles of
carbonation and calcination whereas the Al-doped samples were able to retain several
morphological features (particularly, their macro-sized void volumes and fibrous structure) to
higher degrees even after 16-17 cycles. The degree of resistance to sintering and change in
morphology was, indeed, more pronounced in the samples that contained Al, especially those with
higher Al to Ca ratios, as evidenced by the SEM images (Figure 28 (k-0)). The significance of
these results and its impact on performance and sorbent stability is discussed in more depth in

subsequent sections.

Spindle-like
structural

defects

VD [ tilt| HV
mm 0] 10.0kV

“y| det |spot| mag | WD |tilt| HV e * 111 h—
|[ETD| 35 [5000x|6.6 mm|0*|10.0kV

100



WD HV | tilt e—1 111
*|[ETD| 2.5 |20000x 5.9 mm | 5.00kV |-0°

101



det |spot| mag WD HV | tilt
ETD| 3.0 120000%|6.4mm 15.0kV |0

det spot| mag WD HV  tilt
ETD 25 [20000x 5.9mm 8.00kV -0°

102



— 10 pm ——

e— 1 | |1 | Re— det | spot| mag WD HV tilt
ETD/| 3.0 | 20 000 x mm | 5.00 kV | -0

103



| det | spot| mag WD HV it
ETD 25 (20000x 58 mm 500kV -0°

Figure 28. SEM images of as-synthesized PVP-Ca(NOs3). nanofibers at (a) 5,000x and (b) 20,000x
magnification, (c) CaO-nanofibers synthesized via electrospinning and thermally treated in air at
923 K (CaO-nanofibers), (d) CaO derived from marble (CaO-marble), (e) CaO synthesized from
the thermal decomposition of calcium acetate in air at 1023 K (CaO-D-acetate), (f) CaO
synthesized from the thermal decomposition of calcium nitrate in air at 923 K (CaO-D-nitrate), (g)
CaO synthesized from thermal decomposition of calcium nitrate at 1023 K followed by treatment
with an aqueous solution of P123 and thermal treatment in air at 923 K(CaO-H-nitrate), (h) 3Al-
10Ca-0O-nanofibers, (i) LAl-10Ca-O-nanofibers, (j) 1Al-20Ca-O-nanofibers, (k) CaO-marble after
10 cycles, (I) CaO-nanofibers after 10 cycles, (m) 3Al-10Ca-O-nanofibers after 17 cycles, (n) 1Al-
10Ca-0O-nanofibers after 16 cycles, and (0) 1Al-20Ca-O-nanofibers after 16 cycle.

TEM analysis was performed on four non-doped CaO sorbents (CaO-marble, CaO-D-
acetate, CaO-H-nitrate, and CaO-nanofibers) to supplement the SEM analysis and determine the
impact of synthesis approach on morphology. Figure 29 shows the TEM images of the four
sorbents. It reveals that CaO derived from marble consists of large, closely-packed and multi-
layered nanoparticles, with sizes ranging from roughly 50 to 180 nm. The CaO-H-nitrate and CaO-
D-acetate samples, as seen in Figure 29, had comparatively smaller nanoparticles. Specifically,
their particle sizes ranged from approximately 25 to 120 nm. The electrospun CaO-nanofibers had

nanoparticles with diameters ranging from approximately 70 to 180 nm; however, they contained
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significantly larger macro-porous intra-particle void volumes. These intra-particle spaces, as
shown in Figure 29 (c), appear as void channels and have diameters that are as small as 10 nm
and as large as 0.45 um. These larger pores (>300 nm) are undetectable using N2 physisorption,

however, they can be identified in the SEM and TEM images.

Figure 29. TEM images of (a) CaO derived from marble (CaO-marble), (b) CaO synthesized from
the thermal decomposition of calcium nitrate at 1023 K followed by treatment with an aqueous
solution of P123 (CaO-H-nitrate), (c) CaO-nanofibers synthesized via electrospinning and
thermally treated in air at 923 K (CaO-nanofibers), and (d) CaO synthesized from thermal
decomposition of calcium acetate in air 1023 K (CaO-D-acetate).
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5.3.2 Carbonation of CaO-Based Sorbents
5.3.2.1 First Cycle

TGA experiments were conducted on the five non-doped CaO samples (CaO-marble, CaO-
D-acetate, CaO-D-nitrate, CaO-H-nitrate, and CaO-nanofibers) to compare their CO> sorption
capacity and reaction rates. Figure 30 shows the first-cycle carbonation reaction curves (in terms
of conversion of CaO to CaCOz and capacity (gco2/gcao) Versus time on stream) at three
temperatures (823, 873, and 923 K). From the experimental carbonation curves, the conversion
appears to evolve with time in two stages: a fast chemical reaction-controlled stage followed by a
slower increase that is controlled by diffusion of gaseous reactants through solid product layers.1*3
TGA experiments were stopped after 60 minutes because at this time the conversion appears to

approach a constant value with increasing time on stream.
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Figure 30. Experimental conversion, sorption capacities, and RPM prediction of conversion
(lines) for (1) CaO-nanofibers, (2) CaO-D-acetate, (3) CaO-marble, (4) CaO-D-nitrate, and (5)
CaO-H-nitrate measured by TGA at (a) 823 K, (b) 873 K, and (c) 923 K, 101 kPa, and with 200
sccm of COo.
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The differences in conversion among the five samples (Table 14) indicates the effect of
morphological features and physiochemical properties on COz sorption. CaO-marble, a sample
that has large agglomerate, particle and crystallite sizes as well as low surface area and intra-
particle void volume (as discussed in section 5.3.1), exhibited conversions of 20% (0.17 gco2/gcao)
at 823 K, 18% (0.14 gcoz2/gcao) at 873 K, and 32% (0.25 gcoz/gcao) at 923 K, in agreement with
previous studies.’*1%* Additionally, CaO-D-nitrate, another sample with a relatively large
crystallite size and small surface area and pore volume (an order of magnitude smaller than CaO-
marble), exhibited conversions of 6.5% (0.05 gco2/gcao) at 823 K, 6.5% (0.05 gcoz/gcao) at 873 K,
and 8% (0.06 gco2/gcao) at 923 K. The decrease in reactive surface area and pore volume for carbon
dioxide diffusion resulted in approximately a four-fold decrease in conversion. On the other hand,
the CaO samples synthesized from the decomposition of calcium acetate (CaO-D-acetate) and
hydrothermal treatment of CaO (CaO-H-nitrate) exhibited more than threefold higher conversions
than CaO-marble and CaO-D-nitrate at all temperatures (Table 14), with CaO-nanofibers
achieving stoichiometric CO capacity (0.79 gcoz/gcao) in less than one hour of reaction at both
873 K and 923 K. The higher saturation conversion of the CaO-D-acetate, CaO-H-nitrate, and
CaO-nanofibers provides evidence to support the conclusion that structures with small crystallites
and high porosity (high surface area and intraparticle void volume) enhance the reactivity of CaO
materials and reduce their susceptibility to transport limitations from the formation of product

layers that cover surfaces and fill pores.
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Table 14. TGA saturation conversion (in parenthesis) and sorption capacity (gcoz2/gcao) of CaO-
marble, CaO-D-nitrate, CaO-H-nitrate, CaO-D-acetate, and CaO-nanofibers at different
temperatures (823, 873 and 923 K) after 1 h of reaction with CO..

Sorbents Sorption Capacity (gcoz/gcao) and Conversion (%)

Temperature .5 marple S0P Ca0-H- Ca0-D- CaO-nanofibers
(K) nitrate nitrate acetate
823 0.16 (21%) 0.05 (6.5%) - 0.62 (79%) 0.63 (80%)
873 0.14 (18%) 0.05(6.5%) 0.59 (73%)  0.70 (90%) 0.79 (100%)
923 0.25 (32%)  0.06 (8%) 0.62(78%)  0.77 (98%) 0.79 (100%)

The CaO-nanofibers sample also exhibited higher capacity (0.79 gco2/gcao at 873 and 923
K) compared to CaO-D-acetate (0.70 and 0.77 gco2/gcao at 873 and 923 K, respectively) and CaO-
H-nitrate (0.59 and 0.62 gco2/gcao at 873 and 923 K, respectively). These three samples all
consisted of similar particle and crystallite sizes, surface areas, and meso-pore volumes (Table
13), therefore, the higher capacity of the nanofibers could potentially be attributed in part to the
larger intra-macro-porosity within the nanofiber networks imparted by the electrospinning
synthesis technique as shown via TEM in Figure 29. Furthermore, the CaO-H-nitrate sample
synthesized by hydrothermal treatment in our studies exhibited a much higher conversion (73% at
873 K) compared to the thermally decomposed Ca(NO3)2 (CaO-D-nitrate) (6.5% at 873 K). As a
matter of fact, the low conversion of CaO synthesized from the simple thermal decomposition of
Ca(NOs)2 (CaO-D-nitrate) is consistent with the values reported by Le et al. (2.5%) for such
materials.*® Therefore, the studies reported herein indicate that synthesis technique plays a pivotal
role in dictating the sorbent capacity of a CaO-based material by controlling morphology and
properties such as, crystallite size, surface area, pore volume, pore diameter, and intraparticle void
volumes. In this work, specifically, hydrothermal treatment and electrospinning were found to alter
the macro-porosity of the sample; introduction of these macro-pores abates diffusional restrictions

from pore filling and surface coverage effects, thus, leading to higher sorption capacities.
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To quantify the observed differences in performance, the results from the TGA experiments
were analyzed using the RPM. The RPM models the rate of change of pore radii at the initial stages
of conversion using a reaction rate equation that is first order in the concentration of CO2 and
normalized by the surface area of the material. Thus, the reaction rate constant (krpm) in this
equation is also normalized by surface area and reflects the rate of chemical reaction at the surface.
The formation of non-reactive CaCOs surfaces serve as a diffusional barrier, and as the non-
reactive product surfaces grow and intersect with each other, the system transitions into a more
diffusion dominated regime. The effective diffusivity (Drem) quantitatively characterizes this
regime and reflects the differences in product layer thickness and penetrability.

Values for krem and Drem (Table 15) were determined using Athena Visual Studio. RPM
model predictions (lines) are shown in Figure 30 (overlaid with experimental conversion data
points). The rate constants exhibit an exponential dependence on inverse temperature, and the
activation energies for the reaction (Ea = 9, 20, 31, and 73 kJ/mol for CaO-D-nitrate, CaO-marble,
CaO-D-acetate, and CaO-nanofibers, respectively) are within similar ranges as previous studies
(Ea= 28.4 kJ mol™* as reported by Zhou et al.*®). Values for krpm for CaO-H-nitrate (2.5x10 +
1.2x10% and 3.1x10* + 1.7x10°% cm*mol™ts™ at 873 and 923 K, respectively) are similar to those
for CaO-D-nitrate (2.1x10* + 1.1x10° and 2.3x10* + 1.34x10° cm* mol™* s at 873 and 923 K,
respectively) and CaO-marble (3.1x10 + 1.2x10° and 3.8x10* + 2.0x10® cm* mol™* s at 873
and 923 K, respectively), as expected for materials that are chemically the same (i.e., crystalline
Ca0). The Drem Vvalues for CaO-H-nitrate (4.7x10% + 1.9x10* and 3.6x10*2 + 5.1x10% cm? s
L at 873 and 923 K, respectively), however, are 5 to 10 times larger than CaO-marble (2.0x107 +
1.0x10% and 9.0x1012 + 5.0x1071° cm? s at 873 and 923 K, respectively). Additionally, the Drem

values for CaO-D-nitrate (2.0x10™* + 1.0x10"* and 4.0x10"*4 + 6.0x1071° cm? s at 873 and 923
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K, respectively) are approximately one order of magnitude smaller than those for CaO-marble.
This suggests that the differences in diffusivities are the primary reason for differences in
conversion between the three samples. Thus, we conclude that the modification of CaO via
hydrothermal treatment in the presence of P123 leads to CaO domains with similar reactivity as
CaO-D-nitrate and CaO derived from marble, but the CaO-H-nitrate sample exhibits better
conversion during carbonation because of smaller domain sizes and increased material porosity.
In contrast to CaO-H-nitrate, the higher krem values (Table 15) for CaO-D-acetate (3.2x10
4+ 1.4x10°%, 5.0x10* + 2.5x10®, and 5.2x10* + 4.8x10° cm* mol* s at 823, 873 and 923 K,
respectively) and CaO-nanofibers (4.6x10* + 4.2x10%, 8.9x10* + 1.8x10°, and 1.5x103 +
9.5x10% m* mol* s at 823, 873 and 923 K, respectively) compared to CaO-marble indicate a
difference in the surface chemistry of the reaction, beyond the effects of expanded pore structure
that ameliorates diffusion restrictions because all three samples are chemically similar (i.e., consist
of Ca0). This enhanced reactivity with decreasing particle size, similar to that observed in catalysis
by metal particles,**'>” may result from the preferential exposure of high index planes that
comprise smaller crystallites'®® or from CaO structures that are inherently imparted by the
synthesis technique with lesser extents of long range order. Values of Drem Were also larger for
CaO-D-acetate (4.2x1071% + 5.6x104 1.4x10! + 3.7x10%4 and 7.8x10% + 2.1x10%3 cm? s at
823, 873 and 923 K, respectively) and CaO-nanofibers (7.2x10712 + 1.9x104 4.3x1071 + 3.0x10"
13 and 5.5x107M + 8.2x107" cm? s at 823, 873 and 923 K, respectively) compared to CaO-marble
(Table 15) indicating the effect of smaller reactive domains and possibly the formation of thinner

CaCOs layers with structures that are more easily penetrable by gaseous CO,.15%-16!
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Table 15. RPM parameters and 95% confidence intervals derived from the carbonation data in Figure 30.

823 K 873 K 923 K
Sample kow (x10°) Drewm(x10"%) Krem (x10°) Drem(x10%) krem (X10%)  Drem (x10%2)
(cm*mol?s?) (cm?s?) (cm*mol?s?) (cm?s?) (cm*mol?s?) (cm?s?)

CaO-marble 2.8 +£0.007 0.2 +£0.002 3.1+0.012 0.20 £ 0.001 3.8 +0.020 0.9 £ 0.005
CaO-D-acetate 3.2+0.135 4.2 +0.056 5.0 £ 0.025 13.6 £ 0.037 5.2 +0.048 7.8 +0.206
CaO-D-nitrate 2.0+ 0.010 0.02 £ 0.001 2.1+0.011 0.02 £ 0.001 2.3+0.134 0.04 + 0.006
CaO-H-nitrate - - 2.5+0.012 4,70 +£0.019 3.1+0.017 3.6 £0.051
CaO-nanofibers 4.6 +£0.042 7.2+0.019 8.9+0.177 42.9 +0.298 14.5 + 0.095 55.0 £ 0.822
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Figure 31. Arrhenius plots for reaction of CaO-nanofibers (black), CaO-D-acetate (red), CaO-
marble (gray), and CaO-D-nitrate (purple). Circles represent experimentally determined reaction
rate parameters for the random pore model determined from regression of conversion versus time
data. Activation energies were determined by least squares regression of the experimentally
determined parameters (lines).

5.3.2.2 Multi-Cycle Carbonation-Calcination of CaO

Ten cycles of carbonation and calcination were performed to study the stability of the CaO
sorbents (CaO-marble, CaO-D-nitrate, and CaO-nanofibers) and the reversibility of the
carbonation reaction. CaO-marble lost 1% (0.2 mg) of its initial sorption capacity after the first
carbonation-oxidation cycle. Figure 32 shows the sorption capacity of CaO-marble, CaO-D-
nitrate, and CaO-nanofibers over ten carbonation and calcination cycles. The CaO-marble reached
12% (0.10 gco2/gcao) conversion on its tenth carbonation cycle, losing approximately 34% of its
initial capacity. The CaO-D-nitrate reached 4.5% (0.036 gco2/gcao) On its on its tenth carbonation

cycle losing approximately 30% of its initial capacity. The electrospun CaO sorbent reached 69%
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(0.54 gco2/gcao) conversion on its tenth carbonation, losing 31% of its initial capacity. The CaO-
nanofibers sorbent retains a relatively high capacity even after 10 cycles of carbonation-

calcination, although its loss of initial capacity is proportionally similar to CaO-marble and CaO-

D-nitrate.
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Figure 32. Conversion and capacity for (a, red) CaO-marble, (b, blue) CaO-D-nitrate, and (c,
black) CaO-nanofiber over 10 carbonation-calcination cycles at 873 K, 101 kPa, and 200 sccm of
CO. via thermogravimetric analysis.

Post-cycled CaO samples (CaO-marble, CaO-D-nitrate and CaO-nanofibers) were also
calcined at 923 K for 8 h at 5 K min™ to minimize the impact of hydroxide formation via exposure
to ambient air and immediately analyzed by XRD, as seen in Figure 26 (a) (7-9). The crystallite
sizes of the post-cycled sorbents (Table 13) were calculated based on the peak at 26 = 37°. The
calculated crystallite size of CaO-marble, CaO-D-nitrate, and CaO-nanofibers were 76 nm, 73 nm,
and 64 nm, respectively. The crystallite size of CaO-marble and CaO-D-nitrate remained relatively
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unchanged after cycling because the formation of this sample likely occurred at conditions that led
to sintering and agglomeration. In contrast, the crystallite size of CaO-nanofibers increased from
39 nm to 64 nm. The sintering and aggregation of the crystallites in the CaO-nanofibers is likely
the reason for the loss in activity of the sorbent over repeated cycles in addition to possible loss of
pore structure and volume, 27133162

SEM analysis was also performed on the post-cycled CaO-marble and CaO-nanofibers
samples to investigate the cycling effect on morphology. The SEM images of the thermally treated
CaO-marble and CaO-nanofibers after 10 cycles of carbonation-calcination are shown in Figure
28 (k, I). Both SEM images reveal that cycling detrimentally affected the morphology of the oxide
fibers, especially the CaO-nanofibers sample which underwent drastic structural and
morphological changes. Specifically, the SEM image shows that upon cycling, the CaO-nanofibers
sample lost its porous, fibrous structure, which was initially responsible for mitigating pore
plugging. This loss of nanoscale structure results in the reduction seen in the sorption capacity of
CaO-nanofibers upon multiple cycling. Figure 28 (k, 1) also reveals that both samples (after ten
cycles) consisted of agglomerated and sintered nanoparticles that were irregular in shape.
Therefore, although electrospinning results in the formation of CaO nanostructures that are highly
active, repeated calcinations collapses the fibrous structure, and strategies such as metal doping
may be required to maintain the morphology, and thus, the initial high sorption capacity of the
active materials prepared via electrospinning.
5.3.2.3 Multi-Cycle Carbonation-Calcination of Al-Ca-O Sorbents

Carbonation-calcination cycles were also ran on three levels of Al-doped CaO nanofibers
(Ca:Al=3.33, 10, 20) to study the balance between improved stability and decreased sorption

capacity due to the introduction of aluminum. As seen in Figure 33, the initial sorption capacity
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of 3Al-10Ca-O-nanofibers, 1AI-10Ca-O-nanofibers, and 1Al-20Ca-O-nanofibers at 873 K were
0.35, 0.58, and 0.74 gco2/gsorbent, respectively. By comparing those values to the initial sorption
capacity of CaO-nanofibers (0.79 gco2/gsorbent at 873 K), it becomes evident that doping CaO with
aluminum decreases the capacity of the sorbent proportional to the quantity of aluminum added.
Figure 33 also shows an interesting behavior, as the initial sorption capacity obtained for a doped
material was not the maximum capacity attained. Instead, the maximum CO3 sorption capacity
was attained in the second cycle where the sorption capacity was 0.36, 0.62, 0.76 gcoz Gsorbent — for
3Al-10Ca-O-nanofibers, 1Al-10Ca-O-nanofibers, and 1Al-20Ca-O-nanofibers, respectively. After
16 cycles, the sorption capacity of 3Al-10Ca-O-nanofibers, 1Al-10Ca-O-nanofibers, and 1Al-
20Ca-O-nanofibers were 0.35, 0.58, and 0.70 gcoz/gsorbent, respectively. As evident from Figure
33, all the Al-doped nanofibers retained >95% of their initial capacity throughout cycling, with the
sample containing 3:10 Al:Ca (3AIl-10Ca-O-nanofibers) retaining approximately 98% of its initial
capacity, even after 17 cycles.

After completing the cycling tests, all three post-cycled samples were thermally treated at
923 K for 8 h at 5 K min to minimize the impact of hydroxide formation via exposure to ambient
air and immediately analyzed by XRD and SEM. Figure 26 (b) (4-6) shows the XRD patterns of
the Al-Ca-O sorbents and Table 13 shows the crystallite sizes calculated using Scherrer’s formula
based on the crystallite peak at 26 = 37°. As shown in Table 13, the crystallite sizes of the three
Al-doped materials remained roughly unchanged, as the calculated crystallite sizes of 3Al-10Ca-
O-nanofibers, 1Al-10Ca-O-nanofibers, and 1Al-20Ca-O-nanofibers were 53 nm, 50 nm, and 50
nm, respectively before cycling and 50 nm, 46 nm, and 48 nm, respectively, after cycling. Indeed,
the dispersed Cai2Al14033 phases among the CaO particles served as a stable matrix as it abated

the sorbent’s crystallite size from significantly changing. This is particularly true when comparing
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the crystallite size of the aluminum-doped materials to the undoped, CaO-nanofibers, which saw
its crystallite size change, in similar reaction conditions, from 39 nm initially to 64 nm after only

10 cycles.
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Figure 33. Sorption capacity of CaO-marble (black, diamonds), CaO-nanofibers (red, diamonds),
3Al-10Ca-O-nanofibers (blue, circles), 1Al-10Ca-O-nanofibers (orange, circles), and 1Al-20Ca-
O-nanofibers (grey, circles) across multiple carbonation-calcination cycles at 873 K, 101 kPa, and
200 sccm of CO- via thermogravimetric analysis.

SEM analysis was also performed on the post-cycled Al-doped sorbents to investigate the
cycling effect on morphology. Figure 28 (m-0) shows the SEM images of the post-cycled Al-Ca-
O sorbents. As Figure 28 (m-o0) shows, the 3Al-10Ca-O-nanofibers sorbent, which had a 3:10
atomic ratio of Al:Ca, had considerably smaller domain sizes, less agglomerated particles, and a

more intact porous, fibrous structure than the 1Al-20Ca-O-nanofibers sorbent. The SEM images

117



demonstrate that the amount of aluminum present in the sorbent affects the degree and speed of
collapse of the fibrous structure (particularly, the macro-pores) upon cycling. The results in this
section are in agreement with previous studies on doped or modified sorbents, 32163185 35 jt shows
that certain inert materials such as Cai2Al14033 can be introduced into the CaO structure to act as
a spacer or physical barrier (thus, preventing small CaCOs grains from sintering and aggregating)
and preserve morphology. Certainly, the combination of metal doping with electrospinning in this
work yields a promising avenue and a powerful tool for synthesizing sorbent materials with
enhanced sorption capacity for CO2 removal at elevated temperatures and improved lifespan and
stability (i.e., slower decay in the initial sorption capacity).
5.3.3 Sorption Enhanced Steam Methane Reforming
5.3.3.1 First Cycle of Reforming

1Al-20Ca-0O-nanofibers, CaO-nanofibers, and CaO-marble were tested as sorbents in SE-
SMR and the results are shown in Figure 34. SE-SMR was operated under the following reaction
conditions: 823 K, 101kPa, 91 kPa of steam, 28 kPa of methane, and 3 kPa of argon, in a fixed bed
reactor with a commercial NiO-based catalyst. The methane conversion and Ha product selectivity
are shown as a function of time on stream in Figure 34 (b). At early times on stream, undetectable
amounts of CO; appear in the effluent from the reactor, indicating high rates of sorption (i.e., CO2
produced from methane reforming is being removed). During this stage of reaction, each reactor
(containing 1Al-20Ca-O-nanofibers, CaO-nanofibers, and CaO-marble) exhibited 100%
selectivity to H2. As shown in Figure 34 (a), the reactors loaded with the electrospun materials
had considerably higher methane conversion (83% and 84% for CaO-nanofibers and 1Al-20Ca-
O-nanofibers, respectively) compared to 71% for CaO-marble. It’s important to note here that each

of these systems would approach the same conversion by increasing or decreasing the
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loading/length (sorbents and catalysts) inside the reactor so that the reactor will always have a low
concentration of CO, and CO to shift the SMR reaction right. Figure 34 (a) shows the CO>
breakthrough time of the three sorbents, which was 1648, 7472, and 6375 mL gaseous flow/gcao
for CaO-marble, CaO-nanofibers, and 1Al-20Ca-O-nanofifibers, respectively. After breakthrough,
the concentration of CO; in the effluent, the selectivity to Hz, and the conversion of methane
approach SMR equilibrium values. Interestingly, though, for the reactors that contained
electrospun materials (specifically, CaO-nanofibers and 1Al-20Ca-O-nanofibers), as shown in
Figure 34 (b), these values approached SMR equilibrium at a much slower rate than CaO-marble.
This behavior occurs because these sorbents continue to absorb CO., even after breakthrough,
albeit in a slower sorption regime.

Furthermore, the longer duration of SE-SMR for the electrospun sorbents results primarily
from the higher CO; capacity of these materials, which is imparted by their smaller CaO crystallite
size and larger extent of macro-porosity. Their superior performance, as evident in Figure 34,
would impact the entire SE-SMR process by allowing for a factor of three or more decrease in
contact time compared to CaO-marble, to produce similar quality hydrogen streams under the same
operating conditions (i.e., temperature, pressure, feed composition, and time between
regeneration). Alternatively, the nanofibers could allow for three or more times longer reaction
periods (before regeneration) compared to CaO-marble while producing the same hydrogen stream
at the same conditions. Finally, the nanofibers could allow for the same quality hydrogen stream
to be produced compared to CaO-marble but at milder conditions (i.e., lower temperature and
pressures and shorter reactor contact time). Operation at milder conditions could decrease capital
and operational costs for SE-SMR by allowing for the use of less expensive materials for

construction.1
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Figure 34. (a) Hydrogen selectivity, conversion, and CO- breakthrough time (in red) for SE-SMR
processes using CaO-marble (horizontal lines), CaO-nanofibers (diagonal lines), and 1Al-10Ca-
O-nanofibers (dotted lines). (b) CO2 mole fraction as a function of time (normalized by space
velocity) for SE-SMR experiments using (1) CaO-marble, (2) 1AI-20Ca-O-nanofibers, and (3)
CaO-nanofibers, SMR equilibrium conversion and selectivity (red horizontal lines in a and) and
equilibrium CO2 mole fractions (red line in b) are for 823 K. SE-SMR reactions were carried out
at 823 K, 91 kPa of steam, 28 kPa of methane, and 3 kPa of argon (total pressure of 101 kPa).
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5.3.3.2 Cyclic Sorption Enhanced Steam Methane Reforming

CaO-nanofibers and 1AI-20Ca-O-nanofibers were tested in cyclic SE-SMR/calcination
experiments under the same conditions described in the previous section. After each SE-SMR run,
the sorbent was regenerated by flowing 50 sccm of UHP hydrogen gas at 998 K with a ramping
rate of 2 K min™ and held overnight. The results of these experiments are shown in Figure 35.
After ten cycles of SE-SMR and calcination, the CaO-nanofibers sorbent performance was reduced
by 45% (i.e., 45% decrease in its initial breakthrough time) whereas the 1Al-20Ca-O-nanofibers
sorbent was reduced by only 6% of its initial breakthrough time, thus, showing far more stability.
Both of the nanofibers lost more time on stream (i.e., breakthrough time) in the reforming
experiments after ten cycles than they did in the TGA studies, which is due to the fact that the
breakthrough time in the reforming experiments relies on the fast-kinetic regime and the reaction
conditions are also different in the reforming than those in the TGA (e.g., the temperature is
reduced in the SE-SMR experiment and the mole fraction of CO is nearly an order of magnitude
lower). Furthermore, the calcination temperature and calcination duration in the reforming

experiments were harsher and longer, which in turn affected the fibers more severely.
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Figure 35. CO2 mole fraction as a function of time (normalized by space velocity) over ten cycles
of SE-SMR/calcination for (a) CaO-nanofibers and (b) 1AI-20Ca-O-nanofibers. The data is
simplified to show the first run (black), fourth run (grey), seventh run (orange), and tenth run (red).
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5.4 Summary

CaO-based nanofibers (pure CaO and Al-doped) were successfully synthesized via
electrospinning and tested for their ability to react with CO. at elevated temperatures.
Electrospinning, as a synthesis technique, resulted in the fabrication of a connected network of
CaO (or Al-Ca-O) nanoparticles, which had a unique, highly porous fibrous structure. The
synthesized metal oxide nanofibers were small in size and had large pore volumes, high surface
areas and large intraparticle void spaces. In this work, specifically, it was shown that combining
electrospinning with metal oxide synthesis resulted in the production of nanostructures that
possessed optimal morphologies and appropriate physio-chemical properties for CaO carbonation.

When reacted with CO., electrospun CaO-nanofibers exhibited the highest conversion of
all the materials tested in this work, reaching 100% conversion to CaCOg, and achieving the
highest rate of carbonation of all the materials studied (0.79 gco2/gcao), which included CaO-
marble, CaO-D-acetate, CaO-D-nitrate, CaO-H-nitrate, 3Al-10Ca-O-nanofibers, 1AI-10Ca-O-
nanofibers, and 1Al-20Ca-O-nanofibers. In this work, the saturation capacity of CaO-based
sorbents was found to be strongly influenced by properties such as, surface area, pore volume,
porosity, intraparticle void volume, crystallite size, grain size, and chemical composition.
Significant differences in sorption capacities were also observed in CaO-nanofibers, CaO-D-
acetate, and CaO-H-nitrate despite similarities in surface area, pore volume, and crystallite size.
The differences in the sorption capacities of these materials was attributed to chemical differences
at the reaction interface as well as properties such as pore volume/area and intra-particle void
volume.

In this work, aluminum was used as a structural spacer for electrospinning stable CaO-

based sorbents, as aluminum oxide and calcium oxide react at elevated temperatures to form
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thermodynamically stable binary mixtures of CaO and Ca12Al14033. Three Al-doped samples (3Al-
10Ca-0O-nanofibers, 1Al-10Ca-O-nanofibers, and 1Al-20Ca-O-naofibers) were tested in the TGA
and were found to have high sorption capacities (0.35-0.74 gco2/Jsorbent). These doped sorbents also
demonstrated improved stability (i.e., losing less than 5% of their initial capacity after more than
15 cycles of carbonation-calcination) over CaO-nanofibers, which lost 31% of its initial capacity
after 10 cycles, and CaO-marble, which lost 34% of its initial capacity after 10 cycles. This
improved performance was due to the presence of stable Al-Ca mixed phases in the sorbent’s
matrix which were responsible for retaining the porous, fibrous structure imparted by
electrospinning while also preventing the sorbent’s crystallite size from increasing upon cycling.
Indeed, the incorporation of aluminum into the CaO matrix is necessary for retaining and/or
mitigating loss in activity.

The improvements observed in the TGA experiments for the electrospun materials were
also observed in SE-SMR experiments where CaO-nanofibers and 1AI-20Ca-O-nanofibers
exhibited three or more times the CO: capacity of CaO-marble and had three or more times longer
breakthrough times in SE-SMR than traditional sorbents (e.g., CaO-marble). Upon multiple SE-
SMR/calcination cycling, the 1AI-20Ca-O-nanofibers showed superiority in performance over
CaO-nanofibers, as it retained its performance, losing merely 6% of its breakthrough time after 10
cycles whereas CaO-nanofibers’ breakthrough time reduced by 45%. The results in this paper
demonstrate the advantage of using electrospinning as a synthesis approach to making fibrous
structures, with considerable macro-porosity, to enable CaO to reach full conversion to CaCOs3
upon reaction with CO». The doping of electrospun CaO-based sorbents with Al and thermally

treating the fibers appropriately led to the formation high performing and durable sorbents, which
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combined the high sorption capacity of electrospun materials and the stability of Al-doped

structures.
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Chapter 6 | Application 11: High Temperature CO, Capture

6.1 Introduction

The increase in anthropogenic CO> emissions to the atmosphere is one of the most vital
climate issues facing our society today. Due to our reliance on the combustion of fossil fuels for
over a century now, CO: levels in the atmosphere have reached unprecedented levels and have
already disrupted and adversely impacted several physical, ecological and biological systems.'6¢-
189 The continued growth in the global population coupled with the rising standards of living in
many countries are responsible for the continued increase in global use of fossil fuels and thus
greenhouse gas emissions. Since its widely expected that humans will continue to rely on coal, oil,
and natural gas for at least the next couple of decades,'” it becomes vital to develop efficacious
processes and materials that would adsorb CO2 and reduce its emissions to mitigate climate change.

Recently, there has been considerable interest in identifying and developing efficient and
low cost solid sorbents (e.g., activated carbonaceous materials, MOFs, zeolites, polymeric resins,
carbonates, oxides, etc.) that could capture or separate CO, from CO2-containing streams (e.g.,
flue gas).}’*1’® Materials that could be applied to or combined with existing technologies,
processes, and systems (e.g., geological storage sites, Integrated Gasification and Combined Cycle
(IGCC), etc.) have received particular attention in the literature and industry. The Calcium
Looping Process (CLP), which was proposed by Shimizu et al.}”® in the late 20" century, has
positioned itself as a promising candidate for removing CO> from flue gas streams due to the many
advantages associated with using CaO as a sorbent, which include (as discussed in chapter 5):

abundance in nature, high theoretical adsorption capacity (0.79 gco2/gcao), fast carbonation-
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calcination kinetics (Ecarbonation = 20 kJ mol™; Ecaicination = 104 kJ mol™),*2” low material cost, and
adequate theoretical reversibility (CaO + CO, «» CaCOs; Keq = 87 at 923 K),128-1%0,

Unfortunately, all previous studies investigating the reversibility of the carbonation-
calcination reaction of CaO/CaCOs revealed that this reaction is far from reversible in practice and
that maintaining the initial sorption capacity of CaO upon repeated cycling is rather difficult
(experimentally confirmed in chapter 5).132161.180-183 £y rthermore, the kinetics dictating how fast
a CaO-based sorbent switches from the fast, chemically-controlled regime to the slow, diffusion-
controlled regime and the level of conversion CaO achieves upon reaction with CO; differs vastly
from one material to another.!® Indeed, it’s been shown that Kinetics and conversion of CaO are
strongly dependent on the sorbent’s properties (e.g., porosity, pore volume, surface area, crystallite
size, and composition).'®8" In this reaction, the formation of a thick product layer of CaCOs (~50
nm in thickness)* around the free surfaces of CaO is what forces the kinetics to transition from
the fast regime (could take 1-3 minutes at temperatures around 923 K) to the slow regime and what
limits CaO from reaching full conversion to CaCOaz. This product layer effectively acts as a
diffusion resistance layer, inhibiting CO- from reacting with a large fraction (~60%+ for naturally
derived CaO such as limestone) of the interior CaO particles.'33!8%-191 Therefore, to achieve a high
initial conversion, porous materials are required.

It was demonstrated in chapter 5 that electrospinning, an electrostatic synthesis technique,
was capable of synthesizing highly porous CaO nanofibers, which achieved complete conversion
to CaCOs (0.79 gco2/gcao) upon reaction with CO; at 873 and 923 K. Despite their initial high
capacity, it was found that electrospun materials lost a large portion of their sorption capacity
(~30% after 10 cycles) upon repeated carbonation-calcination in a manner that was consistent with

other CaO materials reported in the literature. 133154192 |ssues such as, sintering and aggregation of
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particles, simultaneous loss in surface area and pore volume, and increase in crystallite size were
responsible for the observed loss in activity for pure, undoped CaO sorbents.’®1% Indeed, it’s
inevitable to avoid sintering in such materials because the operating temperature for CaO sorbents
is typically in the range of 873-973 K for carbonation and 1123-1223 K for calcination, which is
significantly above the Tammann temperature of CaCOj3 (~806 K).137:197

A variety of techniques have been researched and investigated in the literature to augment
the performance of CaO-based sorbents (i.e., increase conversion, prevent sintering/aggregation
and improve stability), including (i) reactivating the sorbents via hydration,'*-2% (ii) modifying
the structure of the calcium-based sorbents using organic acids (e.g., acetic acid, propionic acid,
lactic acid, citric acid, and oxalic acid),?%*2%" and (iv) introducing inert solid supports to the CaO
structure to act as spacers to reduce or prevent sintering and particle agglomeration.?%-23 Of these
methods, metal doping has been shown to be an effective method to produce CaO-based sorbents
that are highly reactive and durable upon cycling. Aluminum-doped CaO sorbents have attracted
the most attention in the literature. Li et al.,?!* in 2005, synthesized a CaO/Cai12Al14033 sorbent
(mass ratio of CaO to Cai2Al14033 was 3 to 1) via a mixing method. The sorbent possessed a
considerably high CO sorption capacity (0.41-0.45 gco2/Gsorbent) and was stable for up to 13 cycles.
Other aluminum-doped materials (e.g., Al203, CazAl>Og, and CagAlsO1s) have also been reported
by other authors, albeit they showed varying degrees of success.?>2%° Zr-doped sorbents have also
received attention, showing great promise in improving the mechanical durability of CaO by
forming a stable mixed oxide (CaZrOz) phase, which acted as an effective spacer and barrier
against sintering, thus, preventing growth in the CaO grains upon cycling.13:210213 | y et al.,*%" for
example, synthesized a zirconium-doped nano-sorbent with a Zr:Ca atomic ratio of 3:10 via flame

spray pyrolysis. The Zr-doped sample exhibited excellent sorption capacity and stability for up to
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100 cycles, owing to the high Tammann temperature of ZrO; (1491 K). MgO likewise has been
shown to improve stability, especially when the CaO to MgO ratio is acceptable (e.g., 20 wt%
MgO,??% or a CaO to MgO molar ratio of 2 to 1'%%). MgO also offers another advantage: unlike
Al>,Oz and ZrOg, it does not chemically interact with CaO (i.e., form a solid solution during thermal
treatment), thus, when mixed with CaO, it does not reduce its CO> uptake capacity on a gram of
sorbent basis.??! Therefore, Mg-doped CaO sorbents tend to generally have relatively high initial
sorption capacities. Other supports that have been reported to be effective in enhancing the CO;
sorption capacity of CaO-based sorbents include: CeO3,'%"187 Ti0O,/CaTiO3,13"1222223 Nd,03,213224
Y203,209’225’226 L3.203,164’225’227’228 CaMnO4,227 Si02’2297231 Yb203,213 and Pr6011.213

Despite these numerous reports on doped CaO materials, the results are difficult to compare
in a parallel manner, as only a few studies have comprehensively compared the effects of different
support materials on CO> sorption capacity in repeated cycling by using the same synthesis method
(e.g., flame spray pyrolysis, hydration-impregnation, combustion synthesis, etc.) and testing
conditions (e.g., temperature, CO2 concentration, duration, etc.). Furthermore, it’s still unclear
whether there are other metals that could function as stabilizers or performance enhancers for CaO-
based sorbents. For these reasons, the current work reports on the synthesis of several CaO-based
sorbents (e.g., Al-Ca-O, La-Ca-0, Mg-Ca-O, Er-Ca-0, Ga-Ca-0, Y-Ca-O, Li-Ca-O, Nd-Ca-0, In-
Ca-0, Zn-Ca-0, and Co-Ca-0) (including four new supports) via electrospinning and compares
their cyclic behavior in a thermogravimetric analysis (TGA) via reaction with CO..
Electrospinning was used to synthesize these sorbents because it produces highly porous materials,
which are optimal for solid-gas reactions (as shown in chapter 5). The metal supports tested in this

work had a wide range of melting points and Tammann temperatures as well as oxidization states
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and crystal structures, thus, providing insight into the basis and guidelines for selecting efficient

refractories for high temperature CO> capture.

6.2 Experimental

6.2.1 Materials

Polyvinylpyrrolidone (PVP) (M.W. 1,300,000, Sigma-Aldrich), calcium nitrate
tetrahydrate (Sigma Aldrich, >99.0%), aluminum nitrate nanohydrate (Sigma Aldrich, 99.997%),
cobalt (I1) nitrate hexahydrate (Alfa Aesar, 98%), zinc nitrate hexahydrate (Alfa Aesar, 99%),
lanthanum (111) nitrate hexahydrate (99.9%), yttrium (111) nitrate hexahydrate (Alfa Aesar, 99.9%),
erbium (I11) nitrate hydrate (Alfa Aesar, 99.9%), indium (I11) nitrate hydrate (Aldrich, 99.99%),
neodymium (I11) nitrate hexahydrate (Alfa Aesar, 99.9%), lithium nitrate anhydrous (Alfa Aesar,
99%), gallium (II) nitrate hydrate (Aldrich, 99.9%), magnesium nitrate hexahydrate (Aldrich,
99.999%), and ethyl alcohol (Sigma-Aldrich, 100%) were purchased and used without subsequent
purification.
6.2.2 Synthesis of Electrospun CaO-Based Nanofibers

A polymer solution was prepared by dissolving 1.3 g of PVP in 23 cm? of ethanol. The
solution was then vortexed (Fisher Scientific Digital VVortex Mixer) at 2900 rpm for 1 h until the
PVP was completely dissolved. The polymer solution was left to settle for 5-10 mins, transferred
to a beaker, and stirred for 15 mins. The metal containing solution was prepared by dissolving 0.98
g of calcium nitrate and an appropriate amount of metal nitrate (Mg, Al, Y, La, Zn, Er, Ga, Li, Nd,
In, and Co) in 10 cm? of DI water and stirring the solution for 0.5 h. The metal to Ca atomic ratio
was 3 to 10, for all sorbents. Since its been reported in the literature that Mg-doped CaO materials

perform better when the Mg to Ca ratio is 1 to 2, an additional Mg sample was prepared to
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correspond to this Ca to Mg ratio. The calcium- and metal-containing solution was then added
dropwise to the polymer-containing solution. The solution was stirred for 0.25 h, and then vortexed
for 0.5 h at 2900 rpm.

The electrospinning solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer
Lok™ tip) with a hypodermic needle (Monoject™ Standard 30G x %”). The distance between the
tip of the needle and a stainless-steel collecting plate, which was covered with aluminum foil, was
16 inches. A Gamma High Voltage Research ES75 power supply was used to apply 30 kV on the
polymer jet while the polymer solution was extruded through the needle at a rate controlled by a
syringe pump (1.0 cm® h; Kent Scientific Genie Plus). Dry air was circulated inside a 3 m®
chamber at 6 cm® min to control the relative humidity at 19.5 + 2%. All electrospinning was
carried out at ambient conditions: temperature (294 + 3 K) and pressure (101 kPa). The collected
fibers were thermally treated in air at 773 K for 2 h at a ramping rate of 2 K min to remove the
majority of PVP and form calcium oxide. A second thermal treatment in air was performed at 923
K for 5 h at ramping rate of 5 K min and then at 1173 K for 2 h at ramping rate of 2 K min™. The
second thermal treatment was required to form a stable metal-calcium framework (e.g.,
Cai2Al14033)19141 for repeated carbonation and calcination. In this work, the non-doped
electrospun CaO sorbent is denoted as CaO-nanofibers whereas the metal-doped CaO sorbents are
denoted as xM-yCa-O-nanofibers, where “x” and “y” correspond to the atomic ratio of the metal
(M) to Ca in the synthesis procedure.
6.2.3 Characterization

The synthesized CaO-based sorbents prepared via electrospinning were characterized
using a variety of techniques. Powder X-ray diffraction patterns were obtained on an X-ray

diffractometer (JEOL JDX-3530 and Philips X-Pert) using Cu Ka radiation of 1.54 A. The average
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crystallite sizes were found using Scherrer’s formula. Scanning electron microscopy with energy
dispersive X-ray spectroscopy (NOVA 230 Nano SEM/EDS) was used to determine the chemical
composition of the sorbents.

6.2.4 Carbonation-Calcination Testing

Reaction kinetics and capacities for CaO carbonation were collected via thermogravimetric
analysis using a Perkin Elmer TGA. Alumina crucibles were used to hold the samples. Gas
flowrates were set to 200 standard cm® min to minimize external diffusion from the bulk gas to
the sample interface. Heating/reaction occurred in house air (dry, CO2-free), CO2 (Wright Bros,
Inc., 99.5%) and/or argon (Matheson UHP Argon, 99.999% purity) at a ramping rate of 5-20 K
mint. Prior to all reactions, all samples were calcined in air at 923 K with a ramp rate of 5 K min-
1 for 8 h in a Thermolyne F6028C-80 muffle furnace. In the TGA, prior to reaction with COg, the
CaO-based sorbents were treated at 1073 K for 10 minutes at a ramp rate of 10 K mint in air to
ensure the decomposition of any residual Ca(OH). or CaCOg that formed during exposure to the
atmosphere.'® After the in-situ calcination, the samples were cooled at a rate of 15 K min™* to their
reaction temperature (873 K) and held for 15 min to equilibrate. All samples were carbonated for
1 hat 101 kPa in 200 sccm of pure CO..

The first cycle for each of the cycling studies were carried out according to the methods
described in the previous paragraph. For subsequent cycles, following 1 h of carbonation, the gas
was switched from CO: to air, and the temperature was ramped from 873 K to 1073 K at a rate of
10 K mint. Samples were held at 1073 K for 10 min, then cooled to 873 K at a rate of 15 K min-
1. Samples were then held at 873 K for 15 min to equilibrate before the gas was switched from air

to CO> to begin subsequent carbonation.
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6.3 Results and Discussion
6.3.1 Physio-chemical properties of CaO-Based Sorbents

As indicated earlier, the sorbents were synthesized via electrospinning, using PVP as the
polymer source. The electrospun nanofibers were then thermally treated in air to remove the PVP
and convert Ca(NO3)2 to CaO and the metal-nitrate to either a metal oxide or a composite (e.g.,
Cai12Al14033). XRD was used to identify the crystalline phases and average crystal sizes of the
CaO-nanofibers and M-Ca-O nanofibers, where M is metal (Mg, Al, Y, La, Zn, Er, Ga, Li, Nd, In
or Co). Figure 36 shows the XRD patterns of the doped CaO-based nanofibers. Crystalline peaks
corresponding to CaO (m) were labeled. The unlabeled peaks in Figure 36 corresponded to the
oxide phase of the doped-metal (e.g., MgO, Y203, La203, ZnO, Er203, Ga20s3, Li20, Nd20s3, In203,
Co0), except in the case of 3Al-10Ca-O, as the unlabeled peaks corresponded to mayenite
(Ca12Al14033), a stable composite. The average crystal domain sizes of the metal-doped nanofibers
as well as the Ca/M ratio obtained from EDS are shown in Table 16. The majority of sorbents, as

shown, had an initial crystallite size of 25-60 nm.

Table 16. Properties of the metal (M)-doped CaO sorbents. [a] Obtained by EDS. [b] Based on
XRD.

Sorbent Ca/ME  Crystallite Size (nm)  Post Cycled Crystallite Sizel®! (nm)

1Mg-2Ca-O 2.12 26.5 53.5
3Mg-10Ca-O 3.11 28.1 -
3Al-10Ca-O 3.52 53.0 50.0
3Y-10Ca-O - 35.3 50.5
3La-10Ca-O 3.36 47.7 -
3Zn-10Ca-0 3.60 27.6 -
3Er-10Ca-O - 48.2 -
3Ga-10Ca-0 3.43 46.9 -
3Li-10Ca-O - 58.6 77.0
3Nd-10Ca-O - 63.6 594
3In-10Ca-0 - 53.9 58.7
3Co-10Ca-0 3.09 58.2 -
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Figure 36. XRD patterns of metal-doped CaO nanofibers prepared via electrospinning after
thermal treatment in air at 1173 K.
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6.3.2 Multi-Cycle Carbonation-Calcination of Electrospun Metal-Doped CaO Nanofibers

Carbonation-calcination cycles were collected for the metal-doped nanofibers to study the
effect of metal addition on the performance of the CaO-based sorbents. Figure 37 shows the
reaction-calcination results of the metal-doped CaO nanofibers. The results indicate that the choice
of metal significantly impacts sorption capacity and durability. Specifically, two metal parameters
(Tammann temperature and oxidation state) seem to correlate well with data. Figure 37 shows
that metal oxides that had high melting points and high Tammann temperatures had generally
higher sorption capacities and demonstrated better stabilities after repeated cycling. For example,
the three worst performing sorbents in this work in terms of sorption capacity and durability were
3Li-10Ca-0 (0.04 gco2/gsorbent), 3C0-10Ca-0O (0.1 gco2/sorbent), and 3Zn-10Ca-0 (0.3 gcoz/Ysorvent).
All three of these sorbents included a metal oxide within their framework that had a Tammann
temperature that was lower than 1073 K (calcination temperature). On the other hand, the sorbents
that worked well were the ones that generally had high melting points and high Tammann
temperatures (e.g., Mg-,Y-, Er-, Nd-, La-, Al-, In-, and Ga-doped CaO).

The results in this section certainly indicate that the melting point and Tammann
temperature of a refractory oxide are two important parameters to consider when selecting a
dopant. Because temperature influences the transmission and diffusion of ions or atoms in a solid
material, the melting temperature is a parameter that indirectly influences the sintering of an oxide.
Generally, sintering occurs far below the melting point of a solid compound. When a compound
reaches 50% to 75% of its melting point temperature (Tammann temperature), migration of ions
and cavities within the oxide become significant.?® At this temperature, the grain boundaries tend
to integrate and overlap, leading to particle agglomeration. Indeed, it is for this reason that

refractory dopants improve performance (i.e., durability) of CaO-based sorbents: they essentially
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enhance the sintering resistance of a sorbent by effectively introducing a phase that has a high
Tammann temperature and melting point to the CaO structure. As mentioned in the introduction,
without a dopant, pure CaO sorbents (e.g., CaO-nanofibers in chapter 5) are bound to sinter and
agglomerate irrespective of how they were synthesized (e.g., electrospinning, thermal
decomposition, etc.) because the Tammann temperature of calcium carbonate is 806 K whereas
the carbonation and calcination operation temperatures in this work are much higher (873 K and
1073 K, respectively). Therefore, as shown in Figure 37, the sorbents that had a Tammann
temperature lower than 1073 K (e.g., Li2O, CoO, and ZnO) did not possess optimal durability or

acceptable sorption capacity whereas the ones that did performed better.

Table 17. Melting-point and Tammann temperature of the metal oxides used in this work.
Compounds that don’t have a Tammann temperature in the literature were reported as a range,
corresponding to 50% to 75% of the melting point.

Compound Melting Point (K) Tammann Temperature (K)

CaO 3171 1586 225:232:233
MgO 3125 1461 225232233
Y203 2683 1473 %%
ErO3 2617 1309 - 1963
Nd>O3 2506 1253 - 1879
La;03 2490 1286 225
Al>O3 2273 1263 225:232,233
Zn0O 2248 083 225234
In203 2183 1092 - 1637
Ga203 2173 1087 - 1630
CoO 2103 1052 225233
Li>O 1711 856 - 1284
CaCOs3 1612 806 225233

In addition to the influence of Tammann temperature on performance, the results in this
section further show that supports that were doped with metals that have a +3 oxidation state had
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better durability than the supports that were doped with metals that have other oxidation states.
This might be due to CaO forming more stable mixed oxide phases with metals that have a +3
oxidation state. Additionally, it’s been shown that supports that partially carbonate (e.g., 3Mg-
10Ca-0) exhibited higher initial sorption capacities than the supports that did not (e.g., 3Zn-10Ca-

0), albeit they had reduced stabilities.
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Figure 37. Sorption capacity of metal-doped (Mg, Al, Y, La, Zn, Er, Ga, Li, Nd, In, and Co)
nanofibers across multiple carbonation-calcination cycles at 873 K, 101 kPa, and 200 sccm of CO»
via thermogravimetric analysis.
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6.4 Summary

In this chapter, various metal-doped CaO-based nanofibers were synthesized via
electrospinning and tested in a cyclic carbonation-calcination operation in TGA at 873 K. After 10
cycles, the performance of the sorbents were in the following order: 1Mg-2Ca-O (0.54 gco2/Qsorbent)
> 3Y-10Ca-O (0.47 gco2/Qsorbent) > 3Nd-10Ca-O (0.43 gcoz/Qsorbent) > 3Mg-10Ca-O (0.42
gco2/Qsorbent) > 3Er-10Ca-O (0.39 gcoa/Psorbent) > 3La-10Ca-O (0.37 gco2/gsorbent) > 3Al-10Ca-O
(0.36 gco2/gsorbent) > 3Ga-10Ca-O (0.34 gcoa/Gsorbent) > 3In-10Ca-O (0.32 gcoz/Gsorvent) > 3Zn-10Ca-
O (0.08 gco2/Gsorbent) > 3C0-10Ca-O (0.08 gcoz/Gsorbent) > 3Li-10Ca-O (0.03 gcoz/Gsorbent). The first
nine supports which included Mg-, Y-, Nd-, Er-, La-, Al-, Ga-, and In-phases mixed in with CaO
exhibited melting temperatures and Tammann temperatures that were higher than the calcination
temperature (1073 K) used in this work. As such, the dopants acted as stable inert metal phases
thus, prevented CaO from sintering and agglomerating. Indeed, incorporating these metals into the
CaO-framework resulted in improved CO. uptake capacities upon repeated cycling. On the other
hand, metals that had relatively low melting points and Tammann temperatures (lower than the
calcination temperature) (e.g., Li, Co, and Zn) demonstrated poor durability and had considerably
lower sorption capacities.

Aside from the effect of melting point and Tammann temperature, oxidation state was also
shown to influence the performance of the doped sorbents. Specifically, sorbents that included
metals that had a +3 oxidation state seemed to perform better than those that had other oxidation
states. Furthermore, metals that formed oxides that partially carbonated (e.g., Mg) had higher
initial capacities than those that didn’t. The results certainly demonstrate the effectiveness of
incorporating inert metals into the CaO framework to yield active, stable and durable sorbents for

high temperature CO> capture.
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Chapter 14 | Application 111: Removal of Hydrogen Sulfide at Low

Temperatures

7.1 Introduction

Stringent environmental regulations in recent years have required several industries to seek
effective and efficient techniques to sequester pollutants present in various chemical conversion
processes. Hydrocarbon streams derived from oil, coal, and natural gas processing units are often
contaminated by inorganic sulfur-containing compounds such as thiols (mercaptans), sulfides,
thiophenes, and H2S.2%2% These sulfur compounds not only adversely affect the quality and
specifications of the product streams but also conflict with health and environmental regulations.?%
Because sour oil and gas reservoirs, which contain high levels of acid gases, are playing a larger
role in current energy production technologies due to rising demands for energy and depletion of

cleaner petroleum reservoirs,?*

meeting these environmental regulations becomes increasingly
challenging with existing processes and technologies.

H>S, in particular, is a malodorous and toxic gaseous sulfur compound, which is generated
in significant quantities in petrochemical plants across the globe. It causes a wide range of adverse
health effects upon inhalation ranging from respiratory irritation to loss of consciousness to death,
and its oxidized products (e.g., sulfur dioxide and sulfur trioxide) when released into the
atmosphere may have serious, long-term environmental ramifications (e.g., acid rain).23%240

Additionally, H2S poses a corrosion hazard on transfer pipelines?®®

and downstream equipment,
and results in catalyst poisoning (particularly, catalysts containing precious metals, such as,

platinum, palladium and rhodium)?** even when present at low concentrations (1-3 ppmv).242243
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Because of the chemical affinity of H>S for metallic cations, a frequently used technique
to purify natural gas from these trace levels of sulfide constituents that often remain even after
amine scrubbing is via chemical reaction over a solid surface. Such reactive sorption processes are
advantageous because they are thermodynamically more favorable than physisorption leading to
higher purity streams and higher solid phase contaminant capacities. Zn, Fe, Ca, Mn, and V metal
oxides, carbonates, and hydroxides have been studied rather extensively in the literature as
adsorbents for H,S removal at elevated temperatures (>573 K).242244-250 However, the application
of these materials and formation of metal sulfide according to the reaction given by (H2S + MO
— MS + H20, where M is the metal) is generally limited to T>523 K because at low temperatures,
most of these materials suffer from low utilization factors as a result of Kkinetic
Iimitations.242'246'247'251’254

Due to economic reasons and the emergence of new processes (e.g., fuel cell systems) as
well as new energy sources (e.g., shale gas), there is an industrial push and a need to remove H2S
to sub-ppm levels at low temperatures (298-373 K). Unfortunately, commercially available sulfur-
removal sorbents suffer from low removal efficiencies at these conditions.?® As such, current
research efforts have gravitated towards developing sorbents that are able to remove H2S down to
room temperature.

Some transition metal oxides (particularly, CuO, ZnO, Fe203, and NiO) are interesting in
this respect because of the their thermodynamics for H.S removal at room temperature (AGTt=208k=
-126 kJ mol?, -76 kJ mol?, -74 kJ mol? and -136 kJ mol?, for CuO, ZnO, Fe,0s, and NiO
respectively).?*® However, unlike high-temperature desulfurization studies there is limited work
done on the removal of H,S by metal oxides at low temperature.?>~2% Xue et al. investigated a

series of pure metal oxides and mixed metal oxides (e.g., CuO, ZnO, NiO, Ca0O, SnO, Mn304, Zn-
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Mn-0O, Zn-Co.0, Zn-Al-0, and Zn-Ti-Zr), which were prepared from various hydrous oxides and
hydroxycarbonates precursors, and found that several of these oxides had high H,S adsorptivity
values (10.0-28.0 mg H.S g sorbent) at room temperature.?>® Remarkably, despite possessing
optimal AGT=298 Values, these oxides when reacted with H.S at room temperature suffer from low
removal capacities due to (1) ion migrations to and from the lattice structure, (2) sintering,?®° (3)
mechanical disintegration,?® (4) diffusional resistance,?>>26! and/or (4) limitations in the number
of adsorption sites.

Of the previously reported oxides that are capable of removing H.S at low temperatures,
CuO has garnered particular interest because of the highly-favored sulfidation thermodynamics of
Cu?* and Cu*™. That, coupled with the high equilibrium constant of CuO for H2S removal at room
temperature (Ks= 6.8 x 10%° at 298 K),?%? enables CuO to reduce HzS from several thousand ppm
down to sub-ppm levels. Realizing these advantages, current research efforts have focused on (1)
synthesizing small CuO nanoparticles and supporting them on mesoporous materials (e.g.,
activated carbon, SiO2, Al,Os, clay, and modified zeolites), 254260263264 or (2) combining other
metal oxides (e.g., Zn, Fe, Al, V, and Mo-based) with CuO, 60255285 to create materials with
improved thermodynamic stability and/or Kinetics. However, because most of the literature deals
with such supported or mixed oxide materials as well as high-temperature H>S removal processes
to avoid kinetic limitations imposed by ambient conditions, little work has been done on
unsupported, pure CuO at these milder conditions. Knowledge about several parameters such as
the influence synthesis procedures and crystallite size at low temperatures on reactivity is therefore
critical to the use of reactive sorbents in purification processes.

In this work, pure CuO sorbents with varying properties (crystallite sizes, surfaces areas,

pore volumes, and purities) and morphologies were synthesized via sol-gel, co-precipitation,
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hydrothermal treatment, hydrolysis, and electrospinning, and reacted with 1000 ppmv H2S/Nzin a
fixed bed reactor at room temperature and pressure. The sulfur removal capacity, gs, and overall
rate parameter, k, were evaluated by analysis of the collected breakthrough curves using a linear
driving force model (described in depth in the Sl section of the following reference).?®® Sol-gel,
co-precipitation, hydrothermal treatment in the presence of a polymer, and hydrolysis were used
to fabricate CuO nanoparticles with appropriate properties (i.e., small crystallite sizes) for this
reaction as the literature indicates that high surface areas, porous structures, and nano-sized
particles with small cluster sizes are advantageous for metal oxide desulfurization.?®’
Electrospinning, which is a simple, easy-to-use electrostatic fabrication technique, was used to
generate one-dimensional Cu-containing nanofibers with varying fiber diameters, which were later
thermally treated to remove the polymer matrix and form CuO nanofibers. The CuO fibers were
carefully designed to have high surface area-to-volume ratios, interconnected porous networks,
and tunable porosities. In this work, polyvinylpyrrolidone (PVP; M.W.=1,300,000 and
M.W.=40,000) and polyethylene glycol (PEO; M.W.=300,000) were used as sacrificial templates
in the electrospinning synthesis process, and both PVP (M.W.=1,300,000) and P123 were used for
the surfactant-templated hydrothermal dissolution-recrystallization method, to increase surface
area and pore size and probe the effect of purity (i.e., residual carbon remaining on the surface of
the sorbent) on CuO activity. To elucidate information regarding structure-function relationships,
the sorbents were characterized using X-ray diffraction (XRD), thermogravimetric analysis
(TGA), N2-physiosorption measurements (BET), scanning electron microscopy (SEM), and X-ray

photoelectron spectroscopy (XPS).
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7.2 Experimental

7.2.1 Materials

Polyvinylpyrrolidone (PVP) (M.W. 1,300,000, Sigma-Aldrich), PVP (M.W. 40,000,
Sigma Aldrich), polyethylene oxide (PEO) (M.W. 300,000, Alfa Aesar), copper (Il) nitrate
trihydrate (Sigma Aldrich, 99%), copper (Il) acetate monohydrate (Sigma Aldrich, 99%),
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123; Sigma
Aldrich, M, ~ 5,800), methyl alcohol anhydrous (Sigma-Aldrich, 99.8%), sodium hydroxide
(BDH, 97%), glacial acetic acid (VWR, ACS grade) and ethyl alcohol (Sigma-Aldrich, 100%)
were purchased and used without subsequent purification.
7.2.2 Synthesis Methods
7.2.2.1 Sol-gel Synthesis of CuO Nanoparticles

CuO nanoparticles were prepared using an acid-catalyzed sol-gel process.?® 1.0 cm?® of
glacial acetic acid was added to 300 cm? of 0.02 M copper (11) nitrate or copper (11) acetate solution
under vigorous stirring and heating. At boiling point, 0.8 g of sodium hydroxide was added to the
solution with continuous stirring. The solution was then allowed to cool to room temperature while
a black precipitate continued to form and settle in the bottom of the beaker. The precipitate was
then vacuum filtered or centrifuged for 10 minutes (JA-14 rotor) at 293 K and 6000 RPM. The
supernatant was then poured off and the precipitate was washed with deionized water and ethanol.
The washed precipitate was dried in a furnace for 8 h at 313 K and then samples were either
collected or thermally treated a second time at higher temperatures to achieve particles of various
crystallite sizes. Thermal treatment was performed by heating samples at a ramping rate of 1 K h
1 and holding the furnace temperature at 623 K, 823 K or 1023 K for 4 h. The samples prepared
via this technique are denoted as NP-X, where X is the sample number (NP-1 to NP-6). Table 18

shows the specific synthesis conditions for making the sorbents prepared in this work.

143



Table 18. Synthesis procedures of CuO sorbents, including, precursors used, processing/synthesis

conditions, and thermal treatment conditions.

Sample Synthesis Processing
D Method Precursors Conditions Thermal Treatment
NP-1 sol-gel Cu(Ac),.3(H20), NaOH, CH;COOH vacuum filtration dried at 313 K for 8 h
. . dried at 313 K for 8 h,
NP-2 sol-gel Cu(Ac),.3(H20), NaOH, CH;COOH vacuum filtration then treated at 623 K for 4 h
. . dried at 313 K for 8 h,
NP-3 sol-gel Cu(Ac)2.3(H20), NaOH, CH;COOH vacuum filtration then treated at 823 K for 4 h
. . dried at 313 K for 8 h,
NP-4 sol-gel Cu(Ac)2.3(H20), NaOH, CH;COOH vacuum filtration then treated at 1023 K for 4 h
NP-5 sol-gel Cu(NO3),.3(H20), NaOH, CH3COOH centrifuging dried at 313 K for 8 h
NP-6 sol-gel Cu(Ac)2.3(H20), NaOH, CH;COOH centrifuging dried at 313 K for 8 h
R R dried at 353 K for 14 h,
NP-7 co-precipitation Cu(NOgz),-3(H20), NaOH vacuum filtration then treated at 773 K for 4 h
hydrothermal at 383 dried at 353 K for 12 h,
NPC-1 hydrothermal CuO (NP-7), P123 K (24 h) then treated at 823 K for 4 h
_ hydrothermal at 383 dried at 353 K for 12 h,
NPC-2 hydrothermal CuO (NP-7), PVP (MW=1,300,000) K (24 h) then treated at 823 K for 4 h
) o ) aged for 72 h, dried at 333 K for 12 h,
NB-1 co-precipitation CU(NO3)o-3(H20), NaOH vacuum filtration then treated at 623 for 4 h
} . ) synthesized at 373 .
FP-1 hydrolysis Cu(Ac)2-3(H,0) for 45 minutes dried at 353 K for 12 h
FP-2  co-precipitation 0.5 g of Cu(NO)s.3(H;0), 50 cm? of DI H;0 Syntheff)'rzgdhat 353 dried at 353 K for 12 h
FP-3 co-precipitation 2.0 g of Cu(NO3),.3(H20), 30 cm? of DI H,0 synthfeg:z;f ﬁt 376 dried at 353 K for 12 h
. M 2.7 g of PEO (MW=300,000), 22 cm? of EtOH, 14 inches, 30 kV, 1.0 treated at 823 K for 4 h
NF-1 electrospinning 1.0 g of Cu(NO3)2-3(H20), and 8 cm® DI H,0 cm?3 ht at a ramping rate of 1 Kmin
3 .
NE-2 electrospinning 1.4 g of PVP (1,300,000), 22.5 cm 03f EtOH, 15 |nches,33§1kv, 5.0 treatec_i at 898 K for 10 h i
0.15 g of Cu(NO3)2-3(H20), and 10 cm?® of DI H,0 cm®h at a ramping rate of 0.4 K min
NE-3 electrospinnin 10.5 g of PVP (40,000), 23 cm? of EtOH, 18 inches, 30 kV, 1.0 treated at 823 K for 4 h
P Y 4.0 g of Cu(N0O3)2-3(H20), and 23 cm? of DI H,0 cméht at a ramping rate of 1 K min!
NE-4 electrospinnin 1.75 g of PVP (1,300,000), 25 cm? of EtOH, 6 inches, 20 kV, 1.0 treated at 773 K for 2 h
P Y 1.75 g of Cu(NO3)2-3(H20), and 5 cm?® of DI H,0O cméht at a ramping rate of 2 K min!
NE-5 electrospinnin 1.3 g of PVP (1,300,000), 23 cm?® of MeOH, 18 inches, 30 kV, 1.0 treated at 823 K for 4 h
P Y 1.3 g of Cu(NO3)2-3(H20), and 10 cm?® of DI H,0O cméht at a ramping rate of 2 K min!
3 .
NF-6 electrospinning 1.3 g of PVP (1,300,000), 23 cm? of EtOH, 22 inches, 30 kV, 1.0 treated at 823 K for 4 h

1.3 g of Cu(NO3)2-3(H20), and 10 cm? of DI H,0

cméht

at a ramping rate of 2 K min-

7.2.2.2 Co-precipitation of CuO Nanoparticles

CuO nanoparticles were prepared by a drop-wise addition of aqueous 0.1 M sodium

hydroxide solution to aqueous 0.1 M copper (1) nitrate trinydrate solution under continuous
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mixing. The obtained material, copper (I1) hydroxide, was then vacuum filtered with distilled water
and ethanol, dried in air at 353 K for 14 h, and then thermally treated in air at 773 K for 4 h at a
ramping rate of 1 K h™t. The sample prepared via this technique is denoted as NP-7.
7.2.2.3 Hydrothermal Synthesis of CuO Nanoparticles

A porous CuO sample was synthesized according to the method of surfactant-assisted
hydrothermal interaction using CuO powder as starting material.}*21%® The polymer-containing
solution was prepared by dissolving 0.65 g of either P123 or PVP (M.W.=1,300,000) in 15 cm? of
water while stirring for 2 h. After that, appropriate amounts of CuO (NP-7) was added to the
beaker, so that the Cu to polymer weight ratio is 1:1, and the solution was left to stir at 800 rpm
for 48 hours. The solution was then ultrasonically treated for 1 h and transferred to a glass tube
reactor (cylindrical pressure vessel) for hydrothermal treatment at 383 K for 24 h. The black solid
substance was centrifuged and washed with DI water and ethanol for the removal of the majority
of the P123 surfactant or PVP polymer. The solid was then dried overnight in a drying oven at 353
K. The as-obtained material was subsequently thermally treated in air from room temperature to
823 K for 4 h at ramping rate of 2 K min* for the generation of CuO. These materials are denoted
as NPC-1 (P123) and NPC-2 (PVP).
7.2.2.4 Co-precipitation of CuO Nanobelts

CuO nparticles with belt-like shapes were prepared by dropwise adding 5 M sodium
hydroxide solution to aqueous 0.6 M copper (Il) nitrate trihydrate solution under continuous
mixing. The solution was then aged for 3 days and precipitates were then vacuum filtered and
washed using ethanol and deionized water. The washed precipitates were dried overnight at 333

K and then thermally treated in air at 623 K for 4 hours. This material is denoted as NB-1.
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7.2.2.5 Hydrolysis and Precipitation of CuO Flowerlike Nanostructures

CuO flowerlike nanostructures were synthesized using a facile route by hydrolyzing a
copper acetate solution.?®® In a typical synthesis, 100 cm® of 0.02 M copper acetate solution was
dissolved in deionized water in a beaker, and heated from room temperature to 373 K for 45
minutes. After hydrolysis and crystallization, the black precipitate formed in the solution was
centrifuged and washed with DI water and ethanol and dried overnight in air at 353 K. The
nanostructures prepared via this technique are denoted as FP-1.
7.2.2.6 Co-precipitation of CuO Nanoflake-Based Flowerlike Hierarchical Nanostructures

Nanoflake-based flowerlike CuO nanostructures were synthesized via thermally
decomposing a [Cu(NH)s)4]" solution, without the aid of any surfactants.?’® In a typical synthesis,
0.5 or 2.0 g of copper nitrate was dissolved in 50 or 30 cm?® of deionized water in a sealed bottle.
Ammonia (~ 1-3 cm®) is then added dropwise until a change of color is observed (darker blue).
The bottle is then sealed tightly and heated to 353 K for 8 h or 376 K for 24 h, while stirring. After
that, the black precipitate that formed in the bottle was washed with distilled water and ethanol to
remove impurities and then centrifuged. The centrifuged solid was dried in a drying oven (353 K)
overnight. The solids collected from this synthesis technique are denoted as FP-2 (353 K) and FP-
3 (376 K).
7.2.2.7 Electrospinning and Thermal Treatment of PVP-Cu(NOs)2 / PEO-Cu(NO3)2 to CuO
Nanofibers

Polymer solutions were prepared by dissolving PVP M.W.=1,300,000 (1.30-1.75 g), PVP
M.W.=40,000 (10.5 g) or PEO M.W.=300,000 (2.7 g) in solvent (methanol or ethanol; 22-25 cm?®).
The polymer solution was then vortexed (Fisher Scientific Digital Vortex Mixer) at 3000 rpm for

1 h until the polymer was completely dissolved. The solution was left to settle for 10 minutes,
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transferred to a beaker, and stirred for 0.5 h. The metal containing solution was prepared by
dissolving copper (I1) nitrate (0.15-4.0 g) in 5-10 cm? of DI water and stirring the solution for 0.5
h. The copper containing solution was then added dropwise to the polymer containing solution.
The solution was stirred for 0.25 h, and then vortexed for 0.5 h at 3000 rpm.

The electrospinning solution was placed in a 10 mL syringe (BD 10 mL syringe with Luer
Lok™ tip) with a hypodermic needle (Monoject™ Standard 30G x %”). The distance between the
tip of the needle and a stainless-steel collecting plate, which was covered with aluminum foil, was
6-22 inches. A Gamma High Voltage Research ES75 power supply was used to apply 20-35 kV
on the polymer jet while the polymer solution was extruded through the needle at a rate controlled
by a syringe pump (1.0-5.0 cm® h'!; Kent Scientific Genie Plus). Dry air was circulated inside a 3
m? chamber at 6 cm® min* to control the relative humidity at 19.5 + 2%. All electrospinning was
carried out at ambient conditions, temperature (294 + 3 K) and pressure (101 kPa). The collected
fibers were thermally treated in air at 773-898 K for 2-10 h at a ramping rate of 0.4-2.0 K min to
remove the majority of PVP/PEO and form CuO. The CuO nanofibers are denoted as NF-X (NF-
1 to NF-6).
7.2.3 Characterization and Sulfidation Tests
7.2.3.1 Characterization

The synthesized CuO sorbents prepared via sol-gel, co-precipitation, hydrothermal
treatment, hydrolysis, and electrospinning, as described in section 7.2.2 were characterized using
a variety of techniques. Powder X-ray diffraction patterns were obtained on an X-ray
diffractometer (JEOL JDX-3530 and Philips X-Pert) using Cu Ka radiation of 1.5410 A to identify
the CuO phases. The average crystallite sizes were found using Scherrer’s formula. Nitrogen

adsorption-desorption isotherms were measured at 77 K with a Micrometrics ASAP 2020 Plus
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system. Before measurements, the samples were degassed at 1 x 10 Torr and 573 K. The
Brunauer-Emmett-Teller (BET) surface areas were calculated from the isotherms by using the
BET equation. The pore size distribution was derived from the adsorption branches of the
isotherms using the Barrett-Joyner-Halenda (BJH) model. Scanning electron microscopy (NOVA
230 Nano SEM) was used to determine the morphology of the sorbents. The mean diameter and
size distribution (standard deviation) of the electrospun nanofibers were calculated from the SEM
micrographs using ImageJ software (n = 250; where, n is the number of fibers that were measured
and averaged). Thermogravimetric analysis was conducted in a Perkin ElImer TGA. Alumina
crucibles were used to hold the samples. Gas flowrates were set to 200 standard cm® min™ to
minimize external diffusion from the bulk gas to the sample interface. Heating/reaction occurred
in air (Matheson UHP Argon, 99.999% purity) at a ramping rate of 10 K mint. XPS was conducted
with PHI 3057 spectrometer using Mg Ka. X-rays source at 1286.6 eV. The XPS experiments were
carried out in an ultra-high vacuum system with a base pressure of about 6 x10%° Pa. The XPS
spectra were recorded in normal emission. For the XPS analyses, the Casa XPS 2.3.14 software
was used. All binding energy values presented in this paper were charge corrected to C 1s at 284.8
eV. For the interpretation of the spectra, the literature positions were applied.?’
7.2.3.2 Fixed Bed Sulfidation Experiments

Reactive adsorption of H>S was studied in an apparatus with plug-flow hydrodynamics
shown schematically in Figure 38. Copper (I1) oxide samples (120-200 mg) were sieved to 75-
155 pum agglomerate diameter and packed between plugs of quartz wool in a 0.25-inch outer
diameter tubular, stainless steel reactor. Flow rates of gaseous H>S and N2 (65 sccm) were
introduced to the packed reactor via mass flow controllers (MKS GE50A and GM50A). Feeds to

the reactors consisted of 1000 ppmv HS in N2 and were produced by diluting a 1.0% H»S (Praxair

148



UHP) in N2 mixture with UHP Na. All the sulfidation tests were carried at ambient temperature
and pressure. The compositions of feed and effluents were monitored using online gas
chromatography (Agilent 7890B) with a sulfur chemiluminescence detector (SCD; Agilent 755)
and continuous gas phase FTIR spectroscopy (MKS Multigas). All gas transfer lines and the
interior of the reactor were treated with an inert coating (SilcoNert 2000) to mitigate H2S

adsorption onto tubing walls.
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Figure 38. Experimental set-up of the packed-bed reactor used for the desulfurization runs.
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7.3 Results and Discussion
7.3.1 Physio-chemical Properties of CuO Materials

XRD was used to identify the crystalline phases and average crystal sizes of the nineteen
CuO sorbents prepared in this work using the synthesis techniques described in Section 7.2.2. As
shown in Figure 39, all the XRD patterns collected show diffraction peaks which are characteristic
of the planes of a single-phase monoclinic CuO. The average crystal domain size of the CuO
sorbents calculated using Scherrer’s formula based on the 38.8 © peak were in the range of 5 to 74
nm, with the majority of the sorbents having crystallite sizes less than 25 nm (Table 19). The XRD
results show that, in general, sorbents that did not undergo thermal treatment in air at elevated
temperatures (T > 773 K) as part of their preparation technique had significantly smaller crystallite
sizes (< 20 nm). This effect is important to highlight because it was observed in this work that
crystallite size strongly influenced the H>S removal capacity of pure CuO sorbents, irrespective of
other properties (such as, surface area, pore size, and pore volume) generated by the synthesis
technique (discussed in detail in Section 7.3.2). Furthermore, the d-spacing obtained from the XRD
data for all sorbents was in the range of 2.29-2.30 A for the (200) plane, which is consistent with
the literature,?’? and indicative of copper (1) oxide.

Figure 39 also shows the XRD patterns of the as-synthesized NF-1 (PEO-Cu(NO3)2) and
NF-4 (PVP-Cu(NOs).) prior to any thermal treatment. Well defined diffraction peaks are absent
from the XRD pattern of the pre-thermally treated NF-4 fibers, which indicates that these materials
consist of amorphous PVP phases and copper species that are too small to diffract X-rays.
Moreover, the XRD patterns of NF-1 (prior to thermal treatment) contains several small peaks
consistent with PEO as well as copper nitrate peaks reported previously in the literature.?’>274
These results indicate that thermal treatment in air is required for the formation of CuO from the

copper-species that exist in PEO or PVP nanofibers after electrospinning.
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Figure 39. X-ray diffraction patterns of CuO sorbents. (a) nanoparticles via sol-gel, co-
precipitation, and hydrothermal treatment (NP and NPC), (b) nanobelts via co-precipitation (NB),
(c) flowerlike nanostructures via co-precipitation and hydrolysis (FP), and (d) nanofibers via
electrospinning (NF).
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Table 19. Physio-chemical properties of CuO sorbents prepared via sol-gel, co-precipitation,
hydrothermal treatment, hydrolysis, and electrospinning, and their performance in the reaction
with H2S at 1000 ppmv H2S/N2, 294 K and 1 atm, in terms of sulfur removal capacity, gs, and
overall rate constant, k. ¥ Based on XRD. P! Based on BET. [l Based on BJH method.

Sample Synthesis Crystallite size s k-10* SeeT Vpore
ID method (nm) (Wt%0) (sh (mg )il (cm3ghHla

NP-1 sol-gel 5 12.0 +0.38 1.00 + 0.0 - -
NP-2 sol-gel 18 5.48 + 0.70 2.10+0.2 - -
NP-3 sol-gel 26 0.54 + 0.06 39.3+3.9 - -
NP-4 sol-gel 53 0.47 +0.06 27.9+32 14.5 0.040
NP-5 sol-gel 9 10.4 +0.37 1.40 £ 0.0 - -
NP-6 sol-gel 11 10.2 +0.38 1.90+0.1 - -
NP-7  co-precipitation 18 5.80 + 0.23 450+0.2 58.8 0.181

NPC-1  hydrothermal 21 1.90 +0.18 10.0+0.8 - -

NPC-2  hydrothermal 24 1.90 +0.12 750+ 0.4 17.4 0.080
NB-1  co-precipitation 33 0.37 £ 0.03 31.8+2.0 6.18 0.020
FP-1 hydrolysis 10 8.30 £0.91 10.0+0.1 - -
FP-2  co-precipitation 13 7.20 £ 0.50 3.20+0.2 - -
FP-3  co-precipitation 19 3.03 £ 157 8.40 + 4.1 59.1 0.079
NF-1  electrospinning 14 2.20 +£0.10 7.00+0.3 - -
NF-2  electrospinning 24 1.80 £ 0.10 30.0+1.6 - -
NF-3 electrospinning 25 1.10 + 0.10 42.0+19 - -
NF-4  electrospinning 40 0.50 + 0.02 70.0+2.0 - -
NF-5  electrospinning 74 0.50 + 0.03 80.0+35 - -
NF-6  electrospinning 66 0.50 + 0.04 60.0 + 4.6 2.79 0.002

N2-physiosorption was performed on a selected group of sorbents (NP-4, NP-7, FP-3 and
NF-6) to determine the effect of synthesis on surface area and pore volume. These samples were
selected to represent at least one sample per synthesis technique (i.e. morphology). Table 19 shows
the structural parameters calculated from nitrogen adsorption. Analysis of structural parameters
along with the degree of micro- and meso-porosity reveals differences in surface area and porosity
among the sorbents. Specifically, sorbents that were prepared via co-precipitation (NP-7 = 58.8
m? gtand FP-3 = 59.1 m? g!) possessed larger BET surface areas than those prepared from sol-

gel (NP-4 = 14.5 m? g%) and electrospinning (NF-7 = 2.79 m? g!). Additionally, NP-7 (co-
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precipitation) (0.181 cm? g*) had pore volumes that were two to three times larger than NP-4 (sol-
gel) (0.040 cm® g!) and forty to ninety times larger than NF-6 (electrospinning) (0.002 cm® g1).
The low surface area and low meso-porosity of the electrospun materials result from the formation
of single CuO fibers with large intra-fiber interstices that are in the macro-range, as determined by
SEM (Figure 40 (h)).

SEM was used to investigate the effect of preparation technique on the morphology of the
synthesized materials. Figure 40 shows the SEM images (20,000 times magnification) of the
representative CuO materials synthesized in this work—nanoparticle samples: NP-1, NP-5, NP-7;
nanoparticles synthesized with polymer: NPC-1; nanobelts: NB-1; flower-shaped particles: FP-2,
FP-3; and electrospun nanofibers: NF-4. These SEM images reveal that various CuO morphologies
and dimensionalities can be obtained by simply varying the preparation technique. Figure 40 (a-
b) shows that nanostructures prepared via sol-gel (NP-1, NP-5) were found to have irregular
particle shapes with varying domain sizes depending on the copper precursor (~5-25 pum for
copper(Il) acetate (NP-1) in Figure 40 (a) and 0.5-4 um for copper(ll) nitrate (NP-5)). Unlike sol-
gel, which yielded materials that were irregular in shape, co-precipitation, hydrothermal treatment
and electrospinning, yielded materials with regular, defined shapes and structures. For instance,
by hydrothermally treating NP-7 (Figure 40 (c)) in the presence of P123 (NPC-1), closely
aggregated and distinctly spherical CuO particles were formed, with sizes ranging from 4 to 9 um
as seen in Figure 40 (d). Properly aging precipitated CuO led the formation of nanobelt-like
materials (NB-1) as shown in Figure 40 (e). The effect of reaction time and metal concentration
can also be observed in Figure 40 (f-g) for flowerlike-structures prepared via co-precipitation. As
the reaction time and copper precursor concentration were increased, flowerlike structures formed

(Figure 40 (g)), with an average size of 2.7 + 0.9 um. At low concentrations and temperatures,
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however, instead of forming these micron-sized flowerlike structures, petal-like structures are
formed (0.5-2 um) (Figure 40 (f)).2” Lastly, Figure 40 (h) shows how electrospinning can result
in the fabrication of a highly porous, fibrous structure, with significant macro-porosity (NF-4).
The fibers formed via electrospinning (NF-4), after undergoing thermal treatment, had an average
diameter size of 629 £ 194 nm (measured using ImageJ, n=250). The SEM images, indeed, confirm
that different synthesis techniques yield nanomaterials with markedly different morphological
features while also shedding light on the growth mechanism of CuO nanostructures as a function

of synthesis condition.
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Figure 40. SEM images at 20,000 times magnification of a select group of CuO sorbents with
different morphological features prepared via various synthesis techniques (e.g., sol-gel, co-
precipitation, hydrothermal treatment with the aid of a polymer, hydrolysis, and electrospinning),
as described in Section 7.2.2.

TGA experiments were conducted on pure PEO (M.W.=300,000), pure PVP
(M.W.=1,300,000), and NF-4 (prior to thermal treatment; PVP-Cu(NO3)2) to quantify the extent
of polymer removal during thermal treatment (i.e., quantity of residual carbon left after treatment,
if any) and provide evidence of the conversion of copper nitrate to CuO. Figure 41 shows the TGA
curves of pure PEO, pure PVP, and NF-4. All three samples were decomposed under air at a
heating rate of 10 K min. The nanofibers synthesized using pure PEO (M.W.=300,000)
decomposed under air in a single step, with a total weight loss of approximately 99%. The TGA
results prove that at the 823 K, the majority of the PEO polymer is removed. The nanofibers
synthesized using pure PVP (M.W.=1,300,000), on the other hand, decomposed under air in two
steps, with a total weight loss of approximately 93.7% at 773 K, 94.2% at 823 K, and 94.7% at
897 K, which is a slightly lower weight loss percentage than PEO (Figure 41). In the case of PVP,

the first step weight loss of 16% occurred between ambient temperature and 622 K and was
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attributed to the evaporation of volatile solvents. The second step weight loss of 78% from 623 K
to 773 K was attributed to the thermal degradation of the PVP chains. It is clear from the TGA
curve that the majority of the PVP matrix (much like in the case PEO) is removed at temperatures
higher than 773 K. The amount of carbon residue is probably higher in the case of PVP due to the
presence of more carbon atoms in the PVP monomer (compared to PEO). The work of Borodko
et al.?’® further supports the presence of residual carbon after the thermal treatment of PVP at
elevated temperatures. Using spectroscopic techniques, the authors studied the degradation of PVP
and showed that in an oxygen atmosphere the PVP forms a polyamide-polyene-like material at
temperatures above 523 K, and at temperature above 573 K, these materials transform into
amorphous carbon.

Lastly, NF-4, an electrospun nanofiber sample consisting of PVP (M.W.=1,300,000) and
Cu(NO3)2, decomposed under air in two steps, with a total weight loss of approximately 84%
(Figure 41). These total weight losses in air are consistent with the complete conversion of copper
nitrate to CuO. Thus, the first step weight loss can be attributed to the evaporation of volatile
solvents, and the second can be attributed to the decomposition of the PVP chains and the
conversion of copper nitrate to CuO. Figure 41 also reveals that the decomposition of NF-4 (475
K) occurs at a much lower temperature than pure PVP (640 K) indicating the effect of copper
nitrate, which (as mentioned previously) weakens the bonds within the PVP chains, and of the
nitrate anions, which act as an oxidant to combust the polymer. These TGA results are in agreement
with the results from the other characterization techniques described in this section, as they provide
guantitative evidence of the removal of the majority of the polymer (PEO or PVP), decomposition

of the copper nitrate, and formation of CuO during the thermal treatment of electrospun nanofibers
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(e.g., NF-4) in air while also hinting at the presence of small amounts of amorphous carbon

remaining in the sorbent after thermal treatment of the as-synthesized fibers.
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Figure 41. Weight loss profiles as a function of temperature from thermogravimetric analysis
(TGA) of (a) pure PVP (M.W.=1,300,000), (b) NF-4 prior to thermal treatment (PVVP-Cu(NOs)>),
and (c) pure PEO (M.W.=300,000) nanofibers.

To further probe the presence of carbon and quantify its amount on the surface of the oxide
sorbents, X-ray photoelectron spectroscopy (XPS) experiments were performed. Figure 42 shows
the overall XPS spectra as well as the spectra of the C 1s core level for a select group of sorbents
(NP-7, NPC-2, and NF-4). As mentioned in Section 7.2.2, NP-7 was a CuO sorbent that was
prepared via co-precipitation, NPC-2 was a CuO sorbent that was prepared by hydrothermally
treating NP-7 in the presence of PVP (M.W.=1,300,000), and NF-4 was a CuO nanofibrous sample

that was synthesized using electrospinning from a copper nitrate precursor in the presence of PVP.
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In the case of both NPC-2 and NF-4, the weight ratio of PVP to Cu added during synthesis was
1:1 whereas no polymer was added in the case of NP-7. The XPS results reveal the presence of
CuO nanocrystals, as shown by the Cu 2ps2 peaks in Figure 42, for all three sorbents. The binding
energy of the Cu 2ps. peak was found to be 933.6 eV, which is in agreement with the
literature.?’"2"8 Additionally, the intensities of the Cu 2p shake-up peaks obtained from the CuO
sorbents is close to the ratio characteristics of reference Cu0.?"*

Figure 42 (b) shows the C 1s spectra for the three CuO sorbents. In Figure 42 (b), the C
1s peak has the highest intensity, demonstrating the presence of carbon. The main carbon peak at
284.8 eV corresponds to the C-C bonding (all three sorbents contain this C-C bond) while the
shoulder at 283.3 eV corresponds to the C-Cu bonding energy, which is believed to be mainly due
to the carbon residue remaining on the surface of the sorbent after thermal treatment. Fitting results
of the C 1s high-resolution XPS spectra were used to quantify the amount of C-Cu present in each
sorbent. The fittings reveal that NPC-2 and NF-4 contained 22% and 19% C-Cu, respectively,
whereas NP-7 contained less than 2% C-Cu. The XPS results discussed in this section signifies the
impact of synthesis (i.e., the utilization of a polymer or a surfactant) on the amount of residual

carbon (C-Cu) remaining on the surface of the sorbent after thermal treatment.
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Figure 42. XPS spectrum of CuO nanomaterials (NP-7, NPC-2, and NF-4) prepared via co-
precipitation (no polymer), hydrothermal treatment in the presence of PVP (M.W.=1,3000,000),
and electrospinning, using PVP (M.W.=1,300,000) as a template, respectively. (a) Wide spectra
of the copper oxide sorbents, (b) high-resolution spectra of C 1s, with peak fittings corresponding

to C-C and C-Cu.
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7.3.2 Effect of Crystallite Size on H2S Removal

To probe the effect of morphology and crystallite size on H2S removal performance, the
H>S removal capacities (defined as gs in wt%) and sorption rate parameters of the sorbents
synthesized in this work were measured in fixed bed experiments. Capacities were determined by
introducing a feed with a nominal concentration of 1000 ppmv H5S in N2 to the reactor inlet and
monitoring the H,S concentration in the reactor effluent. Experiments were terminated after the
concentration of the effluent was equal to the inlet concentration, and H,S capacities were
calculated from the difference between the total mass of H»S that was fed to the reactor and that
exited the reactor over the course of the experiment.

The capacities and rate parameters were plotted as a function of surface area, total pore
volume and microscopic domain size (not shown), but no apparent correlations were observed with
these properties. In contrast, Figure 43 (a) shows that H>S capacity is inversely proportional to
crystallite size (from a range of 5-26 nm) regardless of synthesis procedure and thus, regardless of
morphology, surface area, and pore structure. Samples with crystallites >26 nm exhibited similarly
low capacities (0.4-0.5 wt%) across a broad range of crystallite sizes (26-75 nm). These results
indicate that CuO crystallite size is the most significant parameter that influences H2S removal
performance (compared to the other physical properties) and that a critical crystallite size exists at
~26 nm, above which H.S removal is low. Figure 43 (b) also shows that sorption rate parameters
(k) increase with increasing crystallite size, regardless of other properties of the material.

This effect of decreasing conversion/capacity with increasing crystallite size on conversion
may be the result of decreasing effective diffusivities that are inversely proportional to the square
of the diffusion length (in this case, the crystallite size) and those continuously decrease as dense

onion-like sulfide layers form and grow during the sulfidation reaction.'®® However, the sorption
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rate parameter (which contains this effective diffusivity) actually increases with increasing
crystallite size, suggesting an additional effect of changing crystallite size beyond increasing
diffusion length.

The apparently much stronger influence of crystallite size on sorption capacity (compared
to morphology, surface area, and pore structure) may be the result of enhanced constraints for the
solid diffusion of atoms across the bulk of the material as a function of crystallite size. Previous
studies on the sulfidation of ZnO?" proposed a reaction mechanism consisting of the following
general steps: (1) the dissociative adsorption of H2S on the particle surface, (2) nucleation of ZnS
on the ZnO surface, (3) outward diffusion steps of Zn and O vacancies and of O atoms, and (4)
vacancy annihilation and water desorption. A similar mechanism for CuO sulfidation in which
oxygen atoms from the bulk CuO phase diffuse to the reaction interface (step 3 above) after
reaction of H2S molecules with the surface oxygen atoms (step 2 above) may be proposed here. It
is probably that O atoms in smaller crystallites are more reactive with H>S compared to those in
larger crystallites. Thus, in addition to hindering diffusion phenomenon by increasing diffusion
length, increasing crystallite size may also lower the reactivity of O atoms with H2S, both of which
are necessary for CuO to fully transform into copper sulfide (CuS) and achieve high

conversions/capacities.
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Figure 43. Effect of crystallite size of CuO sorbents prepared via various synthesis techniques as

described in the experimental section of this chapter on (1) H.S removal capacity and (b) overall
rate constant, at 1000 ppmv H2S/N2, 294 K and 1 atm.
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7.3.3 Influence of Carbon-Based Residues on H2S Removal

Figure 43 (a) also shows that nanofibrous samples (orange circles) deviate from the linear
trend of increasing capacity with decreasing crystallite size in the range from 5-26 nm.
Specifically, sample NF-1, a nanofiber sample with a crystallite size of 14 nm, exhibited a removal
capacity of 2.2 + 0.1 wt% (compared to 7 wt% for the other samples with similar crystallite sizes).
As explained in section 7.2.2, the synthesis of electrospun nanofibers requires the use of a polymer
(PVP or PEO), which upon thermal treatment leaves carbon-based residues on the surface of the
material, as discussed in section 7.3.1 and confirmed by XPS. Thus, this residual carbon, which is
apparent on the surface from XPS, influences the reaction in such a manner as to decrease capacity
when the crystallite size is less than 26 nm. To further probe the effect of residual C, a polymer
with fewer carbon atoms per monomer (PEO in NF-1 with M.W.=300,000) was used during
electrospinning for comparison with PVP (M.W.=1,300,000 used in NF-2). In fact, the slight
improvement observed when PEO was used as a polymer as opposed to PVP was the result of
PEO containing less carbon atoms per monomer than PVP, which essentially translated to less
carbon remaining on the surface of the sorbent after thermal treatment. Furthermore, PEO was
found to be a good stabilizing agent for CuO. When it was used instead of PVP, it produced CuO
fibers with crystallites that were relatively smaller in size.

Moreover, changes in the molecular weight of the polymer, corresponding to NF-2 (PVP
M.W.=1,300,000) and NF-3 (PVP, M.W.=40,000), had no significant effect on sorption capacity,
although crystallites formed from PVP (M.W.=40,000) were relatively smaller in size. This
observation further confirms that the amount of carbon present on the surface of the sorbent (i.e.,
the polymer’s relative carbon content) is what truly affects the sorption capacity of CuO, not the

polymer’s molecular weight.
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To further investigate the effect of carbon-based residues on the performance of CuO
sorbents, CuO (NP-7) was hydrothermally treated in the presence of PVP (1,300,000) and P123,
as described in section 7.2.2. Interestingly, the addition of these polymers/surfactants to CuO were
found to compromise the sulfur uptake capacity of these sorbents. As mentioned previously, NP-
4 had a crystallite size of 18 nm, which corresponded to a sulfur uptake capacity of 5.80 £ 0.23
wt% (prior to any polymer/surfactant addition) (Table 19). After P123 and PVP
(M.W.=1,300,000) were added, corresponding to NPC-1 and NPC-2, respectively, the crystallite
size of NP-4 increased slightly from 18 nm to 21 and 24 nm, respectively, and that together with
the effect of carbon residue, reduced the sulfur uptake capacity of NP-4 to 1.9 wt% for both NPC-
1 and NPC-2, which is well off the trend line for pure CuO materials with such crystallite sizes.
These results indicate the strong inhibiting effect of carbon-based residues on the sulfur removal
performance of CuO-based sorbents, and that the low removal capacity observed for electrospun
nanofibers is likely due to these carbon-based residues, rather than to surface morphology or
crystallite size alone. Carbon present on the surface of CuO sorbents might be blocking the active
sites of the reaction, namely the surface oxygen atoms acting as Brgnsted basic centers that react
with the hydrogen atoms of H>S molecules and/or the surface copper atoms acting as Lewis acid

centers that bond to sulfur atoms.

7.4 Summary

Several CuO-based nanomaterials were prepared and tested for their performance as low-
temperature desulfurizing sorbents by performing fixed-bed sulfidation experiments at ambient
temperature and pressure. These materials were prepared via various synthesis techniques,
including sol-gel, co-precipitation, hydrothermal treatment in the presence of a polymer (PVP or

PEO) or surfactant (P123), hydrolysis, and electrospinning. A linear driving force model was used
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to analyze the collected breakthrough curves, to evaluate the removal capacity, gs, and overall rate
parameter, k, for the nineteen sorbents synthesized in this work and glean information about the
properties that affect the sorption capacity of unsupported CuO-based sorbents.

Despite differences between the various properties of the tested CuO sorbents as well as
their morphologies, a strong linear relationship was recognized between the sorbents’ sulfur
removal capacity and crystallite size, particularly when the crystallite size of CuO was below 26
nm. It was also observed that CuO materials with crystallite sizes larger than 26 nm had low sulfur
uptake capacities (~0.5 wt%). The effect of residual carbon was also investigated, and it was found
that carbon residues resulting from the use of a polymer (PVP or PEO) or a surfactant (P123) in
the synthesis procedure remained on the surface of the sorbent after thermal treatment and
detrimentally impacted its H>S uptake capacity. The results in this paper demonstrate the strong
influence of crystallite size of unsupported CuO sorbents and their purity on H2S removal capacity
at ambient conditions, irrespective of morphology and other physiochemical properties, such as

surface area, pore size, and pore volume.
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Chapter 8 | conclusion

Electrospinning is a useful and a powerful process for synthesizing highly porous
nanostructures. Compared to traditional synthesis techniques, electrospinning allows for the
synthesis of materials with smaller domain sizes. In this work, in chapter 3, electrospinning was
used to synthesize continuous, smooth, and defect-controlled PVP-Cu(NOs3). nanofibers. Thermal
treatment of the as-synthesized nanofibers was shown to alter the morphology of the electrospun
materials, converting them to CuO nanoparticles. Parameters that affect the electrospinning
process, both solution properties (polymer concentration, polymer molecular weight, metal
concentration, and solvent properties) and processing conditions (applied voltage, extrusion rate,
distance between the tip of the needle and collecting plate, and humidity) were thoroughly
investigated on a metal-polymer system. Specifically, PVP was used as a model polymer and
copper nitrate was used as a model metal precursor. The results in chapter 3 demonstrated that the
morphology and bulk properties of PVP-Cu(NOz)2 nanofibers (e.g., diameter and morphology)
were strongly influenced by these parameters—specifically, the solution properties, which
indirectly affected viscosity, conductivity, dielectric constant, and surface tension. Of the
processing conditions, only humidity was found to have a strong influence on fiber diameter and
morphology. Furthermore, it’s been demonstrated that by optimizing these parameters ultrathin
nanofibers can be formed (<100 nm) whereas when these properties were not in the optimal range,
structural defects (e.g., spindle-like fibers or spherical beads) were present.

In chapter 4, it was demonstrated that changing the metal precursor from copper nitrate to
magnesium, nickel and calcium nitrate did not have a strong influence on the morphology and

properties of the formed fibers. However, the effect of metal became apparent after thermal
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treatment as each metal yielded an oxide (CuO, MgO, NiO, and MgO) with different structural
and morphological features.

In chapter 5, CaO-based nanofibers (CaO-nanofibers and Al-doped CaO-nanofibers) were
electrospun and tested for their ability to react with CO; as possible sorbents in SE-SMR. The
CaO-based sorbents that were electrospun were shown to have unique, highly porous fibrous
structures, which made them ideal candidates for this process. When reacted with CO,, the
electrospun materials achieved complete conversion to CaCO3z (0.79 gco2/Qsorbent), Which was
considerably higher than the other sorbents which were prepared using traditional synthesis routes
such as, thermal decomposition and hydrothermal treatment. Despite their initially high
performance, CaO-nanofibers (much like the other CaO sorbents) lost approximately a third of
their sorption capacity upon repeated cycling (reaction-calcination). As such, to preserve their high
initial sorption capacity, aluminum was added into the CaO structure. The mixed Al-Ca phases
resulted in the formation of a binary mixture of CaO and Cai2Al14033. The presence of the latter
composite in the fibrous structure (particularly when the Al to Ca atomic ratio was 3 to 10)
improved the stability of the sorbents by means of retaining the morphology of the electrospun
material and combating the sintering of CaO particles. The improvements observed in the TGA
experiments for the electrospun materials were also observed in SE-SMR experiments. Upon
repeated SE-SMR and calcination cycling, the Al-doped CaO sorbent (1Al-20Ca-O-nanofibers)
had an improved breakthrough time over traditional materials (3-4 times longer) and it retained
that breakthrough time for up to 10 cycles, losing only 6% of its breakthrough as opposed to non-
doped CaO-nanofibers which lost 45% of its breakthrough time at similar conditions.

In chapter 6, the effect of CaO doping was extended to other metals (other than Al).

Specifically, CaO was doped with the following metals: Mg, Al, Y, La, Zn, Er, Ga, Li, Nd, In, and
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Co. The results in this section showed that the melting point and Tammann temperature of the
oxide form of the metal (dopant) were good indicators of whether a certain refractory would
improve the stability and durability of CaO upon repeated carbonation and calcination or not. Since
the Tammann temperature of calcium carbonate was 806 K, supports that had a Tammann
temperature higher than CaCOs (and higher than the calcination temperature) generally prevented
CaO from agglomerating and sintering upon repeated reaction and calcination. Of the metals
tested, only Li, Zn, and Co performed poorly and this was due to their low melting point and
Tammann temperature. Also, it was observed that metals that have a +3 oxidation state, generally,
had higher capacities and improved stabilities over metals that have a +1 or a +2 oxidation state.
In chapter 7, electrospun CuO nanofibers were prepared and tested as low-temperature
desulfurizing sorbents. For comparison, materials via different synthesis techniques such as, sol-
gel, co-precipitation, hydrothermal treatment, and hydrolysis were also prepared. A linear driving
force model was used to analyze the collected data and breakthrough curves and compare the
performance (i.e., removal capacity) of the various sorbents. Despite differences between the
various properties of the tested CuO sorbents as well as their morphologies, a strong linear
relationship was recognized between the sorbents’ sulfur removal capacity and crystallite size. It
was observed that CuO materials with crystallites larger than 26 nm had low sulfur uptake
capacities (~0.5 wt%) whereas CuO materials with smaller crystallites had considerably improved
capacities that trended linearly. The effect of residual carbon was also probed. It was found that
carbon residues resulting from the use a polymer (PEO and PVP) or a surfactant (P123) in the
synthesis procedure remained on the surface of the sorbent even after thermal treatment. The

residual carbon determinately impacted the H>S uptake capacity of CuO.
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It was shown in this work that electrospinning can be used to synthesize highly active and
highly stable sorbents/materials for high temperature CO, removal (SE-SMR) and low temperature
H>S removal. Indeed, this work has demonstrated that the performance of electrospun nanofibers
is superior to traditional powder-like materials, especially in applications that require or could
benefit from porous materials with macro-pores. The results herein offer shrewd insight to the
development of metal-polymer and metal oxide fibers, and the utilization of these material in

sorption and catalysis applications.
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