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Abstract

Many commercial processes for the production of chemicals involve harsh
organic solvents as well as numerous by-products that are detrimental to the environment.
For many years it was common practice to implement a process in manufacturing,
without consideration of the environmental impact, simply because the process worked.
The twelve principles of green chemistry, which are widely accepted by the scientific
community, present an ideology for addressing these environmental concerns. The
twelve principles include several important topics such as the incorporation of benign
solvents, solvent-free processes, highly selective catalysts, waste reduction and
prevention, and the design of less energy-intensive chemical processes. The focus of this
dissertation involved the substitution of harsh organic solvents with more
environmentally benign solvents, the development and use of more selective catalysts for
an environmental application, the development of a more atom-efficient synthetic
approach for the production of commodity chemicals, and the synthesis of petrochemicals
from a renewable feedstock.

This work presents the development of more selective catalysts from a green
approach, and examines the activity of these catalysts in the remediation of soil and
groundwater contaminated with chlorinated compounds. Trichloroethylene (TCE) is one
of the most common organic pollutants detected in both soil and groundwater. TCE is a

potent carcinogen and is resistant to the natural attenuation process. Therefore, the



presence of TCE in the environment is a significant health and safety concern. Catalytic
hydrodechlorination is an innovative technology developed specifically for the
remediation of soil and groundwater contaminated with chlorinated hydrocarbons. The
aqueous phase synthesis of sodium carboxymethyl cellulose (CMC) stabilized palladium
(Pd) nanoparticles and their application as molecular catalysts in the hydrodechlorination
of TCE has been examined. Liu et al. (2008) previously studied the batch
hydrodechlorination of TCE using unsupported CMC-Pd nanoparticle catalysts dispersed
within the aqueous phase. Despite the high activity of these unsupported catalysts for
TCE degradation, a homogeneously dispersed Pd catalyst is not practical for any
environmental application. Thus, the ability to support and retain the very expensive Pd
nanoparticles is essential. In this study, all of the supported Pd nanoparticle catalysts had
a lower catalytic activity than the unsupported particles that were homogeneously
dispersed within the aqueous solutions. Even so, the supported Pd nanoparticles showed
considerable activity towards TCE degradation and provided an opportunity to efficiently
retain and recover the active Pd catalyst material.

Also presented in this dissertation, is the successful utilization of a benign
oxidant in a more atom-efficient synthetic approach for the production of commodity
chemicals. Hydrogen peroxide (H,O,) is generally considered a benign oxidant that is a
promising alternative to conventional oxidants. The current method for producing H,0,
involves a complicated anthraquinone (AQ) process. Unfortunately, this route requires
multiple unit operations, is highly energy intensive, and results in the generation of
several significant waste streams. The AQ route, although successful, certainly is not
green and is far too costly to allow for use of H,O, as a benign oxidant in chemical



processing. The most efficient method for H,O, production, in terms of the principles of
green chemistry, is the direct reaction of hydrogen and oxygen. Three probe reactions
were examined in order to explore the in-situ generation of H,O,. In addition,
experimental information on the in-situ generation of hydrogen peroxide for the
production of pyridine oxide was integrated with process systems engineering analysis to
enable systematic comparison between the different processing options. Analysis of the
optimized models shows that in-situ generation of H,O, results in a more energy efficient
and less environmentally harmful alternative to the conventional approach.

The synthesis of petrochemicals using a renewable feedstock, as proposed in the
twelve principles, is also presented in this work. C; chemistry is an area of development
that utilizes molecules containing a single carbon atom not only for the synthesis of many
valuable organic chemicals and intermediates, but also as an alternative feedstock in the
production of fuels. These C; molecules can be obtained from resources such as biomass,
coal, and natural gas. Fischer-Tropsch synthesis is an alternative process that was
developed in Germany during the 1920s for the catalytic conversion of synthesis gas, or
syngas (a mixture of CO and H,), to transportation fuels and other value-added
chemicals. Syngas can be derived from biomass, which is an excellent option since it is
both a renewable and sustainable source of energy. Thus, employing Fischer-Tropsch
Sythesis (FTS) with biomass-derived syngas is an excellent and green alternative for the
petrochemical industry.

Conducting FTS under supercritical fluid solvent conditions affords unique
opportunities to manipulate the Fischer-Tropsch reaction environment in order to enhance

production of liquid fuels and value-added chemicals (such as a-olefins) from syngas. In
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addition, supercritical fluid solvents combine the desirable properties of gas-like
diffusion along with liquid-like heat transfer and solubility to overcome several of the
current industrial limitations of FTS. The phase behavior of a Fischer-Tropsch reaction
feed mixture at both subcritical and supercritical conditions was investigated in order to
understand the critical properties of the FTS mixtures. Knowledge of the critical
properties for a particular system will allow for the appropriate design of chemical
reactors, choice of separation and extraction equipment, and determination of the proper
operating conditions. In this study, the critical properties for three specific mole ratios
(Hz: CO: n-Hexane) were determined, and correlations between the phase behavior of the
supercritical Fischer-Tropsch mixtures and the catalytic performance studies under
subcritical and supercritical conditions were examined.

Together these investigations show that by incorporating the twelve principles of
green chemistry in heterogeneous catalysis operations, it is possible to attain similar
results as those obtained from the conventional processing options while reducing the

ecological footprint.
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Chapter 1

INTRODUCTION

1.1 Introduction to Green Chemistry

In years past, economic development was often carried out without consideration of the
long-term associated risks to the environment. The use of non-renewable resources was
standard practice in process design, and it was all too common to implement an
environmentally harmful process in manufacturing simply because the process worked.
However, the National Environmental Policy Act (NEPA) of 1969 made environmental
responsibility a national policy. In this Act, Congress acknowledged that environmental
deterioration was a direct result of both economic and social expansion. Thus, it is our
civil duty to restore and preserve the quality of our environment. According to NEPA, it
1s essential that we “create and maintain conditions under which man and nature can exist
in productive harmony, and fulfill the social, economic, and other requirements of present
and future generations of Americans” (Congress, 1969).

In 1983, the World Commission on Environment and Development, the
Brundtland Commission, focused on the concept of sustainable development. It was
recognized by the UN General Assembly that environmental awareness should be a
global effort, and that sustainability must be the basis for the responsible development of

all  nations. According to the Brundtland Commission, sustainability
1



means “meeting the needs of the present without compromising the ability of the future
generations to meet their own needs” (UN, 1987).

Many commercial processes for production of chemicals involve harsh organic
solvents as well as numerous by-products that are detrimental to the environment. A
rising environmental awareness and increasingly stringent environmental laws demand
alternative synthetic routes in the production of various commercially useful products.
The twelve principles of green chemistry, which are widely accepted by the scientific
community, present an ideology for addressing these environmental concerns (see table
1-1) (Anastas and Warner, 1998). Green chemistry is “the utilization of a set of
principles that reduces or eliminates the use or generation of hazardous substances in the
design, manufacture, and application of chemical products” (Anastas and Warner, 1998).
The twelve principles include several important topics such as the incorporation of
benign solvents, possibly the elimination of solvents altogether, the use of more selective
catalysts, the minimization of unnecessary chemical intermediates, and the design of less
energy intensive chemical processes. The twelve principles encourage both scientists and
engineers to improve current industrial processes through application of these guidelines.

Current areas of research include the use of green solvents (DeSimone, 2002;
Sheldon, 2005; Yan et al., 2010), supercritical carbon dioxide reaction media (Leitner,
2002; Subramaniam et al., 2002; Beckman, 2003), solvent-free routes (Thomas et al.,
2001; Jeon et al., 2005), the design of high performance catalysts (Centi and Perathoner,
2003; Thomas and Raja, 2005), and the use of renewable resources (Behr et al., 2008;
Van de Vyver et al., 2009; Vennestrom et al., 2010). The principal focus of this work
has been the substitution of harsh organic solvents with more environmentally benign
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1.1t is better to prevent waste than to treat or clean up waste after it is formed.

2.Synthetic methods should be designed to maximize the incorporation of all
materials used in the process into the final product.

3.Wherever practicable, synthetic methodologies should be designed to use and
generate substances that possess little or no toxicity to human health and the
environment.

4.Chemical products should be designed to preserve efficacy of function while
reducing toxicity.

5.The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be
made unnecessary wherever possible, and innocuous when used.

6. Energy requirements should be recognized for their environmental and economic
impacts and should be minimized. Synthetic methods should be conducted at ambient
temperature and pressure.

7.A raw material or feedstock should be renewable rather than depleting wherever
technically and economically practicable.

8.Unnecessary derivatization (blocking group, protection/deprotection, temporary
modification of physical/chemical processes) should be avoided whenever possible.

9.Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10.Chemical Products should be designed so that at the end of their function they do
not persist in the environment and break down into innocuous degradation products.

11.Analytical methodologies need to be further developed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous substances.

12.Substances and the form of a substance used in a chemical process should be
chosen so as to minimize the potential for chemical accidents, including releases,
explosions, and fires.

Table 1-1. The Twelve Principles of Green Chemistry (Anastas and Warner 1998).



solvents, and the development of a more atom-efficient synthetic approach for the
production of commodity chemicals. Specifically, this research focused on the green
synthesis of palladium nanoparticles for an environmental application, the production of
commodity chemicals utilizing a benign oxidant in green solvent media, and the

production of petrochemicals using starting materials derived from biomass.

1.2 Green Nanotechnology

Nanoscience is the study of engineered materials having a length-scale of 100 nm or less
on at least one dimension with size-dependent physical properties. In recent years,
synthesis techniques have been developed in order to fabricate nanoscale structures such
as nanoparticles, nanolayers, and nanotubes (Brust et al., 1994; Elam et al., 2002; Koch,
2002). The field of nanotechnology has expanded rapidly over the past decade
contributing significantly to our understanding of the unique properties and potential of
these newly synthesized nanomaterials, as well as to the associated health and
environmental aspects (NNI 2011).

The optical, chemical, and physical properties of nanomaterials are highly size-
dependent, and can vary immensely from that of the bulk materials (Adair et al., 1998;
Poole and Owens, 2003). Thus, it is plausible that the toxicity of nanoparticles are
widely different than that of the corresponding bulk materials (Science Policy Council,
2005; Albrecht et al., 2006). The size of the particles and the surface chemistry can
influence the toxicity imparted by a material (Colvin, 2003; Magrez et al., 2006; Nel et

al., 2006; Chithrani et al., 2006 ). Decreasing the particle size increases the surface-to-
4



volume ratio of the particle; thus, more atoms are on the surface rather than the interior of
the particle. Often, the MSDS sheets for nanomaterials list the same properties and
restrictions as the bulk counterparts (Colvin, 2003). However, in some cases studies have
shown that ultrafine particles are actually more toxic to human health than larger particles
of the same composition (Ferin et al., 1991; Donaldson et al., 2000).

Human health can be affected through occupational exposure, consumer
exposure, and exposure through both soil and groundwater in the ecosystem. As such, it
is important to design nanomaterials with these aspects in mind. For example, one study
demonstrated that fullerenes, which are typically hydrophobic nanomaterials, can form
stable colloidal dispersions in water (McHedlov-Petrossyan et al., 1997; Alargova et al.,
2001; Deguchi et al., 2001; Andrievsky et al., 2002). Therefore, even at very low
concentrations (<10 ppm), these compounds could have a potential environmental
impact. Defining the hazards associated with exposure to nanomaterials and establishing
proper safety guidelines are essential to meeting the demands of the rapidly expanding
nanotechnology industry.

In addition to the need for a thorough understanding of the health and
environmental aspects of the nanomaterials themselves, it is also important to implement
the principles of green chemistry and engineering to the processes used for producing
these materials. Specifically, green nanoscience takes the concept of green chemistry and
applies it to the design, production, and application of nanomaterials (McKenzie and
Hutchison, 2004). A green approach to producing nanoscale materials could result in the
reduction or elimination of the hazards typical in nanomaterials fabrication. Current
areas of research include waste prevention and reduction, the development of more
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efficient materials (Warner and Hutchison, 2003), improvements to process safety,
greener techniques for materials synthesis and processing (Breslow 1998, Li 2000), and

improvements in energy efficiency.

1.3 Green Catalysis

Catalysis is certainly considered one of the most important tools for the development of
greener processes and products; thus, it is often referred to as a “pillar” of green
chemistry (Anastas et al., 2001). There are several advantages associated with catalysis
which include waste reduction, increased selectivity, lower energy consumption, catalytic
amounts of materials rather than stoichiometric quantities, and the use of less toxic
materials. The ‘command and control’ approach to waste management was a widely
accepted practice for a number of years. However, during the 1990s there was a shift
from regulatory control to pollution prevention. Catalysis offers not only green benefits,
but also several economic advantages. For example, the design of highly selective
catalysts can improve the selectivity of a reaction; thereby, minimizing the formation of
undesired by-products. If a process does not generate waste products then the need for
separation, removal, and disposal of those hazardous waste materials is eliminated. A
more efficient process requires less energy, while less energy consumed lowers the
overall cost of the technology. These economic advantages motivate industry to
incorporate greener methodologies.

1.4 Summary of Chapters in this Dissertation

This dissertation work is targeted towards the application of several of these green

chemistry principles in the synthesis and application of heterogeneous catalysts.
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Specifically, Chapter 2 involves the application of green chemistry principles in the
synthesis of the catalysts themselves. Many synthetic methods use harsh organics to
create catalysts with limited control. This chapter presents the use of green nanoparticle
catalyst synthesis methods that employ simple polysugar stabilizing ligands in aqueous
phase reaction environment. In addition to green nanosynthesis methods, this chapter
examines the application of polysugar-stabilized nanoparticles as catalysts in the
environmental remediation of trichloroethylene to produce biodegradable ethane.
Chapter 3 deals with an improved method for the production of commodity chemicals,
namely the use of supercritical CO;, as a benign reaction environment for the direct
synthesis of hydrogen peroxide and its application. Experimental data were collected on
the performance (i.e. yield, conversion, and selectivity) of the pyridine oxidation reaction
along with analysis of the product distribution. These data serve as the basis for the
development of rigorous process simulation models used to analyze the potential of the
green supercritical phase (SCF) process and compare it to the traditional AQ process for
the manufacture of hydrogen peroxide. Chapter 4 involves another commercially viable
heterogeneous catalyst system to make alternative fuels. Specifically, this chapter
involves an improved understanding of the reaction environment phase behavior in

supercritical phase Fischer-Tropsch synthesis of fuels from synthesis gas.



Chapter 2

SYNTHESIS AND APPLICATION OF Pd NANOPARTICLE CATALYSTS IN THE
HYDRODECHLORINATION OF TRICHLOROETHYLENE USING A GREEN

POLYSUGAR APPROACH

This chapter focuses on the collaborative efforts between Deborah Bacik in the
Department of Chemical Engineering and Man Zhang in the Department of Civil
Engineering to examine the hydrodechlorination of trichloroethylene using palladium
(Pd) nanoparticles as catalysts. The author expresses her sincere gratitude to both Man
Zhang and her advisor, Dr. Dongye Zhao, for their fruitful collaboration in providing the
kinetic experiments and insightful discussions. Specifically, the collection of kinetic data
related to the degradation of TCE within the aqueous phase was performed by Man

Zhang in Dr. Zhao’s laboratories in Civil Engineering at Auburn University.

2.1 Introduction

Trichloroethylene (TCE) is one of the most common organic pollutants detected in both
soil and groundwater (Zogorski et al., 2006; Moran et al., 2007). It has primarily been
used as a solvent for cleaning and degreasing in the dry cleaning and automotive

industries. TCE is a potent carcinogen and is resistant to the natural attenuation process.



Therefore, the presence of TCE in the environment is a significant health and safety
concern. According to the United States Environmental Protection Agency (EPA), nearly
65% of sites requiring cleanup have been contaminated with chlorinated compounds
(NRC, 1994; U.S. EPA, 2004; Quinn et al., 2005). Unfortunately, these contaminants
persist in the environment since they are often present as dense nonaqueous phase liquids
(DNAPLs) having very low aqueous solubilities (Russell et al., 1992; U.S. EPA, 2004).
Chlorinated compounds target the immune, endocrine, and central nervous systems (U.S.
EPA, 2001; ATSDR, 2003). Both acute and chronic exposure to TCE can result in liver
and kidney damage, dizziness, confusion, headaches, facial numbness, and heart effects.
Several types of cancer are associated with TCE exposure including liver, kidney,
lymphatic, and lung. Considering the persistence of TCE in the environment and the
long-term health effects associated with chlorinated contaminants, site cleanup is
essential.

The remediation of contaminated sites requires a site-specific approach, which is
often very expensive and time-consuming. Fortunately, the implementation of more
stringent regulatory controls for use of chlorinated solvents in manufacturing has resulted
in the replacement of chlorinated solvents with more environmentally-friendly
alternatives (Sherman et al., 1998). There has been an overall reduction in the use of
chlorinated solvents in commercial processes; however, years of heavy usage and poor
disposal of chlorinated compounds has resulted in a significant environmental problem
(U.S. EPA, 1994). Various technologies have been developed for the successful
remediation of soil and groundwater contaminated with these harmful pollutants (U.S.
EPA, 2010). However, site cleanup is often a cost-intensive process spanning several
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years. The estimated cost of remediation of contaminated waste sites across the United
States is approximately $750 billion over the next 30 years (NRC, 1994; Chiras, 2010).
The Capitol City Plume is a National Priorities List (NPL) Superfund site located
in Montgomery, AL (U.S. EPA, 2000). This site is a specific example of an uncontrolled
hazardous waste site which demonstrates the expense typically involved and time-
commitment required for waste removal or treatment. In 1993 a hazardous waste site
was discovered in Montgomery, AL containing both perchloroethylene (PCE) and TCE.
It was proposed as a site to the NPL in 2000, and remedial investigations to establish a
plan of action are still underway in 2011. Depending on the technology required for
remediation, it may take several years to complete the process. In addition, it is estimated
that $18.6 million will be necessary to complete the cleanup of this Superfund site. This
particular example illustrates that the treatment of soil and groundwater contamination
can be a very costly and time-consuming endeavor. The remediation technologies

currently available for waste treatment are described below.

2.1.1 Ex-Situ Pump-and-Treat

Pump-and-treat is a typical method used for treating both soil and groundwater
contaminated with volatile organic compounds (VOCs) (Mercer et al., 1990). This
technology was used to treat nearly 67% of contaminated sites within the U.S. during
2004 (U.S. EPA, 2004). Additionally, the pump-and-treat method was used in
combination with other remediation technologies to clean up 84% of contaminated sites
in 2004. In the pump-and-treat method, organic pollutants are eliminated by pumping the

VOCs to the surface through trenches followed by an aboveground treatment. Current
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technologies for the aboveground remediation of contaminated groundwater include
adsorption by activated carbon, air-stripping, biodegradation, and chemical treatment
(Russell et al., 1992; Suthersan, 1997; Wong et al., 1997). In adsorption by activated
carbon, spent carbon is replaced rather than regenerated since activated carbon is very
inexpensive. The saturated carbon is then disposed of in a landfill. Air-stripping is
alternative aboveground treatment; whereby, the volatilized organics are either vented to
the atmosphere or contacted with activated carbon and subsequently released to the
atmosphere. The challenge with using these remediation technologies is that TCE is
being removed from both the soil and groundwater only to contaminate another part of
the environment rather than being eliminated. Unfortunately, this method also leaves
residual VOCs which can migrate and sorb to the organic matter in the soil during
pumping. Thus, the sorbed VOCs can be a long-term source of contamination as they
gradually dissolve back into the clean groundwater once water levels return to normal
(NRC, 1994). Remediation using pump-and-treat technology is a very slow process that
can take several years to complete, and may not be entirely effective at eliminating the

contamination from the environment.

2.1.2 In-Situ Treatment

In-situ groundwater remediation involves the cleanup of hazardous waste materials at the
contamination site using technologies such as air sparging, bioremediation, flushing,
thermally enhanced recovery, and permeable reactive barriers (PRBs) without extraction
of VOCs from the aquifer (Suthersan, 1997; Wong et al., 1997). The use of in-situ

groundwater treatment technologies has increased over the past thirty years, since these
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technologies are often more cost effective than ex-situ treatment methods.  Another
advantage of the in-situ approach is that the extraction of VOCs is not required; thus,
exposure to hazardous substances is limited. The in-situ treatment of ground water was
used for the cleanup of 13% of contaminated sites within the U.S. during 2004 (U.S.

EPA, 2004).

Air Sparging

Air sparging is an in-situ remediation technology in which air is injected and bubbled
through contaminated groundwater (Suthersan, 1997; Wong et al., 1997; U.S. EPA,
2004; U.S. EPA, 2010). Upon contact with the air, the contaminants are volatilized and
moved from the groundwater to the unsaturated zone soil. A soil vapor extraction system
(SVE) is used in conjunction with the sparging technology in order to strip the vapor
phase VOCs from the soil and also to control the movement of the vapor plume. One
advantage associated with this technology is that the air supplied to the contaminated
groundwater for sparging also provides oxygen to naturally occurring microorganisms
and aids in the bioremediation of hazardous pollutants both above and below the water
table. However, air flow through the saturated zone can be non-uniform making it

difficult to control the movement of harmful vapors released from the groundwater.

Bioremediation

Bioremediation is a specific treatment in which microorganisms are used to change
contaminated soil and groundwater into something less toxic (Suthersan 1997; Wong et
al., 1997; U.S. EPA, 2004; U.S. EPA, 2010). Microorganisms can degrade the
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contaminants either by using VOCs as a food source or cometabolizing them along with
another food source. In order to be successful, the in-situ bioremediation method must
provide an environment to grow and sustain the microorganisms. Therefore, this
technology requires the control of variables in the habitat such as oxygen content,
moisture, nutrients, temperature, and pH. The operation and maintenance costs
associated with bioremediation are fairly low as compared to other remediation
technologies, but it is a long-term process spanning several years. One challenge
associated with this method is that chlorinated intermediates, such as vinyl chloride, are
often formed during the degradation process. Unfortunately, vinyl chloride is more
harmful to the environment than the starting VOCs. Thus, further remediation is required

in order to mitigate the long-term hazards of these chlorinated intermediates.

Flushing

Flushing is an in-situ remediation technology that includes the application of water along
with aqueous surfactants or co-solvents in order to solubilize contaminants trapped within
the soil and groundwater (Suthersan 1997; Wong et al., 1997; U.S. EPA, 2004; U.S.
EPA, 2010). The surfactants or co-solvents serve to lower the interfacial tension and
facilitate the solubilization of pollutants. Both ethanol and isopropyl alcohol are solvents
typically utilized in the flushing of VOCs from soil and groundwater. The water/solvent
mixture is injected into both the soil and subsurface, then extracted and removed along
with the dissolved VOCs for subsequent aboveground treatment. This process is fairly

short-term lasting anywhere from a few weeks to a few months. However, a major
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concern with this technology is that the water/solvent/contaminant mixture could migrate

off-site or leave residual surfactant or solvent in the subsurface.

Thermally Enhanced Recovery

Thermally enhanced recovery is an in-situ remediation technology during which heat is
applied to the waste site in order to volatilize or even destroy the pollutants through
pyrolysis (Suthersan 1997; Wong et al., 1997; U.S. EPA, 2004; U.S. EPA, 2010). SVE
technology is used in conjunction with the thermal treatment to remove volatilized
chemicals from the unsaturated zone. Hot air injection, conductive heating, electrical
resistive heating, and radio frequency heating are specific types of thermal treatment used
for remediation. This technology is a more efficient and cost effective approach to site
cleanup as compared to other remediation technologies. However, this process is limited
to non-chlorinated contaminants since it is not effective at removing chlorinated
compounds that are dissolved in groundwater. In addition, this technology may result in
the destruction of microorganisms within the unsaturated zone that are beneficial to their

habitat.

Permeable Reactive Barriers (PRBs)

Permeable reactive barriers (PRBs) are used in the in-situ remediation of groundwater
containing harmful pollutants (Suthersan 1997; Wong et al., 1997; U.S. EPA, 2010). As
the groundwater plume passes over the PRB wall, water is allowed to pass through while
the contaminants are retained within the barrier material. Zero-valent metals, sorbents,
and microbes are some of the materials that have been used as treatment agents within the
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PRB wall. The contaminants are either retained or degraded during this process. Zero-
valent iron (ZVI) has been used along with the PRB technology for the treatment of more
than 120 contaminated sites within the past decade (ITRC, 2005). This remediation
technology works best when utilized at low pollutant concentrations and shallow depths
(Gavaskar et al., 1998). Even though the system is rather simple, the reactivity of the
Z\V| particles is relatively low. Therefore, the efficient removal of VOCs from the waste
site is limited with this remediation technology. Additionally, toxic intermediates more
persistent than the starting materials are often formed during this process (Orth and
Gillham, 1996; Arnold and Roberts, 2000). Improvements are necessary to implement

soil and groundwater remediation using PRBs on a larger scale.

2.1.3 Monitored Natural Attenuation

Monitored natural attenuation is a remediation technology that relies on the natural
attenuation process in order to degrade contaminants present in both soil and groundwater
under a controlled environment (Suthersan 1997; Wong et al., 1997; U.S. EPA, 2010).
The natural attenuation process includes biological, chemical, and physical methods to
reduce pollutants without the aid of human involvement. Some of the processes include
biodegradation, dispersion, sorbents, dilution, and radioactive decay. This technology
was used to treat 11% of contaminated sites within the U.S. during 2004 (U.S. EPA,
2004). The main advantages associated with this process are the overall reduction in
remediation costs, less human contact with harmful chemicals, and this process can be
paired with other remediation technologies for enhanced site cleanup. However, the time

span necessary for site remediation may far exceed that of other available technologies.

15



Furthermore, the intermediates generated during the natural attenuation process can be
more toxic than the starting compounds. In addition, there is a risk for migration of
pollutants off-site to uncontaminated areas.

2.1.4 Catalytic Hydrodechlorination

Catalytic hydrodechlorination is an innovative technology developed specifically for the
remediation of soil and groundwater contaminated with chlorinated hydrocarbons (Lowry
and Reinhard, 1999; Alonso et al., 2002 ; He and Zhao, 2008; Liu et al., 2008). During
this process, TCE is hydrogenated in the presence of a catalyst (i.e. Pd, Au) to yield
biodegradable ethane. Michael Wong (2008) and colleagues have proposed a Langmuir-
Hinshelwood type mechanism for the hydrodechlorination of TCE. According to this
mechanism, the chlorine atoms are removed in series and replaced by hydrogen atoms.
Wong et al. (2008) has also shown that less chlorinated compounds react faster than TCE
or PCE, which explains why no chlorinated intermediates build-up in the system. Since
the catalytic hydrodechlorination of TCE is a surface-mediated process, increasing the
surface area of the catalyst can improve the degradation rate (Nutt et al., 2005; Nultt et al.,
2006; He and Zhao, 2007; Liu et al., 2008). Thus, reducing the size of the catalyst to
nanometer-sized particles provides an opportunity to have a more effective catalyst.

The study of metal nanoparticles has been of particular interest for several
decades now due to their tunable chemical, physical, and optical properties (Daniel and
Astruc 2004; Astruc et al., 2005; Wantanabe et al., 2006), as well as unique catalytic
properties (Ohde et al., 2002; Gopidas et al., 2003; Astruc et al., 2005; Astruc, 2007,
Lien and Zhang, 2007). Metal nanoparticles can be produced in solution by reducing a

metal salt in the presence of a capping agent. The functional groups of capping ligands
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can be used to interact with the surface of the particle to suppress its’ growth and to
sterically stabilize the particle (Templeton et al., 2000; Shenhar and Rotello, 2003; Love
et al., 2005). Brust et al. (1994) developed a one-step method for preparing alkyl
stabilized metal nanoparticles by incorporating a phase-transfer catalyst that allows the
transfer of metal ions into an organic phase. As such, it is within the organic phase that
ions are reduced while nucleation and growth of the particles subsequently occurs.
Unfortunately, this technique involves expensive phase-transfer catalysts, is solvent-
intensive, and produces a broad particle size distribution (Sigman et al., 2004; McLeod et
al., 2005).

The aqueous phase synthesis of metal nanoparticles using “green” capping agents
such as glucose (Raveendran et al., 2003; Liu et al., 2005; Liu et al., 2006), starch
(Raveendran et al., 2003; Raveendran et al., 2006; Vigneshwaran et al., 2006), and
carboxymethylcellulose (Magdassi et al., 2003; He and Zhao, 2007; He et al., 2007) has
been examined to determine the ability of each ligand to effectively cap and stabilize the
particles within solution. The advantages associated with using these materials as
capping agents is that they are all very inexpensive, nontoxic, and biodegradable.

In this chapter, we will explore the aqueous phase synthesis of sodium
carboxymethyl cellulose (CMC) stabilized Pd nanoparticles and subsequent extraction of
the formed particles into an organic phase. The third principle in the twelve principles of
green chemistry states that, “Wherever practicable, synthetic methodologies should be
designed to use and generate substances that possess little or no toxicity to human health
and the environment” (Anastas and Warner 1998). Utilizing sugar and polysugar capping
agents in aqueous media offer “green” alternatives to the conventional techniques that are
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employed in synthesizing nanoparticles (Liu et al., 2006; He and Zhao, 2007; Liu et al.,
2007; Liu et al., 2008). CMC is a water-soluble polysaccharide with both carboxylate
and hydroxyl functional groups available for interaction with the surface of nanoparticles.
Polyvinylpyrrolidone (PVP) is another water-soluble polymeric capping agent used in the
aqueous phase synthesis of nanoparticles (Zhang et al., 1996; Sun et al., 2002; Wang et
al., 2010; Mohapatra et al., 2011). In addition, we will investigate the effectiveness of

supported CMC-Pd nanoparticles as catalysts in the hydrodechlorination of TCE.

2.2 Experimental Methods

2.2.1 Materials

Na,PdCl;3H,0 precursor (99%, Strem Chemicals), sodium carboxymethyl cellulose
(My: 90,000, Sigma-Aldrich), polyvinylpyrrolidone (M,: 55,000, Sigma-Aldrich),
sodium borohydride (99.99%, Sigma-Aldrich), hydrocholoric acid (Fisher Scientific),
dodecanethiol, (98+%, Sigma-Aldrich), n-hexane (97.0%, Sigma-Aldrich), and deionized
water (Fisher Scientific) were all used as received without further purification for
nanoparticle synthesis and extraction. Hydrogen gas (UHP grade, Airgas South) and a
5% hydrogen/nitrogen specialty gas mixture (certified standard, Airgas South) were both
used as received for catalyst reductions. Aluminum oxide (Alfa Aesar), titanium silicalite
(Sud-Chemie), Ambersorb 572 (Supelco), and Ambersorb 563 (Supelco) supporting
materials were all used as received. Trichloroethylene (99.5+%, Sigma-Aldrich),
methanol (ACS grade, Fisher Chemical), hexanes (pesticide residue analysis grade,

Fisher Scientific), hydrogen gas (UHP grade, Airgas South), and deionized water (Fisher
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Scientific) were all used as received without further purification for the

hydrodechlorination of TCE.

2.2.2 Experimental Procedures

CMC-Stabilized Palladium Nanoparticle Synthesis

The experimental apparatus used for the aqueous phase synthesis of CMC stabilized Pd
nanoparticles included a Radleys Carousel 6 Reaction Station, which allowed for
simultaneous mixing of up to six separate nanoparticle synthesis reactions. The Reaction
Station included 250 mL (6) round-bottomed flasks with individual glass reflux necks, a
magnetic stirrer/hotplate, and 6 stir bars, radial gas distribution system, and 6 PTFE caps.
For the typical aqueous phase synthesis of CMC-stabilized Pd nanoparticles, a 0.15 wt%
CMC solution was prepared by diluting 0.150 g of the capping ligand in 100 mL of
deionized water at room temperature. The solution was stirred until the capping agent
was completely dissolved. A 1000 pL aliquot of a 0.05 M Na,PdCl;3H,0 solution was
added to the 0.15 wt% CMC solution, while continuously stirring. A 0.05 M NaBH,4
solution was allowed to age for approximately 20 minutes, and then a 3600 pL aliquot of
this reducing agent solution was added to the CMC-salt solution at a stir rate of 500 rpm
to initiate nanoparticle synthesis, growth, and stabilization. It is noted that this represents
a four times molar excess of reducing agent to ensure the complete reduction in all cases
(Liu et al., 2009). The system was aged for 24 hours under constant stirring. An
analogous procedure was followed for the aqueous phase synthesis of PVP-stabilized Pd

nanoparticles.
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Nanoparticle Deposition onto Support Materials

The incipient wetness impregnation technique was followed for preparation of all
supported catalysts.  After 24 hours of aging, the CMC-stabilized nanoparticle
dispersions were concentrated to a volume of 5 mL by using a rotary evaporator. The
concentrated nanoparticle solution, containing the appropriate amount of palladium to
achieve a desired metal loading, was added dropwise until the total pore volume for the
support material was reached. The material was then dried in an oven at 353 K
overnight. The steps were repeated until all of the nanoparticle solution (5 mL) was
added to the support material. After drying, calcination of the catalyst was carried out at
773 K for 5 hours in air. Subsequent reduction of the supported palladium catalyst was

performed at 673 K for 4 hours in the presence of hydrogen.

Transmission Electron Microscopy Analysis

Transmission electron microscopy (TEM) analysis was used to obtain the average
particle size and particle size distribution for the CMC-stabilized Pd nanoparticles. After
aging for 24 hours, the particles were extracted from the aqueous phase in which they
were synthesized into an organic phase from which TEM samples were prepared for
characterization. Specifically, Pd nanoparticles were extracted from the aqueous phase
into a hexane phase by adding 10 mL of hexane to 20 mL of the aqueous phase CMC-
capped Pd nanoparticle dispersion. This was followed by the addition of 100 uL of
dodecanethiol and 5 drops of hydrochloric acid (HCI), respectively. HCI was added in
order to weaken the strong interactions existing between the CMC capping ligand and the

surface of the Pd nanoparticles by protonating the —COQO" functional groups (Liu et al.,
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2007). Once the interaction between the CMC capping ligand and the Pd nanoparticle
surface was sufficiently weakened, dodecanethiol was able to form a chemical bond with
the surface of the Pd nanoparticle and solvate the nanoparticles within the hexane phase.
The two phase system was vigorously shaken in order to provide good contact between
dodecanethiol and the surface of the Pd nanoparticle. After phase separation, the Pd
nanoparticle dispersion in hexane was removed from the aqueous phase and washed with
deionized water. The organic phase was washed two more times with deionized water in
order to remove excess acid from the system and to provide a good sample for evaluation
by TEM. All extractions were performed at room temperature.

To prepare TEM samples, the Pd nanoparticle dispersion in hexane was
concentrated by evaporating two-thirds of the hexane solvent by flowing air over the
system at room temperature and atmospheric pressure. Two droplets of the concentrated
dodecanethiol-capped Pd nanoparticle dispersion in hexane were placed on a 300 mesh
nickel-Formvar/carbon TEM grid. The solvent was allowed to evaporate from the grid at
ambient conditions. The particles were analyzed using a Zeiss EM 10 TEM at an
operating voltage of 60 kV. Both Image J and Microsoft Excel software were used to
determine the average particle size, and to create a particle size distribution histogram. In
each case, images of more than 5,000 particles were analyzed. Standard deviation (SD)
and relative standard deviation (RSD) were calculated for each sample using Equations

(2-1) and (2-2), where Dpean i defined as the mean diameter of the sample.

D - /w (2-1)
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SD

RSD = (2-2)

mean

High-Resolution Transmission Electron Microscopy Analysis

High-resolution transmission electron microscopy (HRTEM) analysis was performed at
the University of Kentucky’s Department of Chemical and Materials Engineering by Dr.
Naresh Shah in order to determine the morphology and approximate particle size for both
the unsupported and alumina-supported CMC-stabilized Pd nanoparticles. A JEOL
2010F microscope with a field emission electron source operating at 200 keV
accelerating voltage was used for HRTEM analysis of the samples. To prepare HRTEM
samples for the unsupported CMC-Pd nanoparticles, one droplet of the CMC-stabilized
palladium nanoparticle aqueous dispersion was placed on a Quantifoil® TEM grid. The
aqueous solvent was allowed to evaporate from the grid at ambient conditions. The
alumina-supported catalyst powder (212 -355 um) was crushed to a smaller size using a
miniature mortar and pestle, and approximately 1 mg of this powder was placed in 3-5 ml
of acetone. The suspension was ultrasonicated for about 5 minutes using an Omni
rupture (250W) ultrasonic probe. A few drops of this suspension were placed on a
Quantifoil® TEM grid for HRTEM analysis. Bright field images were captured using a
Gatan 1024x1024 pixel CCD camera with a typical acquisition time of 1 second. Image
collection and post processing was done using Gatan Digital Micrograph software.
Comparison was made to images obtained from traditional TEM analysis at Auburn

University using a Zeiss EM 10 TEM at an operating voltage of 60 kV.
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EDS spectra were collected using an Oxford EDS detector and Gatan Digital
Micrograph software. EDS spectra were collected for approximately 1 minute live time
using a smaller condenser aperture and after condensing the electron beam down to the

region of interest.

Fourier Transform Infrared Spectroscopic Analysis

ATR-FTIR spectroscopy was used in order to obtain the absorption spectra for both
unsupported and supported CMC-stabilized Pd nanoparticle catalysts. These catalysts
were calcined in air at temperatures ranging from 80°C to 500°C prior to analysis. The
spectra were acquired using a PerkinElmer Spectrum 2000 spectrometer equipped with a
liquid nitrogen cooled MCT detector. The samples were analyzed using a horizontal
attenuated total reflection (HATR) accessory, which consisted of a steel plate that rested
on top of an optical alignment box with an attenuated total reflection (ATR) element
attached to its surface. The optical alignment box contained two planar and focal mirrors,
which can be adjusted to focus the infrared beam on the incident face of the ATR crystal.

! resolution with 500 co-added scans. A

All spectra were recorded at 80°C at 4.0 cm™
ZnSe ATR crystal (50 x 20 x 2 mm®, 45" face angle) was used in order to obtain spectral
data in the range of 4000 cm *to 550 cm ™.

To prepare the unsupported Pd nanoparticles for FTIR analysis, 1-2 mL of a 0.15
wt% CMC-stabilized Pd nanoparticle dispersion was added to an aluminum pan and
calcined in air at a specified temperature for one hour. After calcination, the nanoparticle
dispersion was re-dispersed with sonication in deionized water for 5 minutes. 1-2 drops

of the Pd nanoparticle water dispersion were drop cast onto the ZeSe ATR element. The
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sample was dried onto the surface of the ZnSe crystal by heating to 80°C under flowing
nitrogen.

To prepare the supported Pd nanoparticles for FTIR analysis, 1-2 mg of a 0.33
wt% Pd/Al,O; catalyst was weighed out and added to an aluminum pan and calcined in
air at a specified temperature for one hour. After calcination, the catalyst was finely
ground using a mortar and pestle and re-dispersed in deionized water with sonication for
5 minutes. 1-2 drops of the Pd nanoparticle water dispersion were drop cast onto the
ZeSe ATR crystal. The sample was dried onto the surface of the ZnSe crystal by heating

to 80°C under flowing nitrogen.

Powder X-ray Diffraction
Characterization by X-ray diffraction (XRD) was performed at Auburn University by the
author and at West Virginia University’s Department of Physics by Dr. Mohindar Sheera
and Dr. Vivek Singh in order to determine the average crystallite size and crystalline
structure for the alumina-supported Pd nanoparticle catalysts. For studies conducted at
Auburn University, the X-ray diffraction patterns were measured using a Rigaku Miniflex
powder X-ray diffractometer with a Cu Kal radiation source at 30 Kv, 15 mA and a
miniflex goniometer. Bragg angles (20) between the range of 10° and 85° were scanned
at a speed of 1°/minute with a step size of 0.05°.

For studies conducted at West Virginia University, the X-ray diffraction patterns
were measured using a Rigaku D/Max B system with a Cu Kal (A = 1.54185 A) radiation
source. Each catalyst sample (about 1 cm? area) was loaded onto a special silicon plate

using ethanol/acetone for adhesion, and then mounted vertically into the X-ray
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diffractometer. All samples were run twice using two different sensitivities. First,
samples were run with a 20 scan from 5° to 100° using a step size of 0.06° and a counting
time of 5 seconds. In the second higher sensitivity scan of 20 from 75° to 90°, the step
size was reduced from 0.06° to 0.01° and the counting time at each step was increased

from 5 seconds to 10 seconds.

Chemisorption

Chemisorption was used to determine the active metal surface area, percent metal
dispersion, and average crystallite size for the CMC-stabilized Pd nanoparticle catalysts
supported on Al,O3. A Quantachrome AS1 surface analysis module was used to perform
carbon monoxide chemisorption on each of the Pd catalysts studied in the
hydrodechlorination of TCE. The Quantachrome AS1 software package (Version 1.55)
was used for data analysis. The cell was loaded with approximately 0.5 grams of
calcined catalyst, and the system was evacuated for 35 minutes in order to clean the
surface of the material and remove any moisture. H, reduction was carried out at 400°C
for 1.5 hours followed by evacuation of the system for 30 minutes. All surface Pd atoms
were assumed to be in the reduced metallic state prior to uptake measurements. The
formation of a CO monolayer has been reported at 25°C with a stoichiometry of one or
two CO molecules to one Pd atom (Canton 2002, Monteiro 2001, Yates 1967). A
stoichiometry of one CO molecule to one Pd atom was assumed for all chemisorption
measurements obtained during this study. All isotherms were acquired at 25°C. An
equilibration time of 3 minutes was chosen in order to guarantee the formation of a CO

monolayer, but minimize the bulk diffusion and spillover of CO onto the alumina
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support. The combined CO uptake, including both physisorbed and chemisorbed CO,

was used to calculate the catalyst dispersion. Dispersion (Dpg) was estimated using

Equation 2-3.
o NmSAm (2-3)
100L

Ny is the CO uptake (umol/g), S is the adsorption stoichiometry, M is the molecular
weight of Pd, and L is the percentage metal loading. The active metal surface area, s, was

estimated using Equation 2-4.

o _ NnSA (2.4
166

An is the cross-sectional area occupied by each active surface Pd atom (7.8740 A%/Pd

atom). The average crystallite size was estimated using Equation 2-5.

_ 100Lf
sZ

d

(2-5)

Z is the density of Pd (12.020 g/ml), s is the active metal surface area, and f is the shape

factor. A spherical shape was assumed, which has a shape factor of 6.

Physisorption BET Analysis
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Physisorption measurements were performed and BET theory was applied in order to
determine the specific surface area for the alumina-supported Pd nanoparticle catalysts
prepared using various CMC concentrations. The surface area measurements were
collected at West Virginia University’s Department of Physics by Mohita Yalamanchi
using a Micromeritics AutoChem Il 2920 automated catalyst characterization system.
Each sample was outgassed in a helium gas flow at 50 mL/min while the temperature was
ramped to 350°C at 50°C/min. After holding the temperature constant at 350°C for 30
minutes, the sample surroundings were then brought to ambient conditions and a mixture
of 30% N,/balance helium was passed through the sample. The sample was immersed in
a liquid nitrogen (LNy) bath to measure the uptake of nitrogen. The N, dewar was then
immediately replaced by a dewar of water at ambient temperature, and the amount of
desorbed N, was measured. The BET equation was used to calculate the specific surface
area. All samples were duplicated, and the variations in the surface area between

different samples were at most ca. 20%.

Characterization by Inductively Coupled Plasma Spectroscopy

The aqueous phase from the hydrodechlorination experiments was analyzed using an
inductively coupled plasma (ICP) spectrometer in order to determine if any Pd was
leached from the alumina support material into the aqueous phase during the TCE
degradation reaction. After each experiment, the alumina-supported Pd nanoparticle
catalyst was separated from the aqueous phase via centrifugation at 1500 RPM for 5

minutes. The aqueous phase was then removed from the reactor and analyzed by a
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Varian Vista MPX Axial ICP at a Pd wavelength of 340.458. The result reported is an

average of two exposures.

Homogeneous and Heterogeneous Pd Nanoparticle Catalyzed TCE Degradation

It is noted that the collection of kinetic data related to the degradation of TCE within the
aqueous phase was performed by Man Zhang in Dr. Zhao’s laboratories in Civil
Engineering at Auburn University.

For the batch hydrodechlorination experiments using unsupported palladium
nanoparticle catalysts, 93.6 mL of deionized water along with 6.44 mL of the Pd
nanoparticle aqueous dispersion (0.146 mM Pd) was added to a 127 mL serum bottle. A
stir bar was included for proper agitation. The system was purged with hydrogen gas for
twenty minutes to displace any dissolved oxygen and to saturate both the aqueous phase
and headspace with H,. The system was then sealed with a Teflon Mininert valve and
spiked with 25 uL (179 g/L in methanol) of a TCE stock solution to yield an intial TCE
concentration of 50 mg/L. The TCE solution was added under constant stirring and the
system was sampled at regular time intervals. The degradation of TCE was monitored
for ten minutes by removing 100 uL of the aqueous phase at constant intervals using a
gastight syringe. The sample was transferred to a 2 mL GC vial and extracted into 1 mL
of hexane. A HP 6890 GC fitted with a micro-electron capture detector (ECD) and a
RTX-624 capillary column (32m x 0.32mm) was used for analysis of all samples. The
data was collected using a HP GC Chemstation. A chlorine mass balance was performed
in order to confirm the complete conversion of TCE to biodegradable products. For this

set of experiments, after the system was sampled at a specific time interval the reaction
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was stopped by purging with air to remove any unreacted TCE. A Dionex ion
chromatography system was used to measure the chloride concentration in a 1 mL
aliquot. All experiments were at least duplicated.

For the batch hydrodechlorination studies using supported palladium nanoparticle
catalysts, 0.1 grams of catalyst (0.031 mM Pd) was added to a 127 mL serum bottle along
with 100 mL of deionized water. A stir bar was included for proper agitation. The
system was purged with hydrogen gas for twenty minutes to displace any dissolved
oxygen and to saturate both the aqueous phase and headspace with H,. The system was
then sealed with a Teflon Mininert valve and spiked with 25 uL (179 g/L in methanol) of
a TCE stock solution to yield an intial TCE concentration of 50 mg/L. The TCE solution
was added under constant stirring and the system was sampled at regular time intervals.
The degradation of TCE was monitored for thirty minutes by removing 100 uL of the
aqueous phase at constant intervals using a gastight syringe. The sample was transferred
to a 2 mL GC vial and extracted into 1 mL of hexane. A HP 6890 GC fitted with a
micro-electron capture detector (ECD) and a RTX-624 capillary column (32m x 0.32mm)
was used for analysis of all samples.  The data was collected using a HP GC
Chemstation. A chlorine mass balance was performed in order to confirm the complete
conversion of TCE to biodegradable products. For this set of experiments, after the
system was sampled at a specific time interval the reaction was stopped by purging with
air to remove any unreacted TCE. A Dionex ion chromatography system was used to
measure the chloride concentration in a 1 mL aliquot. All experiments were at least

duplicated.
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2.3 Results and Discussion
The effect of capping ligand, capping ligand concentration, and synthesis temperature on
both the particle size and size distribution of the CMC and PVP-stabilized Pd

nanoparticles has been examined.

2.3.1 Effect of Capping Ligand

Both CMC and PVP were used as capping agents in the one-step aqueous phase synthesis
of Pd nanoparticles. TEM images for Pd nanoparticles synthesized and stabilized with
0.15 wt% CMC and 0.15 wt% PVP at ambient conditions are shown in Figure 2-1. The
Pd nanoparticles were synthesized within the aqueous phase at very dilute concentrations.
For TEM imaging, it was desired to obtain more concentrated nanoparticle dispersions.
Thus, the water-soluble ligands were exchanged with dodecanethiol in order to extract
and concentrate the Pd nanoparticles into an organic phase. It is noted that the transfer of
the Pd nanoparticles from the aqueous phase into the organic phase did not significantly
affect the particle size or size distribution (Liu et al., 2007). The dispersed Pd
nanoparticles were of small size and spherical shape for both capping agents. Figure 2-2
shows the typical size distribution obtained for the room temperature aqueous phase
synthesis of Pd nanoparticles with both 0.15 wt% CMC and 0.15 wt% PVP capping
ligand concentrations. The particles synthesized with a 0.15 wt% CMC aqueous solution
were observed to have a mean diameter of 2.70 nm with a fairly narrow size distribution
(SD = 0.80 nm, RSD = 0.310). For particles synthesized with a 0.15 wt% PVP aqueous
solution, slightly smaller nanoparticles having a mean diameter of 2.51 nm and a much

broader size distribution were obtained (SD = 1.48 nm, RSD = 0.591). Although both
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capping agents generated Pd nanoparticles of roughly the same size, CMC appears to be
more effective at suppressing the growth of the particles given its narrower size
distribution (SD = 0.80 nm, RSD = 0.310). The interactions for both CMC and PVP

capping ligands with the particle surface will be discussed in more detail later.

2.3.2 Effect of Capping Ligand Concentration
The concentrations of both CMC and PVP capping agents were varied in order to

determine their effect on the particle size and distribution.

0.075 wt% Stabilizing Agent

TEM images for Pd nanoparticles stabilized with 0.075 wt% CMC and 0.075 wt%
PVP at ambient conditions are shown in Figure 2-3. Decreasing the capping ligand
concentration from 0.15 wt% (shown in Figure 2-1) to 0.075 wt% (shown in Figure 2-3),
results in slightly larger particles that retain their spherical shape. Capping agents act to
suppress the growth of nanoparticles by interacting with the surface of the particles to
prevent agglomeration. It is, therefore, expected that decreasing the concentration of the
capping ligand should result in the synthesis of particles of increased size. Figure 2-4
illustrates the typical size distributions of the nanoparticles obtained from the room
temperature aqueous phase synthesis of Pd nanoparticles using 0.075 wt% CMC and
0.075 wt% PVP solutions. The Pd nanoparticles synthesized and stabilized with 0.075
wt% CMC were observed to have a mean diameter of 2.77 nm with a fairly narrow size
distribution (SD = 0.66 nm, RSD = 0.293); whereas, particles synthesized with 0.15 wt%

CMC had a mean diameter of 270 nm (SD = 0.80 nm, RSD = 0.310).
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Figure 2-1. TEM images of dodecanethiol capped Pd nanoparticles extracted from the

aqueous phase where stabilized with (a) 0.15 wt% CMC (b) 0.15 wt% PVP at 20°C. The
Pd nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into the
hexane phase and subsequently deposited onto a TEM grid.
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Figure 2-2. Particle size distribution histograms for dodecanethiol capped Pd

nanoparticles extracted from the aqueous phase where stabilized with (a) 0.15 wt% CMC
(b) 0.15 wt% PVP at 20°C. The Pd nanoparticles were extracted from the aqueous phase,
after 24 hours of aging, into the hexane phase and subsequently deposited onto a TEM

grid. More than 5,000 particles were analyzed for each sample.
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The particles synthesized and stabilized with 0.075 wt% PVP had a mean diameter of
2.86 nm (SD = 1.29, RSD = 0.450); whereas, particles synthesized with 0.15 wt% PVP
had a mean diameter of 251 nm (SD = 1.48 nm, RSD = 0.591). Reducing the
concentration of the stabilizing ligand resulted in larger Pd nanoparticles with a broader
size distribution for both the CMC and PVP capping agents.

Concentrations ranging from 0.05 wt% to 0.005 wt% CMC were also examined
for the room temperature aqueous phase synthesis of Pd nanoparticles. TEM images for
Pd nanoparticles stabilized with 0.05 wt% CMC and 0.005 wt% CMC at ambient
conditions are shown in Figure 2-5. The Pd nanoparticles are of small size (< 10 nm) and
spherical morphology. Figure 2-6 presents a typical size distribution obtained for the
room temperature aqueous phase synthesis of Pd nanoparticles using a 0.05 wt% CMC
solution. The Pd nanoparticles stabilized with 0.05 wt% CMC had a mean diameter of
2.80 nm (SD = 0.88, RSD = 0.313); whereas, particles synthesized with 0.15 wt% CMC
had a mean diameter of 2.70 nm (SD = 0.80 nm, RSD = 0.310). The particle size is
effectively the same and a broader distribution is observed when the capping ligand
concentration is reduced by a factor of three from 0.15 wt% to 0.05 wt% CMC. Even
though there is less capping agent available in solution at the concentration of 0.05 wt%,
CMC is still highly effective at capping the Pd nanoparticles. A typical size distribution
for the Pd nanoparticles synthesized using a 0.005 wt% CMC aqueous solution at room
temperature is shown in Figure 2-6. The Pd nanoparticles synthesized and stabilized with
0.005 wt% CMC had a mean diameter of 4.31 nm (SD = 1.63, RSD = 0.376); while the
particles synthesized with 0.15 wt% CMC had a mean diameter of 2.70 nm (SD = 0.80
nm, RSD = 0.310). A larger particle size is observed and a much broader particle size
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Figure 2-3. TEM images of dodecanethiol capped Pd nanoparticles extracted from the
aqueous phase where stabilized with (a) 0.075 wt% CMC (b) 0.075 wt% PVP at 20°C.
The Pd nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into

the hexane phase and subsequently deposited onto a TEM grid.
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Figure 2-4. Particle size distribution histograms for dodecanethiol capped Pd

nanoparticles extracted from the aqueous phase where stabilized with (a) 0.075 wt%
CMC (b) 0.075 wt% PVP at 20°C. The Pd nanoparticles were extracted from the
aqueous phase, after 24 hours of aging, into the hexane phase and subsequently deposited

onto a TEM grid. More than 5,000 particles were analyzed for each sample.
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Figure 2-5. TEM images of dodecanethiol capped Pd nanoparticles extracted from the

aqueous phase where stabilized with (a) 0.05 wt% CMC (b) 0.005 wt% CMC at 20°C.
The Pd nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into

the hexane phase and subsequently deposited onto a TEM grid.
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Figure 2-6. Particle size distribution histograms for dodecanethiol capped Pd
nanoparticles extracted from the aqueous phase where stabilized with (a) 0.05 wt% CMC
(b) 0.005 wt% CMC at 20°C. The Pd nanoparticles were extracted from the aqueous
phase, after 24 hours of aging, into the hexane phase and subsequently deposited onto a

TEM grid. More than 5,000 particles were analyzed for each sample.
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Figure 2-7. The effect of CMC concentration on the (a) mean particle diameter and (b)

standard deviation of Pd nanoparticles at room temperature.
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particle size distribution is obtained when the capping ligand concentration is reduced by
a factor of thirty from 0.15 wt% to 0.005 wt% CMC. Even so, the particles are still very
small in size (< 10 nm). Figure 2-7 shows the effect of CMC concentration on the mean
particle diameter and standard deviation. Thus, CMC is highly effective at capping and
stabilizing Pd nanoparticles in aqueous solution over a broad range of concentrations

employed.

2.3.3 Effect of Synthesis Temperature

The effect of synthesis temperature on the particle size and size distribution was also
examined.

0.15 wt%o Stabilizing Agent

TEM images for Pd nanoparticles synthesized and stabilized with both 0.15 wt% CMC
and 0.15 wt% PVP solutions at 35°C are shown in Figure 2-8. The particles were of
small size (< 10 nm) and spherical shape. The particle size distributions obtained for the
aqueous phase synthesis of Pd nanoparticles with both 0.15 wt% CMC and 0.15 wt%
PVP at the elevated temperature of 35°C are shown in Figure 2-9. Pd nanoparticles
synthesized and stabilized with 0.15 wt% CMC at 35°C had a mean diameter of 1.77 nm
(SD = 0.49, RSD = 0.352); whereas, particles synthesized with 0.15 wt% CMC at 20°C
had a mean diameter of 2.70 nm (SD = 0.80 nm, RSD = 0.310). Therefore, smaller
particles were observed at 35°C for the aqueous phase synthesis of Pd nanoparticles using
CMC as the stabilizer. The effect of temperature was also examined using PVP as the
stabilizing agent. Pd nanoparticles synthesized and stabilized with 0.15 wt% PVP at

35°C had a mean diameter of 1.86 nm (SD = 1.28 nm, RSD = 0.688); while, particles
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synthesized with 0.15 wt% PVP at 20°C had a mean diameter of 2.51 nm (SD = 1.48 nm,
RSD = 0.591). Again, smaller particles were observed at the elevated temperature of
35°C for the aqueous phase synthesis of Pd nanoparticles using PVP as the stabilizer.
TEM images for Pd nanoparticles synthesized and stabilized with both 0.15 wt%
CMC and 0.15 wt% PVP solutions at a further elevated temperature of 50°C are shown in
Figure 2-10. The particle size distributions obtained for the aqueous phase synthesis of
Pd nanoparticles with 0.15 wt% CMC and 0.15 wt% PVP at an elevated temperature of
50°C are shown in Figure 2-11. The nanoparticles synthesized and stabilized with 0.15
wt% CMC at 50°C had a mean diameter of 1.73 nm (SD = 0.76, RSD = 0.438); while
particles synthesized with 0.15 wt% CMC at 20°C had a mean diameter of 2.70 nm (SD =
0.80 nm, RSD = 0.310). Pd nanoparticles synthesized and stabilized with 0.15 wt% PVP
at 50°C had a mean diameter of 1.72 nm (SD = 0.73, RSD = 0.423); whereas, particles
synthesized with 0.15 wt% PVP at 20°C had a mean diameter of 2.51 nm (SD = 1.48 nm,
RSD = 0.591). Figure 2-14 shows the effect of synthesis temperature on the mean
particle diameter and standard deviation for Pd nanoparticles synthesized and stabilized
using a 0.15 wt% capping ligand concentration. It was determined that a smaller average
particle size was obtained as the synthesis temperature was increased from 20°C to 50°C,
for Pd nanoparticles synthesized and stabilized in the aqueous phase using a 0.15 wt%
capping ligand concentration. In order to further investigate the effect of synthesis
temperature on Pd nanoparticle size and size distribution, experiments were also
conducted using a 0.075 wt% capping ligand concentration at various synthesis

temperatures.
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Figure 2-8. TEM images of dodecanethiol capped Pd nanoparticles extracted from the
aqueous phase where stabilized with (a) 0.15 wt% CMC (b) 0.15 wt% PVP at 35°C. The
Pd nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into the

hexane phase and subsequently deposited onto a TEM grid.
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Figure 2-10. TEM images of dodecanethiol capped Pd nanoparticles extracted from the
aqueous phase where stabilized with (a) 0.15 wt% CMC (b) 0.15 wt% PVP at 50°C. The
Pd nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into the

hexane phase and subsequently deposited onto a TEM grid.
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Figure 2-11. Particle size distribution histograms for dodecanethiol capped Pd

nanoparticles extracted from the aqueous phase where stabilized with (a) 0.15 wt% CMC

(b) 0.15 wt% PVP at 50°C. The Pd nanoparticles were extracted from the aqueous phase,

after 24 hours of aging, into the hexane phase and subsequently deposited onto a TEM

grid. More than 5,000 particles were analyzed for each sample.
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0.075 wt% Stabilizing Agent

TEM images for Pd nanoparticles stabilized with both 0.075 wt% CMC and 0.075 wt%
PVP solutions at 50°C are shown in Figure 2-12. The particle size distributions obtained
from the aqueous phase synthesis of Pd nanoparticles using both 0.075 wt% CMC and
0.075 wt% PVP solutions at an elevated temperature of 50°C are shown in Figure 2-13.
The Pd nanoparticles synthesized and stabilized with 0.075 wt% CMC at 50°C had a
mean diameter of 2.11 nm (SD = 0.88 nm, RSD = 0.416); whereas, particles synthesized
using 0.075 wt% CMC at 20°C had a mean diameter of 2.77 nm (SD = 0.88 nm, RSD =
0.293). Pd nanoparticles synthesized and stabilized with 0.075 wt% PVP at 50°C had a
mean diameter of 2.02 nm (SD = 0.89 nm, RSD = 0.441), while particles synthesized
with 0.075 wt% PVP at 20°C had a mean diameter of 2.51 nm (SD = 1.48 nm, RSD =
0.591). It is noted that the mean particle size decreased and a narrower particle size
distribution was obtained with this further increase in synthesis temperature for Pd
nanoparticles synthesized and stabilized with a 0.075 wt% capping ligand concentration.
This behavior was also observed for particles synthesized using a 0.15 wt% capping
ligand concentration. Increasing the synthesis temperature from 20°C to 50°C increased
the hydration of the capping ligand in solution by disrupting the intermolecular forces
between ligand molecules and improving the solute-solvent interaction. Enhancing the
hydration of the capping ligand in solution allowed for more effective interactions
between the available functional groups and the surface of the Pd nanoparticle. At
elevated synthesis temperatures, both CMC and PVP were more efficient at capping and

suppressing the particle growth resulting in smaller average particle sizes. The mean
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Figure 2-12. TEM images of dodecanethiol capped Pd nanoparticles extracted from the

aqueous phase where stabilized with (a) 0.075 wt% CMC (b) 0.075 wt% PVP at 50°C.
The Pd nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into

the hexane phase and subsequently deposited onto a TEM grid.
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Figure 2-13. Particle size distribution histograms for dodecanethiol capped Pd
nanoparticles extracted from the aqueous phase where stabilized with (a) 0.075 wt%
CMC (b) 0.075 wt% PVP at 50°C. The Pd nanoparticles were extracted from the
aqueous phase, after 24 hours of aging, into the hexane phase and subsequently deposited

onto a TEM grid. More than 5,000 particles were analyzed for each sample.
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cmMC 20°C Synthesis SD 35°C Synthesis SD 50°C Synthesis SD
(wi%) Diameter (nm) (nm) Diameter (nm) (nm) Diameter (nm) (nm)
0.15 2.70 0.80 1.77 0.72 1.73 0.76
0.075 2.77 0.66 2.11 0.88
0.05 2.80 0.88
0.005 4.31 1.62
(@)
PVP 20°C Synthesis SD 35°C Synthesis SD 50°C Synthesis sSD
(wt%) Diameter (nm) (nm) Diameter (nm) (nm) Diameter (nm) (nm)
0.15 251 1.48 1.86 1.28 173 073
0.075 2.86 1.29 - 2.02 0.89
(b)
Table 2-1. The mean particle size and standard deviation for Pd nanoparticles

synthesized with (a) CMC capping ligand and (b) PVP capping ligand at various

temperatures.
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particle sizes and standard deviations obtained at the different synthesis temperatures are

listed in Table 2-1.

2.3.4 Effect of Ligand Exchange

Due to the very dilute concentration of the Pd nanoparticle aqueous dispersions, the
water-soluble ligands were exchanged with dodecanethiol in order to extract and
concentrate the Pd nanoparticles into an organic phase for TEM analysis. Liu et al.
(2007) demonstrated that the transfer of the Pd nanoparticles from the aqueous phase into
the organic phase did not significantly affect the particle size or size distribution. In order
to ensure that the exchange process did not affect the size and size distribution of the

measured particles the effect of the ligand exchange was investigated.

0.15 wt% PVP Stabilizing Agent

For example, a TEM image for Pd nanoparticles synthesized at 35°C and stabilized with
0.15 wt% PVP in the aqueous phase is shown in Figure 2-15. Also shown in Figure 2-15
is an image of the same Pd nanoparticles after their extraction from the aqueous phase to
the hexane phase by introducing dodecanethiol as a ligand in the organic phase. The
dodecanethiol effectively displaces the PVP from the surface of the nanoparticles,
thereby enabling efficient phase transfer. The TEM images show that the Pd
nanoparticles retain their small size (< 10 nm) and spherical shape after PVP is
exchanged with dodecanethiol and the particles are extracted into the hexane phase. The
dodecanethiol capped Pd nanoparticles had a mean diameter of 1.86 nm (SD = 1.28 nm,

RSD = 0.688), while particles stabilized with 0.15 wt% PVP at 35°C had a mean
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diameter of 1.22 nm (SD = 0.55 nm, RSD = 0.446). The particle size distributions
obtained for the 35°C synthesis of Pd nanoparticles capped with both 0.15 wt% PVP in
water and the same particles capped with dodecanethiol in the hexane phase are shown in
Figure 2-16.

TEM images for Pd nanoparticles synthesized at 50°C and stabilized with 0.15
wt% PVP in the aqueous phase and the corresponding dodecanethiol capped particles in
hexane are shown in Figure 2-17. The TEM images show that the Pd nanoparticles retain
their small size (< 10 nm) and spherical shape after PVP is exchanged with dodecanethiol
and extracted into the hexane phase. The dodecanethiol capped Pd nanoparticles had a
mean diameter of 1.72 nm (SD = 0.73 nm, RSD = 0.423), while particles stabilized with
0.15 wt% PVP at 50°C had a mean diameter of 2.04 nm (SD = 0.91 nm, RSD = 0.446).
The particle size distributions obtained for the 50°C synthesis of Pd nanoparticles capped
with 0.15 wt% PVP in water and the subsequently extracted dodecanethiol capped
nanoparticles in hexane are shown in Figure 2-18. It was determined that the
dodecanethiol capped Pd nanoparticles had particle sizes and size distributions
comparable to those obtained for Pd nanoparticles synthesized and stabilized in the
aqueous phase using a 0.15 wt% PVP solution. In order to further investigate the effect
of the ligand exchange on Pd nanoparticle size and size distribution, experiments were

also conducted using a 0.075 wt% PVP aqueous solution.
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Figure 2-15. TEM images of Pd nanoparticles (a) stabilized with 0.15 wt% PVP at 35°C

in the aqueous phase, and subsequently (b) extracted from the aqueous phase to the
organic phase using dodecanethiol capping agent. The Pd nanoparticles were extracted
from the aqueous phase, after 24 hours of aging, into the hexane phase and subsequently

deposited onto a TEM grid.
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Figure 2-16. Particle size distribution histograms for Pd nanoparticles (a) stabilized with
0.15 wt% PVP in the aqueous phase at 35°C, and subsequently (b) extracted from the
aqueous phase to the organic phase using dodecanethiol capping agent.  The Pd
nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into the

hexane phase and subsequently deposited onto a TEM grid.
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0.075 wt% PVP Stabilizing Agent

TEM images for Pd nanoparticles synthesized at 50°C and stabilized with 0.075 wt%
PVP in the aqueous phase and the corresponding dodecanethiol capped particles in
hexane are shown in Figure 2-19. The TEM images again show that the Pd nanoparticles
retain their small size and spherical shape after PVP is exchanged with dodecanethiol and
extracted into the hexane phase. The dodecanethiol capped Pd nanoparticles had a mean
diameter of 2.02 nm (SD = 0.89 nm, RSD = 0.441), while particles stabilized with 0.075
wt% PVP at 50°C had a mean diameter of 1.67 nm (SD = 0.62 nm, RSD = 0.371). The
particle size distributions obtained for the 50°C synthesis of Pd nanoparticles capped with
0.075 wt% PVP in water and the subsequently extracted dodecanethiol capped
nanoparticles in hexane are shown in Figure 2-20. This series of experiments
successfully demonstrated that transferring the Pd nanoparticles from the aqueous phase
into the hexane phase by exchanging the polysugar ligand with dodecanthiol capping
agent did not significantly affect the particle size or size distribution, which is important
since it is necessary to perform a ligand exchange for improved imaging during TEM

analysis.

2.3.5 Effect of Nanoparticle Processing

The CMC-stabilized Pd nanoparticle aqueous dispersions were synthesized at very dilute
concentrations in order to obtain particles of small size with narrow particle size
distributions. The incipient wetness impregnation technique was used to prepare all
supported catalysts. In order to facilitate an efficient deposition of the aqueous

nanoparticle dispersions onto the various supporting materials, the Pd nanoparticle
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Figure 2-17. TEM images of Pd nanoparticles (a) stabilized with 0.15 wt% PVP in the
aqueous phase at 50°C, and subsequently (b) extracted from the aqueous phase to the
organic phase using dodecanethiol capping agent. The Pd nanoparticles were extracted
from the aqueous phase, after 24 hours of aging, into the hexane phase and subsequently

deposited onto a TEM grid.
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Figure 2-18. Particle size distribution histograms for Pd nanoparticles (a) stabilized with
0.15 wt% PVP in the aqueous phase at 50°C, and subsequently (b) extracted from the
aqueous phase to the organic phase using dodecanethiol capping agent. The Pd
nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into the
hexane phase and subsequently deposited onto a TEM grid. More than 5,000 particles

were analyzed for each sample.
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Figure 2-19. TEM images of Pd nanoparticles (a) stabilized with 0.075 wt% PVP in the

aqueous phase at 50°C, and subsequently (b) extracted from the aqueous phase to the
organic phase using dodecanethiol capping agent. The Pd nanoparticles were extracted
from the aqueous phase, after 24 hours of aging, into the hexane phase and subsequently

deposited onto a TEM grid.
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Figure 2-20. Particle size distribution histograms for Pd nanoparticles (a) stabilized
with 0.075 wt% PVP in the aqueous phase at 50°C, and subsequently (b) extracted from
the aqueous phase to the organic phase using dodecanethiol capping agent. The Pd
nanoparticles were extracted from the aqueous phase, after 24 hours of aging, into the
hexane phase and subsequently deposited onto a TEM grid.  More than 5,000 particles

were analyzed for each sample.

59



dispersions were concentrated prior to deposition. A rotary evaporator was used to
efficiently remove most of the water and concentrate the CMC-stabilized Pd
nanoparticles in aqueous solution. Experiments were conducted in order to evaluate the
effect of process conditions on the average particle size and size distribution.

TEM images for Pd nanoparticles stabilized at ambient conditions with 0.005 wt%
CMC before and after concentration in the aqueous phase are shown in Figure 2-21. For
both the unconcentrated and concentrated aqueous solutions, the water-soluble ligands
were exchanged with dodecanethiol in order to extract the Pd nanoparticles into an
organic phase for purposes of TEM imaging. Before processing with the rotary
evaporator, the Pd nanoparticles were of small size (< 10 nm) and spherical morphology
as illustrated in Figure 2-21. It is noted that the CMC-stabilized Pd nanoparticles
retained their small size (< 10 nm) and spherical shape after processing at 0.080 bar and
50°C (see Figure 2-22). The particle size distributions obtained for Pd nanoparticles
stabilized at ambient conditions with 0.005 wt% CMC before and after rotary evaporation
are shown in Figure 2-22. Before evaporation, the Pd nanoparticles had a mean
diameter of 3.67 nm (SD = 1.95 nm, RSD = 0.531). After evaporation, the Pd
nanoparticles had a mean diameter of 3.84 nm (SD = 1.74 nm, RSD = 0.454). This set of
experiments demonstrated that concentrating the 0.005 wt% CMC-capped Pd
nanoparticles in aqueous solution using a rotary evaporator at reduced pressure and
elevated temperature did not have a significant effect on the average particle size,

morphology, or particle size distribution.
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Figure 2-21. TEM images of Pd nanoparticles stabilized with 0.005 wt% CMC in the

aqueous phase at 20°C (a) before rotary evaporation (b) after rotary evaporation.
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Figure 2-22. Particle size distribution histograms for Pd nanoparticles stabilized with

0.005 wt% CMC in the aqueous phase at 20°C (a) before rotary evaporation (b) after

rotary evaporation. More than 5,000 particles were analyzed for each sample.
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2.4 Hydrodechlorination of TCE
2.4.1 Unsupported Pd Nanoparticle Catalysts

Liu et al. (2008) studied the batch hydrodechlorination of TCE using unsupported
CMC-Pd nanoparticle catalysts dispersed in the aqueous phase. Experiments using
unsupported CMC-capped Pd nanoparticles dispersed in the aqueous phase were repeated
in the current study in order to confirm and reproduce these results, and in order to make
direct comparisons between these unsupported nanoparticles and the supported catalysts
described above. Control tests were previously performed with CMC and hydrogen (in
the absence of Pd) to verify that CMC was not able to catalyze the degradation of TCE
without Pd. The 0.15 wt% CMC-stabilized Pd nanoparticle catalysts (0.01 mM Pd) as
synthesized by Liu et al. (2008) degraded nearly 81% of the TCE within the first four
minutes of initiating the hydrodechlorination reaction as shown in Figure 2-23. The 0.15
wt% CMC-capped Pd nanoparticle catalysts (0.01 mM Pd) synthesized in this study
demonstrated a very similar effectiveness for TCE dechlorination with almost 84% of the
TCE degraded within the first four minutes as shown in Figure 2-23. Comparing the
average particle size and size distribution for the 0.15 wt% CMC-stabilized Pd
nanoparticles synthesized by Liu et al. (average diameter = 2.5 nm, SD = 0.8 nm) with
those synthesized in the current study (average diameter = 2.7 nm, SD = 0.8 nm), we see
that the particles are approximately the same size and have nearly the same size
distribution. These experiments show that the CMC-stabilized Pd nanoparticle synthesis

process was successfully and effectively replicated.
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2.4.2 Alumina-Supported Pd Nanoparticle Catalysts

Since the focus of this study is on supported Pd nanoparticle catalyst systems,
control tests for the batch hydrodechlorination of TCE over supported catalysts were
conducted in the presence of the blank alumina support material and hydrogen (in the
absence of Pd). These experiments confirm that Al,O3 does not have the ability to
catalyze the hydrodechlorination of TCE in the absence of Pd as shown in Figure 2-25.
Once it was established that the support material was unable to catalyze the
dechlorination of TCE, a series of experiments were performed using the Al,Os
supported Pd nanoparticles. The nanoparticles were prepared using the CMC-based
aqueous phase synthesis method followed by their deposition onto the alumina support
material using incipient wetness impregnation.

In the presence of the various supported Pd nanoparticle catalysts, we observed
the complete dechlorination of TCE in very short time spans (< 30 minutes). It is noted
that in each of the following systems, the concentration of Pd in the reactor was (3.27
mg/L). The Pd concentration was held constant in order to make direct comparison of the
activities of each of the following supported nanoparticle catalyst systems. Of the
different catalyst samples studied, the system prepared using the 0.15 wt% CMC-Pd
nanoparticles (average diameter = 2.7 nm, SD = 0.8 nm) supported on alumina were the
most effective at catalyzing the degradation of TCE as illustrated in Figure 2-25. Almost
80% of the TCE had been removed and degraded from the agqueous phase within 15
minutes of initiating the reaction using this catalyst. In the case of the catalyst prepared
using the 0.05 wt% CMC-Pd nanoparticles (average diameter = 2.8 nm, SD = 0.9 nm)

supported by alumina, nearly 70% of the TCE had been degraded within the same 15
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minute time span. The 0.05 wt% CMC-Pd nanoparticles supported on alumina were still
very effective at degrading TCE. When using the catalyst prepared using the 0.005 wt%
CMC-Pd nanoparticles (average diameter = 4.3 nm, SD = 1.6 nm), only ca. 55% of TCE
was degraded after 15 minutes. The larger nanoparticle sizes obtained in this particular
system resulted in a lower surface area to volume ratio for the active Pd catalyst material.
Considering the same mass of Pd was loaded into the reactor for each experiment, a
lower overall activity was therefore observed for the larger nanoparticle sizes. Since the
hydrodechlorination of TCE is a surface-mediated process (Nutt et al., 2005; Nutt et al.,
2006; He and Zhao, 2007; Liu et al., 2008), reducing the available surface area for
catalysis slows the rate of reaction.

Interestingly, the Pd catalysts in the heterogeneous system that were prepared
using the 0.15 wt% CMC and 0.05 wt% CMC aqueous solutions had very similar particle
sizes and size distributions, but exhibited distinctly different kinetics (see Figure 2-26).
This discrepancy in the kinetics observed for the supported Pd nanoparticles indicates
that the improvements in catalytic activity attained were a result of not only the increased
surface area, but also the nature of the deposition as affected by the CMC stabiliztion.
The nature of the deposition process can influence the manner in which the nanoparticles
are dispersed onto the support material; thereby, influencing the associated available
catalytic Pd surface area.

It is noted that all of the supported Pd nanoparticle catalysts had a lower catalytic
activity than the unsupported particles that were homogeneously dispersed in the aqueous
solutions (Liu et al., 2008). There is naturally less surface area available upon which the
catalysis can occur when particles are adhered to a surface rather than homogeneously
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dispersed within the aqueous phase; therefore, a lower activity was achieved for each of
the supported Pd catalysts. Additionally, the TCE must diffuse through the aqueous
phase and the pores of the supporting material before it can adsorb onto the active sites
for dechlorination by H,, which is not necessary in the case of the homogeneously
dispersed Pd nanoparticles in the aqueous media. The time required for diffusion of TCE
to the active Pd catalyst material in the heterogeneous system is much longer, which also
contributes to the lower catalytic activity obtained. Nonetheless, the supported Pd
nanoparticles show considerable activity towards TCE degradation and provide an

opportunity to efficiently retain and recover the active Pd catalyst material.

2.5 Hydrodechlorination Kinetics

2.5.1 Effect of CMC Concentration

The H; concentration was assumed to remain constant during the batch mode
dechlorination of TCE since the amount of H, present in the system vastly exceeded the
stoichiometric requirements for conversion of TCE to biodegradable ethane. Thus, a
pseudo-first-order kinetic model was used to interpret the kinetics for the degradation of

TCE as shown in Equation 3-1 below.

_ d[TCE]
dt

= kappl.-rCE] = kobs[Pd]I.-rCE] = kSAas[Pd]I.-rCE] (3_1)

kapp 1S the apparent reaction rate constant, which was obtained from experimentally

determined data by plotting In([TCE]/[TCE]o) versus time and calculating the slope.
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[Pd] is the concentration of Pd nanoparticles (g/L) in the reactor, and [TCE] is the
concentration of TCE during the reaction (g/L). as is the specific surface area per gram of
Pd nanoparticles (m?/g). Kapp 1S Normalized by the catalyst concentration to yield the
observed reaction kinetic rate constant, Kqps. In addition, Kqps is normalized on the basis of
the specific surface area per gram of Pd nanoparticles to yield the surface-area-based
reaction Kkinetic rate constant, ksa.

For the batch degradation tests using unsupported CMC-stabilized Pd
nanoparticle catalysts, a linear correlation that is typical for first order kinetics was
obtained for In([TCE]/[TCE]o) with respect to time. However, degradation tests using
alumina-supported Pd nanoparticle catalysts did not result in a linear relationship
between In([TCE]/[TCE]o) and time. The origin of this deviation from linear behavior
will be discussed in detail below, and it is noted that the rate constants reported in Table
2-2 were determined from the linear portion of the curves once equilibrium behavior was
achieved (i.e. after 10 minutes beyond initiation of the reaction).

The kapp value for the unsupported 0.15 wt% CMC-stabilized Pd nanoparticle
catalysts was determined to be 0.737 min™. On the other hand, the kap, values for the
alumina supported catalysts prepared using the 0.15, 0.05, and 0.005 wt% CMC-capped
Pd nanoparticles were determined to be 0.359, 0.209, and 0.092 min™, respectively.
Similar to the application of the unsupported Pd nanoparticles prepared with CMC (Liu
2008), the supported nanoparticle catalysts prepared using decreasing amounts of CMC
resulted in nanoparticles of generally increasing particle size causing an associated
decrease in Ksp. The observed reaction rate constant, Kqps, was determined by
considering the concentration of Pd nanoparticle catalysts in the hydrodechlorination
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system along with kap,. Values for Kqps are listed in Table 2-2 and illustrate a dramatic
increase from 28 L/g min to 109 L/g min when the amount of CMC used during
nanoparticle synthesis was increased from 0.005 wt % to 0.15 wt %.

In order to compare the catalytic activity on the same Pd surface area basis, the
specific surface area per gram of Pd nanoparticles in the reaction system was used to
obtain the surface area based reaction rate constant, ksa. Again, the ksa values increased
from 0.240 min® m? to 0.589 min? m™? when the amount of CMC used during the
nanoparticle synthesis was increased from 0.005 wt % to 0.15 wt %. If the catalytic
activity were only a function of the available surface area, the respective values of ksa
would be the same for each of the different catalysts. However, this result illustrates that
the increased activity for the catalyst prepared using the 0.15 wt % solution is not simply
a function of the higher surface area, but that this catalyst had an inherently higher
activity.

Turn over frequency (TOF) is often used to compare the activity of different
catalysts (Boudart, 1995; Li et al., 2002; Stowell and Korgel, 2005). TOF is the number
of molecules that react per active site per unit time and was calculated using Equation 2-

2.

TOan:—(d”CE]J( . J 22
&t )o\[PdID,,

The dispersion (Dpg) of a Pd nanoparticle is defined as the ratio of surface Pd atoms to the

total number of Pd atoms in a nanoparticle. The Dpyq was estimated using a core-shell
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model (Liu et al., 2008) and was also determined experimentally using chemisorption
with carbon monoxide as the adsorbing gas.  In addition, both the molar concentration
of Pd atoms, [Pd], in the reaction system and the initial rate of TCE degradation were
used in the calculation of TOFi,;. The values of TOF,; obtained using the core shell
model again increased as the amount of CMC used during the nanoparticle synthesis was
increased from 0.005 wt % to 0.15 wt %, further indicating that the catalytic activity is
enhanced in the case of the finely controlled Pd nanoparticle catalyst systems. It should
be noted that each of the TOF;,;; values for the supported Pd nanoparticle catalysts were
significantly lower than the values obtained for the unsupported Pd nanoparticle catalysts
by nearly an order of magnitude. Even so, the supported Pd nanoparticles provide an
opportunity to effectively retain and recover the active Pd catalyst material, which is
essential for any practical environmental application. Furthermore, each of the alumina-
supported Pd catalysts (0.33 wt% Pd) using nanoparticles of controlled size had
considerably higher activity towards the degradation of TCE than conventional Pd
catalysts (1 wt% Pd) supported on alumina (see Table 2-3) (Nutt et al., 2005). Hence,
synthesizing Pd nanoparticles of finely controlled size facilitates the more efficient
dechlorination of TCE to biodegradable ethane using less active Pd catalyst material than

is required with traditional supported Pd catalysts.

2.5.2 Chloride Evolution
The reaction intermediates dichoroethylene (DCE) and vinyl chloride (VC) are more
hazardous to the environment than TCE (Nutt et al., 2005; He and Zhao, 2005; U.S. EPA,

1998), so in order to use the hydrodechlorination technology for the decomposition of
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Pd particle a,, Kops,L 91 Kga,

capping agent support (mg) size, nm m2 g1 Kapp, min!  min-! min-' m2
0.15 wt% CMC AlLO; 0.33 27 184.8 0.359 109 0.589
0.05 wt% CMC AlLO; 0.33 2.8 178.2 0.209 63 0.352
0.005 wt% CMC AlLO; 0.33 43 116.1 0.092 28 0.240
no CMC Al,O, 0.34 5.1% 98.4* 0.211 63 0.638*
no CMC TS-1 0.34 51% 98.4* 0.387 112 1.13*
0.005 wt% CMC
(uncalcined) AlL,O; 0.33 43 116.1 0.188 57 0.490
0.15 wt% CMC none 0.10 27 184.8 0.737 741 4.0
0.15 wt% CMC? none 0.10 24 207.9 0.775 731 3.52
no CMCP A0, 0.17 177 12.2

Table 2-2. Average particle size and reaction rate constants for the aqueous phase
hydrodechlorination of TCE in the presence of supported and unsupported Pd
nanoparticle catalysts synthesized using various amounts of CMC capping agent. It is

noted that the rate constants were determined from the plot of In ([TCE]/[TCE]o) against

time of hydrodechlorination of TCE. * Values determined from chemisorption with
carbon monoxide as the adsorbing gas. % Values determined by Liu et al. b Values

determined by Wong et al.
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particle

Pd  particle TOFinit, Sili, . TOFiritv

cappingagent  support (mg) size,nm  Dpy(%)  min” nm Dpy(%)”  min!
0.15 wt% CMC ALO; 0.33 27 451 9.8 17.2 6.5 67.8
0.05 wt% CMC ALO; 0.33 28 4338 5.8 9.4 1.9 214
0.005 wt% CMC ALO; 0.33 43 304 37 95 1.8 96
0.005 wt% CMC

(uncalcined) ALO; 0.33 43 304 76
0.15 wt% CMC none 0.10 27 451 66.5
0.15 wt% CMC? none 0.10 24 54.2 54.2
no cMcP ALO; 0.17 2.8

Table 2-3. Initial TOF and catalyst dispersions (Dpg) for the aqueous phase
hydrodechlorination of TCE in the presence of supported and unsupported Pd nanoparticle

catalysts synthesized using various amounts of CMC capping agent. Values were

determined using a core-shell model unless otherwise specified. * Values determined from
. . : . . a . .
chemisorption with carbon monoxide as the adsorbing gas. ~ Values determined by Liu et

b :
al. ~ Values determined by Wong et al.
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Figure 2-23. Aqueous phase hydrodechlorination of TCE catalyzed by unsupported
CMC-stabilized Pd nanoparticles synthesized using a 0.15 wt% CMC solution. Data
from the control experiment (only CMC in the system) is presented for comparison with
degradation data. Initial total TCE concentration was 50 mg/L. Concentration of Pd
nanoparticles was 1.0 mg/L. Kinetic experiments were performed by Man Zhang.
Catalyst design and preparation, catalyst characterization, data analysis, and data
interpretation as pertaining to this document were performed by the author. (A

collaborative paper is in preparation).
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Figure 2-24. Plot of In ([TCE]J/[TCE]o) against time of the aqueous phase
hydrodechlorination of TCE catalyzed by unsupported CMC-stabilized Pd nanoparticles
synthesized using a 0.15 wt% CMC solution. Initial total TCE concentration was 50
mg/L. Concentration of Pd nanoparticles was 1.0 mg/L. Kinetic experiments were
performed by Man Zhang. Catalyst design and preparation, catalyst characterization,
data analysis, and data interpretation as pertaining to this document were performed by

the author. (A collaborative paper is in preparation).
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Figure 2-25. Aqueous phase hydrodechlorination of TCE catalyzed by alumina-
supported Pd nanoparticles synthesized using various CMC concentrations. Data from

the control experiment (only alumina in the system) is presented for comparison with

degradation data.

nanoparticles was 3.3 mg/L. Kinetic experiments were performed by Man Zhang.
Catalyst design and preparation, catalyst characterization, data analysis, and data

interpretation as pertaining to this document were performed by the author.
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Figure 2-26. Plot of In ([TCE]/[TCE]o) against time of the aqueous phase
hydrodechlorination of TCE catalyzed by alumina-supported Pd nanoparticles
synthesized using various CMC concentrations. Initial total TCE concentration was 50
mg/L. Concentration of Pd nanoparticles was 3.3 mg/L. The two linear periods indicate
a diffusional limitation for an initial total TCE concentration of 50 mg/L. Kinetic
experiments were performed by Man Zhang. Catalyst design and preparation, catalyst
characterization, data analysis, and data interpretation pertaining to this document were

performed by the author. (A collaborative paper is in preparation).
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TCE, it must completely convert TCE to biogdegradable ethane. Experiments were
conducted in collaboration with Man Zhang in order to monitor the degradation of TCE
and simultaneous evolution of chloride ions in the aqueous reaction media over time. A
mass balance was performed and all of the associated chlorine in TCE was converted to
chloride ions. This indicates that all of the TCE was completely dechlorinated and the
only final product was biodegradable ethane, and the more harmful halogenated
intermediates were not formed. This result is consistent with that of Liu et al. (2008) who
monitored the intermediates of the dechlorination reaction on other catalyst systems as
well as the evolution of chlorine and concluded that the hydrodechlorination of TCE is
one-step conversion to biodegradable ethane. Therefore, the hydrodechlorination of TCE

over a supported Pd catalyst is a viable technology for wastewater remediation.

2.5.3 Catalyst Induction Period

All of the alumina-supported Pd nanoparticle catalysts examined using an initial TCE
concentration of 50 mg/L showed a deviation from the linear behavior expected for a
pseudo-first-order kinetic model (see Figure 2-26).

The initial rate of decay of TCE was relatively slow for the first ~10 minutes,
after which, the rate of degradation increased to reach an equilibrium value for each
respective catalyst. It appears that there is an induction period in these studies before an
equilibrium rate of degradation is reached after approximately ten minutes of initiating
the TCE degradation reaction. This induction period is likely the result of the need for
the TCE to diffuse into the pores of the alumina-supported Pd catalyst after its

introduction into the reaction mixture until an equilibrium concentration of TCE can be
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achieved, which occurs after some period of time. Al,O3 is a hydrophilic support
material; therefore, this support induces a diffusional limitation to the concentration of
TCE within the catalyst pores, which results in this induction period. Experiments using
hydrophobic supports described later in this document illustrate that this diffusional
limitation, and resulting induction period, can be overcome by changing the nature of the
support material. In order to further examine the nature of this deviation from linear
behavior, a set of experiments were conducted using the alumina supported catalysts in
which the initial TCE concentration was reduced to 10 mg/L so as to more quickly reach
an equilibrium concentration. If the non-linearity is indeed due to this necessary pre-
concentration induction period, then reducing the initial TCE concentration should trend
towards more linear kinetics. After reducing the initial concentration to 10 mg/L, we see
the linear behavior typical of a pseudo-first-order kinetic model confirming a diffusional
limitation. The slope of the curve in Figure 2-27 obtained using an initial TCE
concentration of 10 mg/L is nearly parallel to the slope in the equilibrium region of the
data obtained for the 50 mg/L experiment (i.e. after the 10 minute induction period),
indicating that once the diffusional limitation is accounted for similar rate constants are
achieved. However, for any practical environmental application higher concentrations of
TCE would be more applicable. Although a diffusional limitation was not detected with
an initial concentration of 10 mg/L, it is likely that higher concentrations would be
present in contaminated soil or groundwater. Therefore, it is necessary to explore and
optimize catalysts that can accommodate the higher TCE concentrations. Based on the
above results, it is suggested that in order to overcome this mass transport limitation a
hydrophobic support material could be examined. A hydrophobic material
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Figure 2-27. Plot of In ([TCE]J/[TCE]o) against time of the aqueous phase
hydrodechlorination of TCE catalyzed by alumina-supported Pd nanoparticles
synthesized using a 0.05 wt% CMC solution. Concentration of Pd nanoparticles was 3.3
mg/L. Kinetic experiments were performed by Man Zhang. Catalyst design and
preparation, catalyst characterization, data analysis, and data interpretation as pertaining

to this document were performed by the author. (A collaborative paper is in preparation).
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Pd

capping loading support calcination reduction specific SA*
sample agent (wt%) material temp (°C) temp (°C) (m2/g)
A1 none 0 Al,O4 -— -— 83
A2 none 0 AlL,O; 500 400 92
B1 0.15wt% CMC 0.33 Al,O3 - - 72
B2 0.15wt% CMC 0.33 AlL,O3 500 400 78
B3 0.15wt% CMC 0.33 AlL,O; 400 250 87
0.005 wt%
C1 CcMC 0.33 AlL,O; - -—- 85
0.005 wt%
c2 CcMC 0.33 AlL,O; 500 400 82

Table 2-4. Specific surface areas for Al,O; and Al,Os-supported Pd nanoparticles

prepared using various concentrations of CMC capping ligand.

measured BET surface areas.
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would permit the rapid concentration of the TCE into the pores of the support; thereby,
enhancing the degradation of TCE to biodegradable ethane. Studies involving the effect

of the support material properties will be discussed in more detail below.

2.6 XRD Characterization of the Pd Nanoparticle Catalysts on Al,O5

XRD measurements were collected for the alumina-supported Pd nanoparticle catalysts at
Auburn University by the author and at West Virginia University by Dr. Mohindar
Seehra and Dr. Vivek Singh. Table 2-4 presents each sample examined in the XRD
studies. The diffraction patterns for both blank Al,O3; and 0.33 wt% Pd nanoparticles
supported on Al,O3 collected at Auburn University are shown in Figure 2-28 with several
distinct peaks observed for each material. It was determined that the Al,O3; support
material was theta phase with characteristic peaks observed around 37°, 39°, 45°, 46°, and
47° for this phase over the scanned region from 35° to 50°. Pd has diffraction patterns
around 40° and 46° over this scanned region from 35° to 50° with the strongest peak
appearing at 40°. Unfortunately, due to the very low Pd loading (0.33 wt% Pd) for these
catalysts the Pd peaks could not be distinguished from peaks for the alumina support
material. The Al,O3 support not only diffracts at the same line positions as Pd for the
scanned region from 35° to 50°, but also has much stronger diffraction peaks. Since the
alumina line positions are very close to that of Pd, a broad scan between 10° and 85° was
collected for Al,O3 in order to isolate an optimum region to conduct a narrow scan with a
higher sensitivity for these alumina-supported Pd nanoparticle catalysts. The broad scan

from 10° to 85° conducted for the alumina support material is shown in Figure 2-29. Itis
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Figure 2-28. XRD patterns of Al,O3 and Al,Os-supported Pd nanoparticles. Pd loading

was 0.33 wt% on the Al,O3 support material.
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Figure 2-29. XRD pattern of Al,O3 support material collected from a broad scan of the

material from 10° to 85° using a Rigaku Miniflex powder X-ray diffractometer.
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Figure 2-30. XRD pattern of alumina-supported Pd nanoparticles collected from a
narrow scan of the catalyst from 80° to 85° using a Rigaku Miniflex powder X-ray

diffractometer. Pd loading was 0.33 wt% on the Al,O3 support material.

83



noted that only a very weak XRD peak for alumina was observed around 20 = 84° during
the broad scan from 10° to 85°. Therefore, it was determined that a narrow scan from 80°
to 85° would be collected, since Pd has a diffraction peak around 81° and there is very
little interference from the alumina support material. The narrow scan from 80° to 85° for
the alumina-supported Pd nanoparticle catalyst prepared using 0.15 wt% CMC (average
size = 2.7 nm, SD = 0.8 nm) is shown in Figure 2-30. A weak XRD peak at 20 = 82° was
observed for Pd; however, this peak could not be distinguished from the noise in the
baseline. In conclusion, XRD studies performed using equipment at Auburn University
did not provide enough suitable data to determine the average crystallite size or
crystalline structure for these catalysts.

Diffraction patterns for both blank Al,O3 and 0.33 wt% Pd nanoparticles on Al,O3
were subsequently collected at West Virginia University using a broader scan from 5° to
100° as shown in Figure 2-31. Data for the narrow scan from 75° to 90° with higher
sensitivity is shown in Figure 2-32. In Figure 2-31, the expected line positions for Al,O3
and Pd are also shown and the data from 35° to 50° correspond well to the spectra
collected at Auburn University. It is noted that almost all of the observed peaks can be
assigned to Al,Os, having an average particle size of approximately 8 nm. Again, it is
difficult to distinguish the Pd diffraction peaks from those of Al,Os, since the Pd loading
(0.33 wt% Pd) is quite low for normal XRD detection. Despite the low metal loading, the
line from Pd near 20 = 82° was clearly observed without interference from the Al,O3
support, which was also observed in the studies at Auburn University. Consequently, a
narrow scan from 75° to 90° was conducted using the high sensitivity conditions

described above to verify the detection of Pd. The results shown in Figure 2-32 confirm
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Figure 2-31. XRD patterns of Al,O3 and alumina-supported Pd nanoparticles along with the
expected line positions for both Al,O3 and Pd material. Bragg angles (20) from 5°to 100° were

scanned at 0.06° with a counting time of 5 seconds at each step.
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Figure 2-32. XRD patterns of Al,O3 and alumina-supported Pd nanoparticles along with the
expected line position for Pd near 82°. Bragg angles (20) from 75° to 90° were scanned at 0.01°

with a counting time of 10 seconds at each step.
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the presence of Pd nanoparticles with a particle size of approximately 14 nm (SD =4 nm)
and a peak area of 4412 (5%) for sample B2. Figure 2-32 also confirms the presence of
Pd with a particle size of approximately 11 nm (SD = 3 nm) and a peak area of 7860
(10%) for sample B3. In addition, Figure 2-32 confirms the presence of Pd nanoparticles
with a particle size of 14 nm (SD = 3 nm) and a peak area of 5240 (8%) for sample C2.
To determine these parameters, the background was fitted to a fourth order polynomial
and the peaks were fitted to pseudo-Voigt line-shape. It is noted that the Pd peak was not
detected for the alumina-supported Pd nanoparticle catalysts before calcination and
reduction (samples B1 and C1). It is suggested that the presence of the Pd peaks in
samples B2, B3, and C2 results from Oswald ripening of the finely dispersed Pd particles
into the observed larger particles under the calcination/reduction conditions; which, also
explains the absence of the Pd peaks in the spectra obtained for the catalysts that did not
undergo calcination and reduction (samples B1 and C1). The higher peak area (7860) of
sample B3 vis-a-vis samples B2 and C2 suggests that more of the Pd has agglomerated
into larger particles for this particular catalyst. The significance of these results in

connection with the activity of these samples will be discussed in more detail later.

2.7 Effect of Catalyst Calcination on TCE Degradation Kinetics

XRD analysis of the Pd nanoparticle catalysts synthesized with various CMC
concentrations and deposited onto aluminum oxide support material suggest that
calcination of these catalysts initiate crystallite growth resulting in a larger average
diameter Pd nanoparticle. If the degradation of TCE depends on the available surface

area, then the uncalcined catalysts should have better catalytic performance. Experiments
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with Pd nanoparticles prepared with 0.005 wt% CMC deposited on aluminum oxide were
conducted to test their catalytic activity both before and after calcination. The results are
shown in Figure 2-33. Nearly 80% of the TCE is degraded within 10 minutes of
initiating the reaction; whereas, only 40% of the TCE is degraded for the calcined
catalyst after the same time span. The uncalcined catalyst is more effective at degrading
TCE than the calcined catalyst. It also has a catalytic activity approaching that of the
unsupported nanoparticles.

The Kapp value for the unsupported 0.005 wt% CMC-stabilized Pd nanoparticle
catalyst was determined to be 0.482 min™. On the other hand, the kap, value for the
uncalcined alumina supported catalyst prepared using 0.005 wt% CMC-capped Pd
nanoparticles was determined to be 0.188 min™®.  There is a decrease in the apparent
reaction rate constant for the uncalcined alumina-supported catalyst as compared to the
unsupported CMC-stabilized Pd nanoparticles. There is naturally less surface area
available upon which the catalysis can occur when particles are adhered to a surface
rather than homogeneously dispersed within the aqueous phase; therefore, a lower
activity was achieved for the supported Pd catalyst. Additionally, the TCE must diffuse
through the aqueous phase and the pores of the supporting material before it can adsorb
onto the active sites for dechlorination by H,, which is not necessary in the case of the
homogeneously dispersed Pd nanoparticles in the aqueous media. The time required for
diffusion of TCE to the active Pd catalyst material in the heterogeneous system is much
longer, which also contributes to the lower catalytic activity obtained. The kg, value for
the calcined alumina-supported catalyst prepared using 0.005 wt% CMC-capped Pd
nanoparticles was determined to be 0.092 min™.
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Values for ks are listed above in Table 2-2 and illustrate a dramatic decrease
from 455 L/g min to 57 L/g min when the 0.005 wt% CMC-stabilized Pd nanoparticles
were supported on aluminum oxide.

In order to compare the catalytic activity on the same Pd surface area basis, the
specific surface area per gram of Pd nanoparticles in the reaction system was used to
obtain the surface area based reaction rate constant, ksa. The ksa values decreased from
2.83 L min™ m? to 0490 L min? m? when the 0.005 wt% CMC-stabilized Pd
nanoparticles were supported on aluminum oxide. The ksa values further decreased from
0.490 L min™® m™ to 0.240 L min™ m? when the alumina-supported 0.005 wt% CMC-
stabilized Pd nanoparticles were calcined. To calculate ksa, kobs Was normalized using
the specific surface area per gram of Pd nanoparticles in the reaction system. However,
there is naturally less surface area available upon which the catalysis can occur when
particles are adhered to a surface rather than homogeneously dispersed within the
aqueous phase; therefore, a lower activity was achieved for the supported Pd catalyst.

It should be noted that the TOFi,: value for the alumina-supported 0.005 wt%
CMC-stabilized Pd nanoparticle catalyst was significantly lower (TOFiy; = 7.6 min™)
than the value obtained for the unsupported CMC-stabilized Pd nanoparticles (TOFi,it =
41.4 min™). The TOFj, value for the calcined alumina-supported 0.005 wt% CMC-
stabilized Pd nanoparticle catalyst was significantly lower (TOFi,; = 3.7 min™) than the
value obtained for the uncalcined supported CMC-stabilized Pd nanoparticles (TOFi,;; =
7.6 min™). Even so, the supported Pd nanoparticles provide an opportunity to effectively
retain and recover the active Pd catalyst material, which is essential for any practical
environmental application. ICP analysis was performed, after separation and removal of
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Figure 2-33. Effect of calcination conditions on the catalyst activity for the
hydrodechlorination of TCE catalyzed by alumina-supported Pd nanoparticles
synthesized using a 0.005 wt% CMC solution. Initial total TCE concentration was 50
mg/L. Concentration of Pd nanoparticles in the system was 3.3 mg/L.  Kinetic
experiments were performed by Man Zhang. Catalyst design and preparation, catalyst
characterization, data analysis, and data interpretation as pertaining to this document

were performed by the author. (A collaborative paper is in preparation).
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Figure 2-34. Plot of In ([TCE]/[TCE]o) against time of the aqueous phase
hydrodechlorination of TCE catalyzed by alumina-supported Pd nanoparticles
synthesized using a 0.005 wt% CMC solution. Initial total TCE concentration was 50
mg/L. Concentration of Pd nanoparticles in the system was 3.3 mg/L. Kinetic
experiments were performed by Man Zhang. Catalyst design and preparation, catalyst
characterization, data analysis, and data interpretation as pertaining to this document

were performed by the author. (A collaborative paper is in preparation).
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the aqueous phase from the alumina-supported Pd catalyst, in order to determine the
degree of Pd loss from the support material. Pd was detected in the effluent. While the
uncalcined catalyst had better activity, leaching of Pd into the aqueous phase is not
acceptable for this application and would indicate that the calcined materials are a better

alternative despite the slightly lower activity.

2.8 Catalyst Stability

Experiments were conducted collaboratively with Man Zhang to assess the stability of
these supported Pd nanoparticle catalysts that were synthesized using various
concentrations of CMC. For each experiment, 0.1 grams of catalyst (0.031 mM Pd) was
added to a 127 mL serum bottle along with 100 mL of deionized water and a stir bar for
proper agitation. The system was purged with H, gas for twenty minutes to displace any
dissolved oxygen and to saturate both the aqueous phase and headspace with H,. The
system was then sealed with a Teflon Mininert valve and spiked with 25 puL (179 g/L in
methanol) of a TCE stock solution to yield an intial TCE concentration of 50 mg/L. The
TCE solution was added under constant stirring and the system was sampled at regular
time intervals. The degradation of TCE was monitored for thirty minutes by removing
100 uL of the aqueous phase at constant intervals using a gastight syringe. The sample
was transferred to a 2 mL GC vial and extracted into 1 mL of hexane for subsequent
analysis using a HP 6890 GC fitted with a micro-electron capture detector (ECD). Once
the TCE in the system was completely degraded, the 127 mL serum bottle was
centrifuged for five minutes using a Fisher Marathon 21K/R Centrifuge at 1500 RPM in

order to separate the suspended catalyst from the aqueous phase.
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After centrifugation, the aqueous phase was removed from the alumina-supported
Pd catalyst and analyzed by ICP to determine the degree of Pd leaching that occurred
during the dechlorination reaction. The catalyst was recycled and the aqueous phase was
replaced with 100 mL of deionized water. The system was again purged with H, gas for
twenty minutes, and then sealed with a Teflon Mininert valve. In order to initiate the
reaction, the system was spiked with 25 uL (179 g/L in methanol) of a TCE stock
solution to yield an intial TCE concentration of 50 mg/L. The system was sampled at
regular time intervals, and the degradation of TCE was monitored for thirty minutes. The
centrifugation of the reactor along with removal of the aqueous phase was repeated. This
experimental procedure was followed for a total of six degradation reactions, recycling
the same catalyst in each run. All experiments were at least duplicated.

The catalytic activity of the alumina-supported Pd nanoparticles prepared using a
0.15 wt% CMC solution is shown in Figure 2-35. The activity of this catalyst was fairly
constant throughout the six degradation reactions, which suggests that this catalyst was
stable and that Pd was not leached from the support material into the aqueous phase. ICP
analysis was performed, after separation and removal of the aqueous phase from the
alumina-supported Pd catalyst, in order to determine the degree of Pd loss from the
support material. No Pd was detected in the aqueous phase by ICP analysis, which is
required if these catalysts are to be used for an environmental application.
Performing this same analysis on the uncalcined catalysts resulted in the detection of Pd
in the effluent. While the uncalcined catalysts had better activity, leaching of Pd into the
aqueous phase is not acceptable for this application and would indicate that the calcined

materials are a better alternative despite the slightly lower activity. In addition,
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Figure 2-35. Plot of In ([TCE]/[TCE]o) against time of the aqueous phase
hydrodechlorination of TCE catalyzed by alumina-supported Pd nanoparticles
synthesized using a 0.15 wt% CMC solution. This study included a total of six
degradation reactions, recycling the same catalyst in each run. Initial total TCE
concentration was 50 mg/L. Concentration of Pd nanoparticles in the system was 3.3
mg/L. Kinetic experiments were performed by Man Zhang. Catalyst design and
preparation, catalyst characterization, data analysis, and data interpretation as pertaining

to this document were performed by the author. (A collaborative paper is in preparation).
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Pd is a very expensive precious metal. Therefore, it is necessary to retain and recover the
active Pd catalyst material in order to make this a viable remediation technology. This
series of experiments not only illustrated the robust nature of these alumina-supported Pd
nanoparticle catalysts used for the aqueous phase hydrodechlorination of TCE, but also

demonstrated the significance of calcination during catalyst preparation.

2.9 Effect of Catalyst Reduction Gas Composition

A series of investigations were performed in order to determine the effect of the
reduction gas composition on catalytic performance of the supported Pd nanoparticle
catalysts. One set of catalyst reductions were conducted in a pure H, environment at
400°C and atmospheric pressure. The lower explosive limit for hydrogen in air is 4% by
volume, so due to the extremely flammable nature of H,, performing reductions in pure
H, have considerable associated safety hazards. In consideration of these safety
concerns, reductions were also carried out in a non-flammable reducing media of 5%
H./balance N, at 400°C and atmospheric pressure. Comparisons were made between
catalysts reduced in each environment to determine if the reducing gas had any effect on
the catalyst activity. Some studies have suggested that reducing in pure hydrogen can
increase catalyst sintering, thereby, decreasing the available surface area and reducing
catalyst activity. Results for these studies are shown in Figures 2-36 and 2-37. Each
catalyst showed very similar catalytic activity and Kinetics using both reducing
environments. Decreased activity for the catalyst reduced in the H, environment was not
observed, which suggests that the reducing gas does not have an adverse effect on

sintering and crystallite growth under these conditions. Even so, due to safety concerns,
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Figure 2-36. Plot of In ([TCE]/[TCE]o) against time of the aqueous phase
hydrodechlorination of TCE catalyzed by alumina-supported Pd nanoparticles
synthesized using a 0.15 wt% CMC solution. Initial total TCE concentration was 50
mg/L. Concentration of Pd nanoparticles in the system was 3.3 mg/L. Kinetic
experiments were performed by Man Zhang. Catalyst design and preparation, catalyst
characterization, data analysis, and data interpretation as pertaining to this document

were performed by the author. (A collaborative paper is in preparation).
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Figure 2-37. Plot of In ([TCE]/[TCE]o) against time of the aqueous phase
hydrodechlorination of TCE catalyzed by a conventional alumina-supported Pd catalyst.
Initial total TCE concentration was 50 mg/L. Concentration of Pd nanoparticles in the
system was 3.3 mg/L. Kinetic experiments were performed by Man Zhang. Catalyst
design and preparation, catalyst characterization, data analysis, and data interpretation as

pertaining to this document were performed by the author. (A collaborative paper is in

preparation).
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reductions were performed primarily with the 5% H)/N, gas mixture.

2.10 Effect of Support Material

Figure 2-26 illustrated that the Pd nanoparticle catalysts on Al,O3 required an induction
period to reach the fully saturated concentration state of TCE within the catalyst pores. It
is presumed that this induction period is necessary due, in part, to the hydrophilic nature
of the alumina support material. However, given that TCE is a hydrophobic chemical it
would stand to reason that the use of a more hydrophobic support material could help to
facilitate the diffusion of the TCE into the catalyst pores. As such, the previously
observed induction period in Figure 2-26 could be reduced or eliminated, thereby,
yielding first-order Kkinetics. Based on this, titanium silicalite (TS-1) was chosen as an
example hydrophobic support material. It is noted that TS-1 is an expensive material and
would not lend itself to practical environmental application. Rather, the TS-1 is used in
this case to further examine this fundamental effect of support material hydrophobicity on
TCE degradation.

Experiments were conducted using Pd dispersed on hydrophobic TS-1 support
material prepared using the conventional incipient wetness impregnation technique to
demonstrate the effect of the different support materials on the TCE degradation. Figure
2-38 presents a plot of [TCE]¢/[TCE], with respect to time using ca. 0.34 wt% Pd on both
alumina and TS-1 supports, with surface areas of 100 m®/g and 342 m%/g, respectively.
It is noted that approximately 97% of the TCE is degraded within the first ten minutes of
initiating the reaction using the hydrophobic TS-1 supporting material. On the other

hand, only 50% of the TCE is degraded during the same time span using the hydrophilic
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Al,O3 support material. Moreover, Figure 2-39 illustrates that linear pseudo-first order
kinetic behavior (R? value of 0.993) was achieved using the hydrophobic support with the
absence of the previously noted induction period obtained with the alumina support. The
pseudo-first order observed reaction rate constant was Keps = 112 L g min™ for TS-1
supporting material; whereas, kos = 12 L g™ min™ for the Al,O3 supporting material.
This suggests that an inexpensive hydrophobic support material is needed to optimize the

TCE degradation for heterogeneous environmental applications.

2.11 BET Surface Area Measurements

N, gas adsorption measurements were performed at West Virginia University by Mohita
Yalamanchi in order to determine the specific surface area of the alumina-supported Pd
nanoparticle catalysts prepared using various concentrations of CMC (see Table 2-4).
The results of the BET measurements are summarized in Table 2-4. 1t is noted that the
specific surface area of the Al,Oz support material increased from 83 m?/g to 92 m?/g
upon calcination at 500°C. This increase in surface area is most likely due to the removal
of contaminants trapped within the pores of the Al,O3 support material which are released
with calcination. The alumina-supported Pd nanoparticle catalyst prepared using a higher
concentration of CMC capping agent (0.15 wt% CMC) was determined to have a lower
surface area (SA = 72 m?/g, before calcination/reduction) than the catalyst prepared using
a much lower CMC concentration of 0.005 wt% (SA = 85 m?%g, before
calcination/reduction). CMC is a very large and bulky molecule (MW = 90,000), so it is
most probable that the CMC attached to the surface of the Pd nanoparticles block some of

the alumina pores upon deposition at the higher CMC concentration (0.15 wt% CMC). In
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Figure 2-38. Aqueous phase hydrodechlorination of TCE catalyzed by Pd on both Al,O3
and TS-1 support materials. Initial total TCE concentration was 50 mg/L. Concentration
of Pd in the system was 3.4 mg/L. Kinetic experiments were performed by Man Zhang.
Catalyst design and preparation, catalyst characterization, data analysis, and data
interpretation as pertaining to this document were performed by the author. (A

collaborative paper is in preparation).
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Figure 2-39. Plot of In ([TCE]J/[TCE]o) against time of the aqueous phase
hydrodechlorination of TCE catalyzed by Pd on both Al,O3 and TS-1 support materials.
Initial total TCE concentration was 50 mg/L. Concentration of Pd in the system was 3.4
mg/L. Kinetic experiments were performed by Man Zhang. Catalyst design and
preparation, catalyst characterization, data analysis, and data interpretation as pertaining

to this document were performed by the author. (A collaborative paper is in preparation).
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the case of the lower CMC concentration of 0.005 wt%, a surface area of 85 m%(g is
obtained which is very close to the surface area value for blank alumina (SA = 83 m?/g).
This is evidence that the CMC ligand is blocking the pores at higher CMC
concentrations. In addition, some of the surface area was restored after
calcination/reduction where the CMC ligand is burned off. For example, the surface area
for the catalyst prepared using 0.15 wt% CMC increased from 72 m?/g to 78 m%g. These
studies demonstrate that the CMC capping ligand affects the ability of the Pd
nanoparticles to deposit onto the support with a concomitant influence on the surface of

the support material.

2.12 FT-IR Spectroscopic Analysis of Catalysts

Catalyst characterization with FT-IR spectroscopy was used to determine the appropriate
calcination temperature for all catalysts. Calcinations were done at 80°C, 120°C, 320°C,
and 500°C. The specific interactions between the CMC capping agent and the Pd
nanoparticles were previously determined by Liu et al (2008). It was shown that CMC
interacts with the surface of the Pd nanoparticles through the hydroxyl (OH) and
carboxylate (COO") functional groups. The FT-IR spectrum for Pd nanoparticles
prepared using 0.15 wt% CMC and then calcined at 80°C is shown in Figure 2-40. The
asymmetric v,(COO") and symmetric vs(COQ") stretching vibration bands for the
carboxylate groups were observed at 1599 cm™ and 1416 cm™, respectively. In addition,
the stretching vibration band for the hydroxyl functional group was observed at
3332 cm™. The FT-IR spectrum for Pd nanoparticles prepared using 0.15 wt% CMC and

subsequently calcined at 120°C is shown in Figure 2-41. The detection of the stretching
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vibrations associated with CMC capping ligand indicates the presence of CMC and its
interaction with the Pd nanoparticle surface. However, the —OH stretch at 3332 cm™
disappeared after catalyst calcination at 320°C as shown in Figure 2-42. Also, it is noted
that a shift in the stretching vibration bands for the —COQO"™ groups was observed from
1599 cm™ and 1416 cm™ to 1584 cm™ and 1404 cm™, respectively. This shift suggests
that the interactions between the —COQO" functional groups and Pd nanoparticle surface
have been disrupted. The FT-IR spectrum for Pd nanoparticles prepared using 0.15 wt%
CMC and calcined at 500°C is shown in Figure 2-43. The characteristic stretching
vibration bands were not detected for the catalyst calcined at 500°C indicating that all of
the CMC ligand has been burned off. These studies suggest calcination temperatures

above 320°C to ensure complete removal of CMC.

2.13 High Resolution TEM Characterization

As described above, a Zeiss EM 10 was used for standard TEM characterization of the
CMC-stabilized Pd nanoparticles in order to obtain their average particle size and particle
size distribution. In addition, high-resolution TEM (HRTEM) analysis was performed by
Dr. Naresh Shah at the University of Kentucky on both unsupported and alumina-
supported Pd nanoparticles prepared using various CMC concentrations in order to
determine the crystallinity and morphology as well as to approximate the average particle
size of the alumina-supported Pd nanoparticles. Bright field images were obtained for the
unsupported CMC-stabilized Pd nanoparticles prepared with both 0.15 wt% CMC and
0.005 wt% CMC aqueous solutions. An image of the unsupported CMC-Pd

nanoparticles produced using 0.15 wt% CMC is shown in Figure 2-44. These

103



Absorbance (A.U.)
N

3650 2650 1650 650

Wavenumber (cm)

Figure 2-40. FT-IR spectrum for CMC-Pd nanoparticles prepared using a 0.15 wt%

CMC aqueous solution and calcined at 80°C.
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Figure 2-41. FT-IR spectrum for CMC-Pd nanoparticles prepared using a 0.15 wt%

CMC aqueous solution and calcined at 120°C.
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Figure 2-42. FT-IR spectrum for CMC-Pd nanoparticles prepared using a 0.15 wt%

CMC aqueous solution and calcined at 320°C.
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Figure 2-43. FT-IR spectrum for CMC-Pd nanoparticles prepared using a 0.15 wt%

CMC aqueous solution and calcined at 500°C.
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nanoparticles were observed to be spherical in shape and approximately 2.5 nm to 3 nm
in size, which is consistent with results obtained using the lower resolution TEM at
Auburn University. Atomic lattice fringes were evident in this high-resolution image,
demonstrating a crystalline structure for the Pd nanoparticles. A mask in Fourier space
was applied to the image in Figure 2-44 in order to reduce the noise from the carbon
substrate and measure the interplanar spacing which is shown in Figure 2-45. The atomic
planes in the crystal lattice for CMC-stabilized Pd nanoparticles prepared using 0.15 wt%
CMC were visualized and imaged in Figure 2-46.

An image of unsupported CMC-Pd nanoparticles produced using 0.005 wt%
CMC is shown in Figure 2-47. These nanoparticles were observed to be spherical in
shape and approximately 5 nm to 10 nm in size, which is analogous to particle sizes
obtained at Auburn University using the lower resolution TEM. It is noted that reducing
the capping ligand concentration resulted in particles with a larger average diameter,
which is also consistent with the lower resolution results described above.

Figures 2-48 and 2-49 show bright field TEM images for as prepared 0.34 wt%
Pd on Al,Oj3 catalyst before the aqueous phase hydrodechlorination of TCE. The alumina
support was crystalline in nature, and the crystallites were anywhere from 5 nm to 10 nm
in size. The average crystallite size for Al,O3 was consistent with results obtained from
XRD characterization (average diameter = 8 nm). There appeared to be strong bonding
between the randomly ordered crystallites as shown in Figure 2-49. Random stacking of
single crystals, without any internal porosity, can generate a larger porous scaffold

without significant loss in the specific surface area. Figure 2-50 is a HRTEM image of
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0.34 wt% Pd on Al,O3 catalyst after the dechlorination of TCE, which indicated no
morphological changes in the catalyst after exposure to reaction conditions.

The imaging of the Pd nanoparticles on Al,O3 support material was rather
challenging since the absolute concentration of Pd nanoparticles on the support was very
low (0.34 wt% Pd), and both the Pd nanoparticles and Al,O3 particles are crystalline in
nature. Therefore, and EDS spectrum (see Figure 2-51) of the area of interest was
acquired in order to confirm the presence of Pd in the catalyst sample. The primary
elemental compositions obtained with EDS were aluminum (Al) and oxygen (O), which
was to be expected since the sample was 99.7 wt% Al,Os. It is noted that the Pd L-shell
emission peak around 3keV and the K-shell emission peak around 21 keV were observed;
thereby, confirming the existence of Pd on the Al,O3 supporting material. The high-
resolution image corresponding to this EDS spectrum is shown in Figure 2-48. The dark
spots in the bright-field image are locations on the grid where the sample was thicker;
therefore, not transparent to the electron beam. Unfortunately, images of alumina-
supported Pd were not obtained due to the very low Pd concentration on the support
material.

2.14 Conclusions

Pd nanoparticles were synthesized and stabilized within the aqueous phase using
water-soluble polymeric capping ligands, which offers a green alternative to the
conventional nanoparticle synthesis techniques. The capping ligand, capping ligand
concentration, and synthesis temperature were all examined in order to understand their
effect on the particle size and size distribution. Once it was understood how to finely

control the synthesis of Pd nanoparticles in the aqueous phase, the catalytic behavior of
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Figure 2-44. HRTEM image of CMC-stabilized Pd nanoparticles

prepared in the aqueous phase using a 0.15 wt% CMC solution at a

magnification of 800,000.
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Figure 2-45. HRTEM image of CMC-stabilized Pd nanoparticles
prepared in the aqueous phase using a 0.15 wt% CMC solution at a
magnification of 800,000 after applying a mask in Fourier space to reduce

the noise from the carbon substrate.
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Figure 2-46. HRTEM image of 0.15 wt% CMC-stabilized Pd

nanoparticles dispersed in the aqueous phase at a magnification of 800,000.
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Figure 2-47. HRTEM image of CMC-stabilized Pd nanoparticles

synthesized in the aqueous phase using a 0.005 wt% CMC solution at a

magnification of 200,000.
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Figure 2-48. HRTEM image of Pd nanoparticles (0.33 wt% Pd)

supported on Al,O3 at a magnification of 60,000.
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Figure 2-49. HRTEM image of Pd nanoparticles (0.33 wt% Pd) supported

on Al,O; before the aqueous phase dechlorination of TCE at a

magnification of 300,000.
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Figure 2-50. HRTEM image of 0.34 wt% Pd supported on Al,Oj after the

aqueous phase dechlorination of TCE at a magnification of 250,000.

116



8004

7004

6001

5004

4004

Counts

300
Cu-K
200 Pd-L

1004
Pd-K

0 : | 3 s 20

keV
Figure 2-51. EDS spectrum for the overall area shown in Figure 2-48 for the 0.34
wt% Pd on Al,O; catalyst. The presence of both K and L shell emission lines for Pd

confirm its existence in this selected area. The Cu line is from the grid used in order

to support the sample for analysis by TEM.
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CMC-stabilized Pd nanoparticles was examined for the hydrodechlorination of TCE in a
homogeneous catalyst system. The unsupported Pd nanoparticles showed considerable
activity towards the degradation of TCE, as demonstrated by the reaction kinetics. Even
S0, it is essential to efficiently retain and recover the active Pd catalyst material if these
catalysts are to be used for an environmental application. Therefore, these nanoparticles
were dispersed onto a supporting material for utilization in a heterogeneous catalyst
system. CMC stabilized Pd nanoparticle catalysts were successfully deposited onto
Al,O3 support material using the incipient wetness impregnation technique. Although the
supported Pd nanoparticle catalysts had a lower catalytic activity than the unsupported
particles that were homogeneously dispersed in the aqueous solutions, the supported
catalysts retained sufficient activity toward the degradation of TCE. In addition, the use
of hydrophilic Al,O3 support material illustrated a mass transfer resistance to TCE that
affected the initial hydrodechlorination rate. However, the use of a more hydrophobic
support, TS-1, overcame the mass transfer resistance to TCE. In conclusion, this work

illustrates that supported Pd catalysts can be effective in the hydrodechlorination of TCE.
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Chapter 3

APPLICATIONS OF IN-SITU GENERATED HYDROGEN PEROXIDE IN

SUPERCRITICAL CARBON DIOXIDE SOLVENT MEDIA

3.1 Introduction

Hydrogen peroxide (H20,) is generally considered a benign oxidant that is a promising
alternative to conventional oxidants. The current method for producing H,O, involves a
complicated anthraquinone autoxidation (AO) process consisting of two sequential steps,
hydrogenation followed by oxidation (Hess, 1995). An alkyl anthraquinone is dissolved
in a solvent mixture, consisting of both polar and aromatic compounds, then
hydrogenated in the presence of a supported palladium catalyst to give its respective
hydroquinone. The hydroquinone solution is then separated from the catalyst and air-
oxidized to regenerate the alkyl anthraquinone while splitting off hydrogen peroxide as
shown in Scheme 3-1.

Unfortunately, this route requires multiple unit operations, is highly energy-
intensive, and results in the generation of several considerable waste streams. Despite the
relatively high cost of production, the AO process is used to manufacture about 95% of
the world’s hydrogen peroxide (Fierro et al., 2006). This process is commercially

successful because it not only prevents the direct contact of hydrogen and oxygen, but
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Scheme 3-1. Anthraquinone autoxidation route for manufacturing hydrogen peroxide.
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also produces H,O, continuously at mild conditions. Even so, there are several
disadvantages associated with the AO method for H,O, production. First, the product is
contaminated during extraction from the organic phase into water, and must be distilled
for product purification. Huge quantities of energy are necessary for the separation and
distillation of H,0,. Next, the organic solvent mixture can be oxidized during
production, so the degraded materials must be removed and replaced to maintain the
appropriate solubilities. Also, the expensive anthraquinones in the working solution
undergo unwanted side reactions, so these side products must be removed for
regeneration of the starting material or disposal. Make-up of the spent anthraquinones
and solvents along with the wasted hydrogen all result in higher production costs. The
anthraquinone route, although successful, certainly is not green and is far too costly to
allow for use of H,O, as a benign oxidant in chemical processing. Development of a
more direct and green synthesis approach is needed that utilizes less energy and
consumes fewer resources, thereby producing H,0, at a lower overall cost.

Perhaps the most efficient method for H,O, production, in terms of the principles
of green chemistry, is the direct reaction of hydrogen and oxygen. Titanium silicalite
(TS-1) catalysts have shown some success in promoting the direct production of H,0,
from hydrogen and oxygen (Taramasso et al., 1983). Even though the direct reaction is
the most efficient production method, it is also perhaps the most dangerous. The
flammability limit for hydrogen in air is 4%; however, studies have shown that the non-
explosive margin can be widened to 9% if mixed with carbon dioxide (CO,) (Pande and

Tonheim, 2001).
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The use of CO, as the solvent for the direct generation of H,O, was pioneered by
Beckman and coworkers, having illustrated great potential for several reasons (Hancu et
al., 2002). Carbon dioxide is non-flammable, has a very low toxicity, is inexpensive,
naturally abundant, and cannot be further oxidized (Baiker and Wandeler, 2000;
Beckman, 2004; Chen and Beckman, 2007; Chen and Beckman, 2008). Also, H, and O,
are completely miscible with CO; at temperatures above 304 K (the critical temperature
of COy). Carrying out the reaction in supercritical CO, media allows for single phase
operation (Subramaniam and McHugh, 1986; Baiker, 1999). Consequently, the transport
limitation barrier that exists in the conventional AO synthetic route of H,O, can be
eliminated. Removing this barrier enhances the yield of the reaction while more
effectively producing H,O,. In addition, single phase operation would reduce the number
of unit operations required for production; thus, making the process more cost effective.
The advantages associated with using CO, as a solvent media represent the ideals set
forth by the twelve principles of green chemistry. The direct synthesis of H,O; is
certainly a green alternative to the widely accepted anthraquinone route.

Even so, it is very difficult to accurately measure hydrogen peroxide production
in the direct route. Unfortunately, the same conditions necessary to produce H,0, also
catalyze its decomposition (Landon et al., 2003). There are two reaction pathways
responsible for the breakdown of H,O,, which are thermodynamically favored (Li et al.,
2007). One is the disproportionation of H,O, resulting in the formation of both water and
oxygen shown in Equation (3-4). The second pathway is the reduction of H,0O, to give

water as shown in Equation (3-3).
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H2 + 02 - H202 (3'1)

H, + 0.5 0, — H,0 (3-2)
H,0, + H, - 2 H,0 (3-3)
H,0, - H,0 + 0.5 0, (3-4)

Coupling the generation of hydrogen peroxide with an oxidation reaction provides a
unique solution (Meiers and Holderich, 1999). The generated hydrogen peroxide can be
consumed through oxidation of another reactant before it has a chance to enter one of the
decomposition pathways. Some of the probe reactions conducted during the course of
this collaborative research in the Roberts (Auburn University) and Beckman (University
of Pittsburgh) laboratories include propylene epoxidation, pyridine oxidation,

cyclohexanone oxdiation.

3.2 Propylene Epoxidation

The epoxidation of propylene is certainly considered a very important reaction by the
chemical industry. Propylene oxide (PO) is utilized as a starting material in the
production of a variety of valuable chemicals such as glycol ethers, polyether polyols,
and propylene glycols (Ullman, 2003). Nearly six million tons of PO is produced
globally each year, and the majority of this PO is manufactured using either a
chlorohydrin or hydroperoxidation process (Kirk-Othmer, 2001). The cholorohydrin
route includes the formation of two propylene chlorohydrin isomers followed by a
dechlorination step to yield PO. In the hydroperoxidation process, an organic reagent is

oxidized to its hydroperoxide then used as an epoxidizing agent for propylene. Both
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routes involve several harsh intermediates, produce numerous waste streams, and require

a considerable number of unit operations.

3.2.1 Chlorohydrin Process

For the chlorohydrin synthetic route, propylene gas is first reacted with chlorine gas and
an excess of water to produce the chief intermediates 1-chloro-2-propanol and 2-chloro-
1-propanol along with hydrochloric acid. Small amounts of 1,2-dichloropropane and
2,2’-dichlorodiisopropyl ether are also produced as a result of this chlorohydrination step.
The principal intermediates are subsequently epoxidized with a strong base generating
the desired product, PO, and a salt (Ullman, 2003). Refer to Scheme 3-2 for the

chlorohydrin route to PO.

H,O

CH,CH—CH, 4+ Cl, CH,CH == CH, 1)
clcl-
Propylene Propylene-Chloronium Complex
OH (I Cl OH
H,0 [ [
CH,CH = CH, CH,CH— CH, + CH;CH— CH, + HCl (2
o+ cl-
Propylene-Chloronium 1-chloro-2-propanol 2-chloro-1-propanol
Complex
OH cCl o

\ \
2 CH,CH— CH, + Ca(OH), —— 2 CH,CH— CH, + CaCl, 2 H,0 (3)

1-chloro-2-propanol Base Propylene Oxide Salt

Scheme 3-2. Chlorohyrin process for generating propylene oxide.
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Several by-products formed during the epoxidation step include epichlorohydrin, glycerol
monochlorohydrin, glycerol, propanal, acetone, and acetol. There are approximately two
pounds of salt produced to each pound of product produced. As a result, the volume of
wastewaters generated is almost forty times that of the PO produced (Kahlich et al.,

2003).

3.2.2 Hydroperoxidation Process

Another common synthetic route employed for the production of PO is a
hydroperoxidation process. In this method, propylene is indirectly oxidized to PO using
various organic hydroperoxides (Kirk-Othmer, 1996). The most common
hydroperoxides utilized in industry are tert-butyl and ethylbenzene, mostly due to their
high market value and demand. The alcohol co-product generated during this production
route can be transformed into a more useful commodity (Ullman, 2003). Some of the
disadvantages associated with this process include the generation of substantial amounts
of waste, the high cost of capital required, the complexity of the process, and the energy
demands for both product generation and purification.

In the tert-butyl hydroperoxide process, isobutane is oxidized to its hydroperoxide
in an uncatalyzed liquid-phase reactor. Here some of the tert-butyl hydroperoxide
decomposes to a tert-butyl alcohol. The tert-butyl alcohol is converted to methyl tert-
butyl ether (MTBE). The epoxidation step occurs over an organometallic catalyst (W, V,
Mo) in a staged reactor system along with an organic solvent such as toluene, benzene, or
chlorobenzene. The tert-butyl hydroperoxide is reacted with propylene producing PO

and several by-products (Kirk-Othmer, 2001). The major by-products include methyl
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formate, propylene glycol, and a propylene dimer. Scheme 3-3 illustrates the tert-butyl
hydroperoxide process. The tert-butyl alcohol co-product is dehydrated to isobutene and

converted to methyl tert-butyl ether, a fuel additive.

e e e
4CH;—C—H + 30, — 2CH,/C—OOH + 2CH,—C—oOH (1)
3 2 3 3

CH, CH, CH,
Isobutane tert-Butyl Hydroperoxide tert-Butyl Alcohol
CH,

\

2CH;/C—OOH + 2CH,CH=—CH, —*
\
CH, Propylene

tert-Butyl Hydroperoxide
CH,

\
2CHCH—CH, + 2CH;—C—OH (2

\

CH,

Propylene Oxide tert-Butyl Alcohol

Scheme 3-3. Tert-butyl-hydroperoxide process for manufacturing propylene oxide.

In the ethylbenzene hydroperoxide process, ethylbenzene is oxidized in an
uncatalyzed liquid-phase reactor producing the intermediates peroxyethyl benzene and
acetophenone. PO is then generated along with 1-phenylethanol by reacting peroxyethyl
benzene and propylene over a catalyst in an epoxidation reactor (Ullman, 2003). The
extensive by-product formation includes acetophenone, 1-phenylethanol, along with other
organic impurities. However, the 1-phenylethanol and acetophenone produced during
this route can be dehydrated over a catalyst to styrene. Scheme 3-4 illustrates the

ethylbenzene hydroperoxide route to PO.
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Scheme 3-4. Ethylbenzene process for producing propylene oxide.

There are several co-products produced in this route, and they are of greater weight
fraction that the PO formed in this process. Almost 20% waste is produced during the
oxidation of ethyl benzene alone. Some of the capital cost is offset as a result of the co-
product styrene, which is generated in this route. Even so, manufacturers of PO are

exploring alternative routes for production.

3.2.3 Direct Oxidation Routes

Molecular Oxygen

The catalytic epoxidation of ethylene using molecular oxygen has been quite successful
over the years (Monnier, 2001). This epoxidation is carried out over a silver catalyst in a
gas phase reactor. Unfortunately, researchers have had limited success with the direct
epoxidation of higher olefins, such as propylene, by molecular oxygen. The studies

conducted for the direct epoxidation of higher olefins were carried out with a
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homogeneous catalyst in a liquid phase reactor (Sheldon and Kochi, 1976). Researchers
have determined that the particularly reactive allylic hydrogen atoms are responsible for
an inability to directly oxidize these higher olefins. The bond strength of the allylic
hydrogen in propylene is only 77 kcal/mol; whereas, the vinylic hydrogen in ethylene has
a bond strength of 112 kcal/mol (Mackay et al., 1978). Therefore, it is less energetically
favorable for the addition of oxygen to occur across the double bond. Oxygen will
instead attack and capture an allylic hydrogen atom from the molecule; thereby,
eliminating any possibility of epoxide formation (Monnier, 2001). Traditional silver
catalysts, which are effective in the epoxidation of ethylene, have a very poor
performance when utilized in the epoxidation of propylene. Efforts have been made to
enhance the activity of the conventional silver catalysts used in the direct route to
epoxides. The highly-modified silver catalysts do show some improvement in catalyzing
the epoxidation of propylene; however, the yield of propylene oxide is still far too low to

implement on a commercial scale.

In-Situ Generated Hydrogen Peroxide

Employing hydrogen peroxide (H20,) as an oxidant for the epoxidation of propylene is a
promising alternative to conventional oxidants permitting cleaner production of PO.
Hydrogen peroxide is generally considered a benign oxidant, given that it is relatively
non-toxic and breaks down to benign by-products in the environment. Unfortunately, the
current technology for manufacturing H,O, requires multiple unit operations, is highly
energy intensive, and results in the generation of several considerable waste streams.
Consequently, it is far too costly to implement H,O, as a benign oxidant in chemical
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processing at this time. Perhaps the most efficient method for H,O, production, in
terms of the principles of green chemistry, is the direct reaction of hydrogen and
oxygen. Researchers have developed a catalyst, titanium silicalite (TS-1), that has shown
some success in promoting the direct production of H,O, from hydrogen and oxygen
(Taramasso et al., 1983). Clerici et al. (1991) has shown that the direct epoxidation of
propylene occurs over TS-1 catalysts at relatively mild conditions with both high
selectivities and conversions.

The first studies in the direct generation of propylene oxide were conducted in a
liquid phase reactor with propylene, hydrogen, oxygen, and methanol/water over a TS-1
supported catalyst. The in-situ generation of H,O, occurs at the supported precious metal
sites in the catalyst, while the subsequent oxidation step takes place at the Ti-sites (Laufer
et al.,, 1999). Researchers have concluded that this reaction is most effective when
methanol is included as part of the solvent mixture (Clerici et al., 1991; Thiele and
Roland, 1997; Notari, 1996; Laufer et al., 1999). Researchers have concluded that this
reaction is most effective when methanol is included as part of the solvent mixture
(Clerici et al., 1991; Bellussi et al., 1992; Thiele and Roland, 1997). Even so, typical
yields obtained for the direct synthesis of PO in batch studies were around 10% with
selectivity approaching 40%. Holderich and colleagues determined that the in-situ
formation of H,0, directly from H, and O, could be enhanced with the inclusion of salts
as promoters; thereby, improving the PO yield. Upon including promoters, the
conversion of propylene doubled from approximately 20% to 40% while the selectivity

remained steady at 40%. The selectivity for this reaction was increased to over 60% by
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operating in a semi-batch mode (Hoelderich and Kollmer, 2000; Laufer and Hoelderich,
2001).

The direct production of PO from hydrogen, oxygen, and propylene over a
heterogeneous Pt/Pd/TS-1 catalyst has been investigated using a continuous fixed-bed
reactor (Jenzer et al., 2001). The solvent system used in the continuous studies included
methanol and water along with the co-solvent carbon dioxide. Upon initiation of the
reaction, a very high selectivity of 99% was obtained for PO. However, the yield of PO
was very low at 3.5% with only traces of PO being detected at 35 hours time-on-stream.
Several by-products (resulting in catalyst deactivation) were generated during this
process, with the chief by-product being methyl formate. Other side products included
acetone, acrolein, acrylic acid, and monomethylated glycols. The by-products are formed
as a result of the oxidation of methanol, which occurs at very mild reaction conditions.

Beckman and colleagues have investigated the use of carbon dioxide as the sole
solvent for the generation of PO from hydrogen, oxygen, and propylene over a Pd/TS-1
catalyst (Danciu et al., 2003). Carbon dioxide is non-flammable, relatively non-toxic,
environmentally benign, naturally abundant, and cannot be further oxidized (Baiker,
2000). Also, H, and O, are completely miscible with CO, at temperatures above 304
K—the critical temperature of CO,, Carrying out the reaction in supercritical CO, media
allows for single phase operation (Subramaniam and McHugh, 1986; Baiker, 1999). In
so doing, the transport limitation barrier that exists in the conventional AQ synthetic
route of H,O; is eliminated. Removing this barrier enhances the yield of the reaction
while more effectively producing H,O,. In addition, single phase operation would
drastically reduce the number of unit operations required for production; thus, making the
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process more cost effective. Also, using carbon dioxide as the solvent should eliminate
the by-product formation that is associated with the methanol/water solvent system.
Beckman determined that carbon dioxide is an excellent solvent for the epoxidation of
propylene, where the in-situ generation of H,O, is the oxidant. Also, they found that
methanol is not required for the efficient production of PO from propylene and H,0,.

Beckman and colleagues have studied the direct generation of PO from hydrogen,
oxygen, and propylene over a Pd/TS-1 catalyst with carbon dioxide as the solvent
(Danciu et al., 2003). Carbon dioxide is non-flammable, relatively non-toxic,
environmentally benign, naturally abundant, and cannot be further oxidized. Also, H;
and O, are completely miscible with CO, at temperatures above 304 K—the critical
temperature of CO, (Beckman, 2003). Carrying out the reaction in supercritical CO,
media allows for single phase operation (Subramaniam and McHugh, 1986; Baiker,
1999). Thus, the mass transport limitation barrier that exists in the conventional AQ
synthetic route of H,O, would be eliminated. In addition, single phase operation would
drastically reduce the number of unit operations required; thus, making the process more
cost effective. Also, using carbon dioxide as the solvent should eliminate the by-product
formation that occurs when using the methanol/water solvent system.

Beckman and colleagues have shown that H,O, can successfully be produced in
CO; from O, and H, (Hancu and Beckman, 2001). The effect of the solvent system on
the extent of reaction was examined. The batch experiments conducted verify that PO
can be generated directly with a high selectivity in CO,, while the selectivity to PO drops
significantly when using the methanol/water solvent system.  Also, their results confirm
that methanol is a major contributor to by-product formation with a selectivity ranging
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from 1.4-12.4% for the methanol/water solvent system. Beckman and coworkers have
determined that CO, is a good solvent for the direct epoxidation of propylene via in-situ
generated H,0,, and that methanol is not necessary for the effective generation of PO

(Danciu et al., 2003).

3.3 Adipic Acid

Adipic acid is primarily used as a starting material in the manufacture of nylon-6,6
polyamide—a fiber of considerable importance to the synthetic textiles industry (Ullman,
2003). As a result, the demand for adipic acid is rather high with over four billion tons
being produced globally each year. Nylon-6,6 polyamide fibers have a variety of
applications which include upholstery, carpet fibers, tire reinforcements, apparel, and
auto parts (Sato et al., 1998). Adipic acid is also utilized in the manufacture of synthetic
lubricants, plasticizers, polyurethane resins, and coatings (Mainhardt, 2000). Various
processes exist for the commercial generation of adipic acid; even so, each process
incorporates two key reaction stages. Initially, cyclohexane is oxidized over a cobalt
catalyst producing the intermediates cyclohexanone and cyclohexanol (KA or
ketone/alcohol mixture). After separation of the KA oil from any unreacted cyclohexane,
it undergoes a nitric acid oxidation step generating adipic acid (Kirk-Othmer, 1996).
Refer to Scheme 3-5 for the current commercial route to manufacturing adipic acid. The
distinction of each industrial process is mostly a result of the method utilized for

manufacturing KA oil.
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Scheme 3-5. Typical industrial process for manufacturing adipic acid.

Unfortunately, the commercial synthesis of adipic acid is a major source of
nitrous oxide (N»O) emissions—a greenhouse gas. Approximately 5-8% of all N,O
emissions generated are from adipic acid production alone (Shimizu et al., 2000). The
accumulation of N,O in our atmosphere contributes to both ozone depletion and global
warming along with acid rain and smog (Sato et al.,, 1998). In recent years,
environmental regulations have required the implementation of N,O abatement
technologies by industry during production. The primary abatement technologies
currently being utilized are both the thermal and catalytic decomposition of N,O (Reimer
et al.,, 1994). Emissions have dropped to less than 1% with the employment of these
technologies (Shimizu et al., 2000). Even so, this process generates substantial amounts

of waste, has high capital costs associated with the necessary abatement technologies, is
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rather complex, and has considerable energy demands for both product generation and
purification. Thus, researchers are exploring more ecological and economically viable
alternatives to the current technology for synthesizing adipic acid.

Frost and colleagues have developed a biocatalytic alternative to the conventional
pathway for generating adipic acid. In this method, they employ a microbial catalyst to
convert D-glucose to cis, cis-muconic acid. The cis, cis-muconic acid is then
hydrogenated producing adipic acid (Draths and Frost, 1994). Refer to Scheme 3-6 for

the biocatalytic route to adipic acid.

OH
CO,H
HO ] AB2834 ‘ H, COOH
‘ Pt/C COOH
HO ] on HO,C
OH 2
d-glucose cis,cis-muconic acid adipic acid

Scheme 3-6. Biocatalytic route for generating adipic acid.
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There are several advantages to utilizing the biocatalytic pathway for manufacturing
adipic acid (Niu et al., 2002). D-glucose is not only non-toxic, but also readily available
from renewable resources such as plant starch and cellulose. N,O abatement equipment
is eliminated from production, since greenhouse gases are not generated during this
process. Also, this method takes place using very mild reaction conditions. The
biocatalytic route to adipic acid is quite simple, generates only small amounts of waste,
and has greatly reduced energy demands for both product generation and purification.
Even so, this technology must undergo the challenges of optimization and scale-up before
it can be useful as a commercial process in the generation of adipic acid (Bolm et al.,
1999).

Researchers have also considered hydrogen peroxide as an environmentally viable
alternative to the current methodology for producing adipic acid. It is generally
considered a benign oxidant, given that it is relatively non-toxic and breaks down to
benign by-products in the environment. Most studies have focused on the transformation
of cyclohexene to adipic acid with 30% hydrogen peroxide over a variety of catalysts
(Sato et al., 1998; Deng et al., 1999; Lapisardi et al., 2004). Noyori and colleagues
studied this reaction in the presence of tungsten oxide along with a phase transfer
catalyst. They found that a high catalytic efficiency could be attained with the addition of
only a phase transfer catalyst. Unfortunately, phase transfer catalysts are relatively
expensive and not particularly environmentally benign. Chen and colleagues have
developed a benign peroxytungstate-organic complex that successfully performed
without any organic solvent or harmful phase transfer catalysts in the direct oxidation of
cyclohexene (Deng et al., 1999). Even so, the use of commercially produced hydrogen
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peroxide is far too costly to allow for use of H,O, as a benign oxidant in chemical

processing.

3.4 Pyridine Oxidation

Pyridine oxide is a valuable synthetic intermediate in both the pharmaceutical and
agrochemical industries due to the electron-withdrawing and electron-donating capability
of its N-oxide group. Pyridine oxide has greater versatility than pyridine in chemical
processing, because it can react with both electrophiles and nucleophiles. Pyridine not
only demonstrates very poor reactivity in the typical electrophilic reactions of pyridine
oxide, but also requires especially harsh operating conditions. The various resonance
structures of pyridine oxide facilitate its success in numerous industrially significant
reactions such as allylation, acylation, protonation, and nitration.

For the purposes of the studies conducted at both Auburn University and the
University of Pittsburgh, pyridine was used to measure the in-situ generation of H,O, by
H, and O, over a Pd/TS-1 catalyst in CO; solvent media. Pyridine was selected as the
appropriate compound to evaluate the in-situ production of H,0O, by taking the following
criteria into consideration: (1) its solubility in CO,, (2) ease of oxidation by H,0,, (3)
high selectivity to its oxide, (4) does not undergo either hydrogenation or oxidation by
oxygen, since both H, and O, are present in the reaction mixture, and (5) the
stoichiometric conversion of the reactant to its oxide. As discussed earlier, it is very
difficult to accurately measure the amount of H,O, produced in-situ, since it readily
undergoes decomposition. However, coupling the generation of H,O, with the oxidation

of pyridine facilitates a quantitative measurement.
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3.5 Experimental Methods

3.5.1 Materials

Propylene Epoxidation Reaction

Propylene (99.9% purity, Airgas South), O,/CO, (49.90%/balance certified standard,
Airgas South), H,/CO, (3.036%/balance certified standard, Airgas South) and CO,
(99.9% purity, Airgas South) were all used as received without further purification. Two
specialty gas mixtures were used for GC calibration. The composition of the first
mixture was 82 ppm propane, 90.5 ppm propylene, 96.9 ppm propylene oxide with
balance UHP helium (certified standard, Matheson-Trigas). The composition of the
second mixture was 886 ppm propane, 983 ppm propylene, and 1063 ppm propylene
oxide with balance UHP helium (certified standard, Matheson-Trigas). Both mixtures
were used as received without further purification. Also, a specialty gas mixture was
used as received for the calcination of catalysts. The composition of the mixture used
was 2.920% O,, 4.130% H,, 10.30% propylene with balance CO, (certified standard,
Airgas South). UHP grade H, (Airgas South) was used as received for catalyst
reductions.

A 0.5 wt % Pd/TS-1 catalyst (Sud-Chemie) was used in the studies conducted for
the epoxidation of propylene. TS-1 support material (Sud-Chemie) was used in the
preparation of a 0.35 wt% Pd/TS-1 catalyst. [Pd(NH3)s](NO3), (10wt% solution in
water, Sigma Aldrich) was used as received in the preparation of the supported TS-1

catalysts.
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Cyclohexanone Oxidation Reaction

Both cyclohexanone (99%, Sigma Adrich) and trifluoroacetic acid (99% purity, Sigma
Aldrich) were used as received without further purification. H; (99.9% purity, Penn
Oxygen), O,/CO, (50/50 certified standard mixture, Penn Oxygen), and CO; (99.9%
purity, Penn Oxygen) were all used as received without further purification. UHP grade
H, (Penn Oxygen) was used as received for catalyst reductions. A 0.347 % Pd/TS-1

catalyst (Lyondell) was used in these studies.

Pyridine Oxidation Reaction

Pyridine, anhydrous (99.8%, Sigma Aldrich), pyridine oxide (97.0 +%, Sigma Aldrich),
H20, (30 wt% solution stabilized in H,O, Sigma Aldrich), sodium hydroxide (1.0 N,
Sigma Aldrich), and nitric acid (1.0 N Sigma Aldrich) were all used as received without
further purification. 0,/CO, (49.90%/balance certified standard, Airgas South), H,/CO,
(3.036%/balance certified standard, Airgas South) and CO; (99.9% purity, Airgas South)
were used as received without further purification. H, (99.9% purity, Penn Oxygen),
0,/CO;, (50/50 certified standard mixture, Penn Oxygen), and CO; (99.9% purity, Penn
Oxygen) were all used as received without further purification. UHP grade H, (Penn
Oxygen, Airgas South) was used as received for catalyst reductions.

A 0.35 % Pd/TS-1 catalyst (Lyondell) was used in the studies conducted for the
oxidation of pyridine. In addition, a 0.5 wt % Pd/TS-1 catalyst (Sud-Chemie) was also
used in these studies. TS-1 support material (Sud-Chemie) was used in the preparation of
a 0.35 wt% Pd/TS-1 catalyst. [Pd(NH3)4](NO3), (10wt% solution in water, Sigma
Aldrich) was used as received in the preparation of the supported TS-1 catalysts.
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3.5.2 Apparatus

Propylene Epoxidation Reaction

Figure 3-1 shows the experimental apparatus used in the epoxidation of propylene, which
included a high-pressure stainless steel batch reactor (custom designed and manufactured
in the Roberts Laboratory), frit filter (Mott Corporation), resistance temperature detector,
pressure gauge, temperature controller, Buna o-ring, heating tape, stir bar, stir plate,
ISCO 500D syringe pump, three-way valves, 1/16” stainless steel tubing, Tygon tubing,

and a gas sampling bag.

Cyclohexanone and Pyridine Oxidation Reactions

Figure 3-1 shows the experimental apparatus used in the oxidation of both cyclohexanone
and pyridine, which includes a 30 mL high-pressure stainless steel batch reactor,
stainless-steel sheathed type K thermocouple, pressure gauges, heating tape, o-ring, stir
bar, and stir plate, three-way valves, two-way valves, proportional relief valve, 1/16”

stainless steel tubing.

3.5.3 Experimental Procedure
Propylene Epoxidation Reaction
The investigations for the epoxidation of propylene via in-situ generated hydrogen
peroxide were conducted in a high-pressure batch reactor over a 0.5 wt% Pd/TS-1
catalyst (obtained from Sud-Chemie). A specific molar ratio and an appropriate equation

of state were used to determine the amounts of each component (O, H, and propylene)
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CO, H,/CO, 0,/CO;

Figure 3-1. Experimental apparatus for the in-situ generation of H,O, over a Pd/TS-1

catalyst in CO, reaction media. This apparatus was used in the oxidation of propylene to
propylene oxide, cylohexanone to adipic acid, and pyridine to pyridine oxide. The glass
collection tube was replaced with a gas collection bag for the propylene epoxidation
studies. High pressure reactor, stir bar, heating tape, magnetic stirrer, three-way valves,

proportional relief valve, two-way valves, glass collection tube, syringe pump
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to be added to the reactor to obtain a desired reaction mixture. The gases, H, and O,
were both contained in pre-mixed cylinders along with CO,. The ratio of O,/CO; used
was a 50/50 mixture; whereas, the ratio of H,/CO, used was a 3/97 mixture. The pre-
mixed cylinders are particularly useful in the case of H,/CO,. The flammability limit for
H, in air is 4%; however, studies have shown that the non-explosive margin can be
widened to 9% if mixed with CO, (Pande and Tonheim, 2001). It is certain that the
H,/CO, mixture is well below the explosive limit for H,, and can safely be mixed with air
in any proportion.

In a typical experiment, a measured amount of catalyst was added to a 200 mL
stainless steel high-pressure batch reactor. A magnetic stir bar was included to allow for
proper mixing of reactants. A Buna o-ring was used to seal the reactor. The batch
reactor was purged several times with CO, in order to ensure that no air remained in the
system. 0O,/CO,, H,/CO,, and propylene were all delivered to the reactor using a
calibrated ISCO pump (500D ISCO series syringe pump), respectively. The syringe
pump was loaded with a known amount of the O,/CO, mixture at room temperature, and
delivered to the reactor. Following the addition of O,/CO; to the system, the syringe
pump was loaded with a known amount of the H,/CO, mixture. This mixture was then
added to reactor. The last reactant to be introduced into the reactor system was
propylene. A known amount of propylene was loaded into the syringe pump, and
delivered to the reactor. After the addition of propylene, the system was heated to a
reaction temperature of 45°C using a heating tape. Balance CO, was added in order to
reach a final reaction pressure of 131 bar. The contents of the reactor were stirred
continuously. Each experiment ran for approximately eight hours. The mixture was
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sampled at regular intervals by way of a gas collection bag for GC analysis. A 50 uL
sample was collected from the gas bag using a gas-tight syringe. The sample was
analyzed using a Varian 3300 gas chromatograph fitted with a FID detector and a GS-
GasPro column (30m x 0.320mm). The data was collected using a SRI PeakSimple
Chromatography Data System (Model 202).

After running for eight hours, the contents of the reactor were vented. The
catalyst was washed with methanol to extract by-products formed during the course of
the reaction. A 0.3 uL sample of this solution was analyzed using a Varian 3300 gas
chromatograph fitted with a FID detector and a HP-PLOT Q column (30m x 0.53mm X
40uL). The data was collected using a SRI PeakSimple Chromatography Data System

(Model 202).

Cyclohexanone Oxidation Reaction
The investigations for the oxidation of cyclohexanone via in-situ generated hydrogen
peroxide were conducted in a high-pressure batch reactor over a 0.35 wt% Pd/TS-1
catalyst (obtained from Lyondell) at the University of Pittsburgh by the author and
collaborative researcher, Qunlai Chen.

In a typical experiment, a measured amount of catalyst was added to a 30 mL
stainless steel high-pressure batch reactor. A magnetic stir bar was included to allow for
proper mixing of reactants. The reactor was loaded with known amounts of
cyclohexanone (CHAOQ), deionized water, and trifluoroacetic acid (TFA). A Buna o-ring
was used to seal the reactor. A specific molar ratio and an appropriate equation of state

were used to determine the amounts of O, and H, to be added to the reactor to obtain a
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desired reaction mixture. Oxygen was contained in a pre-mixed cylinder along with CO,,
and the ratio of O,/CO, used was a 50/50 mixture. Hydrogen was delivered from a pure
cylinder. The O,/CO, mixture H,, and CO, were all delivered to the reactor,
respectively. A gas booster was used in order to deliver CO, to the reactor at the
appropriate pressure. After the addition of all gases, the system was heated to a reaction
temperature of 70°C using a hotplate. Once the system reached a reaction temperature of
70°C, additional CO, was added in order to obtain a final reaction pressure of 114 bar.
The contents of the reactor were stirred continuously. Each experiment ran for
approximately 10 hours.

After running for 10 hours, the reactor was allowed to cool to room temperature.
The contents of the reactor were then slowly bubbled through a glass collection tube
containing a known amount of methanol. The glass collection tube was cooled on ice for
product collection. The batch reactor was disassembled, and the methanol/product
solution was used to rinse the reactor. A filter was used to separate the catalyst from the
product solution. Following product collection, analysis was conducted using a HP
5890A gas chromatograph fitted with a TCD detector and a HayeSep D packed column

(20ft x 1/8”).

Pyridine Oxidation Reaction

The investigations for the oxidation of pyridine via in-situ generated hydrogen peroxide
were conducted in a high-pressure batch reactor over a Pd/TS-1 catalyst at the University
of Pittsburgh by the author and collaborative researcher, Qunlai Chen. Studies were also
conducted by the author in the Roberts Laboratory at Auburn University. For the
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experiments conducted at Auburn University, both H, and O, were contained in pre-
mixed cylinders along with CO,. The ratio of O,/CO, used was a 50/50 mixture;
whereas, the ratio of H,/CO, used was a 3/97 mixture. The pre-mixed cylinders are
particularly useful in the case of H,/CO,. The flammability limit for H; in air is 4%;
however, studies have shown that the non-explosive margin can be widened to 9% if
mixed with CO, (Pande and Tonheim, 2001). It is certain that the H,/CO, mixture is well
below the explosive limit for H,, and can safely be mixed with air in any proportion.

The metal walls of the reactor are suspect for catalyzing the decomposition of in-
situ generated H,O,. Thus, both the reactor and glass liner were passivated before each
experiment in order to prevent H,O, degradation. The general method followed for
passivation included a 10 wt% NaOH solution, a 35 wt% HNOj3 solution, and a 30 wt%
H,0, solution. First, the reactor and glass liner were soaked in the NaOH solution for
three hours. After three hours, the reactor and glass liner were washed with distilled
water. Next, the reactor and glass liner were soaked in the HNO3 solution for eight
hours. After eight hours, the reactor and glass liner were washed with distilled water.
Lastly, the reactor and glass liner were soaked with the H,O, solution for 12 hours.

In a typical experiment, a measured amount of catalyst was added to a 30 mL
stainless steel high-pressure batch reactor. A magnetic stir bar was included to allow for
proper mixing of reactants. The batch reactor was loaded with known amounts of
pyridine and deionized water. A Buna o-ring was used to seal the reactor. A specific
molar ratio and an appropriate equation of state were used to determine the amounts of
O, and H; to be added to the reactor to obtain a desired reaction mixture. H,/CO,
0,/CO,, and CO, were all delivered to the reactor using a calibrated ISCO pump (500D
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ISCO series syringe pump), respectively. The syringe pump was loaded with a known
amount of the H,/CO, mixture at room temperature, and delivered to the reactor.
Following the addition of H,/CO, to the system, the syringe pump was loaded with a
known amount of the O,/CO, mixture. This mixture was then added to the reactor. The
syringe pump was used to deliver CO, to the reactor. For studies conducted at the
University of Pittsburgh, a gas booster was used in order to deliver CO, to the reactor at
the appropriate pressure. After the addition of CO,, the system was heated to a reaction
temperature of 60°C using a heating tape. Once the system reached a reaction
temperature of 60°C, additional CO, was added in order to obtain a final reaction
pressure of 125 bar. The contents of the reactor were stirred continuously. Each
experiment ran for approximately five hours.

After running for five hours, the reactor was allowed to cool to room temperature.
The contents of the reactor were then slowly bubbled through a glass collection tube
containing a known amount of methanol. The glass collection tube was cooled on ice for
product collection. The batch reactor was disassembled, and the methanol/product
solution was used to rinse the reactor. A filter was used to separate the catalyst from the
product solution. Following product collection, analysis was conducted using a HP
5890A gas chromatograph fitted with a TCD detector and a HayeSep D packed column
(20ft x 1/8”). A 0.3 uL sample was analyzed using a Varian 3300 gas chromatograph
fitted with a FID detector and a DB-5.625 column (30m x 0.250mm x 0.50um). The data

was collected using a SRI PeakSimple Chromatography Data System (Model 202).
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3.5.4 Gas Chromatograph Calibration

Propylene Epoxidation Reaction

The following procedure was used to calibrate the Varian 3300 gas chromatograph for
analysis of experimental data obtained from the epoxidation of propylene. A magnetic
stir bar was added to a 200 mL stainless steel high-pressure batch reactor, which was
sealed with a Buna o-ring. The reactor was purged several times with CO, to ensure that
no air remained in the system. After purging, the reactor was heated to a reaction
temperature of 45°C using a heating tape. The syringe pump was loaded with a known
amount of propylene at room temperature, and delivered to the reactor. Additional CO,
was delivered to the reactor in order to simulate a reaction pressure of 131 bar. The
reactor was vented to a sampling loop, and that volume was delivered to the gas sampling
bag. The gas bag was purged three times with the propylene/CO, mixture before
collecting a sample for analysis. A 50 uL sample was drawn from the gas bag using a
gas-tight syringe. The sample was analyzed using a Varian 3300 gas chromatograph
fitted with a FID detector and a GS-GasPro column (30m x 0.320mm). The data was
collected using a SRI PeakSimple Chromatography Data System (Model 202). This

procedure was repeated to verify the accuracy of this method.

Cyclohexanone Oxidation Reaction

The following procedure was used to calibrate the Varian 3300 gas chromatograph for
analysis of experimental data obtained from the oxidation of cyclohexanone. Solutions
of cyclohexanone diluted in ethyl acetate were prepared with concentrations ranging from

0.01M to 0.4M. A 0.3 uL sample of each solution was analyzed using a Varian 3300 gas
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chromatograph fitted with a FID detector and a DB-5.625 column (30m x 0.250mm x
0.50um). The data was collected using a SRI PeakSimple Chromatography Data System

(Model 202). This procedure was repeated to verify the accuracy of this method.

Pyridine Oxidation Reaction

The following procedure was used to calibrate the Varian 3300 gas chromatograph for
analysis of experimental data obtained from the oxidation of pyridine. Solutions of
pyridine diluted in ethanol were prepared with concentrations ranging from 0.05M to
0.3M. A 0.3 uL sample of each solution was analyzed using a Varian 3300 gas
chromatograph fitted with a FID detector and a DB-5.625 column (30m x 0.250mm X
0.50um). The data was collected using a SRI PeakSimple Chromatography Data System
(Model 202). This procedure was repeated to verify the accuracy of this method. The
same procedure was followed to construct a calibration curve for pyridine oxide with

concentrations ranging from 0.05M to 0.3M.

3.6 Results and Discussion

3.6.1 Propylene Epoxidation

In a typical experiment for the in-situ generation of H,O, and subsequent oxidation of
propylene, O,/CO,, H,/CO,, and propylene were all delivered to the stainless steel batch
reactor, respectively. The system was heated to a reaction temperature of 45°C and
additional CO, added in order to reach a reaction pressure of 131 bar. Two peaks were
consistently obtained with analysis by gas chromatography, which corresponded to the

production of propane and the unreacted propylene remaining in the system. This
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experiment was replicated numerous times, but propylene oxide was not detected using
this experimental procedure. It was determined for each case that propylene was
hydrogenated to propane rather than undergoing the desired epoxidation reaction. A
fairly low conversion of propylene to propane was achieved at only 3%.

Considering the ineffective attempts at epoxidizing propylene via in-situ
generated H,O,, the order in which each reactant was introduced into the high-pressure
batch reactor was adjusted to H,/CO,, O,/CO,, and propylene, respectively. As in the
previous example, the system was heated to a reaction temperature of 45°C and additional
CO,, added in order to reach a reaction pressure of 131 bar. It is noted that the only peak
obtained in this study corresponded to the unreacted propylene in the system. The
propane peak disappeared, but propylene oxide was still not detected. It is suggested that
for this case, all of the H, was consumed to further reduce the Pd/TS-1 catalyst leaving no
H, available for the hydrogenation of propylene.

In order to test this theory, supplemental H, was added to the reactor after several
hours of mixing. The mixture was sampled for GC analysis, and two peaks were
obtained corresponding to the production of propane and the unreacted propylene
remaining in the system. Again, propylene oxide was not detected. This confirmed that
the hydrogen initially introduced into the system further reduced the catalyst, and was not
available for reaction with oxygen or propylene. Even so, this method repeatedly failed
to produce the desired reaction product propylene oxide. The catalyst used in all
experimental runs was approximately 0.5 wt % Pd/TS-1 (obtained from Sud-Chemie) that
was both calcined and pre-activated. Collaborators in the Beckman group determined
that this particular metal loading was too high for catalyzing the in-situ generation of
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H,0,. A high metal loading rapidly degrades the formed H,O, while inhibiting its
synthesis. Beckman suggested a metal loading of no more than 0.35 wt % Pd/TS-1 for
the successful in-situ generation of H,O..

For that reason, the propylene epoxidation reaction using in-situ generated H,0,
as the oxidant was examined using a 0.35 wt% Pd/TS-1 catalyst that was both calcined
and pre-activated. H,/CO,, O,/CO,, and propylene were all delivered to the reactor,
respectively. As in the previous studies, the system was heated to a reaction temperature
of 45°C and additional CO, was added in order to reach a reaction pressure of 131 bar.
The contents of the reactor were mixed for 6 hours and sampled at regular intervals for
GC analysis. Propylene oxide was not detected during that time span. Unfortunately, the
same conditions necessary to generate H,O, also catalyze its decomposition (Landon et
al., 2003; Li et al., 2007). Therefore, by coupling the generation of H,O, with an
oxidation reaction the generated H,O, can be consumed by another reactant before
having an opportunity to break down (Meiers and Holderich, 1999). However, the
coupling of the in-situ generated H,O, with the oxidation of propylene wasn’t successful
in producing propylene oxide. After closely examining the loading procedure, it was
determined that too much time was allowed to fill the reactor with the reactants H, O,
and propylene. Thus, the formed hydrogen peroxide decomposed before propylene was
available for reaction. In addition, the metal walls of the reactor have the ability to
catalyze the degradation of H,O,. Therefore, a reactor passivation methodology was
developed along with a glass insert in order to prevent the generated H,O, from

contacting the walls of the reactor.
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3.6.2 Oxidation of Cyclohexanone

Control studies were conducted in order to determine if molecular oxygen had the ability
to oxidize cyclohexanone in the absence of the TS-1 catalyst to produce adipic acid, and
also to understand the effect of the TFA promoter on the extent of reaction. Results
obtained from the control studies are listed in Table 3-1. It is noted that adipic acid was
not produced from cyclohexanone in the presence of molecular oxygen without the TS-1
catalyst, which confirms that molecular oxygen does not have the ability to oxidize
cyclohexanone without TS-1. The control studies also indicated that TFA was necessary
for any adipic acid to be produced from the oxidation of cyclohexanone by molecular
oxygen, since adipic acid was not formed unless both the TS-1 catalyst and the TFA
promoter were present in the reactor. Therefore, all studies for the oxidation of
cyclohexanone by in-situ generated H,O, were conducted with the inclusion of the TFA
as a promoter.

Once it was established that the TS-1 material had the ability to catalyze the
oxidation of cyclohexanone to form adipic acid with the inclusion of the TFA promoter,
studies were conducted in order to measure the production of adipic acid using in-situ
generated H,0, as the oxidant. A bifunctional catalyst was required in order to examine
the in-situ generation of H,O, and subsequent oxidation of cyclohexanone. H,O, was
formed at the supported Pd sites in the catalyst, and the oxidation occurred at the Ti sites
in the support. The effect that both the TFA promoter and H,O had on production of
adipic acid via oxidation of cyclohexanone by in-situ generated H,O; is shown in Table

3-2.
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% Yield
TFA
CataIySt (mmo') COOH Q °© o coon Other by'
coom ° ° N products
None 0 0 0.02 2.01 0 0.07 0 0
None 0.673 1.65 1.43 36.73 0.39 0.74 17.86 18.22
TS-1 0 0 0 30.52 0.02 0.06 0 0.63
TS-1 0.673 1.27 1.28 47.71 0.25 0.69 7.22 10

Table 3-1. Control studies for the batch production of adipic acid via the oxidation of
cyclohexanone by molecular oxygen. Reactants included cyclohexanone (2.89 mmol),
H,0 (2.78mmol), and O,:cyclohexanone ratio = 14:1. No H;, was present in the reaction
system. Reaction conditions included a temperature and pressure of 70°C and 1650psi,
respectively. 0.0625 grams of TS-1 catalyst was used in each control experiment, and the

system was monitored for 10 hours.
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This set of experiments demonstrated that H,O, was superior to molecular oxygen
as an oxidizing agent for this reaction. Only a 1.27 % yield of adipic acid was obtained
with oxidation by molecular oxygen; whereas, the yield improved by almost an order of
magnitude from 1.27% to 8.94 % in the case of oxidation by H,O,. It should be noted
that the addition of the TFA promoter to the reaction mixture significantly enhanced the
yield of adipic acid from a 2.26 % vyield to an 8.94 % vyield. It is proposed that this
increase in product yield was due to the formation of a TFA peroxide complex, which
stabilizes the in-situ formed H,O, (Kirillova, 2009). The highest yield of adipic acid was
obtained when both the TFA promoter and H,O were included in the reaction mixture.
Unfortunately, many undesired reaction products were formed during this direct
oxidation route to adipic acid, and the by-products were produced in greater weight
fraction than adipic acid. Additional experiments were conducted in order to optimize
and improve the reaction selectivity to adipic acid during the oxidation of cyclohexanone
by H,0..

Figure 3-2 illustrates the effect that the O,:H, ratio had on the product yield.
This set of experiments also demonstrated that H,O, was more effective than molecular
oxygen as the oxidant in the production of adipic acid from cyclohexanone, which
supports the initial studies described above. The yield of adipic acid improved from
1.89% to 2.45% when in-situ generated H,O, was used as the oxidant over molecular
oxygen. It is noted that a maximum yield of 10.66% adipic acid was achieved when the
O,:Hy ratio was increased from 1:1 to 4:1. In addition, the effect of the O,:cyclohexanone
ratio on the product yield was also examined. In this particular study, the
O,:cyclohexanone ratio was varied from 3.5:1 to 14:1, and the yields obtained for adipic
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acid were 1.89% and 1.65%, respectively. It was determined that the O,:cyclohexanone
ratio did not have a significant effect on the production of adipic acid for the ratios
studied.

The effect that the Hj:cyclohexanone ratio had on adipic acid production from
cyclohexanone is shown in Figure 3-3. After varying the Hj:cyclohexanone ratio from
1:1 to 3.5:1, it was determined that the optimal ratio for generation of adipic acid was
3.5:1. A maximum yield of 10.54% adipic acid was obtained with a H,:cyclohexanone
ratio of 3.5:1. Even so, there is still significant by-product formation during the oxidation
of cyclohexanone over the TS-1-supported Pd catalyst.

Figure 3-4 shows the effect of reaction pressure on the production of adipic acid.
The two reaction pressures examined in this study were 114 bar and 141 bar. The yield
doubles from 5.26 % to 10.54 % when the pressure was reduced to 114 bar from 141 bar.
Thus, a lower reaction pressure is favored to produce adipic acid from cyclohexanone via
in-situ generated H,O, over a Pd/TS-1 catalyst. Again, extensive by-product formation is

noted for this reaction.
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% Yield
TFA H20 . coom
(mm0|) (mmo') COOH Q ° Other by'
cooH ° ° products
OH OH COOH
0 0 2.26 0.37 33.12 0.43 0.10 3.42 5.46
0 2.78 2.08 0.55 58.67 0.47 0.17 2.70 3.7
0.673 0 8.94 0.43 25.56 1.08 0.17 8.59 8.02
0.673 2.78 10.66 0.34 21.54 1.12 0.17 8.59 11.2

Table 3-2. Oxidation of cyclohexanone over a Pd/TS-1 catalyst using in-situ generated
H,O, as the oxidant. Reactants included cyclohexanone (2.89 mmol), a
Ha:cyclohexanone ratio = 3.5:1, and a Oj:cyclohexanone ratio = 14:1. Reaction
conditions included a temperature and pressure of 70°C and 1650psi, respectively.
0.0625 grams of Pd/TS-1 catalyst was used in each control experiment, and the system

was monitored for 10 hours.
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Figure 3-3. Effect of Hj:cyclohexanone ratio on the direct oxidation of cyclohexanone
by H,O, to produce adipic acid. Reactants included cyclohexanone (2.89 mmol), H,O
(2.78 mmol), and TFA (0.673 mmol). Reaction conditions included a temperature and
pressure of 70°C and 1650psi, respectively. 0.0625 grams of Pd/TS-1 catalyst was used

in each experiment, and the system was monitored for 10 hours.
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Figure 3-4. Effect of reaction pressure on the direct oxidation of cyclohexanone by
H,0, to produce adipic acid. Reactants included cyclohexanone (2.89 mmol), H,O (2.78
mmol), and TFA (0.673 mmol). The H,:cyclohexanone ratio = 3.5 and O;:H, ratio = 4
were kept constant between experiments. Reaction conditions included a temperature of
90°C. 0.0625 grams of Pd/TS-1 catalyst was used in each experiment, and the system

was monitored for 10 hours.
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3.6.3 Oxidation of Pyridine

The oxidation of pyridine using H,O, to produce pyridine oxide was selected as a probe
reaction for the in-situ generation of H,O, directly from H, and O,. The H,0O; yield
obtained from the initial experiments in this study approached nearly 31.7 % with a H,0,
selectivity of almost 56.1 %. It should also be noted that no product other than pyridine
oxide was detected, which makes pyridine an excellent probe molecule for the detection
of H,O,. The O,/H, molar ratio, H, concentration, and the catalyst mass and composition
were all examined in order to determine their effect on not only the H, conversion, but
also the H,0, selectivity and yield. Figure 3-5 shows the effect that the O,/H, molar ratio
had on this particular reaction. This study indicated that employing an O,:H, molar ratio
of 1:1 provided the best overall conversion, selectivity, and yield in the direct synthesis of
H,0, directly from H, and O,. As this ratio was increased, the H, conversion along with
the H,0O, selectivity and yield all decreased. This behavior is not understood, but the
results are consistent with those obtained by Chinta and Lunsford (2004) and Hwang et
al. (2002). Subsequent studies were conducted at the optimal molar ratio of 1:1; thereby,
producing the most H,O, from available reactants.

The effect of H, concentration on H;, conversion, H,O; selectivity, and H,0, yield
is shown in Figure 3-6. The conversion, selectivity, and yield all increase with increasing
H, concentration until reaching a maximum at 500mM of H,. At 500 mM of H,, the
selectivity and yield begin a steady decline while conversion remains fairly constant.
Chen and Beckman (2007) have proposed that the hydrogenation of the in-situ generated
H,0, becomes a dominant reaction in the presence of increased levels of H,. The

hydrogenation of H,O, accounts for the decrease in both selectivity and yield that occurs

158



despite the relatively constant conversion of H,. The optimum H, concentration for the
in-situ generation of H,O; is approximately 500mM.

Figure 3-7 illustrates the effect that catalyst mass had on the direct in-situ
generation of H,O, from H, and O,. It is noted that H, conversion, H,O, selectivity, and
H,0, yield all increased with increasing catalyst mass, initially. The conversion of H,
continued to increase with increasing catalyst mass while the H,0, yield remained fairly
constant. However, the H,O; selectivity slowly diminished with increasing catalyst mass.
Chen and Beckman (2007) attribute the dramatic rise in H, conversion to the
hydrogenation of the in-situ generated H,O,, which is a consequence of using larger
quantities of catalyst. Hydrogen must be available for both the synthesis and
hydrogenation of H,O,, which explains why the selectivity steadily dropped off while the
conversion continued to increase.

The last study that was conducted examined the effect of metal loading on the
catalyst activity. The results from these studies are shown in Figure 3-8. A survey of
current literature indicates that higher metal loadings promote the rapid decomposition of
in-situ generated H,O, (Choudhary et al., 2007). These studies confirm this postulate.
Both selectivity and yield decreased with higher Pd loadings on the TS-1 support while
conversion gradually increased. At higher Pd loadings, the metal on the support
catalyzed the decomposition pathways for H,O,; hence, the lowered selectivity and yield
for H,O,. Also, there was an increased demand for H, during the decomposition of
H,O,—which explains the rise in conversion despite the lowered selectivity and yield.

Decomposition studies were conducted to verify this claim.
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Figure 3-5. Effect of O,/H, molar ratio on the in-situ generation of H,O, directly from
H, and O,. Reactants included H, (6.2mmol), pyridine (6.2mmol), and H,O (27.8mmol).
Reaction conditions included a temperature and pressure of 60°C and 1800 psi,
respectively. 0.05 grams of 0.35 wt% Pd/TS-1 catalyst was used in each experiment, and

the system was monitored for 5 hours.
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Figure 3-6.  Effect of H, concentration on the in-situ generation of H,O, directly from
H, and O,. Reactants included pyridine (6.2mmol), H,O (27.8mmol), and an O,:H; ratio
= 1. Reaction conditions included a temperature and pressure of 60°C and 1800 psi,
respectively. 0.05 grams of 0.35 wt% Pd/TS-1 catalyst was used in each experiment, and

the system was monitored for 5 hours.
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Figure 3-7. Effect of catalyst mass on the in-situ generation of H,O, directly from H,
and O,. Reactants included H, (12.4mmol), pyridine (6.2mmol), H,O (27.8mmol), and
an Oz:H; ratio = 1. Reaction conditions included a temperature and pressure of 60°C and
1800 psi, respectively. 0.05 grams of 0.35 wt% Pd/TS-1 catalyst was used in each

experiment, and the system was monitored for 5 hours.
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Figure 3-8. Effect of metal loading on the in-situ generation of H,O; directly from H,
and O,. Reactants included H, (12.4mmol), pyridine (6.2mmol), H,O (27.8mmol), and
an O:H, ratio = 1. Reaction conditions included a temperature and pressure of 60°C and
1800 psi, respectively. 0.05 grams of 0.35 wt% Pd/TS-1 catalyst was used in each

experiment, and the system was monitored for 5 hours.
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3.6.4 Simulation and Optimization of Pyridine Oxide Production

Experimental data were collected on the performance, i.e. yield, conversion and
selectivity, of the pyridine oxidation reaction along with analysis of the product
distributions. This data served as the basis for the development of rigorous process
simulation models used to analyze the potential of the green supercritical phase (SCF)
process and compare it to the traditional AQ process (Bacik et al., 2011). Proven PSE
tools for mass and energy integration were employed to optimize the processes and
provide targets for further experimental efforts. The environmental impact of the
processes was evaluated using the US-EPA Waste Reduction (WAR) algorithm (Young
et al., 2000). The design objective was to produce 100,000 tpa H,O, for converting

pyridine into pyridine oxide.

Anthraquinone (AQ) Process

Using data provided by Hess (1995), a model of the traditional hydrogen peroxide
production process was developed and combined with an additional reactor to represent
the pyridine oxidation step. A schematic of the process is provided in Figure 3-9, where
the solvent consists of 75 vol% t-butyl benzene and 25 vol% trioctyl phosphate. The
concentration of AQ in the working solution is 10 g/liter. The extent of hydrogenation of
AQ to AHQ is limited to 60% to minimize secondary reactions, while the oxidation
reaction to regenerate AQ has near 100% conversion (Fierro et al., 2006). After
extraction with water, the aqueous H,O; product is distilled to 35 weight% and sent to the

pyridine oxidation reactor.
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Supercritical Phase (SCF) Process

Using experimental data collected as part of this work, a model of the traditional
hydrogen peroxide production process was developed to investigate the large scale
potential of the in-situ generation of H,O, in supercritical CO,. A schematic of the
process is provided in Figure 3-10, where it should be noted that the hydrogen and
oxygen streams are actually diluted with CO, for safety reasons and additional CO; is
added separately to create the dense reaction media. The hydrogen conversion was
measured to be 56.4% with a H,O, selectivity of 62.5%. The peroxide product
immediately reacts with pyridine to form pyridine oxide, thus eliminating the need for
additional purification of H,O,. Unreacted raw materials are recycled along with the CO,

solvent, while the pyridine oxide is recovered in aqueous solution.

Results and Analysis of Simulation and Optimization of Pyridine Oxide Production

Once the base case models had been developed and all material recycles implemented,
thermal pinch analyses were performed to minimize the energy usage. The results of
these analyses are shown in Table 3-3 below. It should be noted that the reactor duties
were not included in the analysis as it is desirable to control the reactor conditions using
external utilities to avoid any negative impact of upsets in other parts of the process.
Furthermore, as a result of the larger number of processing steps, the AQ process has
many more opportunities for heat integration and thus the relative reductions in energy

requirements are much larger. Cooling water is much cheaper than steam and as such the
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cost of the larger cooling requirement in the SCF process is easily compensated for by the

steam usage being reduced to 27% compared to the AQ process.

The environmental impact of both process options was also evaluated and the
results are presented in Figure 3-11. It should be emphasized that the results for the AQ
process represent a best case scenario with minimal solvent losses and secondary
reactions. Even minor inefficiencies in the separation steps will increase the
environmental impact drastically and further widen the performance gap in favor of the
SCF process. Since the basic raw materials (hydrogen and oxygen) are the same for both
processes the results in Figure 3-11 illustrate the differences in the energy consumption,
which currently is primarily derived from coal-fired power plants. Additionally, the
environmental impact stemming from the production of the anthraquinone working
solution should also be taken into account in order to make a fair comparison. In
summary, the results show that is it possible to efficiently couple the in-situ H,O,
generation with another oxidation reaction and achieve substantial benefits in terms of

both energy consumption and reduced environmental impact.
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Figure 3-9. Oxidation of pyridine using hydrogen peroxide from the anthraquinone

process.
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Figure 3-10. Oxidation of pyridine using in-situ generated hydrogen peroxide.
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Option Utility Base After Heat Integration
Requirements Case
AQ Total Heating 64.6 17.1 (-73.5%)
Process (GJ/hr)
Total Cooling 68.5 21.0 (-69.3%)
(GJ/hr)
SCF Total Heating 5.7 4.7 (-17.5%)
Process (GJ/hr)
Total Cooling 54.0 53.0 (-1.8%)

(GJ/hr)

Table 3-3. Energy Analysis for Pyridine Oxidation Processes.
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Figure 3-11. Performance comparison for pyridine oxide production.
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3.7 Conclusions

A system was designed in order to investigate the in-situ generation of H,O, in
supercritical CO, solvent media. It is particularly difficult to accurately measure H,0O,
production in the direct route from hydrogen and oxygen. Therefore, a few probe
reactions including propylene epoxidation, cyclohexanone oxidation, and pyridine
oxidation were performed in order to capture the generated H,O, before underwent
decomposition. A Pd/TS-1 catalyst was used in all reactions studied, since it has shown
some promise in promoting the direct generation of H,O, from hydrogen and oxygen.

In the case of propylene epoxidation, low conversions of propylene were detected.
However, propylene was not converted to propylene oxide--the desired product. This
reaction was plagued by extensive by-product formation. It was determined that the
loading procedure for the reactant gases had a significant effect on the in-situ generation
of H,O, and subsequent oxidation of propylene to propylene oxide. Also, it was
identified that the Pd metal loading on our TS-1 support was much too high. At
approximately 0.5 wt% Pd/TS-1, the catalyst not only promotes the degradation of
formed H,0,, but also inhibits its synthesis. In addition, too much time was allowed
between feeding reactant gases into the reactor. Thus, the in-situ generated H,0,
decomposes before propylene is available for reaction. Hydrogen peroxide is a very
unstable molecule, so a reactor passivation methodology should be employed in order to

prevent the decomposition of H,O, upon contact with the stainless steel reactor walls.
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The acidic reaction environment promotes the undesired side-reactions that occur, so an
inhibitor molecule should be introduced to suppress these reaction pathways. Also, more
selective catalysts for this reaction should be examined.

There was limited success in oxidizing cyclohexanone over a Pd/TS-1 catalyst to
adipic acid. It was determined that the ratio of O,:H; and H,:CHAO both had an effect
on the yield of adipic acid under the reaction conditions studied. Also, the inclusion of
TFA and H,O promoted the generation of adipic acid through formation of a TFA-
peroxide complex. Even so, extensive by-product formation occurred when using this
particular catalyst. A diffusional transport limitation exists for this particular reaction
over the TS-1 catalyst. The pores of the TS-1 catalyst are too narrow for effective
oxidation of the bulky cyclohexanone molecule. Therefore, catalysts having larger pore
sizes should be explored for this reaction. Also, more selective catalysts for this reaction
should be studied. Also, in order to make this a commercially viable process, a method
should be developed so as to inhibit the main side-reactions that occur.

Pyridine was used as a tool to measure the in-situ production of H,O,, and for
optimization of reaction conditions. It was determined that the ratio of O,:H;, H,
concentration, and catalyst mass all had an effect on the H, conversion and both
selectivity and yield to H,O,. Also, the metal loading had an effect on the catalyst
activity. The studies performed conclusively determined that the optimal molar ratio for
O2:H, was 1. As for H; concentration, a maximum occurred around 500 mM of H; for
conversion, selectivity, and yield. At higher concentrations of H,, hydrogenation of the
in-situ generated H,O, becomes the chief reaction. Conversion, selectivity, and yield all
initially increase with increasing catalyst mass. However, as the catalyst mass continues
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to increase both selectivity and yield decrease. The H, conversion continues to increase,
which is a result of the hydrogenation of H,O, that occurs with the use of larger quantities
of catalyst. Both selectivity and yield decrease with higher Pd loadings on the TS-1
support while conversion gradually increases.

The large scale potential for in-situ production of hydrogen peroxide in
supercritical CO; has been studied. Experimental data for the oxidation of pyridine oxide
has been used to develop a process model that was used to compare the performance of
this direct synthesis method with the industrial standard anthraquinone autoxidation
process. The results show that is it possible to efficiently couple the in-situ H,O,
generation with another oxidation reaction and achieve substantial benefits in terms of

both energy consumption and reduced environmental impact.
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Chapter 4

UNDERSTANDING THE PHASE BEHAVIOR AND CRITICAL POINT
MEASUREMENTS FOR FISCHER-TROPSCH SYNTHESIS IN

SUPERCRITICAL HEXANE SOLVENT MEDIA

4.1 Introduction

C, chemistry is an area of development that utilizes molecules containing a single carbon
atom not only for the synthesis of many valuable organic chemicals and intermediates,
but also as an alternative feedstock in the production of fuels. Compounds such as
methane, methanol, carbon monoxide, carbon monoxide/hydrogen, carbon dioxide, and
hydrogen cyanide have all been used as building blocks in this technology (Keim, 1983).
These C; molecules can be obtained from resources such as biomass, coal, and natural
gas. The primary focus in C; chemistry has been on carbon monoxide and its catalytic
conversion to hydrocarbons and hydrocarbon intermediates.

Fischer-Tropsch synthesis is an alternative process that was developed in
Germany during the 1920s for the catalytic conversion of syngas (a mixture of CO and
H,) to transportation fuels and other value-added chemicals (Stranges, 2007). Currently,
the principal route for producing fuels and other chemicals is through petroleum

resources. The Energy Information Administration predicts an almost 50% increase in
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world energy consumption by the year 2030 (EIA, 2008). However, given the rising cost
and finite supply of petroleum, it would be beneficial to explore other methods in fuel
production. Syngas can be derived from a variety of resources including coal, natural
gas, and biomass. Biomass is an excellent option, since it is both a renewable and
sustainable source of energy. The seventh principle in the twelve principles of green
chemistry states that, “A raw material or feedstock should be renewable rather than
depleting wherever technically and economically practicable” (Anastas and Warner,
1998). Thus, employing Fischer-Tropsch sythesis with biomass-derived syngas is an
excellent and “green” alternative for the petrochemical industry.

Conducting Fischer-Tropsch synthesis (FTS) under supercritical fluid solvent
conditions affords unique opportunities to manipulate the Fischer-Tropsch reaction
environment to enhance production of liquid fuels and value-added chemicals (such as a-
olefins) from synthesis gas or syngas (a mixture of H, and CO). Industrial gas-phase
Fischer-Tropsch synthesis is accompanied by local overheating of the catalyst surface
and high degrees of methane selectivity, thereby, decreasing the yield of the desired
products (Kolbel and Ralek, 1980; Lang et al., 1995). Furthermore, slurry phase Fischer-
Tropsch reaction processes suffer from slow diffusion of syngas into the catalyst pores
resulting in lower rates of reaction and other disadvantages (Geertesma, 1990). These
considerations have driven our research in Fischer-Tropsch synthesis towards the
application of supercritical fluid solvents in order to improve product control in the liquid
fuels range.

Supercritical fluid solvents combine the desirable properties of gas-like diffusion

along with liquid-like heat transfer and solubility to overcome several of the current
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industrial limitations (Subramaniam, 2001). Fine adjustments in operating conditions
near the critical point can result in superior control of the Fischer-Tropsch process
including tunable product distributions (Bochniak and Subramaniam, 1998). Previous
studies conducted in the Roberts Lab have shown that supercritical fluid Fischer-Tropsch
provides several distinct advantages including: (1) in-situ extraction of heavy
hydrocarbons from the catalyst; (2) enhancement of pore-transport and elimination of
interphase transport limitations, thus, promoting reaction pathways to desired fuel range
products; (3) enhanced desorption and selectivity of value added products (a-olefins); (4)
improved heat transfer resulting in more of the long chain products (Huang and Roberts,
2003; Huang et al., 2004). As a result, the utilization of supercritical phase as a new
technology for Fischer-Tropsch synthesis represents a promising new technique for this
reaction that will provide a clean, economical and efficient means of producing sulfur
free fuels and chemicals.

Very few studies have dealt with the phase behavior of the reaction mixture
within supercritical phase FTS (Joyce et al., 1999; Joyce et al., 2000; Gao et al., 2001,
Polishuk et al., 2004). Joyce and his coworkers (Joyce et al., 1999) have studied the
vapor-liquid composition for a mixture of hexane (supercritical solvent) and Cys (FTS
wax) at three different temperatures (199, 252, and 300 °C). Mixtures of hexadecane and
hexadecene (Cy hydrocarbons) were used in order to simulate the changes that occur in
the phase behavior of hexane as the percentage of heavy hydrocarbons in the product
stream increases. Their findings showed that for 0.0326 mole fraction of Cis in a
hexane/hexadecane mixture the critical pressure and temperature of the mixture increased

to 33.76 bar and 252 °C, respectively. These results demonstrate a significant change in
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the critical properties of the hexane solvent medium, since the critical pressure and
temperature of pure hexane is 32.4 bar and 234.5 °C, respectively. In another study, Gao
et al. (2001) reported critical points for mixtures of hexane (> 94 mole %) and reactants
(CO and H,) at different mole ratios. They observed that the critical temperature and
critical density of the solvent-reactant mixture decreased as the concentration of CO and
H, increased, and the critical pressure increased with CO and H, concentration. More
recently, Polishuk et al. (2004) compared the ability of two semi-predictive
thermodynamic models, the global phase diagram approach (GPDA) and the predictive
Soave-Redlich—-Kwong (PSRK), in describing the experimental phase behavior of binary
homologous series of n-alkanes that represent the FTS product spectrum. For a
symmetric system of n-hexane/n-tetracosane (similar to a solvent-product mixture of the
current study) they found that the GPDA accurately predicted the experimentally
measured values of Joyce et al. (2000) over a wide range of temperatures, while PSRK
significantly overestimates the bubble-point data.

The objective was to investigate the phase behavior of a Fischer-Tropsch reaction
feed mixture at both sub-critical and supercritical conditions. An understanding of the
phase behavior of mixtures at specified compositions is very useful in supercritical phase
FTS. Knowledge of the critical properties for a particular system will allow for the
appropriate design of chemical reactors, choice of separation and extraction equipment,
and determination of the operating conditions. Our reaction solution included the
reactants carbon monoxide (CO) and hydrogen (H,) and the solvent n-hexane, which
form a mixture under specified reaction conditions (i.e. temperature and pressure). In this

study the critical properties for three specific mole ratios (H,: CO: n-Hexane) were
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determined. Correlations between the phase behavior of the supercritical Fischer-
Tropsch mixtures and the catalytic performance studies under sub-critical and
supercritical conditions were examined. This provides a more fundamental understanding
of the underlying mechanisms of this reaction and may lead to improvements in the

design and optimization of supercritical fluid Fischer-Tropsch technology.

4.2 Experimental Methods

4.2.1 Materials

Both n-pentane (99.0+%, Sigma Aldrich) and n-hexane (99.0+%, Sigma Aldrich) were
used as received without further purification. Carbon monoxide/hydrogen
(33.51%/balance certified standard, Airgas South) was used as received without further

purification.

4.2.2 Apparatus

Figure 4-1 shows the experimental apparatus used in the phase behavior studies for
different Fischer-Tropsch reaction feed mixtures. The apparatus included a high-pressure
stainless steel variable volume view cell (custom designed and manufactured in the
Roberts Laboratory), high-pressure quartz window, appropriate o-rings, manual pressure
generator (HIP, model 87-6-5), temperature controller (Omega, model CN77332),
heating tape, insulation tape, pressure gauge (Dynisco, model PT422A), resistance

temperature detector, metering pump (Eldex Laboratories, model B-100-S), vacuum
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Figure 4-1. Phase behavior experimental apparatus including: IP, Injection Port; MS,
Magnetic Stirring Plate ; OR, O-Ring; P, Piston; PG, Manual Pressure Generator; PI,
Pressure Indicator; QW, High-Pressure Quartz Window; SB, Stirring Bar; MP, Metering

Pump; TC, Thermocouple; VC, Variable Volume View Cell
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pump (Emerson, model CA55KXDJW-2137), stir bar, stir plate, and 1/16” stainless steel

tubing.

4.2.3 Procedure
A systematic phase behavior study of a mixture comprised of CO and H; in hexane was
carried out using a high-pressure variable-volume view cell under controlled temperature
at three specific mole ratios. The three mole ratios (H,: CO: Hexane) studied were
mixture 1 (2:1:9), mixture 2 (2:1:13), and mixture 3 (2:1:18). The method used in
determining the critical temperature and critical pressure of the mixture for the three
specified mole ratios is shown in the flow chart in Scheme 4-1.

The volume of the cell was adjusted by displacing the internal movable piston.
The dynamic seal between the piston and the walls of the vessel was achieved using four
Viton O-rings. The contents of the view cell were observed by shining a light source
through the % in. thick high-pressure quartz window on the front of the view cell. A
video camera was connected to a computer to both observe and record phase changes as
they occurred inside the vessel. A manual pressure generator (High Pressure Equipment
Model 87-6-5) was used to manipulate the pressure in the view cell. The temperature in
the cell was measured and controlled with a RTD (Omega 1/16” diameter probe, Omega
Engineering) and a self-tuning PID controller (Omega CN76030) wired to a magnetic
contactor (Omega MC-2-2-40-120). The pressure was measured using a Dynisco flush
mount transducer (model TPT-432A) with an accuracy of £1.7 bars.

Initially, the view cell was purged several times with the CO/H, gas mixture in

order to ensure that no air remained in the system. The amount of CO and H,to be
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Scheme 4-1. Flow chart demonstrating the method used to determine the

critical properties of H,, CO, and hexane mixtures at specified compositions.
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delivered to the vessel, according to the specified ratio, was determined using the
available volume in the vessel and an appropriate equation of state. Following addition
of the gas mixture, a known amount of hexane was metered into the vessel using the
metering pump. The view cell was heated to an initial temperature, and allowed to
equilibrate. The initial temperature was estimated by considering the critical temperature
of the pure component. Refer to Scheme 4-1. After heating, the pressure of the vessel
was well above the pressure necessary to achieve a clear single phase. Thus, the pressure
of the view cell was slowly reduced by backing out the piston until the onset of
cloudiness was observed (the cloud point). The cloud point pressure was recorded as the
pressure at which the reflection of the piston just disappeared. The temperature was then
increased by a specific interval and the procedure repeated until the critical temperature
was obtained for the mixture.

A video camera system was designed to take images of the phase transition
between vapor-liquid equilibrium (VLE) and the supercritical phase. Use of this system
allowed for an accurate determination of the critical points of pure hydrocarbon and gas
mixtures. The video camera (QuickCam Pro 4000, 1.3 mega pixel) was mounted close to
the glass window of the variable volume view cell. In order to ensure high quality of our
images, a light (Eagle Economy Fluorescent Ring Light) was attached to the video
camera. The video system was connected to a computer in order to collect and record
both pictures and videos of the phase transitions.

The two phase vapor-liquid equilibrium is shown on Figure 4-10. The movable
piston of the view cell was positioned in order to keep the liquid volume equal to the
vapor volume in the system. The meniscus between the two phases is clearly seen in that
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image. In order to accurately locate the critical point, the meniscus just below the critical
point must be in the center of the vessel such that when the critical point is reached the
density of the two phases must be equal. This corresponds to the critical point location.
The temperature is then slightly increased and as a result the pressure is also increased
until it reaches the critical point. At this point the meniscus has disappeared, and the
contents are within the supercritical phase region. The phase transition is also shown in
Figure 4-10; the meniscus disappeared at the critical transition point. This ramping
procedure was followed for the determination of the critical properties of our reaction

mixtures.

4.3 Results and Discussion

The accuracy of the system was tested by measuring the pure component critical
points for both n-pentane and n-hexane, then comparing theses values to those reported in
the literature. The critical point of n-pentane was systematically measured and achieved
at a temperature of 196.2°C and a pressure of 35.0 bar; while, the literature values for
critical temperature and pressure are 196.6°C and 33.6 bar, respectively. It is noted that
the experimentally determined values are very similar to the accepted literature values for
n-pentane. The experimental data collected for n-pentane is compared to the literature
values and shown in Figure 4-2. This procedure was repeated in order to duplicate the

critical point measurements.
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Figure 4-2. Experimentally determined vapor-liquid equilibrium data for pure n-pentane
with a critical point at a temperature of 196.2 °C and a pressure of 35.0 bar. Comparison

is made to the Antoine equation.
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Figure 4-3. Experimentally determined vapor-liquid equilibrium data for pure n-hexane
demonstrating a critical point at a temperature of 234.0 °C and a pressure of 30.0 bar.

Comparison is made to literature values (NIST Chemistry WebBook).
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To further test the system, the critical point of pure n-hexane was measured
following the same experimental procedure used for n-pentane and then compared to
values reported in the literature. Results for n-hexane are shown in Figure 4-3,
illustrating how well the experimentally determined data agreed with critical values
stated in literature. The critical point of n-hexane was systematically measured and
achieved at a temperature of 234.0°C and a pressure of 30.0 bar; while, the literature
values of the critical temperature and pressure for n-hexane are 234.4 °C 30.2 bar,
respectively. This procedure was repeated in order to verify the accuracy of our
measurements. Both sets of experiments confirmed that the system was operating
appropriately and verified the accuracy of the experimental technique.

The phase behavior of mixtures of pure n-hexane, CO, and H, were studied at
three separate molar compositions. The CO and H, were delivered in a constant two to
one ratio, respectively, for each experiment. While, the ratio of n-hexane was varied in
order to achieve the desired mixture ratio. The results of the phase behavior studies are
listed in Table 4-1. It was determined that the critical temperature for each of the
mixtures decreased as the mole fraction of the syngas was increased. However, the
critical pressure for each of the mixtures increased as the mole fraction of the syngas was
increased. The experimentally determined critical point data is plotted against mole
fraction of syngas and shown in Figures 4-4 and 4-5. Reid et al. determined that the
critical temperature of mixtures should decrease as the mole fraction of the lighter
component increases (Reid et al., 1987). Figure 4-6 illustrates this general trend for a
methane/n-pentane system. In addition, the critical pressure for mixtures will go through
a maximum then decrease as the mole fraction of the lighter component
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CO:H,: mole fraction

sample hexane ratio syngas T, (°C) P. (bar)
mixture 1 219 0.25 2259 86.5
mixture 2 2:1:13 0.19 229.0 72.8
mixture 3 2:1:18 0.14 231.3 63.4

Table 4-1. Experimentally determined critical point data obtained from phase behavior

studies.
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increases (Prausnitz et al., 1999). Figure 4-7 shows this general trend for an ethane/n-
heptane system. The experimentally determined data agreed well with both trends.

Experimentally measured critical points for the three specified mixtures are
shown in Figure 4-8 along with the literature values for pure n-hexane. Each point
represents a terminus for the two phase boundary for a particular syngas/hexane ratio. At
temperatures above the critical temperature for a specific mixture, the reaction system
can be operated at any pressure and remain in a single phase. However, one does not
have to operate in the “supercritical” region to remain a single phase (i.e. one does not
have to be above the critical temperature and pressure to be single phase). It is possible
to operate at a temperature below the critical temperature and remain a single phase. In
order to be a single phase at a given temperature that is below the critical temperature, the
pressure must be either increased to a pressure high enough to achieve a single phase
compressed liquid or decreased low enough to be in the gaseous mixture region.

As an example, the critical point for mixture 2 was determined and the system
was cooled to 225°C. The temperature of the system was below the critical temperature
of 229°C, and the mixture was within the two-phase vapor-liquid equilibrium region at a
pressure of 72.8 bar. In order to be one single phase at 225°C, the pressure was either
increased until the mixture was a single phase in the compressed liquid region or
decreased until the vessel was filled with a single phase gas mixture. A saturated liquid
was reached at a pressure of 110 bar and a temperature of 225°C, and the system
remained a single compressed liquid phase at pressures above 110 bar. A saturated gas

mixture was reached at a pressure of 45 bar and a temperature of 225°C, and the system
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remained a single gaseous phase at pressures below 45 bar. The procedure was repeated
to verify the accuracy of our measurements. The two-phase vapor-liquid equilibrium for
mixture 2 is illustrated in Figure 4-9. Single phase operation can be achieved for the
mixtures studied at any pressure, as long as the temperature is above the critical
temperature for a given mixture. In addition, single phase operation can be achieved at
temperatures below the critical temperature of a given mixture, as long as the pressure is
either above the pressure required for a saturated liquid or below the pressure
corresponding to a saturated gas. Refer to Figure 4-9.

Another study was conducted in order to determine the phase behavior and critical
point location of the FTS reaction mixture represented by the solvent, reactant gases (CO,
H,), and products. The location of the critical point (temperature and pressure) of the
FTS mixture was measured by collecting a sample from the reactor effluent for FTS
under SCF hexane conditions in the Roberts Lab (Elbashir, 2004). The sample from the
FT reactor effluent (collected from the line between the vapor exit of the hot trap and the
entrance to the cold trap) was trapped into a gas tight collection container and then
transformed into the evacuated view cell through the high pressure valve shown in Figure
4-1. Prior to phase-behavior analysis, the sample was characterized for composition
using gas chromatographs (FID and TCD) and the methods described earlier. An
example of the characterization of a typical product stream (at 75% syngas conversion)
obtained under SCH operation (c.a. 109 hr time-on-stream) at 240 °C and 65 bar is shown
in Table 4-2. The sample was allowed to condense inside the view cell and form two
phases (liquid and vapor) prior to the determination of the critical temperature and

pressure. The measured critical pressure of the FTS sample mixture, as seen in Figure 4-
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10, was found to be 37.2 bar (7 bar higher than that of pure hexane). The critical
temperature (238.2 °C) of the mixture was found to be much higher than that of pure
hexane. It should be noted that while this measured critical point represents the bulk
reaction mixture, it does not necessarily represent that of the reaction mixture within the
catalyst pores in the FTS process. For SCH FTS, it is therefore important to know the
critical point loci of the reaction and product mixture. Unfortunately, many SCF FTS
studies in the literature are designed using only information about the critical point of the
pure solvent.

Additional studies were conducted in order to see the effect that temperature and
pressure have on the FTS product distribution. Temperature was varied from 230°C to
260°C, and pressure was varied from a gas-like density of 35 bar to a liquid-like density
of 80 bar. All studies were performed with a 15% Co/Al,O3 catalyst under SCF Hexane
conditions. Figure 4-11 illustrates the effect that temperature has on CO conversion and
the probability of chain growth (owveran) during the FTS polymerization reaction. Here it
is shown that as the temperature of the reaction was increased, conversion of CO was
toward heavier products with a maximum conversion occurring between 240°C and
260°C. For chain growth probability, an initial decrease was noted between 230°C and
240°C. The ooveran then increases until a maximum value of 0.85 was reached at 250°C,
and a considerable drop in ooveran OCcurs at temperatures above 260°C. Figure 4-12
demonstrates the influence of pressure on CO conversion and the chain growth
probability in SCH-FTS. It was determined that pressure had a significant effect on CO
conversion. A maximum value of 85% was obtained for CO conversion at 65 bar. There

was a minimal effect observed on overan Within the range of pressures studied. These
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Hydrocarbon Wt%o

Isomers &
a-olefin Paraffins Oxygenates W,
c 712 0072
C3 1.298 0.39 0.01 0.017
C4 0.83 0.21 0.11 0.011
C5 0.92 0.28 0.18 0.0137
C6* NA NA NA NA
C7 1.57 0.644 0.023 0.022
C8 2.96 1.39 0.02 0.044
C9 4.481 1.697 0.091 0.063
C10 4.256 1.603 0.125 0.060
Cl1 4.095 1.752 0.113  0.059
C12 4.186 1.724 0.083  0.060
C13 3.790 2.42 0.053 0.062
Cl4 2.66 2.64 0.028 0.053
C15 2.801 2.654 0 0.054
C16 2.926 2.933 0 0.058
C17 2.787 2.96 0 0.057
C18 2.285 3.02 0 0.053
C19 1.86 2.57 0 0.044
C20+ 5.765 9.74 0 0.122

* Cg composition has not been reported because the solvent (hexane) peak in the FID, and
GC-MS analysis is dominant over the other products such as olefins, oxygenates and
isomers with weight percentage above 80%.

Table 4-2. The product distributions of SCH-FTS reaction mixture at 240°C and 65 bar.
Syngas (H,/CO) feed ration is 2:1, the volumetric space velocity is 93.75hr™* and the
hexanes to syngas molar ratio is 3 to 1.
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studies demonstrate the importance of selecting the appropriate operating conditions in

order to ensure optimal performance for the FTS polymerization reaction.

4.4 Conclusions

A system was developed in order to examine the phase behavior and determine critical
points for FTS reaction mixtures. The reaction mixtures studied included both the FTS
reaction feed mixture (CO, Hy, hexane) and a reaction mixture consisting of the solvent,
reactant gases (CO, Hy), and products. After investigating the phase behavior of the
reaction feed mixture, we determined that the critical temperature decreases as the mole
fraction of syngas is increased. However, the critical pressure for the mixtures increases
as mole fraction of syngas is increased. Also, it was shown that it is not necessary to
operate in the “supercritical” region to remain a single phase. Single phase operation can
be achieved for the mixtures studied at any pressure, as long as the temperature is above
the critical temperature for a given mixture. In addition, single phase operation can be
achieved at temperatures below the critical temperature of a given mixture, as long as the
pressure is either above the pressure required for a saturated liquid or below the pressure
corresponding to a saturated gas. The phase behavior and critical point location of the
FTS reaction mixture represented by the solvent, reactant gases (CO, H;), and products
was also determined. What we found was that the measured critical temperature and
pressure of the FTS sample mixture were both higher than that of pure n-hexane. Thus, it
is important to know the critical point loci of the reaction and product mixture for SCH-
FTS. Additional studies were conducted in order to see the effect that temperature and

pressure have on the FTS product distribution. Both temperature and pressure had a
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significant effect on the CO conversion, while the chain growth probability seemed to be
more affected by temperature. Our studies have established the importance of
understanding the critical point location for the mixture when designing a SCF FTS

reaction system.
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Chapter 5

CONCLUSIONS

Many commercial processes for the production of chemicals involve harsh organic
solvents as well as numerous by-products that are detrimental to the environment. The
overall goal of this work was to apply the twelve principles of green chemistry to
heterogeneous catalysis operations and develop alternative synthetic routes in order to
improve the conventional industrial processes for the systems studied.

Chapter 2 involved the application of green chemistry principles in the synthesis
of Pd nanoparticles, and their use as catalysts in the remediation harmful environmental
contaminants. Pd nanoparticles were synthesized and stabilized within the aqueous phase
using water-soluble polymeric capping ligands, which offers a “green” alternative to the
conventional nanoparticle synthesis techniques. The capping ligand, capping ligand
concentration, and synthesis temperature were all examined in order to understand their
effect on the particle size and size distribution. Once it was understood how to finely
control the synthesis of Pd nanoparticles within the aqueous phase, the catalytic behavior
of CMC-stabilized Pd nanoparticles was examined for the hydrodechlorination of TCE.

This chapter specifically focused on the batch dechlorination of TCE over
supported Pd nanoparticle catalysts producing only biodegradable ethane. It is essential
to efficiently retain and recover the active Pd catalyst material if these catalysts are to be
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used for an environmental application; thus, the Pd nanoparticles were dispersed on
supporting materials. A methodology was developed to successfully deposit the Pd
nanoparticles onto supporting materials and to prepare the catalysts for utilization in a
heterogeneous catalyst system. It was determined that the supported catalysts retained
sufficient activity towards the degradation of TCE as compared to Pd nanoparticles
homogenously dispersed within the aqueous phase. It is noted that the use of hydrophilic
Al,O3 supporting material illustrated a mass transfer resistance to TCE that affected the
initial hydrodechlorination rate. However, the use of a more hydrophobic support, TS-1,
overcame the mass transfer resistance to TCE. The work in Chapter 2 illustrates that
supported Pd catalysts can be effective in the hydrodechlorination of TCE.

Chapter 3 presented an improved method for the production of commodity
chemicals. H,0; is generally considered a benign oxidant that is a promising alternative
to conventional oxidants. A system was designed in order to investigate the in-situ
generation of H,O, in supercritical CO; solvent media. It is particularly difficult to
accurately measure H,O, production in the direct route from hydrogen and oxygen, since
the same conditions necessary to produce H,O, also catalyze its decomposition.
Therefore, a few probe reactions including propylene epoxidation, cyclohexanone
oxidation, and pyridine oxidation were performed in order to capture the generated H,0,
before it underwent decomposition. A Pd/TS-1 catalyst was used in all reactions studied,
since it has shown some promise in promoting the direct generation of H,O, from
hydrogen and oxygen.

For the proplylene epoxidation reaction, low conversions of propylene were
repeatedly detected. It was identified that the Pd metal loading used in this study was too
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high promoting the degradation of in-situ generated H,O,. Therefore, more selective
catalysts for this reaction should be examined. In addition, a reactor passivation
methodology was developed along with the inclusion of a glass insert in order to prevent
decomposition of H,O, upon contacting the walls of the stainless steel reactor. It was
also determined that this particular reaction suffered from extensive by-product
formation, which was due in part to the acidic reaction media. It is suggested that an
inhibitor molecule be included in future studies in order to suppress undesired side
reactions.

Chapter 3 also focused on the generation of adipic acid from cyclohexanone using
H,O, produced in-situ. There was limited success in oxidizing cyclohexanone over a
Pd/TS-1 catalyst to adipic acid. Extensive by-product formation was similarly detected,
and a method should be developed to inhibit the production of these side reactions. A
diffusional limitation exists for the oxidation of cyclohexanone over the TS-1 catalyst,
since the pores of the TS-1 catalyst are too narrow for effective oxidation of the bulky
cyclohexanone molecule. Thus, it was determined that catalysts having larger pore sizes
should be explored for this reaction.

Pyridine was used as a tool in Chapter 3 to measure the in-situ production of
H,0,, and in order to optimize the reaction conditions. It was determined that the ratio of
0,:H», H, concentration, and catalyst mass all had an effect on the H, conversion and
both selectivity and yield to H,O,. Also, the metal loading had an effect on the catalyst
activity. This chapter also presents the large scale potential for the in-situ production of
H,0, in supercritical CO,. Experimental data was collected on the performance of the
pyridine oxidation reaction along with analysis of the product distribution. This data
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serves as the basis for the development of rigorous process simulation models used to
analyze the potential of the green supercritical phase process and compare it to the
traditional anthraquinone autoxidation process. The results show that is it possible to
efficiently couple the in-situ H,O, generation with another oxidation reaction and achieve
substantial benefits in terms of both energy consumption and reduced environmental
impact.

Chapter 4 involved another commercially viable heterogeneous catalyst system to
make alternative fuels from a renewable feedstock. A system was developed in order to
examine the phase behavior and determine critical points for FTS reaction mixtures. The
reaction mixtures studied included both the FTS reaction feed mixture (CO, H,, hexane)
and a reaction mixture consisting of the solvent, reactant gases (CO, H,), and products.
After investigating the phase behavior of the reaction feed mixture, it was determined that
the critical temperature decreased as the mole fraction of syngas was increased.
However, the critical pressure for the mixtures increased as mole fraction of syngas was
increased. It was also determined that single phase operation could be achieved for the
mixtures studied at any pressure, as long as the temperature was above the critical
temperature for a given mixture. In addition, single phase operation could be achieved at
temperatures below the critical temperature of a given mixture, as long as the pressure
was either above the pressure required for a saturated liquid or below the pressure
corresponding to a saturated gas. The phase behavior and critical point location of the
FTS reaction mixture represented by the solvent, reactant gases (CO, H;), and products
was also determined. The measured critical temperature and pressure of the FTS sample
mixture were both higher than that of pure n-hexane. Thus, it is important to know the
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critical point loci of the reaction and product mixture for SCH-FTS. Additional studies
were conducted in order to see the effect that temperature and pressure have on the FTS
product distribution. Both temperature and pressure had a significant effect on the CO
conversion, while the chain growth probability seemed to be more affected by
temperature. These studies conducted in Chapter 4 established the importance of
understanding the critical point location for the mixture when designing a SCF-FTS

reaction system.
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