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Abstract

Catalytic hydrodeoxygenation (HDO) is a process for upgrading crude bio-oil as it has a high
oxygen content which causes several undesirable properties. Current methods for HDO use
sulfided NiMo and CoMo or supported noble metal catalysts which hydrogenate aromatic
rings, leading to less valuable products and increasing the hydrogen consumption. Using 10
wt. % MoOz supported on ZrO,, TiO2, y-Al.O3z, SiO2 and CeO2, we investigated the
atmospheric HDO of anisole, a model compound, at 350 °C. All catalysts achieved C — O bond
cleavage, preserving the aromatic ring. In situ UV-Vis spectroscopy showed a peak
corresponding to intervalence charge transfer (IVCT) transitions where Mo — O — Mo®* >
Mo®* — O — Mo®*. The IVCT positions were used to classify the catalysts according to their
degree of reduction. In general, a direct correlation is established between the supported
catalyst’s activity and its ability to preserve Mo®" sites, preventing over-reduction to less active
Mo** sites.

Keywords: Bio-oil, hydrodeoxygenation (HDO), gas phase, catalysis, anisole, supported
molybdenum oxides, MoOs, aromatic hydrocarbons, in situ UV-Vis spectroscopy



Summary for Lay Audience

Currently, the world’s primary source of transportation fuel is fossil fuels, which contribute to
climate change and are a non-renewable source of energy. Bio-oil, a renewable source of
energy derived from biomass, such as wood and switchgrass, is considered a promising
alternative source of energy. However, the problem is that it contains a high concentration of
oxygen, leading to undesirable characteristics, such as high acidity. Therefore, oxygen must be
removed for it to be considered a feasible source of energy. One method for achieving this is
hydrodeoxygenation (HDO), where hydrogen (Hz) removes oxygen in the form of H.O. HDO
studies have been successfully carried out using different types of catalysts. However, with
these catalysts, hydrogen not only reacts to break the carbon-oxygen bond, but also reacts to
break the carbon double bonds to single bonds. This results in high levels of hydrogen
consumption and lower value products. However, recently molybdenum oxide (MoOz) on a
support has been shown to be an effective catalyst for HDO, where hydrogen does not react

with the carbon double bonds.

In this work, we investigated the impact of a support (ZrO2, TiO2, y-Al203 and SiO>) on the
HDO activity using MoOs. The ZrO; and TiO> supported catalysts had significantly higher
degrees of HDO relative to the other catalysts and were the most stable. Although HDO using
the y-Al2O3 supported catalyst initially resulted in the highest levels of carbon-oxygen bond
breaking, it did not break the specific carbon-oxygen bond needed to remove the oxygen and
it deactivated quickly. Generally, we found that the activity of the catalyst was correlated with
its ability to preserve a certain number of oxygen vacancies per Mo atom. If too many oxygen
vacancies were created, then MoOs went to MoO> which is not active for HDO. The oxygen
vacancies were the easiest to create on the ZrO, and TiO> supported catalysts but the y-Al203
supported catalyst was able to prevent too many oxygen vacancies from being created. When
the catalysts were synthesized, MoOz was the most dispersed on the y-Al>Os catalyst but post-
reaction it was the least dispersed.
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Chapter 1

1  Introduction
1.1 Background & Motivation

With the world energy demand projected to increase by a third through 2040 and with the
concerns of depleting fossil fuel reserves and climate change, there is a growing need to
research and develop clean and sustainable sources of energy (BP Energy Outlook, 2019).
Renewables such as wind, solar, geothermal, biomass and biofuels are attractive sustainable
energy sources and are expected to be the largest source of power by 2040 (BP Energy Outlook,
2019). Among renewables, biomass-based liquid fuel, known as biofuel, is an attractive option
as it is the only renewable organic carbon resource in nature, which has the potential to directly
replace fossil fuel based transportation fuels such as gasoline, diesel and jet fuel (Li et al.,
2015). With growing concerns of greenhouse gas emissions associated with fossil fuels,
biomass is considered an indispensable renewable source of fuel due to its lower net carbon
emissions as plants absorb CO; as they grow. Furthermore, the development of biofuels would
result in local and regional benefits such as providing energy security, rural development and

economic growth (Eijck et al., 2014).

One process for converting biomass into bio-oil is known as fast pyrolysis, where biomass
particles are heated to high temperatures in the absence of oxygen. The crude bio-oil, however,
contains a much larger concentration of oxygen compared to conventional petroleum oil. This
imparts many undesirable characteristics to bio-oil such as corrosivity, thermal and chemical
instability, and immiscibility with petroleum oil (Miguel & Makibar, 2012). The oxygen must
therefore be removed for bio-oil to be considered a feasible source of energy. One method of
achieving this is known as hydrodeoxygenation (HDO), where hydrogen is reacted with bio-

oil under favorable conditions to remove the oxygen in the form of H,O.

Typically, HDO studies use phenolic model compounds, such as anisole, as they are
representative of the lignin fraction of biomass, which is the component that is the most
underutilized and difficult to hydrodeoxygenate. Several types of catalysts have successfully
carried out HDO including conventional hydrotreating catalysts, such as sulfided NiMo and

sulfided CoMo, as well as supported noble metal catalysts. However, these catalysts
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hydrogenate the aromatic rings, resulting in high levels of Hz consumption and lower octane
numbers. Supported and bulk MoOs are promising catalysts as they have been shown to
preserve the aromatic ring and selectively cleave the Caromatic — O bond over the weaker Caiiphatic
— O bond.

1.2 Thesis Objectives

The overall objective of the presented thesis is to synthesize and characterize MoQO3 catalysts
on various supports to establish how the structure of the supported molybdenum oxide moieties
affect the catalyst’s activity for anisole hydrodeoxygenation. Potential descriptors of catalytic
activity such as reducibility and cluster size are evaluated. The specific objectives of this thesis

are summarized below:

e Study the effect of Mo — support interactions on the reducibility of supported
molybdenum oxide by H2-TPR.

e Investigate the impact of the support on the molybdenum oxide cluster size and surface
reducibility via ex situ and in situ DRUV-Vis spectroscopy.

e Examine the effect of molybdenum oxide cluster size and reducibility on the activity

of supported MoOs catalysts for anisole hydrodeoxygenation.
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Chapter 2

2  Literature Review
2.1 Biomass Classification and Composition

Biofuels are generally classified as either first or second generation. First generation biofuels,
such as biodiesel and bioethanol, are produced from edible biomass feedstocks including corn,
sugarcane, wheat and soybeans. Biodiesel, for example, is produced through transesterification
of vegetable oils and fats while bioethanol is made via fermentation of sugars and starches.
However, first generation biofuels require significant amounts of land, water and fertilizer and
are controversial due to the “food vs. fuel” debate (Alalwan et al., 2019). These issues have
increased interest in the development of second-generation biofuels which use inedible
lignocellulosic biomass such as switch grass, sawdust, and agricultural and municipal wastes.
The low cost and availability of lignocellulosic biomass make it an attractive renewable
feedstock. However, more than 99% of all currently produced biofuels are first generation,
primarily because lignocellulosic biomass must be separated into its main components for
efficient downstream processing and upgrading, which is a complex and expensive process
(Eijck et al., 2014; Den et al., 2018).

Lignocellulosic biomass consists of three main polymers: cellulose (40 — 50 wt. %),
hemicellulose (25-35 wt. %), and lignin (15-20%), with varying composition depending on the
source of biomass (Figure 2.1) (Huber et al., 2006; Rowell et al., 2005; Mohan et al., 2006).
Cellulose is a high molecular weight linear polysaccharide of B-glycosidic linked glucose
monomers with a degree of polymerization of up to 9,000-10,000 units (Huber et al., 2006;
Rowell et al., 2005; Mohan et al., 2006). Hemicellulose is an amorphous branched polymer
consisting of five carbon (xylose and arabinose) and six carbon (glucose, galactose and
manose) monosaccharaides with uronic acid substituents that are linked by p-glycosidic bonds.
On average, it has 100-200 repeating monosaccharaides (Rowell et al., 2005; Mohan et al.,
2006). Lastly, lignin is an amorphous cross-linked resin with no exact structure and is rich in
oxygenated aromatic species; it’s mainly composed of three phenolic compounds: p-coumaryl
alcohol, coniferyl alcohol and sinapyl alcohol (Molino et al., 2016). Lignin is vital to the

structural integrity of plants, encompassing the hemicellulose and cellulose fractions.
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Figure 2.1 Structure of lignocellulosic biomass (Bajpai, 2016)

2.2 Biomass Conversion Processes

The production of biofuels from lignocellulosic feedstocks can be achieved through
biochemical processes and/or thermochemical processes. Biochemical processes use enzymes
and microorganisms to convert biomass into valuable products, whereas thermochemical
processes, such as gasification, liquefaction and pyrolysis, convert biomass by using heat,

catalysts and/or chemical reactants.

Biochemical conversion of lignocellulosic biomass involves enzymatic hydrolysis to
depolymerize cellulose and hemicellulose to its monomer sugars which are then typically
fermented to produce bioethanol. However, the outer lignin layer makes it difficult for enzymes
to access the internal polysaccharides. Therefore, biomass must be thermochemically
pretreated in order to increase the yield of fermentable sugars. Although enzymatic hydrolysis
is characterized by high product selectivity, removing lignin from the feedstock prior to its

conversion is costly and results in an unwanted loss of carbon (Buck et al., 2020).



Another route for biomass conversion is gasification. This process involves the partial
combustion of biomass using steam, air or oxygen at temperatures of 800-900 °C to produce
synthesis gas (mixture of CO, Hz, CO2 and CHa4), commonly referred to as syngas (Raheem et
al., 2015). Syngas can be converted to methanol or upgraded to produce diesel-like fuel via the
Fischer-Tropsch process. However, high quality syngas is difficult to obtain with the main

pollutants being tar, ammonia and sulphuric/chloridric acids (Molino et al., 2016).

A biomass conversion process which does produce high quality products is liquefaction. In this
process, biomass is converted in a hot and pressurized solvent environment where it is broken
down to bio oil. This process requires high pressures (5-20 MPa), moderate temperatures (300-
400 °C) and residence times of 0.2-1.0 h (longer than gasification and pyrolysis) (Xiu &
Shahbazi, 2012). Unlike gasification and pyrolysis, liquefaction can process wet biomass
feedstocks, eliminating the drying pre-treatment step. Liquefaction produces higher quality bio
oil compared to pyrolysis, with higher heating values and lower oxygen contents. However, it
has lower yields (20-60 %) compared to pyrolysis (up to 80% of a dry feed) and higher
operating pressures resulting in higher capital costs (Xiu & Shahbazi, 2012).

In pyrolysis, lignocellulosic biomass is converted to a wide range of products including non-
condensable gases (CO, CO2 and Hz), condensable vapors, and solid biochar by heating the
feedstock in the absence of oxygen at near atmospheric pressures (Puy et al., 2013). Cooling
and condensation of the vapours results in a dark brown liquid known as bio-oil. Product yields
of pyrolysis are highly dependent on the reaction temperature, heating rate, residence time,
feedstock and reactor configuration (Akhtar et al., 2012). Although pyrolysis has been used for
thousands of years for charcoal production, it was only within the last 40 years that the process
was modified to maximize oil yields. Pyrolysis can be classified as slow, intermediate or fast,
depending on the reaction temperature and vapour residence time. Traditional slow pyrolysis
for biochar production is typically performed at a temperature of 400 °C with low heating rates
(0.1-1.0 °C/s) (Babu, 2008) and extremely long vapour residence times (days) (Bridgwater,
2015). Long vapour residence times allow the produced vapours to continually react and form
biochar and non-condensable gases (Zhang et al., 2010). Therefore, the liquid yield from slow
pyrolysis of dry wood is only about 30 wt. % (Bridgwater, 2015). Fast pyrolysis can maximize

the bio-oil yield up to 75 wt. % by limiting the residence time to less than 2 seconds



(Bridgwater, 2015), using faster heating rates (10-200 °C/s), operating at slightly higher
temperatures (500 °C) and by rapid condensation of the product vapours (Babu, 2008).

Thermochemical techniques are preferred to biochemical conversion methods as they are more
energy efficient, they have shorter reaction times and they convert all the biomass fractions,
including lignin, to high-value biofuel (Leibbrandt et al., 2011). Fast pyrolysis has shown to
be a promising thermochemical process due to its reduced operating pressure and higher liquid
yield compared to liquefaction. Furthermore, the liquid bio oil product can be easily
transported and stored unlike the syngas produced from gasification (Xiu & Shahbazi, 2012).

2.3 Commercialized Fast Pyrolysis

Fluidized bed systems have been successful at meeting the stringent requirements of fast
pyrolysis and involve the injection of dried biomass particles into a fluidized bed of hot sand
particles (Figure 2.2). Several companies have successfully commercialized fast pyrolysis,
including Ensyn with Rapid Thermal Processing (RTP) technology for the production of
liquids from wood biomass. In the Ensyn RTP process, hot sand particles rapidly come into
contact with the solid biomass feedstock and fragments it into vapours, gases and char. The
vapours are rapidly quenched and recovered as bio-crude, while the gases and char flow to a
second vessel where the sand is reheated and recirculated back to the reactor. Ensyn has a plant
located in Renfrew, Ontario with a processing capacity of approximately 70 dry tons/day of
wood residues (Ensyn, n.d.). Red Arrow is another company that uses Ensyn’s RTP technology
with 5 plants located in Wisconsin. Of the 5 facilities, the three larger units process 30-40 dry

tons/day of wood residues (Ensyn, n.d.).
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Figure 2.2 Schematic of fast pyrolysis process

2.4 Pyrolysis Bio-Oil vs Petroleum Oil

Bio-oil has a significantly higher oxygen content compared to petroleum oil, which results in
many undesireable properties (Table 1). The high oxygen content lowers the higher heating
value (HHV) of bio-oil compared to conventional fuel and the polarity of oxygen rich
molecules makes bio-oil immiscible with non-polar hydrocarbons in petroleum oil (Miguel &
Makibar, 2012). Bio-oils are also very acidic with a pH of about 2.5, mainly due to the presence
of acetic and formic acids (Zhang et al., 2010). The high acidity of the oil corrodes most
common construction materials such as carbon steel and aluminum. Bio-oil also exhibits a
wide range of viscosities, which can increase when handled at high temperatures due to its
thermal instability (Czernik & Bridgwater, 2004). It is also chemically unstable due to reactive
organic compounds, such as aldehydes and phenols, which can polymerize and increase the
bio-oil viscosity and molecular weight. This process is known as ‘aging’ and the water
generated from these reactions can lead to phase separation of bio-oil into water-soluble and
organic fractions (Oasmaa & Czernik, 1999). Bio-oil also has a higher water content than
petroleum oil, causing ignition delays and lowering the combustion rate and heating value
(Miguel & Makibar, 2012). The high moisture content, however, has some positive effects,

such as enhancing bio-oil flow characteristics and lowering NOx emissions (Czernik &
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Bridgwater, 2004). Biomass-derived pyrolysis bio-oils must thus be deoxygenated to obtain

similar properties to conventional crude oils or transportation fuels.

Table 2.1 Property comparison between raw bio-oil and crude oil (Venderbosch et al.,
2010; Oasmaa & Czernik, 1999; Ruddy et al., 2014)

Property Crude Bio-Oil Petr((-J:Irel:Jdrﬁ oil
Water (wt. %) 15-30 0.1
pH 28-3.8 -
Elemental Analysis
C (wt. %) 55 — 65 83 - 86
O (Wt. %) 28 — 40 <1
H (wt. %) 5-7 11-14
S (wt. %) <0.05 <4
N (wt. %) <0.4 <1
HHV (MJ/kg) 16-19 44
Viscosity at 50 °C (cP) 40-100 180
Ash (wt. %) <0.2 0.1

2.5 Raw Bio-oil Applications

Raw bio-oil can be burned in adapted boilers to generate heat and results in lower NOx and
SOx emissions compared to the levels produced when burning fossil fuel, though particulate
emissions are typically higher (Gust, 1997). Fewer pollutants are emitted when using raw bio-
oil in turbines, with the exception of carbon monoxide (Bridgwater, 2004; Oasmaa et al., 2005).
However, raw bio-oil must first be filtered to remove particulates as they cause fouling and
corrosion of the turbine blades. Raw bio-oil has also been successfully used in diesel engines
to generate power but there are major concerns, such as difficult ignition, corrosion, and

coking.

2.6 Bio-Oil Upgrading Processes

There are two main routes for deoxygenation of pyrolysis bio-oils: zeolite cracking and

hydrodeoxygenation (HDO). The main difference is that HDO uses high hydrogen pressures
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whereas zeolite cracking occurs in the absence of hydrogen at atmospheric pressure. Both
methods involve simultaneous reactions such as cracking, decarbonylation, decarboxylation,
hydrocracking, hydrodeoxygenation and hydrogenation, though the extents of the reactions
depend on the upgrading method and the composition of the feed (Figure 2.3). Undesirable

polymerization and polycondensation reactions also occur, resulting in coke formation.
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Figure 2.3 Main reactions involved in catalytic bio-oil upgrading (Mortensen et al.,
2011)

Bio-oil catalytic cracking is similar to fluid catalytic cracking (FCC) used in the petroleum
industry; it’s carried out at atmospheric pressure, in the absence of H», and uses acidic zeolite
catalysts at temperatures ranging from 350 to 500 °C (Huber et al., 2006). Currently, Envergent
Technologies, a company created as a joint venture between Honeywell UOP and Ensyn, has
commercialized the co-feeding of crude bio-oil and crude petroleum oil into an FCC unit to
produce gasoline and diesel. In this process, cracking is the primary reaction which converts
heavy molecules to light components, and oxygen is rejected as CO2 and H.0 (Chang &
Silvestri, 1977). The conceptual reaction of this mechanism is summarized in Eq. (1), where
CHz.2 represents an unidentified hydrocarbon product. Unlike HDO, zeolite cracking doesn’t
require an external Hz source, significantly lowering the cost. However, the restricted hydrogen

results in a low H/C ratio of the zeolite cracking oil, implying that the hydrocarbon products
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from these reactions are typically aromatics and have heating values that are 25% lower than
crude oil (Saidi et al., 2014). The zeolite catalysts quickly deactivate as coking levels are high,
ranging from 30 to 40 g/g bio-oil feed (Adjaye et al., 1996; Katikaneni et al., 1995).
Consequently, bio-oil yields are low, ranging from 14-23 wt.% (Balat et al., 2009).

CHy 4004 - 0.9CH,, + 0.1 C0O, + 0.2 H,0 (1)

In catalytic HDO, the main reaction that takes place is hydrodeoxygenation, where oxygen is
removed in the form of H2O. Minor amounts of COz and CO are also formed via undesirable
endothermic decarboxylation and decarbonylation reactions, respectively, lowering the
upgraded bio-oil carbon yield. The general HDO reaction of bio-oil is shown below with an
overall heat of reaction of 2.4 MJ/kg (Saidi et al., 2014). Although HDO requires an external
H> source, thereby increasing upgrading costs, it is the preferred upgrading route due to higher

yields and compatibility with existing hydrotreating technologies.
CHy 4004+ 0.7H, - 1"CH," + 0.4 H,0 (2)

2.7 Hydrodeoxygenation of Bio Oil: Model Compounds

Raw pyrolysis bio-oil is a complex mixture of oxygenated hydrocarbons resulting from
depolymerization of the cellulose, hemicellulose and lignin fractions, and subsequent
simultaneous isomerization, dehydration, repolymerization/condensation and cracking
reactions. More than 400 different compounds in pyrolytic bio-oils have been identified
consisting of acids, esters, alcohols, ketones, aldehydes and phenols (Huber et al., 2006).
Rather than using pyrolysis bio-oil at the lab-scale, most studies use model compounds to
provide insights on the reaction kinetics and mechanisms and to compare the performance of

catalysts. Model compounds are also used due to the unstable nature of bio-oils during storage.

Bio-oil produced from lignocellulosic biomass contains a large fraction (30 to 40 wt. %)
(Bertero etal., 2012; Lazzari et al., 2016; Wang et al., 2009) of lignin-derived phenolic species.
These compounds are highly resistant to HDO due to the high strength of their Caromatic — O
bonds and are the primary cause for coking and catalyst deactivation (Hong et al., 2010). Lignin
on its own has significant potential to be converted to bio-oil as it is an underutilized source of

aromatic compounds and is readily available. Lignin is currently regarded as a waste product
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in lignocellulosic biomass to bioethanol processes. Another major source of lignin is from the
pulp and paper industry, accounting for 90% of total lignin production (Azadi et al., 2013).
Here 50 million tons of lignin are produced as a by-product with only 2 % being commercially
available, and the remainder being burned as low-value fuel for steam and electricity
generation (Laurichesse & Avérous, 2014; Kim et al., 2014; Li & Mcdonald, 2014). Therefore,
lignin-derived phenolic species such as phenol, guaiacol and anisole are typically selected as
model compounds for HDO. In this study, we selected anisole as the model compound as it is
less complex to study the reaction mechanism than guaiacol, with two separate functional
groups, but more complex than phenol, which has only two main parallel routes: direct
deoxygenation to benzene by cleavage of the C — O bond and hydrogenation, in which the
aromatic ring is hydrogenated to cyclohexanol. It should be noted, however, that complications
can arise when applying the information obtained using model compounds to real pyrolysis

bio-oils.

2.8 Reaction Pathways in Bio Oil Hydrodeoxygenation

Two reaction pathways are generally accepted for the HDO of lignin-derived aromatic
oxygenates: 1) hydrogenation followed by deoxygenation to ring-saturated hydrocarbons and
2) direct deoxygenation via C — O bond cleavage to aromatic hydrocarbons (Jin et al., 2019;
Zhang et al., 2020; Pourzolfaghar et al., 2018). An overview of the main reaction pathways
that have been observed for HDO of anisole is presented in Figure 2.4. The hydrogenation
route is highlighted in green and the direct deoxygenation route is highlighted in red,
respectively. After methoxycyclohexane is formed in the hydrogenation route, it can be
directly deoxygenated to form cyclohexane (Li et al., 2017). Alternatively, the Caiiphatic— O
bond can break, forming cyclohexanol, which can then be deoxygenated to form cyclohexane
(Khromova et al., 2014). Another pathway involves demethylation to form phenol, followed
by aromatic ring hydrogenation forming cyclohexanol, and then finally deoxygenation to
cyclohexane (Feliczak-guzik et al., 2020). The direct deoxygenation route involves breaking
either the Caromatic— O bond to form benzene directly (Prasomsri et al., 2014), or breaking the
Caliphatic— O bond to form phenol, followed by deoxygenation to form benzene (Li et al., 2011).
Some studies have reported that benzene can be subsequently hydrogenated to cyclohexane
(YYakovlev et al., 2009). Typically, it’s desirable to break the Caromatic— O bond in anisole rather

than the Caiiphatic— O bond in order to deoxygenate the compound; however, accomplishing this
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is challenging, as the Caromatic— O bond energy exceeds that of the Caiiphatic — O bond. Although

not shown here, transalkylation reactions have also been reported (Zhu et al., 2011; Peters et

al., 2015).
CH,OH
CH, +3 H,
/
0

CH.OH ©

Figure 2.4 Proposed anisole HDO reaction pathways

The main pathway on this reaction network depends on the type of catalyst and on reaction
conditions. The hydrogenation route is favoured for catalysts with either dominant hydrogen
dissociation function, such as noble metal catalysts (Wildschut et al., 2010; (Zhao et al., 2009)
or sulfided NiMo catalysts (Moreau et al., 1988; Moreau et al., 1990). On the other hand, the
direct deoxygenation route is the main pathway for metal oxides and carburized analogues
(Prasomsri et al., 2014), as well as for sulfided CoMo catalysts (Moreau et al., 1990; Weigold,
1982). Olcese et al. studied the equilibrium of guaiacol and hydrogen at atmospheric pressure
and calculated the Gibbs free energy at different temperatures; they proposed that the aromatic
ring began to be preserved above 427 °C, when coke tends to form (Olcese et al., 2012).
Baddour et al. calculated the equilibrium constant as a function of temperature for the
hydrogenation of benzene to cyclohexane at 0.44 MPa, shown in Figure 2.5a (Baddour et al.,
2017). Since the reaction is exothermic, the equilibrium constant decreases as temperature
increases, with benzene being favoured above 280 °C. The effect of pressure on the

equilibrated product distribution at 300 °C is shown in Figure 2.5b. Increasing the pressure
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will shift the equilibrium towards the formation of cyclohexane. The preservation of the
aromatic ring is therefor favoured at high temperature and low hydrogen pressure, consistent
with past experimental HDO results. For example, Rensel et al. found that increasing the
temperature from 300 °C to 400 °C enhanced the benzene selectivity from 28% to 90% (Rensel
et al., 2013). Yohe et al. observed a significant increase in arene selectivity when decreasing
the pressure from 2.35 MPa to 0.101 MPa, going from near 0% to 93% (Yohe et al., 2016).

a 40
3.0 1

b 100%

20 1
10 -
500 -
§3-1.0 ]
250
-3.0 4
4.0 -
5.0 -

)

tribution

IS

D

-6.0

.......................

350 400
Temperature (°C)

80% A

»
o
X

40% -

20% A

0%

....................

Pressure (bar)

Figure 2.5 Position of the thermodynamic equilibrium for the hydrogenation of
benzene to cyclohexane plotted as a) a function of temperature at 0.44 MPa and b) of
total pressure at 300 °C (Zhang et al., 2020)

2.9 High Pressure Hydrodeoxygenation

High pressure or conventional HDO is similar to the well-established hydrodesulphurization
(HDS) process used in petroleum refining, where sulfur is removed from organic compounds.
Conventional HDO and HDS both use high hydrogen pressures to remove the heteroatoms,
forming H20 and H.S, respectively. Operating conditions in conventional HDO range from
pressures of 1 to 30 MPa and temperatures between 200 and 400 °C (Ohta et al., 2012;
Mercader et al., 2010; Venderbosch et al., 2010). High pressures are used to ensure higher
solubility of hydrogen in bio-oil and consequently the hydrogen availability in the vicinity of
the catalyst. This increases the reaction rate and decreases coking in the reactor (Venderbosch
et al., 2010).
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2.10 Catalysts used for High Pressure Hydrodeoxygenation

Some of the first catalysts tested in HDO systems were sulfided 14 wt. % CoMo and NiMo
catalysts supported on Al;O3 as they are traditional hydrotreating catalysts used in HDS
processes. Although sulfided catalysts are reported to exhibit high HDO activity, they are
rapidly stripped of their sulfur and therefore deactivate due to the low bio-oil sulfur content
(0.05 wt.%) (Table 1). An external sulfur source (H2S) is therefore required to regenerate the
catalyst, though this results in contamination of the upgraded product. Sulfided catalysts are

also prone to coking and water poisoning (Badawi et al., 2011; Viljava & Krause, 2005).

Noble transition metals such as Pt, Pd, Ru, Rh are promising for high HDO because they are
known to activate hydrogen, are more tolerant to water poisoning, and do not require sulfur
cofeeding (Gutierrez et al., 2009; Ohta et al., 2012). Transition metal catalysts should be
bifunctional, where a support activates the oxy-compounds and the metal promotes hydrogen
activation and donation to the oxygenated compounds (Mortensen et al., 2011). HDO of bio-
oil was investigated at 350 °C and 20 MPa for 4 h over traditional sulfided catalysts and over
zirconia supported mono- and bi-metallic noble metal (Ru, Pd and Pt) catalysts with loadings
of <0.73 wt.% (Ardiyanti et al., 2011). All noble metal catalysts showed higher HDO activities
per gram of metal than CoMo/Al>O3 catalysts. Although noble transition metals are seen as
promising catalysts for high pressure HDO, their high cost, low availability and low resistance

towards poisoning make them unsuitable in industrial applications (Bridgwater, 2010).

Non-noble transition metal catalysts such as Ni, Fe, Cu and Co have been studied for high
pressure HDO due to their low cost and availability. However, these catalysts are generally
much less active for HDO than noble transition metal catalysts. Inexpensive nickel-based
catalysts have been extensively studied as they are highly active for hydrogenation (Zhang et
al., 2013). The addition of copper facilitates the reduction of Ni at lower temperatures (Rogatis
et al., 2009) and decreases coking (Lee et al. 2004). Higher reaction temperatures (>300 °C)
and higher metal loadings (>20 wt.%) compared to noble based metals are required for high
process efficiency, thereby increasing the upgrading cost. For example, Yakovlev et al.
investigated 38 wt. % Ni and NiCu supported on SiO2, Al>,Oz, CeO, ZrO, and CeO»-ZrO, for
HDO of anisole and reported higher activity for the bimetallic NiCu catalysts compared to the

monometallic Ni catalysts (Yakovlev et al., 2009). Although noble and non-noble transition
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metal catalysts are active for high pressure HDO, they fully saturate aromatic rings which is
undesirable due to the large consumption of H, significantly increasing the cost of upgrading
(Elliott, 2007). For example, Elliot et al. used hydrogen in excess of 35-420 mol H. per kg bio-
oil for HDO of a real pyrolysis bio-oil using Pd/C whereas only 25 mol H: per kg bio-oil was
theoretically required for complete deoxygenation (Elliott et al., 2009);Venderbosch et al.,
2010).

2.11 Low Pressure Hydrodeoxygenation

Low pressure HDO generally does not lead to hydrogenation of aromatic rings, thus consuming
significantly less hydrogen than high pressure HDO (Jin et al., 2019). Arenes such as benzene,
toluene and xylene (BTX) also have higher octane numbers than aliphatic hydrocarbons and
are the building blocks of a wide range of materials including plastics, detergents, drugs, dyes,
lubricants and pesticides (Sirous-Rezaei et al., 2018). Traditionally, BT Xs are produced from
naphtha reforming (Ce—C12 over Pt/Al>QOz) in a petroleum refinery. The current process for
converting lignin to BTX involves pyrolysis of lignin, followed by deoxygenation via zeolite
cracking; however, BTX yields are low and deactivation of the acidic catalyst is rapid (Sirous-
Rezaei et al., 2018). Low pressure HDO can therefore serve as the future supply of BTX,
mitigating dependence on fossil fuels and improving the economic viability of bio-refineries.
Low pressure HDO could also be integrated in pre-existing fast pyrolysis systems, unlike
conventional HDO which requires construction of special high-pressure equipment. Lastly,

low pressure reactors are safer to operate.

Low pressure HDO typically operates at moderate to high temperatures (up to 565 °C) with
the most prevalent temperature being 300 °C, and at low or atmospheric pressures
(Pourzolfaghar et al., 2018). The catalyst should be able to activate molecular hydrogen and
selectively cleave Caromatic — O bonds without hydrogenating the aromatic rings. Furthermore,
the catalyst should be able to tolerate the high operating temperature, be resistant to
deactivation by coking and water poisoning, and be inexpensive and environmentally friendly.
Various types of catalysts have been studied for the vapor phase HDO of model compounds

including noble metals, base metals and base metal phosphides, carbides and oxides.
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2.12 Catalysts used for Low Pressure Hydrodeoxygenation
2.12.1  Noble Metals

Noble metals are an attractive catalyst choice because of their high activities for HDO
reactions. Gao et al. tested four noble metal catalysts (Pt, Pd, Rh and Ru) supported on carbon
at atmospheric pressure for the HDO of guaiacol (Gao et al., 2014). Pt was found to be most
active and stable at 300 °C, as conversion was around 90 %. Zanuttini et al. studied atmospheric
HDO of m-cresol with 1.7 wt.% Pt/Al2Os3 in a fixed bed reactor at 300 °C and achieved a high
conversion (84%) and toluene selectivity (77%) (Zanuttini et al., 2013). Nimmanwudipong,
Runnebaum et al. studied the conversion of guaiacol catalyzed by 1 wt.% Pt supported on -
Al>03 with the main products being catechol, phenol and 3-methylcatechol, and inferred that
the metal catalyzes the hydrodeoxygenation and hydrogenation reactions and the acidic
alumina support catalyzes the transalkylation reactions (Nimmanwudipong, Runnebaum, et al.,
2011). One study compared the performance of Pt/SiO», Pt/HBeta and HBeta catalysts in HDO
of anisole; it was found that both transalkylation and HDO are achieved at significantly higher
rates over the strongly acidic zeolite-supported catalyst, leading to the formation of BTX with
lower H> consumption and a significant reduction in carbon losses, in comparison to the
Pt/SiO2 and HBeta catalysts (Zhu et al., 2011). However, another study concluded that
although basic supports do not catalyze transalkylation reactions, they deactivate at slower
rates and have higher conversion efficiencies compared to acidic ones, as deoxygenated
product selectivities were 70% and 30% for the reactions using Pt/MgO and Pt/y-Al2Os,
respectively (Nimmanwudipong et al., 2012). Runnenaum et al. studied low pressure HDO of
the bio-oil model compounds, guaiacol, anisole, 4-methylanisole and cyclohexanone,
catalyzed by 1 wt. % Pt/Al>O3 at 300 °C and, in addition to HDO, they observed C — O bond
cleavage that did not remove oxygen from the reactant, thus increasing the H> consumption
(Runnebaum et al., 2012). Another study used Pt/SiO> for the HDO of m-cresol and found
toluene to be the major product (Nie & Resasco, 2014). Although the ring-saturated
compounds, 3-methylcyclohexanone and 3-methylcyclohexanol, were found to exist in an
equilibrium with m-cresol, the ring saturated deoxygenated product, methylcyclohexane, was
observed in very low yield. Therefore, undesirable hydrogenation/dehydrogenation reactions
took place at a faster rate than the HDO reactions. Although noble metals have high activities
for low pressure HDO, their high cost and limited availability prevent their use on an industrial
17



scale, as previously mentioned. Furthermore, noble metal catalysts are more prone to

hydrogenation of the aromatic ring, thus increasing the costly hydrogen consumption.

2.12.2  Transition Metal Carbides/Phosphides

Transition metal carbides and phosphides have been used in hydroprocessing (HDS and HDN)
processes for several decades, thus inspiring their application in HDO. These catalysts have
been reported to exhibit hydrotreating activities similar to MoS»-based catalysts (Furimsky,
2003; Oyama, 2003; Oyama et al., 2009) and have catalytic properties similar to noble metals
(Hwu & Chen, 2005; Kelly et al., 2012; Oyama, 1992). Metal carbides such as Mo,C are
reported to possess bifunctional properties, unlike noble metal catalysts, requiring a support to
activate the oxygenated molecule (Sullivan & Bhan, 2016; Lee, Wang, Zheng, et al., 2014).
Lee et al. investigated anisole HDO over MoC at atmospheric pressure and low temperatures
(150 — 250 °C) and obtained >90% benzene selectivity (Lee, Wang, Wu, et al., 2014). In a
comparative study, Mo.C was applied for HDO of a phenolic mixture with the catalyst
displaying >90% arene selectivity (Chen et al., 2016). Zhao et al. compared the performance
of a series of phosphide catalysts, including Fe2P/SiO,, Co2P/SiO2, Ni2P/SiO2, MoP/SiO2 and
WP/SIO- for the gas phase HDO of guaiacol (Zhao et al., 2011). Ni>P/SiO> displayed the
highest turnover frequency and benzene selectivity (60%) of all the catalysts tested. Kinetic
measurements  indicate that the high benzene selectively is attributed to
dehydration/hydrogenation reactions as oppose to direct C — O bond cleavage. Although
transition metal carbides and phosphides are active for HDO at low pressures, surface oxidation
(via water) causes deactivation, as the metal carbides and phosphides are converted to inactive
metal oxides or oxy-carbides and oxy-phosphides (Ruddy et al., 2014). They are also typically
synthesized via temperature programmed reduction (TPR) methods which requires high

reaction temperatures and long reaction times.

2.12.3 Base Metals

Base metals such as Fe, Ni, and Mo are promising catalysts for selective HDO in the gas phase
as they are generally oxophilic, inexpensive and environmentally friendly. Oxophilicity is
defined as the tendency to form oxides and is related to the reactivity with removing oxygen

from oxygenated aromatic compounds. A study by Tan et al. investigated the conversion of
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anisole at atmospheric pressure over Fe, Ru and Pt supported on inert SiO, (Tan et al., 2017).
Phenol and benzene were sequentially formed over the noble metal-based catalysts, whereas
there was no phenol detected with benzene being the only major product over the most
oxophillic catalyst tested, Fe/SiO». Based on DFT calculations, they concluded that the higher
the oxophilicity of a metal catalyst, the lower the energy barrier for direct C — O bond cleavage
and the higher the energy barrier for hydrogenation reactions. A separate DFT study confirmed
this by indicating that, compared to Pd, the more oxophillic Fe metal interacts with oxygen
groups of guaiacol to a greater degree, resulting in a greater distortion of the C — O bonds and
therefore a lower energy barrier for direct C — O bond cleavage (Hensley et al., 2016).
However, if the metal is extremely highly oxophillic, as is the case for tungsten, then it is not

readily reducible and oxygen vacancies cannot be created (Zhang et al., 2020).

2.12.4 Base Metal Oxides

Reducible base metal oxides such as MoOz have been widely used in catalysis due to their
unique redox properties and are commonly used to catalyze selective oxidation reactions. For
example, iron molybdate is used to catalyze the oxidation of methanol to formaldehyde, and
bismuth molybdate catalyzes propylene oxidation to acrolein and ammoxidation of propene to
acrylonitrile (Cheng, 1996; Pudar et al., 2007; Pudar et al., 2010). It is believed that these
oxidation reactions occur via a redox or Mars-van Krevelen mechanism (Bamroongwongdee
et al., 2008). The first step of the mechanism involves adsorption of the reactant to the catalyst
surface. Subsequently, a reaction takes place between the adsorbate and an oxygen from the
lattice of the catalyst, forming a partially oxidized product. Next, the product desorbs from the
catalyst, leaving an oxygen vacancy at the surface. Finally, the vacancy is re-oxidized by O,
returning the catalyst to its original state. By the principle of microscopic reversibility, the
metal oxide catalysts that are active for oxidization reactions will also be active for

hydrodeoxygenation reactions.

DFT calculations have shown that HDO of acrolein to propene and acetaldehyde to ethylene
are thermodynamically favourable over MoOs (Mei et al., 2011; Prasomsri et al., 2013).
Prasomsri et al. screened five reducible metal oxides for low pressure HDO of acetone (V20s,
Fe203, CuO, WO3 and Mo03) and found that MoO3 featured the highest reactivity (80%) and

selectivity (98%) to deoxygenated hydrocarbon products (Prasomsri et al., 2013). Subsequent
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HDO experiments were performed over MoOz with other bio-oil model compounds, including
other ketones (2-hexanone and cyclohexanone), furanics (2-methylfuran and 2,5-
dimethylfuran) and an aromatic lignin model compound (anisole). In every case, MoO3z was
active for HDO with deoxygenated hydrocarbon selectivities exceeding 97%. Furthermore,
MoO3 did not result in saturation of the hydrocarbons, with the products being olefins and
aromatics. MoOz exhibited a high tolerance to water poisoning and to coking, with <1% of the
carbon being lost as coke. Notably, MoO3 selectively cleaves the Caromatic — O bonds over the
weaker Caiiphatic — O bonds and minimizes carbon loss of compounds containing methoxy
groups by promoting transmethylation reactions of the methanol by-product with the aromatic
ring to form alkylbenzenes (Prasomsri et al., 2014). Nolte et al., performed HDO of cellulose,
lignin and corn stover pyrolysis vapours over MoOs at low Hz pressures and obtained high
yields of linear alkanes and aromatics (up to 90 %) (Nolte et al., 2015). These studies suggest
that MoOz has properties that make it suitable for use as an HDO catalyst; it’s relatively
inexpensive, active at moderate temperatures (200-400 °C) and low H. pressures while

generally being more hydrogen efficient by minimizing hydrogenation reactions.

2.13 Catalyst Support Type

The catalyst support material has been shown to influence the catalyst’s stability, activity and
selectivity towards certain products. Typically, high surface area mesoporous supports are used
to enhance the dispersion of active catalytic species, increasing the available active sites for
the reaction to occur (Li et al., 2018). Supports with specific acid sites have been shown to
catalyze HDO reactions, such as transalkylation (Saidi et al., 2014), dehydration and
hydrogenolysis reactions (Mirodatos et al., 2009). However, acidic support sites create
positions for coke formation. Alumina is one of the most commonly used supports in catalytic
processes due to its high surface area, low cost and availability (He & Wang, 2012). However,
alumina is highly acidic, making it susceptible to deactivation by coke formation. Moreover,
since bio-oil contains ~30 wt. % water, it may not be a suitable support for HDO, as alumina’s
been reported to transform into boehmite in the presence of large amounts of water (Lgdeng et
al., 2017; Elliott, 2007; Venderbosch et al., 2010; Laurent & Delmon, 1994). Alternatively,
less acidic and more hydrothermally stable metal oxides such as SiO2, ZrOz, TiO2 and CeO>
have been used as supports (Valencia et al., 2019; Gongalves et al., 2017; Ranga et al., 2018;

Phan et al., 2015; Ladeng et al., 2017; Chary et al., 2004).
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2.14  General Deactivation Mechanism of HDO Catalysts

Lifetime is a key parameter to evaluate catalysts. Mechanisms of catalyst deactivation in HDO
include coking, metal deposition, sintering and poisoning by water, phosphorous and nitrogen.
The extent of these deactivation routes depend on the type of catalyst, feed composition and
reaction operating conditions, though carbon deposition has proven to be the main cause of
catalyst deactivation (Furimsky & Massoth, 1999). The formation of carbon occurs via
polymerization and polycondensation reactions on the catalyst surface, forming polyaromatic
species which plug pores and block the active sites. Lignin derived compounds, such as anisole,
are prone to coking due to their high concentrations of unsaturated hydrocarbon elements (i.e.
aromatics), which have significantly stronger interactions with the catalyst’s surface compared
to saturated hydrocarbons (Kopinke et al., 1993). It has also been inferred that compounds with
more than one oxygen atom have higher affinities for coke formation (Mortensen et al., 2011).
Furthermore, studies indicate a positive correlation between the rate of coking and the acidity
of the catalyst (Saidi et al., 2014). Catalysts with higher acidity dissociate hydrogen protons to
form carbocations, precursors to carbon deposition. Coke formation can, however, be
minimized by lowering the reaction temperature and increasing the hydrogen partial pressure
(Furimsky & Massoth, 1999). Therefore, low pressure HDO systems are more prone to coking
compared to liquid phase HDO processes.

2.15 Catalytic Active Site of MoOs in Hydrodeoxygenation

Gongcalves et al. found a correlation between the number of oxygen vacancies on MoOx on
various supports and the direct deoxygenation reaction rate; they determined that partially
reduced Mo species (Mo®") play a vital role for directly cleaving the Caromatic — O bonds, thus
producing arenes (Gongalves et al., 2017; Valencia et al., 2019). Whiffen et al. obtained a high
conversion for the HDO of cresol over a partially reduced Mo oxide and concluded that it was
due to the Brgnsted acid sites and the formation of oxygen vacancies (Whiffen & Smith, 2010).
Prasomsri et al. investigated the low pressure HDO of lignin-derived model compounds over
bulk MoO3z at temperatures ranging from 300 to 400 °C and observed an induction period
whereby pristine MoOs (i.e. Mo®" state) required <2 h to display full catalytic activity
(Prasomsri et al., 2014). Pre-reducing MoOz with H; for 3 h eliminated the induction period

and an oxycarbohydride (MoOxCyH;) phase was formed after introduction of a carbon source
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(i.e. the model compound m-cresol). They therefore proposed that Mo®* Lewis acid sites,
which are generated from either the carburization of MoO3 to MoOxCyH; or from the reduction
of MoOs to MoOz.y, are the active sites responsible for the enhanced activity (Prasomsri et al.,
2014; Bouchy et al., 2000; Ladeng et al., 2017; Zhang, Tang, et al., 2019). However, it’s
possible to over-reduce MoOg, as was found by the authors, where the catalyst deactivated due
to the formation of inactive MoO; (i.e. Mo** state). Over-reduction of MoOgz at 350 °C resulted
in the conversion decreasing from above 80% to about 60% after 7 h of operation (Prasomsri
etal., 2014). However, they demonstrated that the over-reduced catalyst can be regenerated by
calcination without losing its original activity. It was hypothesized that oxygen vacancies
(Mo00s.) activate the C — O bond and the lattice carbon in MoOxCyH; plays a critical role in
stabilizing the active Mo®* state, thereby slowing the reduction to Mo** and prolonging the
activity of the catalyst. This is in agreement with observations by Delporte et al., where the
reactant’s carbon atoms filled the oxygen vacancies to form an oxycarbohydride phase,
slowing the MoO: rate of formation (Delporte et al., 1995). Ranga et al. carburized MoOs/ZrO,
using a H2/CH4 mixture and found that it generated defects in the Mo oxide structure with
increased amounts of the lower Mo oxidation state, Mo®* (Ranga et al., 2018). They performed
HDO of anisole over this catalyst and concluded that the Mo>* oxidation state is closely related
to the catalytic activity. Murugappan et al. used operando near-ambient pressure (NAP) XPS
to study the oxidation states of MoOs during the HDO of anisole at 320 °C and at low H:
pressures (< 0.1 kPa) (Murugappan et al., 2018). The technique revealed that the Mo species
transitioned between 5+ and 6+ oxidation states during the reaction, thus providing evidence

for the proposed oxygen-vacancy driven mechanism.

It is believed that these HDO reactions over bulk and supported MoOs catalysts proceed
through a reverse Mars-van Krevelen mechanism which involves two concerted cycles: (1)
hydrogen reduction of the catalyst surface and (2) oxidation of the catalyst surface by the
oxygenated molecule, as illustrated in Figure 2.6 (Gongalves et al., 2017; Rellan-Pifieiro &
Lopez, 2018; Moberg et al., 2010). First, an oxygen vacancy is formed via adsorption of Ha,
followed by a proton transfer and finally the release of H.O (Prasomsri et al., 2013). The
oxygen of the reactant then adsorbs into the vacancy, i.e. a coordinatively unsaturated Mo site
(i.e. Mo>"), which weakens the Caromatic — O bond and lowers the energy barrier for direct

deoxygenation. The next step is activation of Hz, which occurs by heterolytic dissociation. The
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addition of a hydride species on the aromatic carbon bearing the oxygen results in cleavage of
the Caromatic — O bond, thus forming the deoxygenated product. The catalytic cycle is complete
as the adsorbed oxygen becomes part of the catalyst surface. Prasomsri et al. demonstrated that
deactivation can be minimized by tuning the hydrogen partial pressure, thus regenerating the

oxygen vacancies (Prasomsri et al., 2013).
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Figure 2.6 Mechanism of the direct deoxygenation (DDO) route of m-cresol on a
schematic molybdenum oxide site species (Gongalves et al., 2017)

2.16 MoOs3 Supported Catalyst Formulation Parameters

Shetty et al. studied MoOs supported on different oxides (i.e. y-Al203, SiO2, ZrO», TiO, and
Ce0,) for the atmospheric HDO of cresol at 320 °C (Shetty et al., 2015). They found that the
supports played two key roles: 1) preventing the over-reduction of MoOs to lower oxidation
states and 2) allowing the coordinately unsaturated sites to be formed at lower temperatures.
Supporting MoOs, particularly onto TiO2 or ZrO», improved the catalyst stability and reactivity
by stabilizing the proposed active site (Mo®°*), whereas the unsupported Mo more readily

reduced to the less reactive Mo** and Mo® oxidation states. MoO3 supported on y-Al,O3 or
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SiO exhibited a higher tendency to form coke, which was attributed to the presence of surface
acid sites. The lowest activity was observed with the CeO. supported catalyst, due to the facile
transport of oxygen through the bulk CeO, to the Mo phase. A comparative study found that
the support prevents the over-reduction of Mo®* only at sub-monolayer MoOx dispersions
(Shetty et al., 2017). Gongalves et al. investigated HDO of m-cresol over supported MoOs
catalysts and found that the reducibility of the molybdenum species depends on the support
material used and correlates to the HDO activity, i.e. MoO3z/Al,03 > Mo0O3/SBA-15 >
MoO3/SiO2 (Gongalves et al., 2017).

The metal/support ratio can also affect the supported catalysts performance. Shetty et al.
evaluated the vapour-phase HDO of anisole at 320 °C, and Hz pressures < 0.101 MPa over
MoOs supported on ZrO» with loadings ranging from 1 to 36 wt. % (Shetty et al., 2017). HDO
activity increased proportionally with an increase in loading until the monolayer coverage (~15
wt. %) was achieved, followed by a decrease in activity. Once the monolayer is exceeded,
crystallites of MoOsand Zr(Mo0Og)2 are formed, which undergo over-reduction to less reactive
MoO: (Shetty et al., 2017; El-Sharkawy et al., 2007; Tsilomelekis & Boghosian, 2010; Chary
et al., 2004). At very low loadings, isolated MoOx species are formed over the support and
increasing the loading results in oligomeric MoOx domains, which are more reducible and
reactive towards HDO than isolated MoOx domains. Lgdeng et al. studied the liquid phase
HDO over a series of molybdenum oxide catalysts with loadings of 7, 15, and 25 wt. % and
found that the intermediate Mo loading oxide catalyst showed superior performance (Lgdeng
et al., 2017). Ranga et al. also used a series of Mo loadings (7, 12 and 19 wt. %) on zirconia
for the HDO of anisole at gas phase conditions (Ranga et al., 2018). The product selectivity
and stability were the same regardless of the Mo loading used, yet it did have an impact on the
activity. The 12 wt.% loading had the largest anisole conversion and the 7 wt. % Mo catalyst
had the highest TOF (0.15 s). We therefore selected a 10 wt.% loading to maximize the

number of Mo®* species, while not exceeding monolayer coverage.
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Chapter 3

3  Methods and Results
3.1 Catalyst Materials and Synthesis

Bulk M0oOs3 (>99.5%) was purchased from Sigma-Aldrich. TiO2 (>99.5%, 21 nm diameter),
SiO; (Davisil®, Grade 633, pore size 60A), ZrO, (99.95 %, 20 nm) and CeO2 (99.97 %, 10-30
nm) were purchased from Sigma-Aldrich and used directly as supports. Spherical y-alumina
particles (1.7 mm diameter, K2476) were purchased by Sasol. The alumina spheres were

ground and sieved to obtain 200 — 425 um particle sizes for use as a support.

10 wt. % MoO3/SiO2 and 10 wt. % MoO3/ZrO, were prepared via incipient wetness
impregnation. 1 g of supported catalyst was synthesized by first dissolving 0.136 g of
ammonium molybdate tetrahydrate ((NH4)sM07024:4H20, 83 %, Sigma-Aldrich) in a volume
of deionized water corresponding to the pore volume of the support. Then the solution was
added dropwise to the support and was vigorously mixed. Next, the sample was placed in an
oven for 12 h at 100 °C. Using a quartz reactor with an inner diameter of 2.2 cm, the samples

were then calcined at 500 °C (ramp of 10 °C/min) in an air flow rate of 60 mL/min for 3 h.

TiO2, CeOz and y-Al,O3 supported 10 wt. % MoOs catalysts were prepared using the wetness
impregnation method. 1 g of supported catalyst was synthesized by first dissolving 0.136 g of
ammonium molybdate tetrahydrate (NH4)sMo07024:4H20) in approximately 10 mL of
deionized water. Then the support was added to the solution and was vigorously mixed for 24
h. The sample then underwent vacuum filtration to remove most of the solvent and then was
dried in an oven for 12 h at 100 °C. Finally, the catalyst was calcined at the same conditions

outlined above.

3.2 Catalyst Characterization

The bulk and supported MoO3 catalysts were characterized via H>-TPR, ex situ UV-Vis and in
situ UV-Vis.
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3.2.1 Temperature Programmed Reduction (H2 — TPR)

A catalyst or support mass of 100 mg was loaded in a 0.25 in. ID quartz tube reactor. The
reactor was placed inside a furnace which was connected to a temperature controller (Watlow,
series 98) and a K-type thermocouple. The sample was then treated in a gas mixture of Hz in
argon (5 vol. % H», balance He) at a flowrate of 41 mL/min at atmospheric pressure. The
temperature was then increased to 1000 °C at a rate of 10 °C/min and the H2 consumption was

measured using an SRI 110 TCD detector.

3.2.2 Ex Situ UV-Vis Spectroscopy

Diffuse reflectance UV-Vis spectra of the catalysts and supports were collected using a UV-
VIS-NIR spectrometer (Shimadzu, model 3600) with a diffuse reflectance cell (Harrick,
Praying Mantis) using BaSO4 (Sigma-Aldrich, 99 %) as a white reference. Samples were
packed down and flattened in the sample holder and UV/Vis spectra were obtained in the range
of 200 to 800 nm in diffuse reflectance mode with 1 nm step size. UV Probe software was used
to transform the reflectance into the corresponding absorbances via the Kubelka-Munk

function.

3.2.3 In Situ UV-Vis Spectroscopy

Diffuse reflectance UV-Vis spectra of the spent catalysts were collected using a UV-VIS-NIR
spectrometer (Shimadzu, model 3600) with a high temperature reaction chamber accessory
(Harrick, model HVC-VUV-5). A schematic of the reactor set up can be seen in Figure 3.1.
BaSO4 (Sigma-Aldrich, 99 %) was used as a white reference. The baseline spectrum was
obtained by first packing a small amount of BaSQO4 into the sample cup of the high temperature
reaction chamber. Next, the dome was installed and the windows were wiped clean with a
Kimtech wipe. Then the reflectance was measured for the 200 to 800 nm region and it was
subsequently transformed into absorbance by via the Kubelka-Munk function. Finally, the

dome was removed and the BaSO4 sample was discarded.

After the baseline was obtained, a small amount of catalyst was packed down and flattened

into the sample cup of the high temperature reaction chamber. Then, the dome was installed
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and the pre-run diffuse reflectance spectra was measured using a UV-VIS-NIR spectrometer
(Shimadzu, model 3600) at STP.

BV
PR

BV BV
Syringe
Pump
X NV
: uVv-VIS _:
| Spectrometer |
| |
| |
| A\ |
| : |
| — High |
i .| Temperature A
| gt Reactor |
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| |
R R |
Cooling Cooling
Water Vet Water

Figure 3.1 Schematic of in situ UV-Vis system (TT = temperature transmitter, TC =
temperature controller, NV = needle valve, BV = ball valve, FC = flow controller, PR =
pressure regular)

3.3 In situ Reduction Experiment

The baseline and pre-run sample was obtained using the procedure outlined above. Helium gas
(Praxair, Ultra-High Purity (UHP)) flowed through the sample cup of the reaction chamber at
15.5 mL/min via a flow controller (VICI Condyne, model FC30SS1S3) and cooling water
flowed through the shell of the reaction chamber in order to keep the outside walls cool while
the sample cup was at a high temperature. Next, the temperature of the sample cup was
increased to 150 °C at a rate of 20 °C/min via a K-type thermocouple and temperature
controller (Harrick model ATK- 024-3) and was held for 30 minutes. Then hydrogen gas
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(Praxair, Ultra-High Purity (UHP)) flowed through the sample cup of the reaction chamber at
15.5 mL/min via a flow controller (VICI Condyne, model FC30SS1S3) and was held for 1 h.
Then the reactor chamber was cooled down to room temperature in helium gas at 15.5 mL/min
and the diffuse reflectance spectra was measured using a UV-VIS-NIR spectrometer
(Shimadzu, model 3600). The procedure was then repeated for the temperatures of 200, 250,
300 and 350 °C using the same catalyst sample.

3.4 In situ Reaction Experiment

The baseline and pre-run sample was obtained using the procedure outlined above. The
temperature of the stainless-steel piping was increased to 150 °C via a heater (Staco Energy
Products, model 3PNJ201B). Helium gas (Praxair, Ultra-High Purity (UHP)) flowed through
the sample cup of the reaction chamber at 15.5 mL/min via a flow controller (VICI Condyne,
model FC30SS1S3) and cooling water flowed through the shell of the reaction chamber. Next,
the temperature was increased to 150 °C at a rate of 20 °C/min via a K-type thermocouple and
temperature controller (Harrick model ATK- 024-3) and was held for 30 minutes. Then
hydrogen gas (Praxair, Ultra-High Purity (UHP)) flowed through the sample cup of the reaction
chamber at 15.5 mL/min via a flow controller (VICI Condyne, model FC30SS1S3) and anisole
was injected using a 0.5 mL Hamilton syringe at 0.09 mL/h via a syringe pump (KD Scientific,
model 100) and was held for 40 minutes. Then the flow was switched to helium and was held
at 150 °C for 30 minutes to remove any adsorbed species. Then the reactor chamber was
cooled down to room temperature in helium gas at 15.5 mL/min and the diffuse reflectance
spectra was measured using a UV-VIS-NIR spectrometer (Shimadzu, model 3600). The
procedure was then repeated for reaction temperatures of 200, 250, 300 and 350 °C using the

same catalyst sample.
3.5 Band gap energy calculations

The diffuse reflectance UV-Vis spectrum recorded for each sample was evaluated via the
software UV Probe and transformed into the corresponding absorbances via the Kubelka-Munk
function. R., was evaluated by taking the negative difference between the sample absorbance

and the baseline absorbance and raising 10 to the resultant power as shown in equation (3).

Rep == 10[_(Abssample_Absbaseline)] (3)
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The Kubelka-Munk function was evaluated from R., as shown in equation (4).

1— Ry)?
F(Ro) = % (4)

Equation (5) was plotted as a function of hv which is in the incident photon energy in

electron volts (eV) where h represents Planck’s constant (4.136 x 10° eV-s),

y = [F(Re) * hv]? )

and v is the frequency calculated using c, the speed of light (3.00 x 108 m/s) and the
wavelength (1) as shown in equation (6).

C
V==

(6)

This is known as a Tauc plot. It should be noted that the exponent in equation (5) depends on

the type of transitions occurring. In this case, the exponent is equal to 2 for direct allowed

transitions. The linear region of a Tauc plot indicates the onset of absorption. Therefore, the

absorption edge energy or band gap energy (Eg) was determined by extrapolating the linear

region to the x-axis using the tangent.opx file in Origin.
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3.5.1 Catalyst Activity Measurement

A

Reactor

./

DY B  GCMS

Figure 3.2 Schematic of gas phase catalyst activity system (TT = temperature
transmitter, TC = temperature controller, PG = pressure gauge, BV = ball valve, CV =
check valve, F = filter, FC = flow controller, PR = pressure regular)

Catalytic activity tests were carried out in a 0.25 in. ID quartz tube fixed bed reactor which
was mounted to a furnace (Figure 3.2). Catalysts (0.1 g) were pelletized between 600 and 850
um mesh and placed in the middle of the reactor. Under helium (Praxair, UHP), the reactor
temperature was increased to the reaction temperature at a rate of 10 °C/min via a K-type
thermocouple and temperature controller (Watlow, series 98). Then the helium gas was turned
off and hydrogen gas (Praxair, UHP) was introduced into the system at a flowrate of 11.5
mL/min via a mass flow controller (MKS, model 100). Next, anisole was injected using a 250
um Hamilton syringe at 63 pm/h via a syringe pump (KD Scientific, model 100) into the
stainless-steel tubing located upstream of the reactor. The liquid reactant was immediately
vaporized as the tubing was heated to 200 °C via electric heat tracing. Prior to the reaction, the

anisole and hydrogen gas mixture flowed through the by-pass system for 30 minutes in order
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to reach steady state. The piping of the by-pass system and the piping located downstream of
the reactor was heated to 250 °C via electric heat tracing to ensure condensation of the products
and/or reactant did not occur. Then the ball valve for the by-pass system was closed, the ball
valve for the inlet of the reactor was opened and the 3-way ball valve was turned to allow the
gas stream to flow from the reactor. A GCMS (Agilent 7890A/5975C) with a HP-5MS column
(Agilent, 30 m x 0.250 mm x 0.25 um film thickness) was used to analyze the products of the
reaction. The injector temperature was 300 °C and a split ratio of 1:30 was used. The initial
oven temperature was 50 °C and was held for 2 minutes followed by a ramp of 10 °C /min
until a final oven temperature of 230 °C which was held for 2 minutes. The weight hourly
space velocity (WHSV), conversion and product selectivity were calculated by equations (7),

(8) and (9), respectively.

mass flow rate of anisole fed (7)
mass of equivalent catalyst loaded

WHSV =

) __ moles of anisole consumed
moles of anisole fed

Conversion (% x 100 (8)

moles of product
moles of anisole consumed

Product Selectivity (%) =

x 100 9)

3.6 H>-TPR Results

The reducibility of the molybdebum-based supported catalysts was investigated by H>-TPR
(Figure 3.3). Control experiments of all the blank supports except for CeOg, resulted in no
positive hydrogen consumption peaks, indicating that the supports are not reducible (Figure
3.4) under the conditions used for TPR. However, both SiO2 and Al203 TPR results show
negative hydrogen consumption peaks, which could be due to the presence of water on the
support’s surface. As the supports are heated, water on the support’s surface evaporates into
steam. Since the thermal conductivity of gas phase water is greater than that of argon, the

thermal conductivity of the effluent gas mixture would increase, thus causing a negative peak.
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Figure 3.3 H2-TPR of bulk and supported MoOs catalysts
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Figure 3.4 H2-TPR of bare supports, CeOz2, y-Al203, ZrOz, TiO2 and SiO2
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Blank ceria, on the other hand, was shown to have positive hydrogen consumption peaks which
is consistent with literature (Wan et al., 2008). H>-TPR of low surface area CeO: has been
reported to result in one high temperature peak corresponding to its bulk reduction (CeO2 -
Ce). On the other hand, high surface area CeO- has reportedly resulted in two peaks, where the
lower temperature peak is assigned to the reduction of surface Ce** and impurities such as CO
and CO., and the high temperature peak is attributed to the reduction of the bulk CeO:
(Giordano et al., 2000; Heracleous et al., 2005; Wan et al., 2008). Impregnation of MoO3 onto
the CeO. support caused the peak corresponding to the lowest temperature to increase in
intensity and to shift to a higher temperature (Figure 3.5). The corresponding peak area
increased by more than 50 % when MoOs was added to the support. Therefore, we can assume
that the increase in peak area is due to the reduction of an Mo species and not due to the
reduction of CeOz. Also, a new peak is formed at 997 °C when MoOs is added to the support,

indicating an Mo species is reduced.

Hydrogen Consumption (A.U.)

T T T T T T T T
200 400 600 800 1000
Temperature (°C)

Figure 3.5 H2-TPR of bare CeO2 and MoO3/CeO:2

The reducibility of bulk MoOs was also studied by H>-TPR, where two peaks were formed at
the maximum temperature of reduction (Tmax) Values of 865 and 961 °C, respectively (Figure
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3.3). It is well known that the reduction of MoOs occurs via two main steps: MoO3z (Mo*®) -
MoO2 (Mo*™*) and MoO2 (Mo*™) = Mo (Ma°) (Arnoldy et al., 1985; Chary et al., 2004). The
first step of the reduction has been shown to occur in more than one temperature range and
therefore can result in more than one peak (Arnoldy etal., 1985; Zhang, Liu, etal., 2019; Shetty
et al., 2015). However, the second step of the reduction only takes place in one band, thus
forming only one peak. Lastly, a minor peak corresponding to the reduction of MoOs; >
Mo4011 can also form after the MoO3z = MoO: peak(s) (Ressler et al., 2000; Zhang, Liu, et al.,
2019; Shetty et al., 2015). This minor peak was not seen in our results, likely due to a lack of
sensitivity of the equipment. The peak at 865 °C is assigned to the reduction of MoO3s to MoO-
and the 961 °C peak is attributed to the reduction of MoO- to Mo.

Compared to bulk MoQs, the supported MoOs catalysts had significantly lower Tmax values.
This is consistent with the literature as the addition of a support increases the reducibility of
the MoOs catalyst (i.e., lower temperatures are required to create the Mo>* active sites) (Shetty
et al., 2015; Chary et al., 2004). Impregnating MoOs onto a support increases the dispersion of
MoOs, thus increasing the MoOg surface area. The larger the surface area of MoOs, the greater
the probability of hydrogen reducing the MoOs surface.

H>-TPR studies have determined that the reducibility of a supported catalyst is inversely related
to the metal-support interaction (Wan et al., 2008; Arena & Parmaliana, 1996; Chary et al.,
2004; Alvarez-amparén et al., 2020). The stronger the interaction between the metal and the
support, the higher the temperature is needed for the reduction to occur and vice versa. Hz-
TPR of the MoO3/TiO2, MoOs/y-Al.0z and MoOs/SiO> catalysts resulted in two hydrogen
consumption peaks, whereas three peaks were observed for the MoQO3/ZrO; and MoQO3/CeO>
catalysts. However, based on Figure 3.5, the peak at approximately 840 °C is assigned to the
reduction of CeO> and not due to the reduction of an Mo species. Therefore, two peaks are
produced due to the reduction of an Mo species for the MoO3/TiO2, MoOz/y-Al.03, MoO3/SiO>
and MoO3/CeO;, catalysts.

The two hydrogen consumption peaks of these catalysts can be classified based on their Tmax

values: a low temperature peak with a Tmax Value between 400 — 700 °C and a high temperature

peak with a Tmax value between 700 — 1000 °C. The low temperature peak is attributed to the

reduction of octahedrally coordinated molybdenum species (Mooct™® = Mooet™) and the high
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temperature peak is attributed to the reduction of tetrahedrally coordinated molybdenum
species (Moet™® 2> Mow™) (Ranga et al., 2018; Maity et al., 2001; Ladeng et al., 2017). There
IS a stronger interaction between a support and a molybdenum species when molybdenum is
tetrahedrally coordinated than when it’s octahedrally coordinated. The stronger the interaction
between the support and the Mo metal, the higher the temperature is needed to reduce the
catalyst. H>-TPR studies of MoO3/Al.Oz have concluded that the second peak can also be
attributed to the second step of the reduction of the octahedral molybdenum species (Mogct™
> Moo®) (Cedeno-Caero & Alvarez-Amparan, 2014; Cordero & Agudo, 2000). We can
therefore assume that the high temperature peak of the other supported catalysts could also be
attributed to the second step reduction of the octahedral molybdeum species. For catalysts with
high Mo loadings, the high temperature peak can also be due to the reduction of polymerized
octahedral Mo species (Zhu et al., 2005; Hahn et al., 2014; Maity et al., 2001). Our supported
MoO3 catalysts have loadings of 10 wt. % which corresponds to below monolayer coverages,
thus ensuring that crystallization does not occur. It has however been frequently reported that
5 wt. % is the maximum loading of MoOs3 on SiO> before crystalline nanoparticles are formed,
despite this loading only corresponding to a fraction of monolayer coverage of 0.20 (Boer et
al., 1991; Tian et al., 2010; Tsilomelekis & Boghosian, 2013). This is due to the weak
interaction between heptamolybdate and SiOz. Since our SiO> supported catalyst has a MoOs
loading that’s greater than 5 wt. %, its broad high temperature peak in Figure 3.5 is likely due
to an overlapping of peaks resulting from the reduction of tetrahedrally and octahedrally

molybdenum species and crystalline MoOs.

Unlike the other supported catalysts, Ho-TPR of the MoOs/ZrO; catalyst resulted in three peaks
which have Tmax values of 444, 516 and 771 °C, respectively. The peak at 516 °C is attributed
to the reduction of octahedral Mo species (Mooct™® = Mooet™) and the peak at 771 °C is likely
due to the simultaneous reduction of tetrahedrally coordinated molybdenum species (Mot
> Mot) and a further reduction of the octahedral Mo species (Mooct™* = Mooc®). The
additional low temperature peak at 444 °C that was not observed for the other supported
catalysts, could be due to the reduction of the mixed oxide phase Zr(MoOas). (Ranga et al.,
2018; Shetty et al., 2015).
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In agreement with previous studies, the reducibility of the catalysts decreased in the following
order: MoOz3/ZrO; (444 °C) > MoOz3/TiO; (523 °C) > MoOs/y-Al203 (561 °C) > Mo0O3/SiO>
(601 °C) > Mo03/Ce0O> (652 °C) (Yun & Guliants, 2019; Kaluza et al., 2007; Shetty et al.,
2015). The more reducible a supported MoOs catalyst is, the greater the number of Mo®* sites
that can be created. MoO3/ZrO, was the most reducible catalyst meaning that the interaction
between the molybdenum metal and the support was the weakest, thus allowing for the Mo®*

sites to be created at a lower temperature compared to the other supported catalysts.

It’s well established that hydrogen consumption is directly related to the formation of oxygen
vacancies which serve as the active site for HDO. However, it’s also possible to over-reduce
MoOs (Mo®*) to an oxidation state of Mo**, rendering it inactive for HDO. Figure 3.3 indicates
that most of the hydrogen was consumed above 350 °C for all the supported catalysts. Since
activity experiments were conducted at a maximum temperature of 350 °C, the molybdenum

oxide species were not immediately over-reduced.

3.7 Catalyst Activity and Observed Product Selectivity

Anisole conversion and product selectivities obtained using the supported MoOs catalysts were
evaluated at steady state conditions at different temperatures following the methodology
outlined in section 3.2.4. A typical kinetic experiment is shown in Figure 3.6.

49



100 60
90 1 —) Q
O
< 801 >0 o
> <
= 70 A = 208
S i T
® 60 - o
(O] o
£ 50 - _’—l\-’l\._. 30 §
S 0
o 407 - 2
2 30 - g
gz <.
20 - <
=) 10 -
10 S

0 0
136 151 166 181 196 211
TOS (min)

Figure 3.6 Anisole conversion and observed product selectivity vs time on stream
(TOS) for HDO over MoOs/TiO2. Reaction conditions: T = 350 °C, Protar = 1.013 bar
(0.0191 bar Preed, balance H2), WHSV = 0.63 h!

Table 3.1 shows the values for conversion and selectivity obtained over the supported catalysts.
HDO over MoOs/SiO> resulted in low anisole conversions, averaging 5.5 % when the TOS
was 35 to 215 min. This is consistent with the H2-TPR results, which demonstrated the low
reducibility of the silica supported catalyst. Shetty et al. also observed low activity for the gas
phase HDO of m-cresol over 10 wt. % Mo0Oz3/SiO with a 10 % conversion, postulating that it
was due to its low reducibility and high electronegativity of the silica support cation (Si**)
(Shetty et al., 2015). In similar redox processes, such as methanol oxidation or oxidative
dehydrogenation of ethane and propane, an inverse correlation between catalytic activity and
electronegativity of the support cation for MoOs supported catalysts has been observed
(Tsilomelekis et al., 2007; Heracleous et al., 2005). It’s known that for these redox reactions
decreasing the electronegativity of the support cation (Si** > AP > Ti** > zr** > Ce™)
increases the electron density of the Mo — O — support bridging oxygen atom, which allows for
easier hydride abstraction. Results obtained by Shetty et al. indicate an inverse relationship
between HDO catalytic activity and electronegativity of the support cation, except for
MoO3/CeO> because of the previously described phenomena, since oxygen vacancies get
replenished with atoms from the bulk CeO> support (Shetty et al., 2015). It is thus hypothesized
that the Mo — O — support bridging oxygen atoms also play a crucial role in the hydride

abstraction step involved in creating oxygen vacancies which are required for HDO to occur
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(Shetty et al., 2015). The low conversion of anisole over MoO3/CeO: (4.3 %) was also seen in
Shetty et al.’s gas phase HDO experiment where 10 wt.% MoO3/CeO; resulted in 8 % m-cresol
conversion (Shetty et al., 2015).

Table 3.1 Activity data for the conversion of anisole over supported 10 wt. % MoOs
catalysts, Ptota = 1.013 bar (0.0191 bar Preed, balance Hz), WHSV = 0.63 h*and TOS =0
— 215 min.

Anisole Product Selectivity (%)
Conversion (%) Benzene Toluene Phenol
Catalyst Tem?%r;ature ém O 5 5

350 46+ 0.8 61+1.8 17+ 0.6 29+6.6

MoOs3/ZrOz 325 16+ 1.3 42 +3.6 18+ 1.6 39+5.7
300 39+23 n/d n/d n/d

350 50+1.9 42+ 2.2 10+ 0.5 49+ 4.6

MoQgs/TiO2 325 33+1.7 32+1.8 8.8+0.3 33+5.3
250 55+1.3 n/d n/d n/d

MoO3/Al203 350* 98+14 6.1+0.1 2701 49+9.1
MoOs/SiO2 350 55+2.0 n/d n/d n/d
MoOs/CeO:2 350 43+1.1 n/d n/d n/d

n/d: Not determined due to very low conversions.

* Data obtained before catalyst deactivation.
Surprisingly, the MoOs/y-Al>O3 catalyst had the highest activity with nearly 100 % anisole
conversion for the first 65 min of TOS, even though it is less reducible than MoOs/TiO. and
MoOs/ZrO, and the support cation, AI**, is more electronegative than Ti** and Zr*,
respectively. After one hour, however, the catalyst experienced severe deactivation, decreasing
to 18.5 % conversion after TOS = 3.3 h (Figure 3.9). The low activity of 10 wt. % MoOz/y-
Al>O3was also observed by Shetty et al. for the HDO of m-cresol after a TOS of 3 h with 13
% conversion (Shetty et al., 2015). Gongalves et al., however, conducted an experiment for the

liquid phase HDO of m-cresol over 10 wt. % MoOs/y-Al,O3 at a space time of 26 g h / mol
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and a TOS of 0 — 5 h and observed a low average conversion of roughly 16 % (Goncalves et
al., 2017). The same experiment was also conducted over 10 wt. % MoQOz3/SiO; and the average
conversion was the same at roughly 16 %. After a TOS of 20 h, the catalysts had the same
levels of conversion, unlike atmospheric HDO studies which experience high levels of
deactivation. Unlike the other supported catalysts in this study, MoOz/y-Al.O3 did not achieve
high levels of deoxygenation, as seen by the low benzene and toluene selectivities and high
selectivity towards phenol. It’s thus possible that this catalyst undergoes a different mechanism
than the other supported catalysts. It also had a high selectivity towards phenol derivatives
which can be attributed alumina’s acid sites, which are well known to facilitate transalkylation
reactions (Nimmanwudipong, Ron C., et al., 2011); Runnebaum et al., 2012). The phenol
derivative values, however, were not quantified so their selectivities were not determined.
MoOs/y-Al>O3’s higher selectivity towards oxygenated products than deoxygenated products
was not observed by Shetty et al. who found that MoOs/y-Al>Os had higher yields of toluene
(10 %) than phenol (1 %) and dimethyl phenol (1 %) at a low average conversion of 13 %
(Shetty et al., 2015).

MoOs/TiO2 and MoOs/ZrO> are promising HDO catalysts due to their excellent stability and
ability to achieve high degrees of deoxygenation. Although at 350 °C MoQz3/TiO, and
MoOs/ZrO; had lower anisole conversions (50 and 46 %, respectively) than MoOs/y-Al>Os3 (98
%), these catalysts had higher selectivities towards benzene and toluene (42 and 10 %, and 61
and 17 %, respectively) and lower levels of phenol selectivity (49 and 29 %, respectively).
Either these catalysts selectively cleave anisole’s Caromatic — O bond over the weaker Caiiphatic —
O bond or anisole first gets converted to phenol and subsequently phenol gets deoxygenated
to benzene. Since the methanol and methane selectivities were not determined, it’s impossible
to say which of these two possible reaction pathways occurred. Using MoOs/TiO. and
MoO3/ZrO», Shetty et al. obtained relatively high m-cresol conversions of 47 and 78 %,
respectively with toluene being the only major product and zero selectivity towards benzene
and phenol (Shetty et al., 2015). Another group studied the gas phase HDO of anisole over 12
wt. % MoOs/ZrO, at 340 °C and at a TOS of 10 h and obtained roughly 53 % conversion
(Ranga et al., 2018). The corresponding product selectivities were approximately 38 %
benzene, 18 % phenol, 10 % cresol, 9 % toluene, 4 % methane and 5 % dimethyl phenol.

Another study found that at 320 °C and at atmospheric pressure, 10 wt. % MoOs/ZrO- resulted
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in an average 51 % anisole conversion for a TOS of 0 — 4 h and the following product
selectivities: 20 % benzene, 9 % toluene, 8 % other aromatics, 23 % phenol, 4 % methyl
anisole, 19 % cresol, 13 % dimethyl phenol, 2 % other oxygenates and 2 % methane. (Shetty
etal., 2017). Therefore, this study observed a lower selectivity towards deoxygenated products
(37 %) compared to the deoxygenated product selectivity we obtained for MoO3/ZrO; at 325
°C (60 %).

The superior stabilities of the titania and zirconia supported catalysts are believed to be due to
slower rates of coke formation as TiOz and ZrO; are less acidic than y-Al,O3 (Shetty et al.,
2015). Although thermogravimetric analysis (TGA) of the spent samples was not performed
to confirm this hypothesis, other studies have demonstrated a direct correlation between
support acidity and coking, where the acidity of the support is reported to decrease in the
following order: y-Al,03 >> TiO2> ZrO; (He et al., 2012; Kydd et al., 2009). This is consistent
with the observed stabilities where MoOzs/y-Al203 had a much faster rate of deactivation than
MoO3/TiO2 and MoOs/ZrO; and the titania supported catalyst had better stability than
MoOs3/ZrO2, with the conversions decreasing from 61 to 48 % for a TOS of 16 to 211 min and
from 47 to 42 % for a TOS of 20 to 200 min, respectively. The figure illustrating the difference

in catalyst stabilities can be found in Appendix A.

The effect of temperature on the HDO of anisole was evaluated for the MoOs/ZrO, and
MoOs/TiO- catalysts (Table 3.2). For both catalysts, increasing the temperature from 325 to
350 °C led to an increase in anisole conversion and benzene selectivity, while toluene
selectivity remained constant. Other studies have also found that higher reaction temperatures
result in higher conversions and higher selectivities towards aromatic hydrocarbons (Boullosa-
eiras et al., 2014; Zhang, Liu, etal., 2019; Prasomsri et al., 2013). (Boullosa-eiras et al., 2014;
c; X. Zhang, Liu, et al., 2019; Prasomsri et al., 2013). Therefore, higher temperatures favour
the cleavage of anisole’s Caromatic — O bond. However, X. Zhang, Liu, et al. found that
conversion and selectivity to aromatic hydrocarbons decreased when the reaction temperature
was above 360 °C as polycyclic aromatic hydrocarbons were formed, likely blocking the active
sites (X. Zhang, Liu, et al., 2019).
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3.7.1 Activation Energy

Activation energies (Ea) were determined for the HDO of anisole over MoO3/ZrO, and
MoO3/TiO; by creating Arrhenius plots, assuming a pseudo first order dependence on anisole
for the overall reaction rate and carrying a mol balance at differential reactor conditions. The
differential equation for a fixed bed reactor is shown below:

where X represents the conversion of anisole, W is the catalyst weight, ra is the rate of reaction
of anisole and Fao is the initial molar flowrate of anisole. The pseudo first order reaction rate

for anisole is shown below:
T'A = _kCA (11)

The concentration of anisole can be written as follows:
Ca=— (12)

where Fa is the molar flowrate of anisole and v is the volumetric flowrate of anisole. Assuming
there is no pressure drop and that the reactor is isothermal, the volumetric flowrate (v) can be

rewritten as:
V= vVo(l+eX) (13)

where v, is the initial volumetric flowrate of anisole and ¢ is the extent of reaction. And the

molar flowrate of anisole (Fa) can be rewritten as:
Fao= Fao(1-X) (14)
Substituting equations (13) and (14) into equation (12) gives:

_Cao(1 =X)
AT 1+ €X) (15
Substituting equation (15) into equation (11) gives:
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_ —kCao(1—X)

T T At ex) (16)
Substituting equation (16) into equation (10) gives:
dX kCpo(1—X
_ kCao(1—X) an
aw FAO(]- + EX)
which can be integrated from X=0 when W=0 to X=X when W=W which gives:
1 kCaoW
(1+¢&)ln —eX =- 18
a-n Fao 19

Equation (18) was rearranged to isolate for the rate constant (k). Conversions at steady-state
were used to calculate the rate constants. The results of this analysis are shown in Figures 3.7
and 3.8. The activation energies were 72.8 and 159 kJ/mol for MoO3/ZrO; and MoOs/TiO»,
respectively. The activation energy calculated for the zirconia supported catalyst (Ea = 159
kJ/mol) is relatively close to the Ea found in literature (115 + 2 kJ/mol) for anisole HDO using
10 wt. % Mo0O3/ZrO- evaluated on the 300 — 340 °C temperature range (Shetty et al., 2019).

-2.5 e. In(k) = -8761*(1/T) + 11.56
Ea = -8761*8.314 J/(mol*K)
Ea=72839 J/mol

In(k)

-5.5
0.0016 0.0017 0.0018 0.0019 0.0020

ia

Figure 3.7 Arrhenius plot corresponding to the activity experiments with MoO3/TiO2
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Figure 3.8 Arrhenius plot corresponding to the activity experiments with MoOs/ZrO:

3.7.2 MoOz/y-Al203 Deactivation

The effect of reaction temperature on anisole conversion was studied for MoOa/y-Al.O3 (Figure
3.9). Surprisingly, the alumina supported catalyst had improved stability at the higher reaction
temperatures, despite literature indicating a general and direct correlation between reaction
temperature and the rate of coking (Zhou et al., 2016). The other possible route for MoOs
(Mo®") deactivation is over-reduction to MoO> (Mo*"). Increasing the reaction temperature,
however, results in a higher degree of reduction and therefore a larger concentration of Mo**
sites, as indicated by H>-TPR, which are inactive for HDO. We therefore hypothesize that the
faster rate of deactivation at lower temperatures is due to an increase in the number of strongly
adsorbed phenol derivatives or oligomers of these species on the surface of the catalyst, which
could block access to catalytic active sites or could directly lead to coke precursors. We thus
hypothesize that the slower rate of catalyst deactivation at higher reaction temperatures is due
to a decrease in the number of adsorbed phenolic species on the surface of the catalyst. TGA
of the spent MoOzs/y-Al203 samples in an inert atmosphere, such as nitrogen, should be

performed to determine the amount of adsorbed phenolic species on each sample.

Although MoOs/y-Al>Oz initially had the highest activity of all the supported catalysts at 350
°C (Table 3.2), it rapidly deactivated from 98 to 18 % anisole conversion for the TOS of 65 to
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200 min. It is possible that the deactivation was caused by coking as the acid sites of alumina
are known to promote polymerization and polycondensation reactions (Zanuttini et al., 2014;
Echeandia et al., 2014; Popov et al., 2010). TGA should be performed on the spent catalyst to
measure the amount of coke deposited on its surface. Alternatively, the catalyst could have

deactivated due to over-reduction of molybdenum oxide to Mo**.
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Figure 3.9 Activity data of anisole HDO on M0O3/y-Al203 at 300 °C (dark green
triangles), 325 °C (light olive green circles) and 350 °C (neon green squares). Reaction
conditions: Ptotar = 1.013 bar (0.0191 bar Preed, balance Hz2), WHSV = 0.63 h'* and TOS

=0 - 215 min.

3.8 Ex Situ UV-Vis Spectroscopy Results

The large absorption band seen in the UV-Vis spectra of bulk MoOgz (Figure 3.10 ) is attributed
to a ligand-to-metal charge transfer (LMCT) transition, where the valence band is generated
by oxygen 2p m-orbitals and the conduction band is formed by overlapping metal 4d and 5s
orbitals (Deb, 1968; Goodenough, 1971). The difference in energy between the highest
occupied energy state of the valence band and the lowest unoccupied state of the conduction

band is known as the band gap energy (Eg). The band gap energy is therefore a valuable tool
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for evaluating the electronic structure of the catalyst and can be calculated by transforming the
UV-Vis spectra (Figure 3.11) (Section 3.2.3.3).

Absorbance (A.U.)
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Wavelength (nm)

Figure 3.10 UV-Vis absorption spectrum of bulk MoOs3
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Figure 3.11 Tauc plot of bulk MoOs3
The band gap energies (Eg) of the LMCT transitions of the bulk and supported MoOs catalysts
are summarized in Table 3.3 and the corresponding UV-Vis spectra of the supported catalysts

can be found in Appendix A. Researchers have found a linear indirect correlation between the

band gap energy and the average number of adjacent molybdenum ions in oxide clusters
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(Weber, 1995; Tian et al., 2010). Therefore, we can estimate the relative dispersion of the
MoO3 on the different supports via their band gap energy. It should be noted, however, that the
Eg values only provide an average value of the MoOx cluster size and do not provide any
information on the size distribution of the molybdenum oxide species that contribute to that

average.

Table 3.2 UV-Vis DRS absorption-edge energies of supports and supported catalysts
(10 wt.%).a,b

Band gap energy of support  Band gap energy of supported

Catalyst (eV) catalyst (eV)
MoOs/TiO2 3.60 3.02
MoQO3/CeO2 3.24 2.76
MoOs/ZrO; 5.03 3.30
MoOs/ y-Al203 n/d 3.96
MoOz3/SiO2 n/d 3.20
Bulk MoOs n/a 3.13

4 n/d: not determined.
b n/a: not applicable.

The band gap energy for bulk MoOs was found to be 3.13 eV. This is in agreement with
literature as MoOs is classified as an n-type semiconductor with indirect band gaps that have
reported widths between 2.9 eV and 3.15 eV (Krylov, 1980; Erre et al., 1983). Small
differences in these values are reported to be due to the difference in the number of oxygen
vacancies in each sample (Liu et al., 2011). SiO. and Al,Oz are weak absorbers in the UV-Vis
region, and their absorption can therefore be neglected whereas ZrO,, TiO2, and CeO, absorb
strongly and their absorptions overlap with the LMCT transitions for Mo®* species (Shetty et
al., 2015).

Weber found that band gap energies at about 2.7, 3.0, 3.3, 3.9, and 4.3 eV correspond to
[M0sO19]* polyanions, bulk MoOs and polyanions of [M07024]%, [M0207]> and [M0O4]?,
respectively. The band gap energy of MoOz/ y-Al203 was 3.96 eV, indicating that the Mo
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species were highly dispersed on this support and existed primarily as [Mo0.07]* species
(Weber, 1995). This value is consistent with results by Tian who found that 1 and 20 wt. %
MoOs on y-Al>O3 corresponded to band gap energies of 4.4 and 3.6 eV, respectively (Tian et
al., 2010). The highest level of dispersion was thus achieved using the alumina supported
catalyst as it had the largest band gap energy. The high level of dispersion can be attributed to
its high surface area (Gongalves et al., 2017; Xanes et al., 1995).

Although silica typically has a higher surface area than alumina, the MoOz3/SiO- catalyst has
an Eg value of 3.20 eV, which is just below the Eg value of 3.30 eV corresponding to
[M07024]% clusters but also just above the Eg value for bulk MoO3 (up to 3.15 eV). A high
level of dispersion was hence not obtained on silica. Low levels of metal oxide dispersion,
however, are typical on SiO2 due to the low reactivity and high acidity of its surface hydroxyls
(Boer et al., 1991; Tian et al., 2010; Tsilomelekis & Boghosian, 2013). A study by Tian et al.
found that the maximum loading of MoO3 on SiO2 was 5 wt. % (corresponding to a fraction of
monolayer coverage of 0.20) before crystalline MoO3 nanoparticles began to be formed (Tian
et al., 2010). However, Shetty et al. used a loading of 10 wt. % for MoOs supported on SiO>
and obtained a band gap energy of 4.1 eV, indicating the presence of sub-monolayer dispersed
MoOxy species. We therefore decided to use the same 10 wt. % loading to see if we would get
similar results. Nevertheless, our low band gap energy of 3.1 eV for MoOs/SiO; indicates that
the MoOx species are not isolated and instead crystallization occurred with the MoOyx species
existing in large clusters. This is consistent with the H>-TPR results which showed a broad

high temperature peak.

MoO3/ZrO> has an Eg value of 3.30 eV, whereas the bare support had a much larger band gap
energy of 5.03 eV. This shift is due to the presence of oligomeric MoOx domains on the ZrO>
surface (Tsilomelekis & Boghosian, 2013) and, according to Weber’s empirical correlation,
corresponds to [Mo07024]% polyanions. Like MoOs/ZrO2, the Eg value was lower for
MoOs/TiO (3.02 eV) compared to the bare support (3.60 eV). However, the shift is much
smaller compared to MoOs/ZrO which could be due to an overlapping of absorption bands of
the support and the MoOs (Shetty et al., 2015). The band gap energy of 3.02 eV corresponds
to bulk MoQOs, indicating that monolayer coverage was met or exceeded. Interestingly,

MoOs3/CeO; has an Eg value of 2.76 eV, which corresponds to [MosO1]* polyanions, meaning
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that monolayer coverage was exceeded, crystallization occurred, and large clusters were
formed. This means that MoOx domains are more tightly packed upon incorporation of the
CeO; support compared to that of their bulk structure MoOs. One possible explanation for this
could be because the catalysts were synthesized via impregnation, which is known to be more

difficult at achieving high levels of dispersion compared to other methods (Deraz, 2018).

The level of MoOx dispersion therefore decreased in the following order: MoOs/y-Al.O3 (3.96
eV) > MoOs/ZrO2 (3.30 eV) > Mo03/SiO2 (3.20 eV) > MoOs/TiOz (3.02 eV) > Mo0s/CeO2
(2.76 eV). This order is consistent with results obtained by Shetty et al., with the exception of
MoO3/SiO> (Shetty et al., 2015). In summary, among all formulations tested, the alumina
supported catalyst achieved the highest level of dispersion, due to its high surface area, and the
ceria supported catalyst had the lowest level of dispersion where it became a more tightly
packed cubic structure than bulk MoO3, possibly due to the catalyst synthesis method.

3.9 In Situ UV-Vis Results

The effect of temperature on the band gap energy of the supported and bulk MoO3 catalysts
for reduction (heating in H2 atmosphere) and reaction (heating in Hz and gas phase anisole)
conditions was determined by in situ UV-Vis spectroscopy experiments run at the following
temperatures: 150, 200, 250, 300 and 350 °C. The corresponding results for MoO3/Al,Og,
MoOs3/SiOz and bulk MoOs are shown in Figure 3.12 and results for MoO3/TiO2, MoO3/ZrOa,
Mo0O3/CeO> and bulk MoOs are shown in Figure 3.13. It should be noted, however, that band
gap energy values were not determined for the MoOs/ZrO, catalyst under the reaction
conditions as a peak corresponding to anisole distorted the peak corresponding to the LMCT,
thus preventing the Eg from accurately being determined. This did not occur for the other
catalysts since they had much higher absorbances than the zirconia supported catalyst. In
Figures 3.12 and 3.13, there are two main trends that are observed: 1) the band gap energy
decreases with increasing temperatures for both the reaction and the reduction experiments and
2) the reduction and reaction experiments exhibit different values for the band gap energy at a

given temperature.

The change in band gap energy can be attributed to a change in cluster size and/or a change in

oxidation state (i.e. oxygen vacancy formation). Dieterle et al. observed an increase in band
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gap energy from 2.90 to 2.97 eV with an increase in concentration of oxygen vacancies. The
opposite trend is observed here. However, there was an observed change in catalyst colour,
with the post reaction and reduction samples being blue/grey. This is indicative of oxygen
vacancy formation as the sample colour is reported to change as a function of the degree of
reduction with yellow (MoOs.x) and grayish/blue (MoOz.) with x <y (Dieterle et al., 2002;
Whiffen & Smith, 2010; Tan et al., 2016). With regards to the cluster size, Weber proposed an
inverse correlation between the band gap energy and the average number of adjacent
molybdenum ions in small oxide clusters (Weber, 1995). Our results therefore indicate that the
cluster size increases (i.e. crystallization occurs) with an increase in temperature for both the
reduction and the reaction experiments. The difference in the degree of change for each catalyst
could be due to the different metal — support interactions and surface areas of the supports. Our
results indicate that cluster size has a greater impact on the band gap energy than the local Mo

symmetry, consistent with the observations by Fournier et al. (Fournier et al., 1989).
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Figure 3.12 UV-Vis DRS Absorption Edge Energy (Eg) of supported and bulk MoO3
catalysts for A reduction in H2 atmosphere and O reaction at various temperatures.
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Figure 3.13 UV-Vis DRS Absorption Edge Energy (Eg) of supported and bulk MoO3
catalysts for Areduction in Hz2 atmosphere and Meaction at various temperatures.

3.9.1 Band Gap Energy at 350 °C

The activity experiments indicate that a high temperature of at least 325 °C is required to obtain
moderate levels of anisole conversion over the supported MoOs catalysts. Therefore, the most
valuable information is the band gap energies corresponding to the reaction runs at 350 °C, as
it provides information on the influence of cluster size on the catalyst’s activity. The Eg values
of the supported catalysts after undergoing the reaction atmosphere at 350 °C decreased in the
following order: MoO3/CeO2 (2.78 eV) > MoOs/TiO2 (2.61 eV) > Mo0s3/SiO (2.53 eV) >
MoOa/y-Alx03 (2.27 eV). Therefore, the MoOx cluster size, under reaction conditions, was the
largest for the alumina supported catalyst and the lowest for the ceria supported catalyst.
However, all the catalysts have band gap energies that are less than that of pristine bulk MoO3
(2.9 eV to 3.15 eV) and therefore, corresponds to MoOx clusters that are more tightly packed
than that of bulk MoOs. Interestingly, the Eg value of MoOa/y-Al;Oz at 350 °C for both
reduction and reaction experiments was approximately 2.27 eV, which is less than the Eg value

corresponding to [MosO19]% polyanions (2.7 eV). Hence, agglomeration and crystallization of
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MoOx was the most severe on the alumina supported catalyst post-reaction at 350 °C, possibly

due to weaker metal — support interactions.

3.9.2 Total Change in Band Gap Energy

The difference in Eg values from the pre-run to the experimental run at 350 °C is also of interest
as it reveals information on the degree of change of the cluster size. For the reaction
experiments, the difference in Eg values of the supported catalysts decreases in the following
order: MoOz/y-Al203 (1.24 eV) >> M003/SiO2 (0.58 eV) > M0oO3/Ti02 (0.35 eV) > bulk MoOs
(0.03 eV) > M003/CeO3 (-0.02 eV). For the reduction experiments, the difference in Eg values
of the supported decreases in the following order: MoOs/y-Al203 (1.22 eV) >> MoOs/ZrO>
(0.67 eV) > MoOs/TiO2 (0.41 eV) > Mo00s3/SiO2 (0.34 eV) > bulk MoOs (0.25 eV) >
MoO3/CeO2 (0.18 eV). Therefore, in general, the difference in Eg values of the catalysts from
the pre-run to the run at 350 °C follow the same order for the reaction and reduction
atmospheres. The presence of anisole, and therefore the potential for coking, has no effect on
the order of decreasing Eg difference values of the supported catalysts. This is clear for the
most acidic supported catalyst, with the highest ability for coke formation: MoOs/y-Al>Oz. For
this catalyst the Eg value after the reaction and reduction atmospheres were 2.25 and 2.27 eV,

respectively.

For the reaction atmosphere (hydrogen and gas phase anisole), the band gap values for the
MoOs/TiO2 and MoOs/SiO; catalysts are similar at all the reaction temperatures tested as well
as before the reaction occurred. However, although these catalysts had similar band gap values
and therefore similar cluster sizes, they had very different HDO activities at 350 °C, as seen
from Table 3.1, with MoOs/TiO2 and MoOs/SiO2 having anisole conversions of 50 and 5.5 %,
respectively. Therefore, the cluster size does not seem to have a major effect on the catalyst’s

activity.

3.9.3 Mo®>* Absorption Band

The in situ UV-Vis spectra of the supported catalysts illustrates the formation of a new peak,
for both the reduction (H2 atmosphere) and reaction (H2 and gas phase anisole atmosphere)
experiments, at all the temperatures tested. An example of the corresponding Tauc plots for

the UV-Vis spectra of the reduction and reaction experiments over MoOz3/TiOz are shown in
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Figures 3.14 and 3.15, respectively. The spectra of the other supported MoOs catalysts and
bulk MoOs can be found in Appendix A. It’s proposed that this peak corresponds to the
formation of an uncoordinated Mo species (Mo°*) (Douvas et al., 2014; Tan et al., 2016; Luo
et al., 2016; Braun et al., 2000). This indicates that oxygen vacancies, which are required to
initiate HDO, were formed and the supported catalysts were reduced. Although this new
absorption peak was not seen for the experiments with bulk MoOs, the post reduction spectra
had a significant increase in absorption in the UV-Vis range, which has also been attributed to
the presence of oxygen vacancies (X. Li et al., 2014). The post reaction spectra of bulk MoOs,
however, did not have any increase in absorbances from the pre-run. Therefore, bulk MoOs
was reduced in the reduction atmosphere and not in the reaction atmosphere. Since the
reduction atmosphere does not contain any oxygen, oxygen vacancies are therefore easier to
create whereas in the reaction atmosphere, the reverse Mars-van Krevelen mechanism occurs

and the oxygen vacancies that are created are filled by anisole’s oxygen atom.

0.8 1 —350 °C
300 °C
— 250 °C
— 200 °C
150 °C
Pre-Run

(F(R,)shv)* (eV?)

0.0 — :
2 3 4 5 6 7

Edge Energy (eV)

Figure 3.14 In situ UV-Vis spectra of MoOs/TiO2 under the reaction atmosphere
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Figure 3.15 In situ UV-Vis spectra of MoOs/TiO2 under the reduction atmosphere

The peak corresponding to Mo®* is due to intervalence charge transfer (IVCT) which occurs
when electrons jump between two different Mo atoms with different oxidation states (Mo®* —
O — Mo® = Mo®" — O — Mo interchanging the oxidation states (Buckley & Clark, 1985).
For example, Porter et al. observed these IVCT bands at 2.48 eV for MoO, (Mo*") , at 2.13,
2.42, and 1.3 eV for M04O11 (M0°") and at 2.11 and 1.3 eV for MogO2s (Porter et al., 1972).
Hence, there is a direct correlation between the blue shift of the IVCT absorption band and the
degree of reduction of molybdenum oxide. Porter et al. found that the IVCT position is
exponentially related to the number of charge carriers (i.e. the number of electrons per Mo
atom) by applying Meyer’s rule which is valid under the assumption that the band structure
and mobility of the carriers does not change (Porter et al., 1972). Building on Porter’s work,
Dieterle et al. prepared a series of MoOz.x samples under different conditions and successfully
used the empirical correlation to determine the degree of reduction of each MoOs3.x sample
(Dieterle et al., 2002). Using Porter’s empirical correlation, we determined the degree of
reduction of the spent supported catalysts for both the reaction and reduction in situ UV-Vis

experiments (Figures 3.16 and 3.17, respectively).
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Figure 3.16 Position of the IVCT transition of the supported MoOs catalysts post in situ
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Higher operating temperatures result in an increased degree of reduction of molybdenum
oxide, as evidenced by Ho-TPR. Therefore, increasing the operating temperature should result
in a blue shift the IVCT absorption band (i.e. an increase in the IVCT position). This is true
for the titania supported catalyst under the reaction atmosphere where the IVCT band position
increased from 2.42 to 2.43 eV when the operating temperature increased from 150 to 200 and
250 °C, respectively, and from 2.43 to 2.46 eV when the operating temperature increased from
200 to 250 and 300 °C, respectively. These values are greater than the IVCT positions
corresponding to the active site Mo>* (2.13 and 2.42 eV) but less than the IVCT position of
Mo** (2.48 eV) which is less active for HDO.

For the reaction atmosphere (H2> and gas phase anisole), the alumina supported catalyst had
IVCT positions of 2.27 and 2.29 eV for temperatures of 350 and 250 °C, respectively. These
values are within the range of IVCT positions corresponding to Mo®* (2.13 and 2.42 eV). These
results strongly suggest that the rapid deactivation observed for the MoOs/y-Al>QO3 is not due
to an over-reduction of MoO3 (M0®*)=> MoO; (Mo**) and instead is probably due to coking.

The IVCT values can also be used to justify anisole conversions obtained in the activity
experiments. The IVCT positions of the supported catalysts for the reaction atmosphere at high
temperatures (300 and 350 °C) decreased in the following order: MoOs/y-Al03 >>
MoO3/ZrO, > MoQO3/CeO2 > MoO3/TiOz > MoOs/SiO;. In general, this order can be directly
correlated with its catalytic activity, as the activity experiments had anisole conversion
decrease in the following order: MoOs/y-Al.03 >> MoO3/TiO2 > M0o0O3/ZrOz >> MoO3/SiOs.
Therefore, although MoOz/y-Al203 is not as reducible as MoOs/TiO2 and MoOs/ZrO, it

obtained higher anisole conversions likely due to its ability to preserve Mo®" active sites.

The in-situ UV-Vis reaction spectra can also give insights for the low activity observed for the
silica supported catalyst. For the reaction atmosphere, MoO3/SiO> had IVCT positions of 2.49,
2.47 and 2.49 eV corresponding to temperatures of 150, 250 and 350 °C, respectively. These
positions indicate that the silica supported catalyst over reduces to inactive Mo*". This is
consistent with results by Shetty et al., where XPS spectra of MoO3/SiO> indicated that it was
the least effective at preventing the overreduction of molybdenum oxide to its inactive
oxidation state of Mo** (Shetty et al., 2015). Furthermore, for the reduction atmosphere at 350
°C, the silica supported catalyst had an IVVCT position corresponding to 2.48 eV. Therefore,
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the IVCT position, and therefore the degree of reduction, was the same regardless of whether
an oxygen-containing hydrocarbon (anisole) was present or not. The reduction atmosphere
(H2) can be regarded as one half of the reverse Mars-van Krevelen mechanism as there is no
oxygen-containing compound present to complete the cycle. Since the degree of reduction was
the same for the reduction and reaction atmospheres, this means that for the case of silica,

anisole did not adsorb into most of the vacancies, completing the cycle.

The IVCT absorption bands of the supported catalysts obtained under the reaction atmosphere
were integrated using Origin to find the corresponding peak areas. The values were plotted
against the corresponding number of electrons per Mo atom calculated by Porter’s empirical
correlation (Figure 3.18). The peak areas were found to be directly proportional to the number
of additional electrons (per Mo atom) gained by the Mo*® after the reaction atmosphere (H:
and gas phase anisole). Like the IVCT position, the peak area of the IVCT absorption band can

therefore also be used to determine an approximate degree of reduction of molybdenum oxide.
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Figure 3.18 Peak area of the IVCT absorption band under the reaction (H2 and gas
phase anisole) atmosphere vs. the number of electrons per molybdenum atom
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Chapter 4

4 Conclusion and Future Work/Recommendations
4.1 Conclusion

For all Mo-based catalysts tested in this study, the addition of a support increased the
reducibility of the MoOx species, as evidenced by Ho-TPR, with MoO3/ZrO, and MoOz/TiO>
being the most reducible. Ex situ UV-Vis spectroscopy indicated that the level of MoOx
dispersion decreased in the following order: MoOas/y-Al203 (3.96 eV) > M003/ZrO2 (3.30 eV)
> MoOs3/SiO2 (3.20 eV) > Mo0O3/TiO2 (3.02 eV) > Mo03z/Ce0O; (2.76 eV). The effect of the
reaction conditions (H2 + anisole at 150 to 300 °C) on the cluster size of MoOyx species was
also evaluated via in situ UV-Vis spectroscopy. MoOx species migrated on the support surface
during the reaction and when the reaction temperature was 350 °C, the spent catalysts had
MoOyx domains that were more tightly packed than those of bulk MoOs, with the degree of
crystallinity decreasing in the following order: MoOa/y-Al203 (2.27 eV) > M003/SiO> (2.53
eV) > MoOz/TiOz (2.61 eV) > Mo0s/CeO (2.78 eV). Comparison between reaction (Hz +
anisole) and reduction (H2 only) atmospheres indicated that coking had no influence on the
cluster size of MoOx. Although MoOz3/SiO had low HDO activity (5.5 % anisole conversion)
whereas MoOs/TiO2 had high activity (50 %), they had similar band gap values before and
after the in situ UV-Vis reaction atmosphere experiments. Therefore, molybdenum oxide

cluster size did not have a major effect on the HDO activity.

Under both the reduction and reaction atmospheres, the in situ UV-Vis spectra of all the
supported catalysts showed a new peak corresponding to an intervalence charge transfer
(IVCT), indicating the formation of oxygen vacancies, where Mo®* — O — Mo®" = Mo® — O —
Mo®*. Meyer’s rule was applied to estimate the degree of reduction of the spent catalysts based
on their IVCT position. The IVCT peak area was found to also be able to estimate the oxidation
state of Mo species as there is a direct relationship between the IVCT absorption band peak
area and the IVCT position.

A direct correlation was generally observed between the supported catalyst’s catalytic activity

for HDO and its ability to preserve Mo®* sites, preventing over-reduction to less active Mo**
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sites. The low anisole conversion (5.5 %) using MoOz3/SiO- at 350 °C can be explained by the
catalyst’s high average concentration of Mo** sites. Conversely, MoOs/y-Al.O3 had the highest
average concentration of Mo®* sites which justifies why it obtained the highest activity of all
the supported catalysts with an average conversion of 98 % for the first 65 min TOS at 350 °C.
However, MoOz/y-Al,Oz suffered from rapid deactivation with only 18 % conversion at 200
min TOS. Although the alumina supported catalyst had high anisole conversions for the TOS
of 0 to 65 min, it had low selectivity towards benzene and toluene (6.1 and 2.7 %, respectively)
and high selectivity towards phenol, averaging 49 %. This catalyst may follow a different
mechanism for HDO than MoO3/ZrO2 and MoOs/TiOz, as they had higher selectivities towards
benzene (61 and 42 %, respectively) and toluene (17 and 10 %, respectively) at 350 °C. The
zirconia and titania supported catalysts not only resulted in high selectivities towards
deoxygenated products, but they also maintained their stabilities and obtained relatively high
steady-state conversions (46 and 50 %, respectively) at 350 °C. These catalysts were the most
reducible of the supported MoOs catalysts, though the zirconia and titania supports were not as
effective as y-Al,Os at stabilizing the Mo>* species. This work shows that supported MoOs
catalysts are effective catalysts for HDO provided that they are not only reducible but are also
able to preserve Mo>*, which serve as the active site for HDO, preventing over-reduction to

inactive Mo**.

Increasing the reaction temperature from 300 to 350 °C resulted in increased stability of
MoOa/y-Al>0z. In HDO with MoOs based catalysts, there are two main routes for deactivation:
coking and over-reduction to Mo**. Since higher reaction temperatures are known to increase
the rates of coking as well as increase the number of oxygen vacancies, the observed
deactivation is unlikely to be due to either of these two reasons. Also, the IVCT peak position
of the alumina supported catalyst indicated that it had the highest average number of Mo®* sites
which further supports the theory that the main cause of the deactivation was not due to the
catalyst being over-reduced. Instead, we hypothesize that the faster rate of deactivation at
lower temperatures is due to an increase in the number of strongly adsorbed phenolic species
on the catalyst surface, which would block access to catalytic active sites and could directly

lead to coke precursors.
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4.2 Future Work/Recommendations

Future activity experiments should be performed for anisole HDO over MoOz3/TiO and
MoO3/ZrO> at higher reaction temperatures (350 — 400 °C) to determine the optimal
temperature for maximum benzene and toluene yields while also considering catalyst stability

due to coking as well as the potential to produce cracked products.

The supported MoOs catalysts should undergo in situ near ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS) to determine the Mo oxidation states during the
reaction. This will determine the validity of estimating the degrees of reduction based on the
catalyst’s IVCT position. Also, the observed crystallinity of the spent supported catalysts via
in situ UV-Vis spectroscopy could be confirmed by performing in situ powder X-ray
diffraction (PXRD) and in situ Raman spectroscopy. Of the as-synthesized supported catalysts,
MoOs/y-Al>03 had the highest degree of dispersion and it was believed to be due to a high
surface area of the y-Al>O3 support. The Brunauer—Emmett—Teller (BET) surface areas of the
catalysts and supports could be determined by N. adsorption to confirm this hypothesis.
Finally, the amount of carbon deposited on the surface of the catalysts must be determined by
TGA in air. The amount of strongly adsorbed phenolic species (potentially responsible for

catalyst deactivation) can be determined by TGA in an inert atmosphere such as nitrogen.
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Appendices

Appendix A: The absorbance spectra of the blank supports and supported MoO3 catalysts and
the corresponding Tauc plots are shown below. The Appendix A also includes the Tauc plots
of the in situ UV-Vis plots for the SiO2, Al203, CeO2, ZrO> supported and bulk MoOs catalysts
under the reaction and reduction conditions. The activity data of all the supported catalysts are

also shown in a figure with anisole conversion with respect to the TOS.
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Figure A.1 UV-Vis DRS absorption spectra of different supports.
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Figure A.2 UV-Vis DRS absorption edges energy (Eg) of the blank supports.
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Figure A.3 UV-Vis DRS absorption spectra of the supported MoOs catalysts.
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Figure A.4 UV-Vis DRS absorption edge energy (Eg) of the supported MoOs catalysts.
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Figure A.5 In situ UV-Vis spectra of MoOs/SiO2 under the reduction atmosphere.
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Figure A.6 In situ UV-Vis spectra of MoOs/SiO2 under the reaction atmosphere.
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Figure A.7 In situ UV-Vis spectra of MoOs/Al203 under the reduction atmosphere.
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Figure A.8 In situ UV-Vis spectra of MoOs/Al2Os3 under the reaction atmosphere.
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Figure A.9 In situ UV-Vis spectra of MoO3s/CeO2 under the reduction atmosphere.
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Figure A.10 In situ UV-Vis spectra of MoOs/CeO2 under the reaction atmosphere.
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Figure A.11 In situ UV-Vis spectra of MoO3/ZrO2 under the reduction atmosphere.
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Figure A.12 In situ UV-Vis spectra of MoOs/ZrO2 under the reaction atmosphere.
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Figure A.13 In situ UV-Vis spectra of bulk MoOs under the reduction atmosphere.
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Figure A.14 In situ UV-Vis spectra of bulk MoOs under the reaction atmosphere.
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Figure A.15 Activity data for the conversion of anisole over supported MoOs catalysts,
Protat = 1.013 bar (0.0191 bar Preed, balance Hz)
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