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ABSTRACT

This work set out to investigate biomass derived sugar alcohol upgrading via the
removal of oxygen and hydroxyl groups via the hydrodeoxygenation reaction utilizing
heterogeneous catalysts. The importance of reaction conditions, catalyst meal loadings,
catalyst structure and properties were probed using techniques such as design of
experiments, and spectroscopic techniques including Raman and DRIFTS. The state of the
art simultaneous hydrodeoxygenation (S-HDO) catalyst ReOx-Pd/CeQO; was investigated
and optimized for various sugar alcohol substrates. The kinetics and associated mass
transfer were also investigated to give further insight into the reaction over the ReOx-
Pd/CeO; catalyst.

First, the effects of reaction temperature, pressure and Re loading in the ReOx-
Pd/CeO> catalyst on S-HDO conversion and selectivity for 1,4-anhydroerythritol and
xylitol as substrates was investigated. Simplistic L9 Taguchi design of experiments were
utilized to elucidate the associated relationships. The designs showed the significance of
reaction temperature on the yield of the reaction and also elucidated a zero-order relation
with hydrogen pressure. The zero-order relation with pressure was evaluated and
confirmed down to 10 bar Hz. Optimum reaction conditions for both the 1,4-
anhydroerythritol and xylitol S-HDO reactions were elucidated.

Second, the general reaction kinetics and associated mass transfer of the xylitol S-
HDO over a ReOx-Pd/CeO- catalyst was investigated. It was determined that the xylitol

concentration was zero-order in the S-HDO reaction to 1,2-dideoxypentitol and 1,2,5-

Vi



pentanetriol. Over the 120-170 °C temperature range, it was elucidated that a sub-Arrhenius
relationship was present for this reaction, in which activation energy was a function of
temperature. The activation energy ranged from 10.2-51.8 kJ/mol over the temperature
range evaluated and the non-Arrhenius behavior was fully modeled to account for the
guantum tunneling present in the reaction. Internal and external mass transfer were
investigated through evaluating the Weisz—Prater criterion and the effect of varying stirring
rate on the reaction rate, respectively and no limitations were found.

Third, the effects of reaction temperature, pressure and Re loading for sorbitol S-
HDO was investigated using an L9 Taguchi design and a Box-Behnken design of
experiment. The designs were directly compared to determine if the more simplistic
Taguchi design could deliver comparable results to the more complex and experimentally
intensive Box-Behnken design. The Taguchi design predicted an optimal reaction
condition of 170 °C, 10 bar H., and a 4 wt% Re catalyst, which was experimentally
validated. The structure of the ReOx on the catalyst was also investigated as a function of
temperature and Re loading using in-situ Raman spectroscopy.

Lastly, the structure of ReOx supported on CeO2 was investigated using in-situ 20
isotopic exchange Raman and DRIFTS spectroscopy. The isotope exchange was utilized
to help deconvolute the vibrational bands by tracking the resulting red shifted substituted
bands. The ReOx was found to exist in four distinct structures including a di-oxo structure,
amono-0xo species, a mono-0xo species that contains a hydroxyl group, and a cross-linked
oligomeric ReOy species. The effect of temperature and Re weight loading on the structure

of ReOx was also investigated.
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW

Heterogeneous catalysts are used in chemical reactions to lower the activation
barrier of the reaction and increase the reaction rate. This leads to faster reactions which
require less energy to proceed and can allow for scaling of many chemical reactions.
Heterogeneous catalysis deals with reactants and the catalyst which are in different phases
including liquid and solid, gas and solid, or gas and liquid combinations [1]. The chemical
reactions occur on the catalyst interface, such as the internal pores of the catalyst [2]. On a
solid heterogeneous catalyst, the reactants would first adsorb on the catalyst surface. Then
if there is sufficient energy, the reaction will proceed and reaction intermediates can form
according to the reaction mechanism based on the most energetically favorable path of the
reaction. Once the reaction mechanism has produced the adsorbed product, the product
would then desorb and diffuse back into the reactant phase away from the catalyst. This
allows for the reaction to then proceed again on the same site once the next reactant
molecule adsorbs to the catalyst surface. The use of heterogeneous catalysts can allow for
reactions to be conducted at high conversion and high selectivity to targeted products. In
this dissertation, the upgrading of biomass derived sugar alcohols to various platform
chemicals using heterogeneous catalysts is discussed in great detail. The catalysts were

used to lower the energy barrier for the hydrodeoxygenation reaction, which removes



hydroxyl groups from the sugars and can produce large market commercial chemicals. In
this work, heterogeneous catalysts were used to selectively target high value products,
increase reaction rates, and to determine fundamental information about the reaction and
reaction mechanisms. The catalysts were also characterized to determine the structure of
the catalyst and determine various fundamental information that gave insight into the
catalysts properties. The catalysts and reaction conditions used in this dissertation were
optimized utilizing statistical design of experiments to determine the optimal settings for
the various parameters to make the hydrodeoxygenation reaction as active and selective as

possible.

1.2 BIOMASS CHEMICAL UPGRADING

With an ever-growing demand for energy and chemical production [3], new
technologies must be investigated to help meet the growing demand [4]. A promising
pathway to meet this demand includes the utilization of alternative and renewable fuels and
renewable chemical production processes to help meet the demand and also alleviate the
dependence on fossil resources [5]. Biomass is a renewable resource that can help
sustainably replace a portion of this energy demand as well as serve as a resource for green
chemical production. Biomass can be upgraded into liquid biofuels [6]-[8] or burnable
products through processes such as torrefaction [9]-[12] to produce energy or the biomass
can be upgraded to platform chemicals to help replace many chemicals commonly
produced by fossil fuel processes [13]-[16]. Though the demand for liquid biomass-
derived fuels is high as shown by The Department of Energy forecast of biofuels increasing
200% by 2035 due to the Federal Renewable Fuels Standard, there is a shortage of

inexpensive feedstock that wouldn’t compete with resources needed for food production to



make this achievable [17]. However, if biomass was used instead to produce platform
chemicals in order to replace fossil resource chemical production many of the problems
associated with fuel production can be avoided [18]. The majority of chemical production
currently utilizes fossil fuel feedstock for production [19], but it has been shown that on a
per mass basis, biomass far outperforms crude oil in terms of mass balance for chemical
production [20]. The direct comparison is shown in Figure 1.1. For each kg of crude oil,
32 MJ of fuels and 0.2 kg of chemicals can be produces. For biomass, for every kg either
6 MJ of fuels or 0.80 kg of chemicals can be produced. Thus biomass on a per mass basis
shows a four times higher production of chemicals on a per mass basis as compared to

crude oil.
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Figure 1.1. Energy and mass balances on crude oil and biomass as feedstock for energy
and chemical production. Adapted from [20]

Biomass upgrading to platform chemicals would allow for high value-added
chemical production to be targeted which would diminish the economic challenges of large
scale development [18]. A promising source to meet the large scale need of biomass to
produce fuels or value-added chemicals is lignocellulosic biomass [21], [22].

Lignocellulosic biomass is derived from plant cell walls and contains three main
components, cellulose, lignin, and hemicellulose [17], [23]. Agricultural residues, waste

streams, wood, and various energy crops provide renewable sources of lignocellulosic



biomass [17], [24]. Cellulose can undergo fermentation processes, acid catalyzed
dehydrations, and hydrodeoxygenations (HDO) to make various chemicals such as
sorbitol, erythritol, glycerol, and olefins [23], [25]-[29]. Lignin is used to make various
aromatic compounds through catalytic transfer hydrogenolysis to make chemicals such as
benzene, toluene, phenol, and styrene [23], [30]-[32]. Hemicellulose can be upgraded to
various biofuels and chemicals such as xylitol, succinic acid, and furfural through
hydrolysis and HDO [23], [33]-[37]. Some of the various products that can be made from
lignocellulosic biomass chemical upgrading and the structures of cellulose, lignin, and
hemicellulose are shown in Figure 1.2. Lignocellulosic biomass upgrading allows for the
renewable production of platform chemicals, fuels, and the potential utilization of waste
streams. HDO is one specific pathway in which biomass-derived compounds can be

chemically upgraded.
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Figure 1.2 Lignocellulosic biomass components and potential upgrading products. Adapted
from [23]

1.3 HYDRODEOXYGENATION OF SUGAR ALCOHOLS

The sugar alcohols that are derived from lignocellulosic biomass, such as 1,4-
anhydroerthritol (AHERY), xylitol, and sorbitol can either undergo several upgrading
paths using heterogeneous catalysts [38]. One potential path is deoxydehydration (DODH),
which cleaves two vicinal hydroxyl groups and forms a double bond between the carbons
which originally had the hydroxyl groups bonded to them [39], [40]. Another potential path
is hydrodeoxygenation (HDO) to remove either singular or vicinal hydroxyl groups

(through a simultaneous hydrodeoxygenation (S-HDO)), leaving behind a single bond



either between the respective carbons or with a hydrogen atom due to a hydrogenation step
[41]. The deoxydehydration typically uses a state of the art ReOx-Au/CeO; catalyst, and
the HDO uses either a WOx-Pd/ZrO; catalyst to remove a single hydroxyl group or a ReOx-
Pd/CeO catalyst to simultaneously remove two vicinal hydroxyl groups [29], [38], [42]—
[44]. The latter reaction is a simultaneous hydrodeoxygenation (S-HDO) and proceeds via
deoxydehydration followed by a hydrogenation step that allows for the simultaneous
removal of two vicinal hydroxyl groups, shown in Figure 1.3. Literature has shown that
ReOx-Pd/CeO; is a better catalyst for the S-HDO of AHERY as compared to ReOx-Pd on
other oxide supports, including SiO2, Al203, ZrO, TiO2, MgO, CaO, La;0s, and Y203 as
well as activated carbon [45]. It has also been shown that Re is superior to other active
metals including W, Mo, Cr, Nb, Mn, and V. Pd was determined to be the best promoter
for the S-HDO reaction as compared to Co, Ni, Cu, Ru, Rh, Ir, and Pt [46]. The S-HDO of
AHERY produces tetrahydrofuran (THF) which is a commonly used industrial solvent
which had a $3.2 billion dollar market in 2018 [47]. AHERY S-HDO was used as a model
reaction for sugar alcohol S-HDO since it has two vicinal cis-hydroxyl groups. AHERY
was used to allow for the monitoring of HDO, DODH, and S-HDO products throughout
the reaction in a more simplistic manner due to fewer potential products as compared to
compounds with more hydroxyl groups. AHERY is ideal to use for a model reaction for S-

HDO since it can only occur once on this compound.
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Figure 1.3. Simultaneous hydrodeoxygenation of sugar alcohols reaction schematic.
Adapted from [45]

HDO reactions have been conducted over a wide range of conditions depending on
the feedstock and catalyst used, including pressures that exceed 75 bar Hz and temperatures
over 350 °C [48]-[60]. The reactions conditions for typical HDO reactions involve either
high pressure, high temperature or both high pressure and temperature which poses
economic concerns. These harsh conditions challenge the scaling of HDO reactions for
commercial viability. Milder conditions for these HDO reactions would allow for these
processes to be conducted in a more economically desirable fashion for pilot scale
production and beyond. The AHERY S-HDO reaction have been conducted in literature at
80 bar H> and 180 °C in a high-pressure batch system [45]. Xylitol and Sorbitol S-HDO
were conducted at 80 bar H> at 160 °C in the same system. For a batch process, these
conditions would pose major problems at an industrial level regarding economic viability
specifically regarding the hydrogen pressure needed. A pressure of 80 bar H. greatly
surpasses the safety rating for many commonly used industrial batch reactors and would
pose a large reactant cost for these reactions, and require high grade gas compressors. In
this dissertation, the feasibility of running S-HDO reactions at milder conditions using

design of experiments to probe various reaction parameters was investigated. Our goal was



to determine the main effects of pressure, temperature, and catalyst loading on the yield of
the various S-HDO reactions and to elucidate more economic operating conditions while
also gaining fundamental insight into the reaction and relations between the factors and the
yield of the reaction.
1.4 SIMULTANEOUS HYDRODEOXYGENATION MECHANISMS

The S-HDO reaction has been evaluated both experimentally through kinetic
investigations and theoretically via Density Functional Theory (DFT) calculations.
However, the proposed reaction mechanisms over a ReOx-Pd/CeQO; or ReO/CeO- catalyst
have only been evaluated using theoretical DFT calculations. There are two studies which
have proposed varying mechanisms for the S-HDO reaction. The first study by Ota et al.
[45] suggested a mechanism based off of the mechanism proposed for the DODH of 1,4-
anhydroerythritol to 2,5-dihydrofuran using a CHsReOs catalyst [61]. The proposed S-
HDO mechanism over a ReOx-Pd/CeO; catalyst is shown in Figure 1.4. The mechanism
proposed starts with a di-oxo (O=Re=0) rhenium species which is reduced to a low valent
di-oxo hydroxyl species (HO-Re-OH) in which the substrate coordinates with. After the
coordination of the substrate, the elimination of the alkene occurs, followed by the
hydrogenation of the alkene, and the rhenium species ends up in the di-oxo speciation

allowing the mechanism to occur again in a cyclic manner.
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Figure 1.4. Original simultaneous hydrodeoxygenation mechanism over ReOx-Pd/CeO>
proposed. Adapted from [45]

After further investigation into the S-HDO reaction using DFT studies, the
mechanism proposed in Figure 1.4 was updated based on the resulting DFT calculations.
The new mechanism, shown in Figure 1.5, proposed the relative speeds of each step and
proposed different speciation of the rhenium during the various steps in the mechanism.
The rhenium oxide would first reduce from a tri-oxo speciation to a di-oxo species, which
is promoted by the hydrogen dissociated on the surface of the catalyst. This reduction of
the rhenium was proposed to be a fast step in the mechanism. The di-oxo rhenium would
then have the coordination of the substrate in a fast step, forming a diolate structure with
one terminal double bonded oxygen to the Re atom and four single bounded oxygen atoms

(two to the substrate and two to the CeO2 support). From the diolate the elimination of the



alkene would occur in the rate limiting step followed by the fast hydrogenation of the
alkene to an alkane. The rhenium oxide would then end up in a tri-oxo speciation and the
mechanism could repeat in a cyclic manner. This updated mechanism suggests that the
rhenium is in a 6+ and 4+ oxidation state throughout the mechanism rather than the 6+ or

7+ and 4+ or 5+ oxidation states previously suggested.
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Figure 1.5. Updated simultaneous hydrodeoxygenation mechanism over a ReOx-Pd/CeO>
catalyst based on density functional theory calculations. Adapted from [38]

An alternative mechanism to the Ota mechanism has been proposed by Xi based on
a ReOx-Pd/CeO; catalyst using DFT calculations based on a support surface of four O-Ce-
O trilayers for a fully hydroxylated CeO> for the (111) plane of CeO> [62]. Based on the

DFT calculations performed, Xi et al. found that the mono-oxo structure (Re=0O) of
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rhenium oxide was the most energetically favorable on the catalyst surface. This finding
along with supporting calculations resulted in the proposed mechanism shown in Figure
1.6. For the proposed mechanism, the mono-oxo rhenium would first have the coordination
of the substrate occur (also referred to as the condensation step of the DODH). The
coordination would be followed by the desorption of the alkene, resulting in a di-oxo
rhenium oxide species. A neighboring hydrogen atom would then migrate to one of the
terminal oxygen atoms of the rhenium oxide and create a hydrogen vacancy. This vacancy
would then be filled by another hydrogen on the surface which is then followed by the
formation and removal of water, resulting in the formation of a mono-oxo rhenium oxide
species. The hydrogen vacancies are then replenished by the dissociate adsorption of H»
and the mechanism can then repeat in a cyclic manner similar to the other proposed
mechanisms. From their calculations, Xi et al. were also able to determine that the Pd
promoter had no direct interaction with the Re species. However, the Pd was found to
dissociate hydrogen spillover on the CeO2 which allows for the regeneration of the Re

catalyst.
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Figure 1.6. Proposed deoxydehydration reaction mechanism for a ReOx/CeO. and ReOx-
Pd/CeO, catalyst based on density function theory calculations. Adapted from [62]

With the varying mechanisms in the literature, the active species of rhenium oxide
for the S-HDO reaction is in question. It has been proposed via the various mechanisms
that the rhenium oxide could exist in a mono-o0xo, di-0xo, tri-oxo, or hydroxylated species
on the ReOx-Pd/CeO: catalyst. It is possible that both the mono-oxo and di-oxo active site
mechanisms could occur or even compete if there are multiple speciation’s of rhenium
present on the catalyst surface. However, if only one speciation of rhenium oxide exists on
the surface, only one of the mechanisms would proceed. The structure of the rhenium oxide
has not been directly elucidated via vibrational spectroscopic methods which would allow
for further insight into the active species. Thus to gain further insight into the starting point
of the reaction mechanism for this reaction and to determine the possible structures of ReOx
present on the catalyst, various in-situ vibrational spectroscopy methods were employed in

this dissertation.
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1.5 ReOx STRUCTURES ON OXIDE SUPPORTS

Since multiple structures have been proposed for ReOyx supported on CeOy, it is
important to evaluate the structures of ReOx on other oxide supports. The structure of ReOx
on oxide supports including Al20s, ZrO2, SiO2 and TiO: have been investigated utilizing
various in-situ vibration spectroscopy techniques using various isotope exchange
experiments [63]-[67].

On Al,Qs, it was determined through DFT and complementary Raman studies that
ReOx exists in two different di-oxo (O=Re=0) species that were both isolated, monomeric,
and tetra-coordinated [65]. The different structures were due to the difference in the
bonding on basic and acidic Al sites. It was also found that the tetra-coordinated mono-
0xo, penta-coordinated di-oxo, and tetra-coordinated tri-oxo structures of ReOx were either
not stable or were significantly less stable than the tetra-coordinated di-oxo species on
Al>0O3. However, a previous study using various characterization techniques and DFT
suggests that the rhenium oxide exists in a Re(VI1) isolated tri-oxo species as well as in
nanoclusters [68]. Thus, there is debating assignments for the speciation of rhenium oxide
on Al20sz in the literature. However, the spectral evidence presented for the di-oxo
speciation is strong and gives significant evidence that the di-oxo speciation is present on
the catalyst surface.

On ZrO,, ReOx was found to exist in a mono-oxo (Re=0) species evident by the
intense symmetric vibration at around 1005 cm™ in the associated Raman spectrum [63].
The ReOx was also found to form an oligomeric Re>O7 species at high metal loadings,
evident by the asymmetric vibration between the oxygen bridge between the Re atoms
observed at roughly 890 cm™ in Raman. Thus, two structures of ReOx were present when

supported on the ZrO» support, one monomeric and one oligomeric species.
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On SiOy, the rhenium oxide (ReO4) was found to exist exclusively in a tri-oxo
species (O=)3Re-O-Si. The tri-oxo speciation was determined through isotopic oxygen
exchange and the quadruplet band splitting that was observed in the resulting Raman
spectrum [66]. However, this species was found to be volatile and deposits as well as
reduced signal were observed after prolonged exposure to the isotopic vapor. The tri-oxo
species observed on SiO: is the only experimentally observed tri-oxo species of ReOx on
an oxide support.

On TiOo, the rhenium oxide was found to exist as two major species instead of one
speciation. Both the mono-oxo and di-oxo structures were found to be present on the P25
TiO2 through vibrational spectroscopy investigations [67]. However, a reversible
temperature dependence on the speciation was found for the dispersed rhenium oxide. It
was found that the mono-oxo species was favored at higher temperature while keeping the
coverage constant. However, the di-oxo species was favored at higher coverages at
constant temperature. This finding shows that ReOx can exist in multiple structures on the
same support and that the structure of ReOx can be a function of both temperature and
coverage.

The structure of ReOx supported on CeO2 has been theorized but not confirmed by
vibrational spectroscopic methods. Since ReOx has been shown to exist as a mono-oxo, di-
0xo, tri-oxo, and oligomeric species on other oxide supports, it is important to consider all
of these speciation’s as possible structures. It is also important to consider that multiple of
these structures could be present on the CeO: and that the structures could change as a
function of temperature similar to what has been observed for rhenium oxide on TiO,.

Determining the structure or structures of ReOx present when supported on CeO- can give
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further insight into the ReOx active site and reaction mechanism for the DODH and S-HDO
reactions that can occur on this catalyst. In this dissertation, structural determination
utilizing in-situ isotope exchange vibrational spectroscopy techniques along with

temperature and coverage investigations were conducted to fill the knowledge gap.
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CHAPTER 2
METHODOLOGY

2.1 REACTOR SYSTEM
2.1.1 REACTOR DESCRITION

All kinetic and activity studies were and will be performed in a homebuilt 150 ml
stainless steel high-pressure batch reactor. The reactor schematic can be seen in Figure 2.1.
The 150 ml reactor was machined from a 3” diameter rod of 316 SS. The base of the reactor
has a 2” diameter and leaves 0.5” as a wall and the bottom of the reactor. The reactor has
eight tapped holes that are used for a bolted closure as well as having a groove for the
placement of an O-ring to ensure the reactor is properly sealed. The lid assembly was
machined from a 4” diameter and 0.5 thick piece of 316 SS. The lid assembly was tapped
with six 0.25” NPT fittings. One of the fittings is used for a pressure gauge to monitor the
reaction pressure. The other five fittings use bore through adapters using a male 0.25” NPT
and a 0.125” male tube fitting. These fittings are used for a gas sampling/venting valve, a
liquid sampling valve, a gas inlet valve, a thermocouple well and one free fitting to be used
for a liquid inlet if needed. One major benefit of the lid assembly of the reactor is that it
allows for both liquid and gas sampling in which the samples are taken during reaction
without the need for cooling or depressurization. The reactor is heated in an oil bath and is
coupled with a PID controller to maintain the desired reaction temperature. The
temperature of the reactor is monitored with a K-type thermocouple that is inserted into the

thermocouple well and sits at the center of the reactor. Aluminum foil is used as insulation
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and cover the reactor and the oil bath to ensure consistent heating. The homebuilt reactor
was tested up to 100 bar and temperatures in excess of 180 °C. However, as a safety
measure, a spring assisted actuated pressure release valve was attached to the gas inlet, and
the gas sampling valve is equipped with a check valve to prevent air from entering the
reactor after it has been purged. The reactor is mixed using a 1.5 magnetic stir bar that is

coupled with a magnetic stir plate on which the reactor and oil bath sit.
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Figure 2.1. High-pressure batch reactor system schematic[69].

2.1.2 EXPERIMENTAL PROCEDURE

The following procedure is followed for each reaction conducted in our reactor.
The desired amount of reactant, catalyst, and solvent are measured and weighed
accordingly. Then the reactant, catalyst, solvent, and a 1.5” magnetic stir bar are added to
the base of the reactor. The reactor base is then moved to the center of the magnetic stir
plate. A PTFE O-ring is the placed in the groove on the top of the reactor base and flattened

by pressing down uniformly around the grove. The magnetic stir plate is then set to the
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desired stir rate, and the mixture is checked visually to ensure the stir bar is spinning, and
the reaction solution is mixing. The K-type thermocouple is then inserted fully into the
well, and the reader is turned on to monitor the temperature. The reactor lid assembly is
then positioned on the top of the reactor by positioning the pressure gauge facing forward
and lining up the tapped bolt closure taps. The eight tapped bolt closures are then filled
with 10-24 inch alloy steel ASME B18.3 socket head cap screws with each having a size
#10 18-8 stainless steel washer underneath. The bolts are then tightened by turning each
down to a hand tight position and then slowly tightening the screws with an Allen key
while frequently alternating the bolts being tightened to ensure a level and uniform
tightening of the lid assembly to the base of the reactor. After the bolts are securely
tightened, the reactor is then leaked checked. To leak check the reactor the gas inlet valve
is opened, and the gas selector valve is opened to the helium line. The helium tank is then
opened followed by opening the regulator so that gas can flow into the reactor. The
regulator is then increased to slightly over the desired reaction pressure. After the desired
pressure is reached the gas inlet and selector valves, the gas regulator and the helium tank
are all closed, and the helium regulator is decreased fully. All of the fitting and reactor
connections are tested for leaks using a leak detector that contains an FID detector. If any
leaks are found, then the gas is released using the gas venting valve and the bolts are further
tightened, and the leak detection procedure is refollowed until there are no leaks. Once no
leaks are found the reactor is then purged of gas and the reactor is placed in the oil bath
and centered on the stir plate. Additional oil is added to the oil bath until the oil reaches
the top of the heating element. After the oil bath is at the proper level, aluminum foil is

wrapped around the oil bath, reactor, and lid assembly with two layers to ensure uniform
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heating and minimal heat losses due to the environment. For reactions of over 10bar in
pressure, the appropriate amount of hydrogen needed according to the ideal gas law is then
added. The hydrogen gas is added to the reactor by opening the gas inlet valve and selecting
the hydrogen line on the gas selector valve and then opening the hydrogen tank and regulate
and increasing the regulator to the desired pressure. After the desired pressure is reached
the gas inlet and selector valves, the gas regulator and the helium tank are all close, and the
hydrogen regulator is decreased fully. For reactions of 10bar and below, the hydrogen is
introduced into the reactor once the desired reaction temperature is reached and the
hydrogen line is left open to allow for constant pressure. The oil bath is then set above the
desired reaction temperature, usually 5-10 °C depending on the temperature, and the oil
bath begins ramping to the set temperature. Once the oil bath is at temperature any further
adjustments can be made to ensure the reactor is at the desired temperature. For reactions
above 10 bar, the reaction time starts once the reactor is at the desired temperature. For
reactions of 10 bar and below, the reaction time starts once the hydrogen gas is introduced
into the reactor. Liquid samples are then taken intermittently throughout the reaction by
using the liquid sampling valve. The sampling valve is opened and a small amount of liquid
is collected and discarded to ensure the tube is clear of any previous samples. If the
sampling valve is clogged due to the sugar alcohols re-solidifying a heat gun is used to heat
the sampling tube/ valve and the respective connections until liquid can flow. After the
small amount of liquid is cleared, reaction samples are collected in a 0.5-dram vial filling
the vial with roughly 1ml of liquid sample. Once the reaction is completed, the gas lines
are closed, and the remaining gas is purged. Then the oil bath controller is set to 0 °C to

allow for the oil bath to cool and the aluminum foil is removed from the reactor to expedite
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the cooling process. Once the reactor is cooled the reactor is removed from the oil bath, the
bolts are removed, the O-ring is discarded after cleaning, the reaction solution is discarded
into a chemical waste container, and the reactor is cleaned. To clean the outside of the
reactor paper towels are used to clear off any excess oil on still on the reactor. To clean the
inside of the reactor and the liquid sampling port acetone is used. The reactor is filled with
acetone, and then the lid assembly is attached and sealed using the previously described
procedure. Helium is used to pressurize the reactor so that the acetone can flow through
the sampling valve once it's open. Once the acetone is flushed through the sampling valve
the gas is purged and then the lid assembly is removed. The remaining acetone in the base
of the reactor is then discarded into a chemical waste container, and the reactor is cleaned
in the sink with soap and water using a sponge. The reactor is then dried using paper towels,
and a compressed air line is used to clear any liquid out of the bolt taps.
2.1.3 ANALYSIS PROCEDURE

To analyze the reaction samples a Shimadzu GC-2010 Plus that contains an FID
detector, an RTX-1701 column (length of 30.0 m, Inner diameter of 0.32 mm), and an
AOC-5000 auto-injector is used. Samples are diluted to ensure that the detector doesn’t
saturate and to ensure that the concentration ranges will be within the calibrations for the
various reaction products and reactants. The calibrations are made by the user using
external standards and then running a calibration methodology in the GC. For the S-HDO
reactions, 240 ul of reaction sample is pipetted into a 10ml volumetric flask and then
diluted in methanol to 10 ml. The volumetric flask is then sonicated in a water bath for 1
minute to ensure proper mixing. The volumetric flask is then removed and poured into a

10ml beaker. A 3 ml luer lock syringe is then used to extract sample from the beaker. The
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luer lock tip is then removed, and a 0.20 um PVDF filter is put on the syringe, and the
sample is pushed through the filter into a GC autosampler vial until it is at the top fill line.
The rest of the sample is discarded into a chemical waste container, and the beaker and
volumetric flask are washed with methanol. Once all samples have followed the above
procedure, the autosampler vials are placed in the AOC-5000 auto-injector tray in
numerical order following an acetone and methanol vials used for reference. The GC
software and batch file are the set up respectively, and the auto-injector is set to the
appropriate sampling range and started once the GC is ready for operation. The GC spectra
are then collected automatically and saved to the appropriate folders.

For reach run of sample in the GC, the injection port temperature is set to 250 °C,
and the FID is set to 260 °C. The column uses helium as the carrier gas and is set to split
injection mode with a split ratio of 10.0. The total flow is set to 30.5 mL/min, the column
flow is set to 2.5 mL/min, and then linear velocity is set to 38.9 cm/s. The column
temperature program is set to hold at 40 °C for 3 min and then ramp to 260 °C at 10.0
°C/min. Once the temperature of the column has reached 260 °C, it is set to hold for 20
min. The total program time per run is 45 min.

Calibration curves of the various chemicals used and produced in this dissertation
were made by running prepared external standards of known concentration diluted in
methanol in the GC methodology. 1,4-Anhydroerythritol and tetrahydrofuran were
calibrated using an 11-point calibration with standards ranging from 132-2105 ppm, and
84-1348 ppm respectively. Xylitol, 1,2-pentanediol, 1-pentanol, and 3-pentanol were
calibrated using an 8-point calibration with standards ranging from 215.5-17241 ppm,

194.2-15536 ppm, 81.4-6512 ppm, and 163-13040 ppm respectively. 1,2,5-pentanetriol
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was calibrated using a 6-point calibration with standards ranging from 211.3-42264 ppm.
1,2-Dideoxypentitol was calibrated for using the 1,2,5-pentanetriol calibration. Sorbitol,
1,2-hexane diol, 1,6-hexanediol, and hexane were calibrated using an 8-point calibration
ranging from 100-8000 ppm.

To analyze the GC spectra, Microsoft Excel and the calibration curves are used.
The calibration curves for the various chemicals relate GC peak area to ppm concentration
at specific retention times. The peak areas are converted into ppm’s, and then the
concentration is adjusted for the dilution of the sample and then converted to moles. The
selectivity of the products is then calculated by dividing the moles of the product of interest
by the total number of moles of products. The conversion of the reaction is calculated by
dividing the initial moles of reactant minus the moles of reactant at the final reaction time
divided by the initial moles of reactant.
2.2 CATALYST SYNTHESIS

The ReOx/CeO2 and ReOx-Pd/CeO- catalysts used in this work were synthesized
using a wet impregnation procedure [45], [69]-[71]. The CeO, support was weighed and
then transferred to a heating crucible and calcined in air at 600 °C for 3 h with a ramping
rate of 10 °C/min in an oven, before any metals were impregnated. Following the support
calcination, the ReOx was then impregnated onto the CeO> via wet impregnation using the
desired amount of ammonium perrhenate (NH4ReO4) (based on the nominal weight loading
of Re desired) dissolved in an aqueous solution while being mixed on a stir plate at 300
rpm. Once the solution was adequately mixed, it was dried at 110 °C for 12 h to allow the
water to evaporate from the solution and leave only the ReO/CeQx. For the ReOx-Pd/CeO-

catalysts, the palladium was impregnated via wet impregnation using an aqueous solution
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of the desired amount of palladium (1) nitrate (Pd(NOz3).) in the same manner as the ReOx
was impregnated. The solution was then dried at 110 °C for 12 h. The respective
ReO,/CeO2, and ReOx-Pd/CeO; catalysts were then collected from the beakers and
transferred to a heating crucible. The catalysts were then subjected to calcination in air at
500 °C for 3 h with a ramping rate of 10 °C/min. After cooling to room temperature, the
resulting ReOx/CeO2, and ReOx-Pd/CeO; catalysts were ground into a fine powder using a
mortar and pestle. The various catalysts utilized had varying Re weight loadings based on
what was being investigated. The same synthesis methodology was applied to all catalysts
made and only the amount of metal precursors used was altered. All of the ReOx-Pd/CeO>
catalysts that were made maintained a nominal molar ratio of Pd to Re of Pd/Re = 0.25,
which was reported to be optimal for this catalyst system of interest [38], [45].The
ammonium perrhenate (NHsReO4) and palladium (1) nitrate (Pd(NOz)2) used in the
impregnations were obtained from Sigma-Aldrich, and the cerium (IV) oxide (CeOy)
support was donated by Daiichi Kigenso Kagaku Kogyo Co., Ltd. Osaka, Japan.
2.3 CHARACTERIZATION TECHNIQUES

To gain more fundamental insight into the structure and properties of the catalysts
prepared and utilized in this work, various characterization techniques were utilized. X-ray
Diffraction (XRD), X-ray Fluorescence (XRF) spectroscopy, Temperature Programmed
Reduction (TPR), Scanning Electron Microscopy (SEM), Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES), Raman spectroscopy, Fourier Transform
Infrared Spectroscopy (FTIR), and Brunauer-Emmett-Teller (BET) nitrogen adsorption

were utilized.
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2.3.1 X-RAY DIFFRACTION (XRD)

X-ray diffraction is a technique that utilizes x-rays to irradiate a material and
measures the resulting scattering/diffraction angles and the intensity of the diffraction.
XRD takes advantage of the elastic scattering of the monochromatic X-rays, which allows
for fundamental information such as the distance between diffraction planes (d) to be
elucidated. Bragg’s law, shown below, can be utilized to calculate the d spacing using the
diffraction order (n), the X-ray wavelength (A), and the incident angel (0).

nA = 2d sin @

The diffractions observed can give insight into the long range ordering and crystal
phases of the sample being evaluated. From the d spacing calculated using Bragg’s law,
the lattice spacing (a) and Miller Indices (hkl) can be determined using the various selection

rules for different Bravais lattices and the following relation:
a

From the determination of the Miller Indices for the various diffractions, we can

determine which cubic structure the material is oriented in and then identify which species
in our material it is based on XRD data bases and expected diffractions based on the known
material. XRD can also be utilized to calculate the crystallite size in powder samples using
Scherrer constants and equation [72], [73]. Utilizing these methods, the particle sizing and
phases of the various elements or materials present in the sample can be determined [74]—
[76], and if the elements are undetectable, it can be assumed that they are very well
dispersed on the support material since peaks become too broad and have a low intensity

for particle sizes below 3 nm [77].
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XRD was utilized in this work to be able to determine if any long range ordering
was present for the Re or Pd impregnated on the CeO. to evaluate if the particles were well
dispersed or if larger agglomerates were forming during the synthesis methodology.

2.3.2 X-RAY FLOURESCENCE SPECTROSCOPY (XRF)

X-ray fluorescence spectroscopy is a technique that can be utilized to determine the
elemental composition of a sample in terms of weight percentage utilizing X-rays. In XRF,
the sample is irradiated with X-rays which then excites and ejects the inner shell (usually
K and L shell) electrons of the atoms, which results in a vacancy [78], [79]. The resulting
vacancy is filled by the electrons from higher energy shells and the difference in energy
between the higher shell and the lower shell vacancy is emitted via radiation in the form of
fluorescence. Each element has a characteristic radiation in XRF which is independent of
the chemical bonding. The composition of the sample can be determined using the
characteristic radiation for the elements of interest, and the intensity of the fluorescence,
which is directly proportional to the concentration of the respective element in the sample
[80].

XRF can be utilized as a fast method to analyze the composition of catalyst powders
without the need for dissolving the sample in acid or other destructive preparation or
analysis [81]. XRF can also allow for 2D compositional mapping of the sample, allowing
for insight into uniformity of the sample [82], [83]. This technique allows for the quick
determination of homogeneity and composition of prepared catalysts. However, XRF has
a large spot size ranging from a few hundred micrometers to millimeters in diameter. Thus

XRF samples a large area of the sample with each scan.
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XRF was utilized in this work to investigate the actual loadings of the ReOx-
Pd/CeO> catalysts and to be able to 2D map the various elements to determine if the
synthesis technique made homogenous catalyst or if there was significant localization of
the various metals impregnated on the ceria.

2.3.3 TEMPERATURE PROGRAMMED REDUCTION (TPR)

Temperature programmed reduction utilizing hydrogen as the reductant, is a
technique which can give insight into the oxidation state of a catalyst and help determine
the temperature needed to fully reduce a metal in a catalyst [84]. In TPR, the catalyst is
loaded into a sample tube at room temperature and a thermocouple is placed in the catalyst
for accurate temperature measurements. The sample tube is then evacuated of air using an
inert gas flow. Once the sample has been evacuated the gas flow is switched to a mixture
of hydrogen (or another reducer) in an inert and the sample is heated at a fixed rate. While
the sample is being heated in the reducing environment, measurements of the hydrogen
concentration in the exiting gas is measured. As the catalyst reduces and consumes
hydrogen, the concentration of the hydrogen in the exit gas decreases. This can also be
measured by tracking the concentration of water, since water should form during the
reduction of the species. Samples can have multiple reduction events occur during the
analysis. Supported catalysts can have reduction events occurring from the support,
impregnated active materials and promoters [85], [86]. Thus it is important to be able to
separate these events to determine which events are occurring at the various temperatures
to discerns which species are important to reduce or might be reducing under reaction

conditions. TPR can be utilized to help see the effects of promoters or supports on the

26



reduction temperature and events of various supported active metals in catalysts [87]. This
can give further insight into how the promoters, supports, and active metals interact.

TPR was utilized in this work to investigate the reduction events corresponding to
the ReOx and the CeO- present in the ReOx/CeO. and ReOx-Pd/CeO> catalysts used in this
work. The TPR was also used to determine if the ReOx was reducing in the reaction under
reaction temperatures evaluated in this work.

2.3.4 SCANNING ELECTRON MICROSCOPY (SEM)

Scanning electron microscopy is a technique that utilizes electron beams to image
a sample at very high magnifications and allows for the sample morphology to be
investigated on the micrometer, nanometer, and angstrom scales [88], [89]. SEM uses a
secondary electron detector to analyze the sample. The electrons are first produced by an
electron source which then passes the electrons through an anode before they pass through
a condenser lens [90]. After the passing through the condenser lens the electrons are passed
through an objective lens and focused on the sample. The secondary electrons from the
surface of the sample are then collected by the detector and an image is processed.

SEM can be utilized to be able to investigate heterogeneous catalyst morphology
and particle size [91]. SEM can be used to investigate the effects of thermal treatments,
reactions, synthesis parameters, and cycling effects on the catalyst particle sizing and
morphology [92]. Thus SEM can help visually show what changes are occurring on the
catalyst as a response to the various parameters mentioned. In this work, SEM was used to
determine the particle size of the CeO2, ReOx/CeO: and ReOx-Pd/CeO: to evaluate if the
additional metal and metal oxides impregnated on the ceria changed the morphology or

particle size.

27



2.3.5 INDUCTIVELY COUPLED PLASMA-OPTICAL EMISSION SPECTROMETRY
(ICP-OES)

Inductively coupled plasma-optical emission spectrometry is a technique that
utilizes electromagnetic radiation to determine the concentration of particular elements
within a sample. ICP-OES uses plasma to excite the electrons of the various elements in
the sample. When the electrons return to their respective ground state, electromagnetic
radiation in the form of light is emitted at specific wavelengths that are characteristic to
each respective element. The light is then measured and the concentration of each element
present in the sample can be determined via an internal or external calibration. The intensity
of the emission is directly related to the number of atoms of each respective element present
in the sample [93]. The samples for ICP-OES are first dissolved in strong acids such as
hydrochloric acid or aqua regia and then diluted in DI water for analysis [94]. The resulting
solution is then fed through a peristaltic pump and through a nebulizer which sprays the
sample into the plasma.

ICP-OES is a powerful tool which allows for the actual weight loadings of catalysts
to be determined with high precision and accuracy [95], [96]. Being able to determine the
actual loadings of the prepared catalysts allows for a quality check in the synthesis
methodology and also allows for the total amount of metals to be known. Knowing the
actual metal loadings can allow for kinetic measurements to be updated based on the actual
loading of active metals. ICP-OES can also be utilized to determine if any leaching of
impregnated elements is occurring during reaction, or if there is any contaminates in the

catalyst sample post reaction. ICP-OES was utilized to determine the actual weight
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loadings of Re and Pd in the ReOx/CeO, and ReOx-Pd/CeO- catalysts used throughout this
work, and to ensure that the synthesis methodology was consistent.
2.3.6 RAMAN SPECTROSCOPY

Raman spectroscopy is a technique that can be used to determine the various
vibration modes of a sample using the inelastic scattering of photons. For a vibrational
mode to be observed in Raman spectroscopy, it must exhibit a change in polarizability.
From the vibrational modes, the structure of metal oxides and various elements can be
elucidated based on the observed vibrations and theoretical calculations. Raman utilizes a
monochromatic light in the form of a laser to excite the samples electrons to a virtual energy
state. Once the relaxation occurs there are three possibilities. First the electron can return
to its original energy state (Rayleigh scattering) sue to an elastic scattering. Alternatively,
the electron can return to a higher energy state (Stokes Raman scattering) or a lower energy
state (anti-Stokes Raman scattering) due to inelastic scattering. The Stokes scattering
results in a scattered photon with less energy than the incident photon and the anti-Stokes
scattering results in a scattered photon with a more energy than the incident photon. The
Rayleigh scattering is filtered out by the detector and only Stokes and anti-Stokes scattering
is detected and analyzed. However, the probability of inelastic scattering occurring is
extremely low (roughly 1 in every million scattering events) which results in a very low
intensity as compared to the laser.

Raman can be used to directly elucidate the vibrational modes of metal oxides on
oxide supports [97]. By determining the number and types of vibrations present, the
structures of the metal oxides can be directly determined [98]. This can allow for further

insight into the active sights of various catalyst and can help give further insight into
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reaction mechanisms [99], [100]. From the vibrations present, it can also be determined if
species are in monomeric or oligomeric structures and if one or more structures of the metal
oxides are present on the catalyst. In this work Raman spectroscopy was utilized to
determine the structures of ReOx in ReOx/CeO, and ReOx-Pd/CeQO; and to monitor the
structures under different gas environments and temperatures to simulate reaction
conditions.

2.3.7 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

Fourier transform infrared spectroscopy is a technique which measures the
absorption spectrum of a sample which has infrared radiation applied to it. FTIR can be
used to determine the various types of chemical bonds present in a sample and their relative
quantities. Vibrations can be observed in FTIR if they can exhibit a change in the molecular
dipole moment. Similar to Raman spectroscopy, this technique can be utilized to determine
the various structures present on a catalyst and can be a complementary technique to
Raman [101]. However, based on the selection rules, some peaks observed in Raman might
not be observed in FTIR. In this work we specifically utilized Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRFITS). DRIFTS is a powerful tool in being able to
analyze powders in a gas phase environment at elevated temperatures to conduct in-situ
studies. DRIFTS focuses the infrared light onto the powder catalyst sample, which then
has the light diffuse or scattered and the resulting light is collected by the detector. The
signal from the detector is then analyzed using a Fourier transform which results in the
spectrum as a function of absorbance or transmission vs wavenumber. A huge advantage
of DRIFTS is the ability to take time resolves spectra [101], [102] which can allow for the

tracking of in-situ reactions [103], [104], isotope exchanges [105], or pretreatment and
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thermal effects [106] on the catalyst to be monitored with relative ease and without
damaging the sample.

In this work, in-situ DRIFTS was utilized to determine the Re-O and Re=0
vibrations present in the ReOx/CeO; catalysts and to complement the Raman findings.
DRIFTS was also utilized to get a time resolved analysis of the isotopic exchange of 80
within the ReOx/CeO> catalysts to gain further insight into which species exchange faster
and to determine Kinetic related parameters of the exchange.

2.3.8 BRUNAUER-EMMETT-TELLER (BET) NITROGEN ADSORPTION

Brunauer-Emmett-Teller nitrogen adsorption is a technique that uses physisorption
of nitrogen on the surface and in pores of a material to measure the surface area and pore
size distribution using Langmuir principles [107]. In BET the sample is first degassed by
pulling a vacuum on the sample tube while also heating the tube. After the degassing of
the sample, the sample is then cooled in liquid nitrogen to further evacuate and remaining
gas in the sample tube. Then nitrogen is flowed into the sample tube while maintaining a
constant temperature to allow for the nitrogen to physisorb on the sample. In BET, it is
assumed that there are no lateral interactions between adsorbed molecules and that the
molecules in the first monolayer act as sites for the second monolayer and so on [107],
[108]. The adsorption and desorption isotherms are then measured and BET equations are
utilized to calculate the volume of nitrogen needed to form a monolayer on the sample.
From this information, the actual surface area of the sample can be determined [109].

In the context of this work, BET was utilized to determine the surface area of the
various catalysts synthesized including the ReOx/CeO: and the ReOx-Pd/CeO- and the ceria

support. BET was also conducted to see if the synthesis methodology including the
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impregnation of the metals significantly altered the surface area of the ceria. The surface
area measurements were also used to determine density of rhenium particles per nm on the
catalyst.
2.4 STATISTICAL METHODS
2.4.1 DESIGN OF EXPERIMENTS

Design of experiments (DOE) is a statistical method that investigates the effects
that various input factors/features have on specific responses and is a powerful tool to help
identify significant factor to response relationships and optimize a system or process. DOE
has been a popular approach for optimization for decades [110] and was originally
developed by Ronald Fisher in the 1920s and 30s [111], [112]. DOE had several
innovations in the 1950s with response surface methodology being developed [113] and in
1960s with the Taguchi methods and designs being developed [114]. The designs utilize
various regression models and statistical analyses to determine which input factors are
significant, and to model the responses as a function of these significant input factors. The
general DOE process is shown in Figure 2.2. First, the factors and responses must be
determined, and the number of levels for each factor must be set, based on the experimental
throughput capabilities of the system of interest. Then the type of design must be selected,
which is often based on throughput capabilities and the type of interactions that are
expected [115]. Once the type of design is determined, the design is then constructed, and
the experiments are conducted. The experimental data collected is then analyzed in
software, and a regression model and factor significance are determined. Then the
insignificant factors can be removed from the regression, the model is then verified, and

optimum conditions are evaluated.
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Figure 2.2. Design of Experiments process cycle.

Due to the relationships that the DOE can establish, it has been widely utilized in
catalysis to probe important factors such as reaction conditions, including temperature,
pressure, flow rates and reaction time, and catalyst synthesis parameters such as active and
promoter metal loadings, and calcination or reduction temperature and time [69], [116]—
[119]. The designs have shown that significant relationships and optimizations can be
elucidated with a relatively low number of experiments [69], [118], [120], [121].

The designs tend to scale with the relationship of levels/<tos The factors are the
input factors that the user specifies, and the levels are how many points each factor is
evaluated at. Here, experimental throughput is of utmost importance. Using a high-
throughput system with multiple reactors in parallel will allow for more complex designs
with more factors and levels to be used. However, if you only have a single reactor or

system, throughput to knowledge gained becomes a significant consideration, and a more
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well-tuned design space must be constructed. It is essential to pre-screen factors, e.g., by
utilizing a linear screening design [122], to make sure that they are important in your
system before including them in your design to save time and costs by reducing the design
space to as few factors of interest as possible.

DOE has several benefits but also has some drawbacks. DOE in catalytic design
spaces has demonstrated to be powerful in determining specific relationships between
factors and responses such as reaction conditions to conversion and selectivity [69], [123]-
[125] or catalyst synthesis parameters to catalyst activity [116], [126], [127]. The ability to
elucidate a regression that can be applied to your system and determine optimal settings
for a process is a crucial advantage of DOE. DOE has been utilized to optimize a wide
variety of catalytic processes, including biomass upgrading [69], [128], biodiesel synthesis
[129]-[131], hydrogenation [125], and oxidation [116] reactions. However, DOE has
several limitations and drawbacks. DOE can’t easily model various elemental factors,
which can be complex and hard to vary evenly. Another limitation to DOE is the fact that
they only model within the design space specified and should not be used for extrapolation
outside of the design space. Although the statistical analysis on the DOE tells the
significance of the factors, it does not provide any fundamental insight into why they are
important. For catalytic design spaces, there are a multitude of factors in the form of
composition parameters, reaction parameters and synthesis parameters that affect desired
responses, such as conversion or selectivity. However, time and cost limitations may
necessitate a reduction in the number of factors studied. There has been evidence that
simplistic designs, such as Taguchi designs, can significantly reduce the number of

experiments needed while still optimizing catalytic systems [69], [117], [120], [129]. These
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types of designs can be utilized as quick screening and optimization tools leading to further
advancement.

There are several different types of DOEs ranging from robust to complex designs
that are commonly utilized in catalysis. These include Taguchi, Response Surface, and
Factorial designs. Taguchi designs are robust designs that utilize orthogonal arrays to
reduce significantly the number of experiments needed while still estimating the optimum
process settings and maximizing signal-to-noise ratios [69], [123], [132]. However, these
designs only give linear correlations to the desired responses and do not capture cofactor
interaction or potential higher-order terms. Response Surface designs develop quadratic
functions for processes, investigate cofactor interactions, and slightly reduce the
experimental runs needed from the levels/@¢t°s relationship, but only continuous factors
can be utilized [115]. Factorial designs determine interactions between variables and
directly investigate the effects of single variable manipulation [116], [124]. However, they
require more experiments than Taguchi designs or Response Surface designs since the
number of experiments is determined directly by the levels/actors [115].

In this work, several DOEs were used for process and reaction condition
optimization. Several Taguchi designs were used to elucidate optimal conditions with a
significant reduction in the experimental throughput requirement, and a Box-Behnken
design was also utilized to optimize a reaction. The Box-Behnken design was also used to
compare and contrast the results of a Taguchi design to directly compare the knowledge to

experimental through put ratio and to see if a more complex design led to different results.
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CHAPTER 3
REACTION OPTIMIZATION OF HYDRODEOXYGENATION OF

SUGAR ALCOHOLS

3.1 MOTIVATION AND EXPERIMENTAL
3.1.1 MOTIVATION

Lignocellulosic biomass is derived from cell walls and can be reformed into liquid
phase and upgraded into sugars that contain hydroxyl groups, such as 1,4-anhydroerythritol
(AHERY) [17], [133], [134]. The liquid phase reforming produces glucose and can be
fermented into erythritol. Erythritol can then go through an acid catalyzed dehydration to
form AHERY [29]. These sugars can either undergo deoxydehydration (DODH) to form
double bonds or hydrodeoxygenation (HDO) to remove vicinal hydroxyl groups [38]. The
removal of the hydroxyl groups allows for the biomass derived sugars to be utilized as an
alternative feedstock for fuel and platform chemical production [135]. The
deoxydehydration typically uses a ReOx-Au/CeQO> catalyst, and the HDO uses either a
WOy-Pd/ZrO; catalyst to remove a single hydroxyl group or a ReOx-Pd/CeO, catalyst to
simultaneously remove two vicinal hydroxyl groups [29], [38], [42]-[44], [136]. The latter
reaction is a simultaneous hydrodeoxygenation (S-HDO) and proceeds via
deoxydehydration followed by a hydrogenation step that allows for the simultaneous
removal of two vicinal hydroxyl groups. Re based catalysts have been utilized for DODH
due to their high reaction rates and selectivity [137]. Deoxydehydration of methyl

glycosides over these Re based catalysts has been achieved at low H. pressures with high
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yields [136]. Literature has shown that ReOx-Pd/CeO: is a better catalyst for the S-HDO of
AHERY as compared to ReOx-Pd on other oxide supports [45]. The S-HDO of AHERY,
producing tetrahydrofuran (THF), was used as a model reaction for S-HDO since it has
two vicinal cis-hydroxyl groups. AHERY is ideal to use for a model reaction for S-HDO
since it can only occur once on this compound. For other compounds containing more than
two vicinal cis-hydroxyl groups the hydroxyl groups that the S-HDO selectively removes
first dictates the possible products that can be formed. The AHERY S-HDO reaction is

shown in Figure 3.1.

HO,  OH
+ 2H —“'Z ) + 2 Hy0
O
O
1,4-Anhydroerythritol Tetrahydrofuran
(AHERY) (THF)

Figure 3.1. Simultaneous hydrodeoxygenation of 1,4-anhydroerythritol to tetrahydrofuran.
[69]

HDO reactions have been conducted over a wide range of conditions, including
pressures that exceed 75bar H> and temperatures over 350°C [48]-[60], [138]. One of the
issues that arises with HDO reactions is that the conditions involve either high pressure,
high temperature or both high pressure and temperature. These harsh conditions challenge
the scaling of aqueous-phase HDO reactions for commercial viability and has resulted in a
bottleneck for further development of these processes [139]. Elucidating milder conditions
in terms of temperature and pressure for these HDO reactions would make the process

more economically favorable for pilot scale and beyond, due to the reduction in cost of

37



materials, heating energy required, and potential gas compressors. The S-HDO of AHERY
has been evaluated in literature at 80 bar H2 and 180 °C in a small scale batch reactor [45].
For a batch process, these conditions would pose major problems at an industrial level
regarding economic viability. A pressure of 80 bar H: greatly surpasses the safety rating
for many commonly used industrial batch reactors and would require high rated gas
compressors. In this work, we investigated the feasibility of running this reaction at milder
conditions by utilizing a Taguchi design of experiments to probe milder temperature and
pressure conditions while optimizing catalyst loading. The goal of this work was to
determine the main effects of pressure, temperature, and catalyst loading on the yield of S-
HDO products and to elucidate potential scalable operating conditions. These HDO
reactions conducted at milder conditions could allow for scaling from the lab scale to the
pilot scale and beyond to be easier and more economic by being able to utilize exisiting
infastructure without the need for specilized equipment and thus reduce potential costs.
The ability to reduce heating and feedstock costs can directly improve the economic
viability of these processes and create a potentially viable path for the renewable generation
of platform chemicals.

Xylitol is a five carbon long sugar alcohol that is widely utilized as a common sugar
substitute. Xylitol is derived from lignocellulosic biomass, which is a renewable resource,
and is already produced on a large commercial scale. Lignocellulosic biomass can go
through a hemicellulose extraction to obtain xylan which can then go through hydrolysis
to form xylose [140]. The xylose can then be fermented [141]-[144] or hydrogenated [145],
[146] into xylitol. Xylitol contains five vicinal hydroxyl groups which can undergo an

HDO. The xylitol S-HDO reaction is shown in Figure 3.2. The S-HDO of xylitol can
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produce 1,2-dideoxypentitol and 1,2,5-pentanetriol if one pair of vicinal hydroxyl groups
are removed. Both 1,2-dideoxypentitol and 1,2,5-pentanetriol are considered value-added
products and are used as chemical building blocks for various reactions. These products
that are initially formed range between 300-5000 times more valuable than the initial
xylitol on a per mass basis. If another S-HDO occurs, the 1,2-dideoxypentitol and 1,2,5-
pentanetriol are converted to either 1-pentanol or 3-pentanol. The 1-pentanol and 3-
pentanol are widely used industrial chemicals, however, these are of low value when
compared to the current production price of xylitol. The pentanols are on the order of 1.2
to 3.3 times as valuable as the initial xylitol and require a longer reaction time to form

which would increase the associated operating costs of the reaction.

OH

OH OH

1,2-Dideoxypentitol
. " + 2H, or + 2H,0

OH OH
Xylitol HO/Y\/\OH
OH
1,2,5-Pentanetriol

Figure 3.2. Simultaneous hydrodeoxygenation of xylitol to 1,2-dideoxypentitol or 1,2,5-
pentantetriol.

Xylitol S-HDO has been conducted in literature at 160°C and 80bar H2 [45]. The
reaction was conducted for 24 hours and mainly produced 1-pentanol and 3-pentanol due
to the long reaction time. Since the goal is to find economically favorable conditions, the
1,2-dideoxypentitol and 1,2,5-pentanetriol were targeted in this work due to the significant
value potential created. Thus, a shorter time scale will be used for evaluation and
comparison between experimental runs to focus on the significant value-added products.

In this work, we have determined mild and scalable reaction conditions for xylitol S-HDO
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to the value-added products 1,2-dideoxypentitol and 1,2,5-pentanetriol through the use of
design of experiments.
3.1.2 CHEMICALS

The various chemicals used in this study are listed below along with their purity
and supplier in Table 3.1. In the reactions, 1,4-dioxane was used as the solvent, and 1,4-
anhydroerythritol, xylitol, and hydrogen were used as the reactants. AHERY, xylitol,
tetrahydrofuran, 1,2,5-pentanetriol, 1,2-pentanediol, 1-pentanol, and 3-pentanol were used
to make calibration standards for analysis in the gas chromatograph to be used for reaction
analysis. The ammonium perrhenate and palladium (1) nitrate and cerium oxide were used
in the synthesis of the ReOx-Pd/CeO; catalysts.

Table 3.1. Chemical list including purity and their supplier. [69]

Compound Purityin%  CAS No. Supplier
1,4-Dioxane 99.9 123-91-1 Fischer Chemical
1,4-Anhydroerythritol (AHERY) >98.0 4358-64-9 TCI
Tetrahydrofuran (THF) >99.9 109-99-9 Sigma-Aldrich
Xylitol >99 87-99-0 Sigma-Aldrich
1,2,5-Pentanetriol 97 14697-46-2 Combi-Blocks
1,2-Pentanediol 96 5343-92-0 Sigma-Aldrich
1-Pentanol >99 71-41-0 Sigma-Aldrich
3-Pentanol 98 584-02-1 Sigma-Aldrich
Ammonium perrhenate >99 13598-65-7 Sigma-Aldrich

Palladium (I1) nitrate solution

(10wt% in 10wt% nitric acid) 99.999 MDL: MFCD00011169 Sigma-Aldrich
Cerium (V) oxide - 1306-38-3 Daiichi
Hydrogen (UHP) 99.999 1333-74-0 Praxair
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3.1.3 CATALYST PREPARATION

The various ReOx-Pd/CeQO> catalysts used in this work were prepared via wet
impregnation using the synthesis procedure reported by Ota et al [38]. The CeO: support,
which was donated by Daiichi Kigenso Kagaku Kogyo Co., Ltd. Osaka, Japan, was first
calcined at 600 °C for 3 h. The ReOx was then impregnated onto the CeO> support with an
aqueous solution of ammonium perrhenate (NH4ReO4) with the corresponding amount of
Re needed for the desired nominal loading. Catalysts were prepared with 2, 3, and 4 wt%
nominal loadings of Re. Following the impregnation of Re, the catalyst was then dried at
110 °C for 12 h. The Pd was then impregnated with an aqueous solution of palladium (1)
nitrate (Pd(NOz3)2) with the corresponding amount of Pd needed for the desired nominal
loading. Once the Pd was impregnated the solution was then dried in air at 110 °C for 12
h. Following the drying, the catalysts were calcined in air at 500 °C for 3 h. After
calcination, the catalysts were ground into a powder using a mortar and pestle. The molar
ratio between Pd and Re was kept constant at Pd/Re = 0.25 (which corresponds to the
weight percent ratio of Pd/Re = 0.15) for the various catalyst loadings, as it was previously
reported to be optimal [38], [147].
3.1.4 CATALYST CHARACTERIZATION

The 2, 3, and 4 wt% Re ReOx-Pd/CeO; catalysts were characterized using X-ray
diffraction (XRD), inductively coupled plasma optical emission spectroscopy (ICP-OES),
and temperature-programmed reduction (TPR).

XRD was conducted with a Rigaku MiniFlex Il with CuKo source radiation
(0=1.5406) scanning between 26 of 10°-80° at a rate of 2°/min. The XRD patterns for the

various catalysts are shown in Figure 3.3. The XRD patterns for the catalysts match the
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patterns for cerianite reported previously in literature [45]. No solid Re or Pd peaks were
observed in the XRD, which implies our Re and Pd particles are well dispersed on our

catalyst surface and likely monomeric species rather than oligomers.
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Figure 3.3. X-ray diffraction patterns of ReOx-Pd/CeO: catalysts used in the design of
experiments for AHERY and xylitol S-HDO. [69]

To determine the actual Re weight loadings of our catalysts, ICP-OES was
conducted on a PerkinElmer Optima 2000 DV Optical Emission Spectrometer. The
catalysts were dissolved using hydrochloric acid with a 110 °C digestion for 12 h. The
actual Re loadings of the catalysts were 1.53, 2.51, and 3.30 wt% respectively, as shown
in Table 3.2. The errors for the measurements were quite large potentially signaling
inconsistent mixing of the sample or an incomplete digestion. The actual loadings were
slightly lower than anticipated and shows that a stronger acid may be needed to fully digest
the Re off of the catalyst. In the future aqua regia, more volume of acid, and longer

digestion times should be explored to determine if they pay a role in the digestion of Re.

42



However, there was a significant difference between the different weight loading of

catalysts which will allow for the effect of Re loading to be probed sufficiently.

Table 3.2. ICP-OES analysis of Re loading of various ReOx-Pd/CeO: catalysts. [69]

Nominal Re Actual Error
Loading (wt%) Loading (wt%)
(wt%)
2 1.528 0.106
3 2.508 0.168
4 3.304 0.144

Hydrogen TPR was conducted on a Micrometrics AutoChem Il Chemisorption
Analyzer that used a moisture removal step. The moisture removal was conducted by
ramping from room temperature to 120 °C in a He atmosphere using a ramping rate of 10
°C/min. When the temperature reached 120 °C, it was then held isothermally for 1 hour.
After the isothermal hold, the sample was cooled to 40 °C at a rate of 10 °C/min. Once the
temperature was stabilized at 40 °C, the gas environment was then switched to a 10% H>
in Ar mixture and held for 30 minutes. After the 30 minutes the TPR experimentation was
started by ramping from 40 °C to 800 °C at a rate of 5 °C/min with the detector recording
a data point every second (one point per every 0.083 °C). After the program was completed
the gas flow was switched to He to purge the H> mixture and the tube and furnace were
cooled to 25 °C at a rate of 20 °C/min. The TPR profiles for the ReOx-Pd/CeO: catalysts
are shown in Figure 3.4. The 2 and 3 wt% catalysts showed two distinct reduction peaks in
the TPR patterns, with the 3 wt% catalyst used in the AHERY design having the lowest
reduction temperatures of the catalysts evaluated. The 4wt% catalysts have broader

reduction peaks in the TPR spectra which are at slightly higher temperatures relative to the
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distinct reduction peaks seen in the 2 wt% catalysts. In all of the catalysts, two distinct

reduction events are seen, which are attributed to the partial reduction of the ReOx species

[38].
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Figure 3.4. Temperature program reduction profiles of ReOx-Pd/CeO; catalysts used in the
design of experiments for AHERY and xylitol S-HDO. [69]
3.1.5 DESIGN OF EXPERIMENTS

To investigate the effects of temperature, pressure and catalyst loading on the yield
of the AHERY S-HDO and to elucidate the optimum settings for the reaction, a design of
experiments was conducted. An L9 Taguchi design was selected due to its ability to
drastically reduce the number of necessary experiments while being able to probe a large
design space. A Taguchi design is a type of statistical design of experiment that aims to

maximize a certain response based on the input variables it is given. For this work we used
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the input variables of temperature, pressure, and Re loading to try and maximize the yield
of the S-HDO reactions. Each input variable utilized three evenly spaced levels to ensure
the design was valid. Based on the number of input variables and the number of levels
tested the Taguchi design will elucidate how many experimental runs are necessary. A
major benefit of a Taguchi design is that it drastically reduces the necessary experimental
runs and associated costs [132]. The Taguchi design reduces the experimental runs due to
the utilization of orthogonal arrays. Since the design utilizes orthogonal arrays, one of the
potential drawbacks of a Taguchi design is that it gives only linear correlations for the
various factors. However, the linear model equations fit our data quite well.

To determine the various ranges of temperature, pressure and catalyst loading to
evaluate, factor screening and literature evaluation were conducted. For temperature a large
range was desirable since the goal was to try and evaluate milder reaction conditions and
lowering reaction temperature as much as possible could substantially improve the
economics of the reaction. However, the reduction in heating cost could cause the reaction
rate to lower substantially due to classic/Arrhenius kinetics. Thus an 80 °C range was
chosen since the literature had only evaluated a 20 °C range between 140-160 °C [38],
[45]. For pressure the reactions were previously evaluated at 80 bar Hz. We chose to reduce
the pressure up to a factor of 2 down to 40 bar H> to evaluate if pressure had a significant
impact on conversion or selectivity over a large range. In the literature a volcano plot was
previously reported for the Re weight loading vs S-HDO conversion and selectivity. From
the volcano plot the 2 wt% point was determined to be optimal, but there were large gaps
between the 2 wt% point and its next lower and higher points which were 0.5 and 4 wt%

respectively. To investigate the gaps between 0.5 and 4 wt%, several screening experiments
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were conducted. Reaction were conducted at 180 °C and 80 bar H, for 4h fora 1, 2, and 3
wt% Re ReOx-Pd/CeO: (0.15, 0.30, 0.45 wt% Pd respectively) catalyst to determine which

point was optimal. The AHERY S-HDO conversion and selectivity for the 1, 2, and 3wt%

catalysts are shown in Table 3.3.
Table 3.3. Re loading parameter screening at 180 °C and 80 bar H; for 4 h.

Catalyst Loading Re wt%  Conversion %  THF Selectivity %

3 100 97.2
2 56.1 96.2
1 35.6 94.7

The 3 wt% catalyst significantly outperformed the other catalysts in terms of S-
HDO conversion. To ensure that this effect was seen at other reaction temperatures, and to
test if a higher loading was optimal, reactions for a 2, 3 and 4wt% catalyst were conducted
at 140 C and 80 bar H2 for 4h. The results of these reactions are shown in Figure 3.5.
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Figure 3.5. Re weight loading screening of AHERY S-HDO at 140 °C and 80 bar H. for
4 h. a) S-HDO conversion b) S-HDO selectivity to tetrahydrofuran (THF)
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The error of the experimental runs was calculated based off of 2 experimental runs
for each weight loading point. The standard error of conversion was determined to be 2.22
and 3.31% for the 3 and 4 wt% points respectively. The 3 wt% catalyst was still found to
be the most active catalyst within the parameter range evaluated, while the selectivity’s of

the catalysts were largely comparable. Thus we made the 3 wt% catalyst the midpoint of
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the experimental design since we found it to the optimal in our screening studies. After the
literature and experimental screening, The L9 Taguchi design that contains three levels and
three factors, was constructed to probe temperatures of 100, 140, and 180°C, pressures of
40, 60, and 80bar Hz, and Re loadings of 2, 3, and 4wt%. The full design layout can be
seen in Table 3.4.

Table 3.4. L9 Taguchi design of experiments used for AHERY S-HDO

Run Pressure Temperature Re wt%

# (bar) (°C) Loading
1 40 100 2
2 40 140 3
3 40 180 4
4 60 100 3
5 60 140 4
6 60 180 2
7 80 100 4
8 80 140 2
9 80 180 3

From the results of the AHERY S-HDO Taguchi design and various pressure
sweeps, a similar 3 factor 3 level Taguchi design was constructed and evaluated for xylitol
S-HDO. The design tested temperatures of 140, 160, and 180°C, pressures of 5, 7.5, and
10bar Hz, and Re loadings of 2, 3, and 4wt%. The full L9 Taguchi design layout can be is

shown in Table 3.5.
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Table 3.5. L9 Taguchi design of experiments used for xylitol S-HDO

Run Pressure Temperature Re wt%

# (bar) (°C) Loading
1 5 140 2
2 5 160 3
3 5 180 4
4 7.5 140 3
5 7.5 160 4
6 7.5 180 2
7 10 140 4
8 10 160 2
9 10 180 3

3.1.6 REACTOR SETUP

For the chemical reactions conducted, a homebuilt 150 ml stainless steel high-
pressure batch reactor was utilized, as previously described in this dissertation. The 150 ml
reactor was machined from 316 SS and with a base that had a 2 diameter drilled out of a
3” diameter rod, leaving a 0.5” wall and bottom. Six holes were tapped in the top of the
vessel for a bolted closure, and a groove was made for proper placement of an O-ring, to
ensure the sealing of the reactor. The lid assembly was designed to permit both liquid and
gas sampling through respective valves with stems going into different depths of the reactor
accordingly. The gas and liquid sampling valves allow for the various phases to be sampled
during the reaction without the need to cool down or depressurize the reactor. The sampling
valves allowed for time on stream measurements as opposed to just initial and final
measurements. The lid assembly was machined from a 0.5” thick 316 SS disk having a 4”
diameter, and the disk was tapped with 0.25” National Pipe Tapered (NPT) fittings. A
pressure gauge was connected to one of the NPT taps to monitor the pressure within the
reactor over the course of the reaction. The other connections were made using bore

through adapters with 0.25” male NPT and 0.125” male tube fittings. The various
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connections include a gas sampling/venting tube, liquid sampling tube, gas inlet valve, and
thermocouple well. The reactor was placed in an oil bath for heating coupled with a PID
controller to maintain temperature throughout the reaction. The internal reaction
temperature is monitored with a K-type thermocouple that is inserted in the thermocouple
well. The internal temperature of the reactor was used as the reaction temperature since it
best reflected the temperature within the reaction solution. A stir plate and 1.5” magnetic
stir bar within the reactor were used for mixing. The reactor was pressure tested up to 100
bar and temperatures in excess of 180 °C. The gas sampling tube is equipped with a check
valve to prevent air from entering the reactor after it has been purged. As a safety measure,
a spring actuated pressure release valve was attached to the gas inlet. The spring was
adjusted based on the desired reaction pressure to ensure that if the reaction or inlet gas
over pressurized the reactor, that the system would vent.
3.1.7 REACTOR MASS TRANSFER EVALUATION

To validate our homebuilt reactor and ensure that the stirring method utilized was
not mass transfer limited, a model reaction was chosen for validation. The model reaction
selected was the hydrogenation of 2-Methyl-3-butyn-2-ol (MBY) using a Lindlar catalyst,
since it is a well-studied and modeled reaction in literature [148]-[150]. The MBY is
hydrogenated to 2-methyl-3-buten-2-ol (MBE), which is further hydrogenated to 2-methyl-

2-butanol (MBA), as shown in Figure 3.6.
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Figure 3.6 Reaction schematic of the hydrogenation of MBY to MBE and MBA.

To evaluate external mass transfer, stirring rates ranging from 250-800 RPM were
evaluated under 9 barg H> at 333 K for comparison to the rate constants, product profiles,
and models proposed in the literature [148]. The study used as a benchmark for comparison
utilized a gas entrainment impeller for mixing and gas introduction. Our reactor setup
utilizes a simplistic magnetic stir bar for mixing and a gas inlet stream for the introduction
of gas into the reactor, relying on diffusion of the gas through the liquid phase. In each
reaction, the ratio of catalyst to liquid reactant was kept constant at 0.175 wt% as reported
in literature, where a rate of 5.8x102 mol/L/min was measured. For our reactor, following
the procedure reported in literature, the average reaction rate obtained was 5.8x1072 + 0.002
mol/L/min, which is consistent with the previously reported values. The reaction rates as
a function of stirring rate are shown in Figure 3.7. For stir rates of 700 RPM and above,
only 30% of the reactions were successful due to the stir bar losing the magnetic coupling
with the stir plate. Thus, stirring rates above 700 RPM were not considered for reactions
going forward. For stir rates of 250-450 RPM the reaction rate was lower than the
previously reported reaction rate, indicating that external mass transfer limitations were
present in this stirring regime. The reactions conducted between 550 and 750 RPM
exhibited a plateau in reaction rate indicating that there were no mass transfer limitations
in this region [151]. Thus the optimal range to conduct reactions in our reactor is between
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550 and 650 RPM since the reaction rate stabilized at its maximum, and the stir bar did not
lose its coupling within this range. For reactions in future discussion throughout this
dissertation, a stir rate of 550 RPM was utilized since it was a point that was directly

evaluated and confirmed to not have associated mass transfer limitations.
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Figure 3.7. Reaction rate as a function of stirring rate for the hydrogenation of MBY'.

The reaction profiles for the hydrogenation of MBY to MBE and MBA are shown
in Figure 3.8, along with the model for reaction concentration from the literature [148].
The experimental results that were obtained were consistent with the model results from
literature, further indicating that the homebuilt reactor can reproduce literature results and
is absent of mass transfer limitations at the evaluated conditions. From the reactor

evaluation study using the MBY hydrogenation as a model reaction, it can be concluded
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that the reproducibility of the reaction rates, and concentration profiles were consistent
with previously reported literature, validating that our reactor is not controlled by external

mass transfer limitations for stir rates of 550 RPM and above.
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Figure 3.8. Mass transfer evaluation of the homebuilt reactor via the hydrogenation of
MBY. A: MBY hydrogenation reaction profile with stir rate of 550 RPM. B: Model results
from literature [148] using P=9 bar gauge, T=333K, and catalyst to reactant ratio=0.175
wt%. [69]
3.1.8 ACTIVITY MEASUREMENTS

AHERY S-HDO was used as a model reaction for sugar alcohol S-HDO since it
has two vicinal cis hydroxyl groups. The removal of a singular hydroxyl group rather than
both groups or a DODH occurring instead of an S-HDO can be easily monitored, calibrated
and accounted for. The hydrogen was added initially at room temperature based on the
ideal gas law to the reactant, solvent and catalyst mixture, which was then heated to the
desired temperature. The reaction time was started once the reactor reached the desired
temperature. Each reaction contained 50 ml of 1,4-dioxane (solvent), 3.15 ml (4 g) of

AHERY, and 0.60 g of ReOx-Pd/CeQ catalyst. The ratio of catalyst to reactant previously

reported in literature to be optimal of 1g AHERY : 0.15 g ReOx-Pd/CeQO- catalyst was
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utilized in this work [38]. Liquid samples were taken at the initial and final points of the
reaction for evaluation. Taking only two samples allowed for the maximum amount of

hydrogen pressure to be kept within the reactor and allow for the reaction to stay as close
to reaction pressure as possible. The reaction samples were diluted in methanol to %5 their

original volume and analyzed in a Shimadzu GC-2010 Plus. The GC utilized an FID
detector, an RTX-1701 column (column length of 30 m, an inner diameter of 0.32 mm, and
a film thickness of 1.00 um), and an AOC-5000 auto-injector. The GC was calibrated for
AHERY and THF to determine the concentrations of each respectively in each sample. The
11 point calibrations were made using external standards ranging from 84-1348 ppm and
132-2105ppm for AHERY and THF respectively. For the AHERY S-HDO, conversion is
based on the final and initial concentrations of AHERY. The selectivity to THF was
calculated based on moles of THF produced with respect to the total moles of products
produced. The only other product that was observed in the GC analysis was trans-AHERY .
The vyield of the AHERY S-HDO was calculated by taking the product of the AHERY
conversion and the THF selectivity.

For the Xylitol S-HDO reactions, the reactor was filled with the reaction mixture
(solvent, xylitol, and catalyst) and heated to the desired temperature. After the desired
temperature was reached, constant hydrogen pressure was introduced and maintained
within the reactor. Each reaction contained 50 ml of 1,4-dioxane (solvent), 2 g of xylitol,
and 0.60 g of ReOx-Pd/CeO: catalyst, again following literature [45]. Liquid samples were

taken at the initial, mid, and final points of the reaction to monitor the reaction as a function
of time. The samples were again diluted to %5 their original volume and analyzed by GC

and avoid saturating the FID detector. The GC was calibrated for xylitol, 1,2-
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dideoxypentitol, 1,2,5-pentanetriol, 3-pentanol, 1-pentanol, and 1,2-pentanediol to monitor
the possible products over the reaction by making an 8-point calibration curve using
external standards. The external standards ranged from 82-17,240 ppm for the various
calibrations. Xylitol S-HDO conversion was calculated based on the concentration of the
products formed and their theoretical maximums. The selectivity of 1,2-dideoxypentitol
and 1,2,5-pentanetriol (1 S-HDO products) was calculated based on the moles of the 1 S-
HDO products produced with respect to the total moles of all products formed. The yield
of the 1 S-HDO products was calculated by taking the product of the xylitol conversion
and the 1 S-HDO selectivity.

Both the AHERY and xylitol reaction samples were analyzed using the same GC
methodologies, with the only difference being the respective concentration curves. For
each sample that was analyzed in the GC, 1 pL of the GC sample was collected by the
injection needle and was then injected into the system for evaluation. The injection port
was set to 250 °C and utilized a split injection mode. A split ratio of 1:10 with a column
flow of 2.5 mL/min, a purge flow of 3 mL/min, and a total flow of 30.5 mL/min were used,
with He as the carrier gas. The column pressure was set to 77.0 kPa and the linear velocity
in the column was 38.9 cm/s. The FID was set to 260 °C, with a sampling rate of 40 ms.
The FID utilized a makeup flow of 30.0 mL/min, a hydrogen flow of 40.0 mL/min, and an
air flow of 400 mL/min. Post injection, the auto sampler was programmed to wash the
injection needle in acetone and methanol to clear any contaminants from the needle and
prepare it for the next injection. The GC oven was programmed to increase the separation
of the various products for analysis. The program first utilized a 3 min isothermal hold at

40 °C. Following the hold, the oven was heated by 10 °C/min to 260 °C. Once 260 °C was
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maintained an isothermal hold was conducted for 20 min. Once the hold was completed,
the detector stopped recording and the oven was cooled to 40 °C in preparation of the next
sample.
3.2 RESULTS AND DISCUSSION
3.2.1 AHERY S-HDO TAGUCHI DESIGN

The reactions of the L9 Taguchi design for the AHERY S-HDO were con ducted
in a random order to help reduce bias in the experimental runs. The results from each
experimental run of the Taguchi design are shown in Table 3.6.

Table 3.6. AHERY model reaction DOE results. [69]

Pressure Temperature Rewt% Conversion THF
(bar) (°C) Loading % Selectivity
%
40 100 2 14.5 75.0
40 140 3 30.7 95.5
40 180 4 99.9 99.7
60 100 3 3.93 99.9
60 140 4 21.3 99.9
60 180 2 99.9 98.0
80 100 4 3.63 99.9
80 140 2 21.7 99.9
80 180 3 75.0 99.9

To ensure the results were reproducible, a center point of the design with the
conditions of 60 bar Hz, 140 °C, and a 4 wt% Re catalyst was repeated in triplicate. As
shown in Table 3.7, the standard errors between runs were 0.97 % and 0.20 % for

conversion and selectivity, respectively. The standard errors for conversion, selectivity,
and yield were calculated using the following formula SE = \% , Where SE is standard

error, ¢ is the standard deviation of the three experimental data points and n is the

population size which was 3 in these cases.
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Table 3.7. AHERY reproducibility results conducted at 60 bar Hz, 140 °C, and a 4 wt%
ReOx-Pd/CeO; catalyst.

Experimental run Conversion Selectivity  Yield

1 0.213 0.999 0.213
2 0.205 0.999 0.215
3 0.237 0.993 0.236
Standard Error 0.010 0.002 0.009

The main effects plot shows how the factors in the design affect the desired
responses. The strength of the affect shows how significant the factors are. The larger the
slope of the line the more statistically significant the factor. Temperature is the most
significant factor in this process and has the strongest effect on the yield of the reaction,
according to its slope shown in Figure 3.9. This effect is understandable due to the direct
relationship expected between temperature and reaction rate from Arrhenius Kinetics.
Catalyst loading was determined to be mildly significant over the space tested. Catalyst
loading had a very small relative effect on the reaction in comparison to temperature.
However, the pressure of the reaction was statistically insignificant, since there was no
obvious correlation between the data points and the slope of the lines were very small. The
lack of dependence on pressure suggests that we have a zero order relation on hydrogen
pressure for this reaction. Zero order or near zero order relations with hydrogen pressure
have been reported in the literature for various HDO reactions [38], [152]. Thus, some part
of the deoxydehydration step of this reaction is likely the rate-limiting step since the
decrease in hydrogen concentration does not affect the activity. The deoxydehydration of
AHERY produces 2,5-dihydrofuran [153], which is not observed during our analysis. The
Pd on the surface of the CeO: catalyzes hydrogen dissociation, and spillover on the CeO>

which allows for the regeneration of the catalyst [154]. Thus, the surface of the catalyst
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may be saturated with hydrogen and the hydrogenation step proceeds as soon as the

deoxydehydration step is completed, as suggested by a previously proposed mechanism

[45].
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Figure 3.9. Correlation between design factors and responses resulting from L9 Taguchi
design of experiments. [69]

Since the Taguchi design creates linear models, it is important to look at the
proportionality of the factors and investigate if there are regions where certain conditions
are more favorable. When looking at the yield of this reaction, the individual factors can
affect conversion and selectivity differently. The varying proportionality can result in
regions that are more favorable for higher yield. The proportionality of the various factors
is shown in the various contours created by the regression of the Taguchi model shown in
Figure 3.10. The temperature of the reaction is directly related to both conversion and

selectivity. Thus temperature is directly related to the yield of the AHERY S-HDO reaction
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and should be feasibly maximized to increase the yield of the reaction. The pressure was

found to be inversely related to conversion, but directly related to selectivity.
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Figure 3.10. Taguchi model regression contours for conversion and selectivity for
AHERY S-HDO. [69]

In order to see where the varying proportionality of pressure is most favorable, a
yield contour over varying pressures was investigated using the Taguchi model equations.
The model equations are shown in Table 3.8, in which conversion refers to the conversion

of AHERY and selectivity refers to the selectivity to THF.
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Table 3.8. L9 Taguchi design of experiments model equations for AHERY S-HDO

Model Equations
; 782 0374 . 1054 . 189
__782 0374 189
onversion = =45~ ~45 100 100
Seloctiviey = 55 4248 0944 . 445
=t —  XT+—x
electivity =745 % Too 100 100

P is pressure in bar, T is temperature in °C and C is catalyst
weight loading in wt%

The Taguchi model equations were used to create a 3D yield contour by fixing
catalyst loading at the midpoint of 3 wt% Re to reduce the dimensionality of the design
space so that it could be visualized. Catalyst loading was chosen as the dimension to reduce
since it was found to have small impact on the yield, and the goal of the design was to find
milder reaction conditions. The center point of catalyst loading, 3wt% was chosen to ensure
the model equations would not be skewed. The resulting 3D yield contour over the
experimental design space is shown in Figure 3.11. Reducing the pressure to 40 bar from
80 bar slightly improves the yield of the reaction. The pressure effects on conversion and
selectivity seem to be negligible in the higher temperature region of our design but can
become somewhat significant at lower temperatures. This adds further support to the
reduction of pressure having negligible effects on the yield of AHERY S-HDO. However,
the smaller change in yield at the higher temperature region is likely due to the reaction
kinetics. The model equations suggest that pressure has an inverse relation with conversion
but direct relation with selectivity. However, the conversion equation is largely controlled
by the temperature term which has a constant and a design value which are both an order

of magnitude large than the pressure terms. This gives further supports the main effects

59



plot in establishing temperature as the most significant factor in the constructed design
space. From the Taguchi model equations, and the resulting 3D vyield contour, the optimal
reaction conditions within the design space for AHERY S-HDO was determined to be 40
bar and 180 °C. This finding is significant due to the fact that hydrogen pressure can be

reduced by a factor of 2 and lead to higher yields.

60 70 gy 12
Pressure (bar) Temperature (°C)

Figure 3.11. 3D yield contour for the S-HDO of AHERY using a 3wt% ReOx-Pd/CeO>
catalyst using the Taguchi model equations. [69]

Even though the yield contour results from linear model equations, it captures the
general trends of the design space, as shown in Figure 3.12. The general trends over the
design space are captured and there are no significant outliers present. The relatively close
fitting of the data points further confirms the validity of the Taguchi model equations
resulting from the AHERY S-HDO. This further supports the ability to drastically reduce

the reaction pressure for this reaction while achieving comparable yields.
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Figure 3.12. Yield contour overlaying the experimental data points from the AHERY
Taguchi design. [69]

From the AHERY S-HDO L9 Taguchi design, it was demonstrated that milder
reaction conditions for the S-HDO of AHERY are feasible with respect to pressure, and
the ability to reduce pressure significantly without causing a decline in yield has been
demonstrated. This reaction can serve as a model for other lignocellulosic biomass derived
sugar alcohol S-HDO reactions and suggests that reducing the pressure might not have a
significant effect on yield. Since the temperature has a significant effect on yield, it would
be optimal to run S-HDO reactions at higher temperatures than previously reported, if
feasible for the reactors being utilized. To see if these statements hold for another sugar
alcohol, we performed a similar design of experiments for xylitol.

3.2.2 PRESSURE EFFECTS ON XYLITOL S-HDO
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For the AHERY S-HDO, the pressure region above 40 bar was shown to have a
zero-order dependence on S-HDO vield. Pressures of 40 bar and below were investigated
for the xylitol S-HDO to investigate the threshold in which pressure starts to affect this
reaction. Pressures of 40, 10, 7.5 and 5 bar Hz were evaluated using a 4 wt% ReOx-Pd/CeO:
catalyst at 160 °C. For 10 bar and below, the pressure was a constant reaction pressure
since the reactor gas inlet was left open so that the pressure would remain constant. The
reactor was loaded with catalyst, solvent, and reactant and then brought to the desired
reaction temperature before H. was introduced. This was possible since the flashback
arrestor on the hydrogen regulator was rated to slightly over 10 bar, and pressuring of the
reactor due to ideal gas law was not needed. The results from these reactions are shown in
Table 3.9. The most significant change occurred within the 5-10 bar region. The calculated
yield refers to the most valuable products 1,2-dideoxypentitol and 1,2,5-pentanetriol,
which are formed through one S-HDO. The selectivity to 1,2-dideoxypentitol and 1,2,5-
pentanetriol for the 40 bar and 10 bar reactions were the same within experimental error.
However, the conversion for the 10 bar reactions were significantly higher thus resulting
in a higher yield. Below 10 bar, there is a significant drop in activity for the xylitol S-HDO.
The reactions at 7.5 bar and 5 bar had conversion fall by over a factor of 3, but the
selectivity increased, which is in agreement with the AHERY Taguchi model equations.
To further investigate this change in yield with respect to pressure, the L9 Taguchi design
for the xylitol S-HDO included the factor of pressure with levels between 5 and 10bar Ha.
By probing the range of pressures that varies both conversion and selectivity significantly,
the design of experiment should be able to model the other factor interactions more

accurately and the design space. This will also test if temperature is still as significant of a
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factor at lower pressures, or if elevated temperature could increase the conversion at the
milder pressure conditions to a level that is comparable and potentially more economically
favorable for scaling.

Table 3.9. Pressure effects on the xylitol S-HDO conducted at 160 °C with a 4 wt% ReOx-
Pd/CeO catalyst

H; Pressure Conversion % Selectivity % Yield

40 bar 60.7 89.8 0.545
10 bar 74.1 89.3 0.662
10 bar 74.9 85.5 0.640
7.5 bar 20.8 95.8 0.199
5 bar 12.5 99.9 0.125

3.2.3 XYLITOL S-HDO L9 TAGUCHI DESIGN

The results from each experimental run of the Taguchi design for xylitol S-HDO
are shown in Table 3.10.
Table 3.10. Xylitol reaction DOE results. [69]

Pressure Temperature Rewt% Conversion 1S-HDO

(bar) (°C) Loading % Selectivity %

5 140 2 26.5 99.9

5 160 3 25.8 99.9

5 180 4 0 0

7.5 140 3 33.9 99.9

7.5 160 4 39.7 68.2

7.5 180 2 33.0 99.9

10 140 4 56.6 88.3

10 160 2 56.3 93.7

10 180 3 32.1 99.9

To ensure the results were reproducible, a center point of the design with conditions
of 7.5 bar Hz, 140 °C, and a 3 wt% Re catalyst was repeated in triplicate to determine the

standard error of the reactions. As shown in Table 3.11, the standard errors between the
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runs were 4.71 % and 1.77 % for xylitol conversion and selectivity to the one S-HDO
products (1,2-dideoxypentitol, and 1,2,5-pentanetriol), respectively. The yield of one S-
HDO products for the reactions had a standard error of 3.86 %. The standard errors were
calculated as previously described in the AHERY design. The standard errors for the xylitol
S-HDO were significantly higher than for the AHERY S-HDO reaction. However, the
reactions went to higher conversions and there were more possible products that could be
produced in the reaction, leading to more possible variability in the results. The selectivity
error was low, while the conversion error was more significant due to a likely outlier in the
third experimental run.

Table 3.11. Xylitol reproducibility results conducted at 7.5 bar Ho, 140 °C, and a 3 wt%
ReOx-Pd/CeO; catalyst. [69]

Experimental run  Conversion %  Selectivity %  Yield

1 33.9 99.9 0.339
2 34.8 99.9 0.348
3 48.5 94.7 0.459
Standard Error 4.71 1.77 0.039

The main effect plots for the conversion of xylitol and the selectivity to the products
which have undergone one S-HDO, are shown in Figure 3.13. For both conversion and
selectivity, pressure exhibits a direct relation. However, both temperature and catalyst
loading have inverse relations with conversion and selectivity within the design space.
Although the relations agree, the scale of the relations are different. The factors affect
selectivity significantly more than they affect conversion. The relations of the factors for
the xylitol design vary from the model AHERY design. The most significant difference is

in the relation of temperature. Not only is temperature suggested to be inversely related,
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but it is no longer the most significant factor, as it was in the AHERY design. This effect
is not expected since from a kinetics standpoint we would expect temperature to be directly
related to conversion and to have a strong correlation with conversion as shown in the
AHERY design. However, the design equations could be picking up on a potential
limitation by the hydrogen pressure in which the surface may no longer be fully saturated
with hydrogen which could limit the reduction of the ReOx, which has been suggested to
be a crucial step in the proposed S-HDO reaction mechanisms [38], [62]. The inability for
the ReOx to reduce could explain why pressure is the most significant factor, and why
temperature isn’t as significant in the design space probed. It is also important to note that
the range of temperature probed for the xylitol design was 40 °C smaller than the AHERY
design. For xylitol S-HDO, a stronger effect of catalyst loading on conversion and
selectivity was exhibited. The selectivity of the reaction was significantly dependent on the
Re loading of the catalyst, as where the conversion was only slightly effected. This could
be due to the presence of different ReOx sites in the higher loading catalyst or the ReOx
forming more oligomeric species rather than the monomeric ReOx species which have been
proposed to be the active sites for the reaction. The 2 wt% ReOx-Pd/CeO; catalyst was
superior to the 3 and 4 wt% catalysts in terms of both conversion and selectivity in the

xylitol S-HDO.
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Main Effects Plot for Xylitol Conversion
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Figure 3.13. Correlation between design factors and responses resulting from the xylitol
L9 Taguchi design of experiments. a) Conversion correlations b) Selectivity to 1,2-
dideoxypentitol and 1,2,5-pentanetriol correlations.

In the conversion and selectivity contour plots for the xylitol S-HDO, shown in
Figure 3.14, it is further displayed that the relations of the various factors follow the same

proportionality as suggested in the main effects plots.
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Figure 3.14. Taguchi model regression contours for the conversion and selectivity for
xylitol S-HDO. [69]

In order to visually see how the factors, affect the yield of the xylitol S-HDO, a 3D
yield contour plot was constructed, as shown in Figure 3.15. The 3D yield contour was
constructed using the Taguchi model equations which are shown in Table 3.12. The 3D
yield contour was constructed by reducing a dimension, as previously mentioned for the
AHERY S-HDO contour. Catalyst loading was the dimension reduced, and the center point

of 3 wt% was chosen so that reaction conditions could be evaluated. The model equations
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suggest that pressure has a relatively similar effect on both conversion and selectivity. The
catalyst loading affects the selectivity of the reaction an order of magnitude more than it
affects the conversion of the reaction. The slight inverse relationship between temperature
and conversion should be investigated further to see if there is truly an inverse relationship,
or if there is something more complex occurring that the robust model cannot accurately

model.
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Figure 3.15. 3D vyield contour for the S-HDO of xylitol via a 3wt% ReOx-Pd/CeO>
catalyst using the Taguchi model equations. [69]

The yield contour suggests that the optimal reaction conditions for the xylitol S-
HDO are 140 °C and 10 bar within the design space tested. These optimal conditions are
significantly milder then the previously reported literature conditions of 160 °C and 80 bar

[45]. These milder reaction conditions would allow for the pressure to be reduced by a
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factor of 8 and the temperature to be reduced by 20 °C. This could allow for significant

savings in terms of heating costs and gas compression if the reaction was to be scaled.

Table 3.12. L9 Taguchi design of experiments model equations for xylitol S-HDO.

Model Equations
. 33 617 434 . 325
OMVerston =<4 " 100 100 100
Seloctiviey 2287 546 735 229
etectivity ==00 " 100 100 100

P is pressure in bar, T is temperature in °C and C is catalyst
weight loading in wt%

The yield contour was overlaid with the experimental data points, as shown in
Figure 3.16 to visually illustrate how the model equations fit the data. The Taguchi model
equations fit the experimental points well for a linear model but do not completely capture
the trends in the studied parameter space. The contour shown in not the exact fit of the data
since catalyst loading is also significant and was fixed at the mid-point for graphing.
However, the general trends still stand and the simplistic Taguchi design was able to
capture the design space utilizing only nine experimental runs. However, one of the
drawbacks of a Taguchi design is that it will not capture higher order interactions between
factors, which might lead to the observed difference between the model and the
experimental data points [155], [156]. In the region probed, pressure could have a nonlinear
relation with the responses since the hydrogen could be causing mass transfer limitations

within the reaction. The mass transfer effects on the xylitol S-HDO reaction in terms of
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both xylitol and hydrogen concentration should be evaluated to investigate potential

limitations further.
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Figure 3.16. Yield contour overlaying the experimental data points from the xylitol
Taguchi design. [69]
3.3 CONCLUSIONS

The investigation of milder reaction conditions for the S-HDO of AHERY using a
Taguchi design of experiments elucidated that the reduction of pressure could be
substantially reduced from 80 bar to 40 bar Hz while maintaining a comparable yield of
THF using a ReOx-Pd/CeO: catalyst. Temperature was found to be the most significant
factor for AHERY S-HDO in the design space probed. The negligible changes to the

responses caused by pressure and catalyst loading showed that pressure and Re loading
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could be utilized at their low points of the design to save on materials costs, and could be
potentially reduced further outside of the design space tested if probed further in another
study.

For the Xylitol S-HDO, yield was found to have a zero-order relation for pressures
as low as 10bar based on a pressure sweep performed. This allowed for pressure to be
reduced for the xylitol S-HDO from 80 bar to 10 bar H, a factor of 8 reduction, and allowed
for the pressure to be constantly maintained in the reactor by keeping the system safely
opened to the gas inlet. From the Taguchi design for xylitol S-HDO, the optimal conditions
were found to be 140 °C and 10 bar H> within the design space, conditions that are
substantially lower than those previously reported in literature [45]. These optimal and
milder reaction conditions allow for 1,2-dideoxypentitol and 1,2,5-pentanetriol to be
produced in a more economically feasible approach, allowing for the production of
platform and value-added chemicals from a renewable feedstock. However, the inverse
relationship between temperature and conversion that was suggested by the Taguchi design
is not the expected relation according to Arrhenius kinetics. This relation should be further
investigated to determine if it is truly an inverse relation, if temperature is not significant
over the range evaluated, or if there is a more complex phenomena occurring that the robust

Taguchi model couldn’t not accurately model.
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CHAPTER 4
KINETIC STUDY OF XYLITOL HYDRODEOXYGENATION

4.1 MOTIVATION AND EXPERIMENTAL
4.1.1 MOTIVATION

Lignocellulosic biomass is a promising renewable feedstock which can be utilized
to produce various sugars from the various components of the biomass. These biomass
derived sugar alcohols can be further upgraded to value-added chemicals or fuels via the
removal of oxygen from the sugar [17], [133]-[135]. The Oxygen is largely in the form of
hydroxyl groups on the sugar alcohols. Xylitol, which is a commonly used artificial
sweetener is a promising sugar alcohol which contains 5 cis vicinal hydroxyl groups which
can be removed for upgrading. Xylitol is derived from the hemicellulose portion of biomass
and is produced through a multi-step process which converts the hemicellulose to xylan,
which then goes through a hydrolysis to xylose, which is then fermented into xylitol [140],
[141], [157], [158]. An effective way to remove hydroxyl groups from xylitol is
simultaneous hydrodeoxygenation (S-HDO) [38], [69], [71], [147]. The S-HDO of xylitol,
shown in Figure 4.1, produces 1,2-dideoxypentitol and 1,2,5-pentanetriol if one pair of
vicinal hydroxyl groups is removed from either cleaving the C:-C, or C2-Cz hydroxyl
groups respectively. 1-pentanol can be produced from a subsequent S-HDO of either 1,2-

dideoxypentitol or 1,2,5-pentanetriol. 3-pentanol can be formed if the C2-C3 hydroxyl
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groups of 1,2-dideoxyhexitol are cleaved in the subsequent S-HDO. 1,2-dideoxypentitol
and 1,2,5-pentanetriol show promise as target platform chemicals due to their economic
value. 1,2-dideoxypentitol and 1,2,5-pentanetriol are value-added chemical building blocks
that are between 300 to 5000 times more valuable than xylitol on a per mass basis [69].
1,2,5-pentanetriol has an established use as an intermediate in the production of
tetrahydrofurfuryl alcohol and 3-hydroxytetrahydropyran through dehydration [159],
[160]. However, 1,2,5-pentanetriol has also been produced from D-ribose [161], but xylitol
offers a potentially economic and scalable path for 1,2,5-pentanetriol and 1,2-
dideoxypentitiol production via S-HDO due to the current large-scale production of xylitol.
Xylitol has a current production of 242 thousand metric tons, which is expected to increase
to over 266.5 thousand metric tons by 2022 [162]. The market for xylitol is expected to
rise to over $1.37 billion by 2025, up from its current annual sales of $823.6 million [163].
In contrast, D-ribose annual production is only roughly 2,000-3,000 tonnes and is made
through a fermentation process [164]. Thus the supply and promise of xylitol as a feedstock
is significantly more advantageous due to its growing market and large scale production.
The S-HDO reaction consists of two steps, a deoxydehydration (DODH) step,
followed by a hydrogenation step, shown in Figure 4.1. The DODH removes two vicinal
cis hydroxyl groups and forms a double bond between the carbons previously containing
the hydroxyl groups. For xylitol S-HDO, the C1-C; or C2-Cz hydroxyl groups and undergo
the DODH resulting in pent-4-ene-1,2,3-triol, and pent-3-ene-1,2,5-tiol respectively. The
hydrogenation of the pentenetriols then occurs, and the double bond is hydrogenated to a

single bond, resulting in the production of 1,2-dideoxypentitol, and 1,2,5-pentanetriol. The
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state-of-the-art catalyst for this reaction is a ReOx-Pd/CeO- catalyst, which utilizes
the Re to catalyze the DODH step [38], [69], [71], [147], [154] and the Pd to facilitate
hydrogen dissociation on the surface of the catalyst to catalyze the hydrogenation step
[154]. The dissociation of hydrogen on the surface of the catalyst is catalyzed by the Pd,
and also allows for the ReOx to reduce during the proposed reaction mechanisms [147],
[154]. The state-of-the-art ReOx-Pd/CeO- catalyst has been shown to be over 99% selective
to the S-HDO products while achieving high rates of conversion [38], [69], [71], [147]. A
large parameter space has been probed in trying to elucidate active materials for the S-
HDO reaction including active metals such as Re, W, Mo, Cr, Nb, Mn, and V, additives
including Co, Ni, Cu, Ru, Rh, Pd, Ir, and Pt, and supports including CeO, SiO2, C,
activated carbon, Al>03, ZrO», TiO2, MgO, CaO, La03, and Y203 [38], [147]. From this
parameter screening, the combination of ReOx-Pd/CeO: (2 wt% Re and 0.30 wt % Pd) had

the highest selectivity and conversion for the S-HDO reaction.

Simultaneous Hydrodeoxygenation (S-HDO)
Re0,-Pd/CeO,

Ho/\Hv/ Ho/\[/]\/
oH I8 iy
DODH pent-d-ene-1,2,3-triol ~ hydrogenation 1,2-dideoxypentitol
HO' OH —_— —_—
ReO,/Ce0, Pd

on.od HOY ~ OH Ho OH
xylitol
oH oH

pent-3-ene-1,2,5-triol 1,2,5-pentanetriol

Figure 4.1. Reaction schematic of xylitol simultaneous hydrodeoxygenation. [71]
The Re and Pd loadings of the ReOx-Pd/CeO2 catalyst has been previously
optimized [38], and it was determined that 2.0 wt% Re and 0.30 wt% Pd were optimal for

the S-HDO reaction. Two different reaction mechanisms for S-HDO have been proposed
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in the literature with different species of the ReOx (mono-oxo and di-oxo) being proposed
as the active species [38], [154]. However, the general kinetics of xylitol S-HDO has not
been investigated, and fundamental information such as activation energy, reaction orders,
and mass transfer have not been experimentally evaluated. The DODH of various similar
substrates has been investigated utilizing Re [38], [147], [152], [165] based and Mo [166]
based catalysts in the literature, and a variety of activation energies has been reported.
Table 4.1 shows the various reactions, activation energies, and method of determination
for similar DODH reactions as reported in the literature. Density Functional Theory (DFT)
calculations have been the predominant method for activation energy evaluations, with
predictions ranging from 65-153 kJ/mol for the DODH over various catalyst using a sugar
alcohol substrate. However, recently Cao et al. [152] performed both DFT and
experimental Arrhenius calculations for the DODH of methyl a-L-rhamnopyranoside and
methyl a-L-fucopyranoside over a ReOx-Pd/CeO; catalyst. They were able to elucidate the
activation energies for the reaction in which the predicted (DFT) and observed (Arrhenius)
activation energies were within error of each other. The activation energies reported in the
study were on the lower end of the activation energies previously proposed in the literature
for similar substrates. The experimental determination of activation energy showed that
similar reactants can have much lower activation energies than the DFT predictions have
previously suggested, showing a possible over prediction of DODH activation energies, or

potentially inaccurate reaction mechanisms.
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Table 4.1. Literature activation energies for similar deoxydehydration (DODH) reactions.
[71]

Reaction/Catalyst Activation Energy Method Reference
DODH of 1,4-anhydroerythritol over
ReO yCeO t 153 kJ/mol DFT Otaetal., 2016 [46]
2 2
DODH of 1,4-anhydroerythritol over .
me0ICe0 ythritol ov 109 kJ/mol DFT Xi et al., 2018 [154]
2
DODH of 1,4-anhydroerythritol over .
il /Ceoyt o1 ov 111 kJ/mol DFT Xi et al., 2018 [154]
2
DODH of 1,4-anhydroerythritol over .
ReO (ZO)yTiO ()1%1) 71.4 kJ/mol DFT Xi et al., 2020 [166]
2 2
DODH 1,4-anhydroerythritol over .
MoO (2033/“03?101) 160.2 kd/mol DFT Xi et al., 2020 [166]
2
DODH of 3-Butene-1,2-diol over
' 118.8 kd/mol DFT Wu et al., 2016 [165
CH,ReO, [165]
DODH of 3-Butene-1,2-diol over
on F;Jeo(OH) 101 oV 79.9 kJ/mol DFT Wu et al., 2016 [165]
3 2
DODH of methyl a-L-rhamnopyranoside DET
over 65, 63 kJ/mol Arrhenius Cao et al., 2020 [152]
ReO-Pd/CeO,
DODH of methyl a-L-fucopyranoside DET
over 77, 73 kJ/mol Arrhenius Cao et al., 2020 [152]

ReOyx-Pd/CeO,

The previous work reported in this dissertation investigated the effects of
temperature, pressure, and catalyst loading on xylitol S-HDO conversion and selectivity,
utilized parameter sweeps and a design of experiment to find optimal conditions and
elucidate factor to response relationships [69]. H2 pressure was found to exhibit a zero-
order relation with the conversion for xylitol S-HDO down to 10 bar for our standard
reaction conditions within our homebuilt high pressure batch reactor. However, the linear
L9 Taguchi design that we conducted suggested that temperature had an inverse with
conversion. In terms of classic Kkinetics, this relationship wasn’t expected due to the
Arrhenius equation and the direct relationship that temperature and reaction rate should
exhibit. Therefore, to investigate this phenomenon further and to determine if the inverse
relationship was accurate or if there was something more complex in the design space that

the Taguchi design couldn’t model, a general kinetics study of xylitol S-HDO was
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conducted. This study was the first experimental study investigating the kinetics of xylitol
simultaneous hydrodeoxygenation. The goal of the study was to determine the reaction
order of xylitol, the reaction rate dependence on temperature, the activation energy, the
effects of xylitol concentration on reaction rate, and to evaluate internal and external mass
transfer limitations in our system. This work served to address the knowledge gap in the
literature on the kinetics of simultaneous hydrodeoxygenation on non-cyclic sugar alcohols
and substrates that have more than three hydroxyl groups.
4.1.2 CHEMICALS

The following chemicals were used in this work for reactions, calibrations, and
catalyst synthesis. Xylitol (CAS No. 87-99-0) > 99%, 1,4-Dioxane (CAS No. 123-91-1)
99.9%, 1,2,5-Pentanetriol (CAS No. 14697-46-2) 97%, 1,2-Pentanediol (CAS No. 5343-
92-0) 96%, 1-Pentanol (CAS No. 71-41-0) > 99%, 3-Pentanol (CAS No. 584-02-1) 98%,
Ammonium perrhenate (CAS No. 13598-65-7) > 99%, Palladium (II) nitrate (10 wt% in
10 wt% nitric acid) (MDL: MFCD00011169) 99.999%, Cerium (IV) oxide (CAS No.
1306-38-3), and Ultra High Purity (UHP) Hydrogen (CAS No. 1333-74-0) 99.999%, were
used in this study. The cerium (IV) oxide was donated by Daiichi Kigenso Kagaku Kogyo
Co., Ltd. Osaka, Japan. The UHP hydrogen was obtained from Praxair, the 1,2,5-
Pentanetriol was obtained from Combi-Blocks, the 1,4-Dioxane was obtained from Fisher
Chemical, and all remaining above-mentioned chemicals were obtained from Sigma-
Aldrich.
4.1.3 CATALYST SYNTHESIS

The ReOx-Pd/CeO:2 (2 wt% Re, 0.30 wt% Pd) catalysts used and characterized in

this study were prepared via wet impregnation following the procedures previously
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reported in this dissertation [69], [70]. The CeO> support (donated from Daiichi Kigenso
Kagaku Kogyo Co., Ltd. Osaka, Japan) was calcined in air at 600 °C for 3 h with a ramping
rate of 10 °C/min. Following the calcination of the CeO2 support, the ReOx was then
impregnated onto the CeO> via wet impregnation using the desired amount of ammonium
perrhenate (NH4ReQOj4) dissolved in an aqueous solution that was mixed on a stir plate at
an agitation rate of 300 rpm. Once the solution was adequately mixed and all of the
precursor was dissolved, the solution was dried at 110 °C for 12 h to evaporate the excess
water and leave the ReOx/CeO; as a solid powder. The ReOx/CeO2 powder was then
removed from the beaker and stored in a weight boat while the palladium solution was
prepared. Then the palladium was impregnated via wet impregnation using an agueous
solution of the desired amount of palladium (I1) nitrate (Pd(NO3)2) in the same manner as
the ReOx was impregnated. Once the solution was well mixed, the ReOx/CeO. powder was
added to the beaker containing the palladium solution. The solution was then dried at 110
°C for 12 h so that the ReOx-Pd/CeO- could be extracted from the excess water. The ReOx-
Pd/CeO- powder was calcined in air at 500 °C for 3 h with a ramping rate of 10 °C/min.
Following the calcination, the ReOx-Pd/CeO: catalyst was ground into a fine powder with
a mortar and pestle. All of the ReOx-Pd/CeQ: catalysts used in this study were made with
anominal loading of 2 wt% Re and 0.30 wt% Pd, respectively to ensure that the molar ratio
of Pd to Re was Pd/Re = 0.25, as it was previously reported to be optimal [46].
4.1.4 ACTIVITY AND KINETIC MEASUREMENTS

The homebuilt 150 mL high-pressure batch reactor that was machined from 316
stain-less steel that was previously described in this dissertation was utilized for the kinetic

measurements in this study. This reactor system allows for time on-stream samples to be
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taken which allowed for kinetic data to be analyzed using concentrations of reactants and
products from a single reaction at multiple time points. The reaction solution within the
reactor was mixed using a magnetic stir bar and a stir plate, which was previously shown
to be free of mass transfer limitations for the hydrogenation of 2-methyl-3-butyn-2-ol [69].
The reactor was heated using an oil bath coupled to a PID controller to maintain the set
temperature over the course of the reaction.

For each xylitol S-HDO reaction, the reactor was loaded with the proper amount of
catalyst, xylitol, and solvent (1,4-dioxane) along with a magnetic stir bar. The reactor was
then sealed with an O-ring, and the reactor bolts were tightened until it the reactor was
pressure tight. To test if the reactor was pressure tight, the reactor was pressurized with
helium (an inert) to 10 bar over the reaction set point, and a leak detector was used to ensure
that no gas was leaking from the reactor. After the reactor passed the pressure checks, it
was then flushed of any residual air in the reactor with helium by pressurizing and venting
the reactor three separate times. Following the purge of the helium, the reactor was then
heated to the specified reaction temperature using the PID controller and oil bath. The
temperature inside of the reactor was monitored using a K type thermocouple in the
temperature probe well previously described in the reactor schematic. Once the desired
temperature within the reactor (measured by thermocouple) was reached, the reactor was
kept at this temperature for at least 30 min to ensure the reactor temperature was stable.
Once the temperature stability was verified, the hydrogen gas was added to the reactor, and
the line to the tank was left open to ensure the reactor maintained a constant pressure of 10
bar. Once the hydrogen was added, the reaction time was started, and the first sample was

taken to ensure that no reactions occurred during the heating of the reaction solution.
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Samples were taken every 30 min of the reactions for 4 h or until the volume of the reaction
solution was too low to sample to provide an accurate assessment of the reaction over time,
and allow for concentration based kinetic calculations to be utilized.

The reaction samples collected throughout each experiment were analyzed with
Gas Chromatography (GC) to determine the concentration of xylitol, 1,2,5-pentanetriol,
1,2-dideoxypentitol, 3-pentanol, 1-pentanol, and 1,2-pentanediol. The GC system utilized
a Shimadzu GC 2010 Plus along with an AOC-5000 autoinjector. Within the GC an RTX-
1701 column with a column length of 30 m, an inner diameter of 0.32 mm, and a film
thickness of 1.00 um was used for product separation, and the system utilized a Flame

lonization Detector (FID) for quantitative analysis. The reaction samples were diluted by

125 , solvent

a factor of = ( ) times their original volume in methanol to ensure that the FID

reactant

would not saturate, and to make analyze the components within the made calibration
ranges. For each run in the GC, 1 uL of the GC sample was injected into the system using
a split ratio of 1:10 with a column flow of 2.5 mL/min and a total flow of 30.5 mL/min.
Following the injection, the injection needle was washed three times in acetone and then
three times in methanol to ensure that any residual reactants or products were removed and
that the needle was cleaned. The GC oven methodology included a 40 °C starting
temperature with a 3 min hold, which was followed by a heating ramp of 10 °C/min to 260
°C, which was then held for 20 min. Upon the completion of the program, the column was
cooled to 40 °C in preparation for the next sample. Once the system was stable at 40 °C,
the next reaction sample was then injected into the GC and the same methodology was
followed. Xylitol, 1,2,5-pentanetriol, 1,2-dideoxypentitol, 3-pentanol, 1-pentanol, and 1,2-

pentanediol were calibrated by making an 8-point calibration curve with known
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concentration standards to allow for accurate concentration determinations. Over the scope
of reaction times and temperatures utilized, 3-pentanol, 1-pentanol, and 1,2-pentanediol
were not seen in significant concentration. The absence of then pentanols shows that only
one S-HDO of xylitol was occurring over these reaction times and temperatures. It also
indicates that the concentration of xylitol on the surface of the catalyst was likely higher
and more favorable to react than the pentanols. The lack of 1,2-pentanediol production
indicates that singular removal of hydroxyl groups was not occurring in a substantial
manner, but rather the S-HDO was occurring.

Reaction order determination and activation energy elucidation (Arrhenius and
non-Arrhenius) reactions were conducted at temperatures between 120 to 170 °C. Each
reaction utilized 0.60 g of ReOx-Pd/CeO- catalyst, 2.0 g of xylitol, and 50 mL of solvent
(1,4-dioxane). For mass transfer evaluations with respect to xylitol concentration, the
reaction temperature, solvent volume, and the ratio of ReOx-Pd/CeO; catalyst to xylitol
were fixed at 160 °C, 50 ml, and a 0.3:1.0 wt. ratio of catalyst to xylitol respectively, while
the total concentration of xylitol and catalyst were varied. The 0.3:1.0 ratio was previously
reported to be an optimal condition in the literature [147].

To investigate any external mass transfer limitations, a mixing evaluation study was
conducted and the stirring rate was varied from between 150 and 700 rpm for separate
reactions while fixing the reaction temperature, catalyst, xylitol, and solvent amounts at
160 °C, 0.60 g, 2.0 g, and 50 mL respectively for each individual reaction. To investigate
internal mass transfer, the Weisz—Prater criterion was also evaluated. The effect of reactant
concentration was also investigated by varying xylitol concentration from 0.5-8 g while

keeping the solvent concentration (50 mL), and catalyst to reactant ratio constant (0.30 g
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catalyst: 1 g xylitol) while conducting each reaction at 160 °C. All experiments conducted
in this Kinetics study utilized a constant hydrogen pressure of 10 bar Hz to ensure that the
H> reaction order was zero order as previously shown in this dissertation.
4.2 RESULTS AND DISCUSSION
4.2.1 CATALYST CHARACTERIZATION

The ReOx-Pd/CeO- catalysts used in this kinetics study were characterized using
Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD), Temperature
Programmed Reduction (TPR), X-ray Fluorescence Spectroscopy (XRF), Inductively
Coupled Plasma—Optical Emission Spectrometry (ICP-OES), and Raman Spectroscopy.

SEM was conducted to determine the particle size of the CeO; of the ReOx-Pd/CeO>
catalyst used for the kinetic evaluations. The SEM was conducted on a Zeiss Gemini 500
Field Emission Scanning Electron Microscope with a Type Il Secondary Electron Detector
(SE2) and a voltage of 5 keV. SEM images and the respective particle size distribution
histograms of the CeO> support that underwent the same pre and post treatments as the
ReOx-Pd/CeO3, and the ReOx-Pd/CeO; catalyst are shown in Figure 4.2. From the SEM
that was conducted, it was determined that the morphology of the particles does not change
during the synthesis of the ReOx-Pd/CeO: catalyst using the synthesis methodology
reported. However, some changes in the distribution of the size of the particles between
the support and the catalyst were observed. The distribution of particle sizes for the CeO

and the ReOx-Pd/CeO; are shown in Figure 4.2c, d, respectively.
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Figure 4.2. SEM of CeO, support and ReOx-Pd/CeQ, catalyst. (a) CeO, 1280 X
magnification (b) ReOx-Pd/CeO, 629 x magnification (c) CeO2 particle size histogram (d)
ReOx-Pd/CeO; particle size histogram. [71]

The particle sizes (diameter) were determined using ImageJ, by evaluating the area
of each particle and assuming a circular particle size to calculate the radius of the particles
from the respective areas. The average particle size (diameter) measured for the CeO> and
ReOx-Pd/CeO2 were 3.00 and 4.30 um, respectively, determined from 158 and 254
particles respectively. The distribution of the particle sizes exhibited a slightly skewed left
distribution for CeO particles with the largest group of particles being between 3.5-4 pum.
For the ReOx-Pd/CeO: particles, the distribution exhibited a unimodal slightly skewed right
distribution with the largest group of particles also being between 3.5-4 um. However, the
ReOx-Pd/CeO; catalyst particles, on average, are more likely to be larger in size than the

CeO- support, which shows that the synthesis parameters and environment are causing a
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small agglomeration of the CeO> particles, or that the impregnated metals are making the
particles larger. Low (134-150x) and high (3540-4400x) magnification SEM images of the
Ce0; and ReOx-Pd/CeO; are shown in Figure 4.3. The CeO; particles are homogeneous in
size and morphology as shown in Figure 4.3a. However, the ReOx-Pd/CeO; catalyst
particles, shown in Figure 4.3b, have a few large agglomerations with the majority of the
particles being much smaller and homogenous. These large agglomerates could be the
result of inconsistent grinding of the catalyst powder using the mortar and pastel, or that
the synthesis parameters including, exposure to excess water, and the addition of metal
precursors, causes the CeO> particles to agglomerate. When the particles of the CeO> and
ReOx-Pd/CeO; are compared under a high magnification, shown in Figure 4.3c, d, the
particles look very similar. There is no noticeable difference between the particles,
indicating that the Re and Pd are either very well dispersed on the CeO: surface, in the
pores of the CeO> or a combination of both. The lack of large growths of Re or Pd observed
on the catalyst surface gives more evidence to the Re being dispersed enough to have
monomeric sites which have been proposed to be the active site [46], [154], and observed

in Raman spectroscopy [70], [71].
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Figure 4.3. SEM of CeO- support and 2 wt% ReOx-Pd/CeO- catalyst. (a) CeO, 134 x

magnification, (b) ReOx-Pd/CeO2 150 x magnification, (c) CeO2 3540 x magnification, (d)
ReOx-Pd/CeO2 4400 x magnification.[71]

XRD was utilized to determine if there was any long range ordering of the Re or
Pd supported on the CeO- and to make sure that there weren’t an impurities present in the
catalyst. It was also used to make sure that the different batches of ReOx-Pd/CeO; were
uniform. The XRD was conducted using a Rigaku MiniFlex II with Cu Ko source radiation
(a = 1.5406 A). Each sample was scanned between a 20 of 10° to 80° using a 2°/min
scanning rate with a 0.02° step size. The resulting diffraction patterns for all three batches
of ReOx-Pd/CeO- using in the kinetic evaluations are shown in Figure 4.4. All three patterns
matched the reference patterns for CeO. and previously reported ReOx-Pd/CeO: catalyst
diffraction patterns [69], [70]. Since no diffraction patterns were observed for Re or Pd, it
is further evidence that they are well dispersed on the CeO2 support. This also give further

support for the Re being in mostly monomeric species as the cross-linked oligomer species

85



of ReOx would exhibit long range ordering and thus exhibit a diffraction pattern if in high

enough of concentration.
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Figure 4.4. XRD patterns of 2 wt% ReOx-Pd/CeO> catalysts at a scanning rate of 2°/min
with a step size of 0.02°. [71]

TPR was conducted to determine the temperature at which reduction events would
occur, and to determine the number of reduction events for the ReOx-Pd/CeO.. The TPR
was conducted on a Micrometrics AutoChem Il chemisorption analyzer and utilized H> for
the reduction. The sample was first subjected to a moisture removal step to ensure that any
moisture from the air, in the analysis tube, or from the storage of the catalyst was removed.
The moisture removal was conducted by having the sample heat from room temperature to
120 °C in a He environment at 10 °C/min and hold isothermally at 120 °C for 1 h.
Following the isothermal hold, the sample was then cooled to 40 °C maintaining a 10

°C/min cooling rate under a He environment. Once 40 °C was reached and was stabilized,
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the gas environment was switched from He to a 10% H. in Ar mixture. The Hz environment
was maintained and held for 30 min. Following this hold, the TPR experimentation was
conducted by heating from 40 °C to 800 °C at 5 °C/min. During the experiment, a data
point was recorded every second, corresponding to a data point every 0.083 °C. Once the
sample reached the final temperature of 800 °C, the detector stopped recording data and
gas flow was switched to He to purge the Hz and Ar mixture from the sample tube and
system. The sample was then cooled to 25 °C at a cooling rate of 20 °C/min. The batches
of catalyst showed similar results in the TPR, and a representative TPR profile of the ReOx-
Pd/CeO> catalysts are shown in Figure 4.5. In the TPR pattern, there were two distinct
reduction events that occurred, one at 147 °C and the other at 183 °C. These reduction
events have been previously reported in TPR profiles for a 2 wt% ReOx-Pd/CeO, (0.30
wt% Pd) catalyst [46], [69]. The reduction events correspond to the partial reduction of
ReOy, as previously shown in the literature using XPS [46]. The Pd substantially reduces
the temperature of the reduction events corresponding to the partial reduction of ReOx. The
CeO> has been shown to partially reduce above 700 °C between 730-1000 °C [46]. In our
TPR profiles we started to see a reduction event occurring at around 750 °C, but since our
methodology only went up to 800 °C, we did not see the full reduction event. However, no

reductions of ReOy are expected above this range.
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Figure 4.5. Representative H2 TPR profile of 2 wt% ReOx-Pd/CeO; catalyst.

XRF was conducted on the ReOx-Pd/CeQ; catalyst samples to ensure that the Re
and Pd were uniformly distributed within the catalyst and to make sure that there was no
significant difference between various batches of the catalysts. XRF was conducted on a
Fischerscope XDAL system utilizing a 0.30 mm collimator size and an 80 s measurement
time. The XRF was used in standard free mode, and thus the percentages reported are not
exact values but can still give insight into the distribution of the elements. ICP-OES was
conducted to determine calibrated loadings of Re and Pd respectively and will be discussed
later. For analysis, the ReOx-Pd/CeO- catalyst powder was placed in an XRD sample holder
(diameter of 24 mm and a depth of 2 mm) and the powder was flattened using a glass slide.
Once the sample was focused on in the instrument, 11 random points away from the edges
were selected for subsequent scanning and the software was programmed to scan for Re,

Pd, and Ce. The respective concentrations of Re, Pd, and Ce were then reported for each
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scan. XRF on the ReOx-Pd/CeO> catalyst showed that both the Re and Pd were uniformly
distributed with standard deviations of 0.075 wt% and 0.054 wt%, respectively. The
relatively low standard deviations for the Re and Pd show that that the metals are well
dispersed and homogeneous throughout the catalyst. Pd had a higher coefficient of
variation percentage (ratio between standard deviation and mean) of 7.17%, suggesting a
higher variation in the distribution. However, a very low nominal load (0.30 wt%) was
used in making these catalysts which can skew the coefficient of variation since the mean
value is an order of magnitude lower for the Pd as compared to the Re. The Re and Pd
XRD composition contours are shown in Figure 4.6. The various X-Y scans showed that
the regions of higher Re concentration also had a higher concentration of Pd. Likewise, the
regions of lower Re concentration also have a lower concentration of Pd, suggesting that
the ratio of Re:Pd is relatively uniform throughout the sample. This could also be due to
uneven packing within the sample holder, but the ratio of Re:Pd being relatively uniform

gives further evidence that there is not significant localization of the metals within the

catalyst.
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Figure 4.6. XRF X-Y position (in cm) composition contour of ReOx-Pd/CeO catalyst (a)
Re contour, (b) Pd contour. [71]
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ICP-OES was conducted to determine the actual loadings of Re and Pd in the ReOx-
Pd/CeO> catalysts. The experimentation and data collection were performed on a Perkin
Elmer Avio 200 which was equipped with an S10 autosampler. Freshly prepared aqua regia
was used for the digestion of the catalysts, and the solutions were allowed to digest for 12
h at 120 °C following the procedure used in MacQueen et al. [70]. The three batches of
catalyst used in this study were analyzed for both Re and Pd, which had a nominal loading
of 2.0 wt% Re and 0.30 wt% Pd respectively. Three runs of each sample were analyzed in
the ICP-OES and the errors presented are the standard deviation of the runs. The batches
were determined to have an actual loading of 1.86 + 0.02 wt%, 1.89 + 0.01 wt%, and 1.90
+ 0.02 wt% of Re, respectively, and 0.217 + 0.003 wt%, 0.204 + 0.002 wt%, and 0.202 +
0.001 wt% of Pd, respectively. Thus, all of the Re loadings were within error of each other.
Two of the Pd loadings were within error of each other with only 1 batch having a slightly
higher loading. However, since Pd just facilitates the dissociation of hydrogen on the
surface of the catalyst, this small difference in actual loading should not affect the activity
of the catalyst significantly. Thus all of the catalyst used in this study were homogenous
and lead to similar Kinetic results.

In-situ Raman was conducted to investigate what structures of ReOyx were present
under reaction conditions. The in-situ Raman spectroscopy was conducted with a Horiba
XploRA Plus Raman microscope that utilizes a 30 mW excitation source, a 638 nm diode
laser, and a Horiba Scientific charge-coupled device detector. The laser was calibrated
using a polystyrene standard, and the detector was thermoelectrically cooled to =50 °C. A
Linkam THMS600PS in-situ Raman cell was used for the experimentation. All spectra

taken utilized a laser power of 50%, and the vibrational bands were monitored throughout
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the experimentation to ensure that there wasn’t degradation of the sample. For the
experiment, an ambient spectrum was first taken, and then the sample was heated to 550
°C at 50°/min while flowing 20 sccm of ultra-high purity Oz (99.9993% O>) and held at
550 °C for 30 min. The calcination was conducted to follow the methodology previously
reported [70], which was done to clean off the surface of the catalyst and ensure that any
moisture or impurities from the storage of the catalyst were removed before analysis.
Following the calcination, the cell was purged of O2 with Ar and then reduced in 20 sccm
of a 1:1 volume mixture of Hz and Ar for 10 min. A spectrum was then taken to endure that
the ReOxy vibrational bands had fully reduced. Following the reduction, the cell was again
purged with Ar and then exposed to an Oz environment (20 sccm O») at 550 °C to reoxidize
the sample for 10 min. A spectrum was then taken to ensure that the Re had reoxidzed and
the ReOx vibrational bands were present. Following the re-oxidation, the cell was purged
with Ar and then cooled to 100 °C while flowing 20 sccm of Ar. Spectra were then collected
at every 10 °C from 100 °C to 180 °C. The resulting spectra from the ambient, calcined,
reoxidized, and temperature scans are shown in Figure 4.7. The ambient spectrum showed
a much broader vibrational bands as compared to the calcined and reoxidzed bands.
However, there was no substantial difference between the calcined and the reoxidized
spectra, indicating that the Re had been oxidized back to ReOx post reduction. There was
a significant difference in the ReOy vibrational bands observed between the 100 °C and
180 °C spectra. To investigate the difference further the 100 °C, 140 °C, and 180 °C spectra

were fitted and analyzed.
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Figure 4.7. In-situ Raman spectra of 2 wt% ReOx-Pd/CeO- catalyst. [71]

The 100 °C, 140 °C, and 180 °C fitted spectra are shown in Figure 4.8. The mono-
oxo (Re=0), di-oxo (O=Re=0), oligomeric crosslinked (O-Re-0), and hydroxyl (Re-OH)
structures were present in the sample, as assigned by MacQueen et al. [70]. The mono-oxo
vibrational band is located at 994 cm™. The di-oxo bands are located at 988 and 972 cm™
for the symmetric and asymmetric stretches, respectively. The oligomeric crosslinked band
was located at 888 cm™, and the hydroxyl band was located at 832 cm™. The full-width
half maximums were fixed for each respective band across spectra, and the areas of the
symmetric and asymmetric stretch bands of the di-oxo species were constrained to be
equivalent during fitting. As the temperature is increased, the relative area of the di-oxo
species bands increases, and the mono-oxo bands decrease. The increase in the

concentration of the di-oxo species can be attributed to an increase in oxygen migration
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from the ceria support as the temperature is increasing, which has previously been reported
in other ceria systems in the literature [167]. Ceria is able to store and release oxygen due
to the stability of Ce®* and Ce**, which allows for the ceria to shift between CeO, and
CeO2-x [168]-[171], thus allowing for the oxygen migration to the Re to occur. The area
of the hydroxyl band also slightly decreases as the temperature is increased, which could
be due to the hydroxyl species further oxidizing from the oxygen migration from the
support. However, no new vibrational bands are formed while the temperature is increased.

Thus at higher reaction temperatures, there is more di-oxo ReOx available to participate in
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Figure 4.8. In-situ Raman spectra of a 2 wt% ReOx-Pd/CeO: catalyst at 100 °C, 140 °C,
and 180 °C under an Ar environment. [71]
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4.2.2 REACTION ORDER DETERMINATION

The reaction order with respect to xylitol concentration of the xylitol S-HDO over
the ReOx-Pd/CeO catalyst was determined by conducting reactions at various
temperatures ranging from 120 °C and 170 °C. The resulting reactant and product
concentrations as a function of time were and evaluated and fit to respective reaction order
fittings. Zero, first, and second-order fittings were applied to the data for evaluation of the
reaction order of xylitol. It was determined that the xylitol S-HDO was a zero-order
reaction, with the zero order fitting consistently having the best fit over the 120-170 °C
temperature range. The reaction concentration profiles of the reactant and products and the
zero-order fit for the 160 °C reaction are shown in Figure 4.9. The S-HDO reaction using
other substrates has been reported as zero-order with respect to the reactant in the literature
[152]. The volume of the reaction solution remains virtually constant throughout the
entirety of the reaction. Only a negligible (~300 puL) amount of volume is removed for
sampling for analysis for each data point. As shown in the 160 °C reaction, shown in Figure
4.9, the selectivity to 1,2-dideoxypentitol was slightly higher than to 1,2,5-pentanetriol,
which was previously reported in the literature [69]. The reaction order fitting for the zero-
order case showed significantly better fit and higher R? values of 0.997 for xylitol and
0.998 and 0.993 for 1,2-dideoxypentitol and 1,2,5-pentanetriol, respectively. This trend
was exhibited at all reaction temperatures, but the first-order fitting was comparable to the
zero-order fit at some reaction temperatures. However, when comparing the product fits,
the reaction in all cases is clearly zero-order. Since in all cases, the zero-order fitting was

consistently the best fit, the reaction of xylitol S-HDO over the ReOx-Pd/CeO, was

94



determined to be a zero-order reaction, and thus there was no effect of xylitol concentration

on the reaction rate during the reaction.
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Figure 4.9. Reaction order fittings for the simultaneous hydrodeoxygenation (S-HDO) of
xylitol over ReOx-Pd/CeO; at 160 °C. [71]

In previous work in this dissertation, it was reported that over a wide range of H»
reaction pressures down to 10 bar, the reaction hydrogen pressure exhibited a zero-order
relation for the S-HDO of 1,4-anhydroerythritol and xylitol [69]. The pressure reaction
order has been determined to be near zero for other reactants for the S-HDO reaction over
ReOx-Pd/CeO, [152]. Thus, the general reaction equation is determined to be the
following:

CsHy,0s + 2 H, » CsHy,05 + 2 H,0 (4.1)
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Rate = k[CsH,,05]°[H,]° = k (4.2)

In the S-HDO reaction, xylitol and hydrogen are consumed to form 1,2-
dideoxypentitol and 1,2,5-pentanetriol and water, as shown in Equation (4.1). The reaction
rate equation, shown in Equation (4.2), is dependent on the xylitol and hydrogen reaction
orders. Since they were both determined to exhibit a zero-order relationship, the reaction
rate is equal to k and there is no dependence on the reactant concentrations.

4.2.3 ACTIVATION ENERGY DETERMINATION

To evaluate the activation energy of the xylitol S-HDO, reactions between 150 and
170 °C were evaluated and analyzed using Arrhenius kinetics. The resulting reaction rates
from the tested temperature range were then plotted in an Arrhenius plot, as shown in
Figure 4.10. Below 150 °C, the reaction rates were significantly lower and had a lower
Arrhenius slope, which resulted in a lower activation energy. The increasing concentration
of the di-oxo species (O=Re=0) at higher temperatures seen in the Raman could explain
the higher reaction rates seen above 140 °C. If the di-oxo species is the active species for
S-HDO as previously proposed in Ota et al. [38], then along with the temperature effects
on reaction rate, having a higher concentration of the di-oxo species could also significantly
increase the reaction rate. However, Xi et al. [154] proposed that the mono-oxo species
could be the active site of the reaction. However, since the activity increases as the
concentration of the di-oxo species increases, it is likely that the active site is the di-oxo
species, if the reaction rate is being affected by the ReOx structure. The lower reaction rates
observed below 150 °C can also be attributed to the ReOx species not reducing since the
first significant reduction event occurred at 147 °C in TPR. Thus, only temperatures above

150 °C were considered.
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Figure 4.10. Arrhenius plot for the S-HDO of xylitol. [71]

The Arrhenius plot linear fit had an R? value of 0.9864, with respective data points
having a standard error of 0.0116. The slope of the Arrhenius plot is equal to the —Eo/R, in
which Ea is the apparent activation energy and R is the universal gas constant. From the
Arrhenius plot, the apparent activation energy was determined to be 48.7 + 10.5 kJ/mol,
and the pre-exponential constant was determined to be 0.38 mol s gear 1. The activation
energy error was determined using 95% confidence intervals for the slope coefficient from
the linear regression. The resulting Arrhenius equation for this reaction is as follows:

k = Ae Ea/RT (4.3)

l kJ J
k — O38S :l; e—(48.7m)/(8.314m0lxK>(T) (44)
cat

Since the reaction rates seemed to exhibit a non-linear trend at lower temperatures,
non-Arrhenius Kinetic parameter determination was conducted utilizing reaction
temperatures of 120-170 °C. It has been reported in the literature that for sub-Arrhenius
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and super-Arrhenius relations, the activation energy is dependent on temperature and can
be accounted for by an additional quadratic term in the rate equation [172]-[175], as shown
in Equation (4.5). The quadratic parameter C determines the curvature and thus if the curve
is concave (positive C value) in the case of a sub-Arrhenius relation or convex (negative C
value) in the case of a super-Arrhenius relation. This additional term results in Ea being

dependent linearly on 1/T [173], [174]. Activation energy is thus equal to the partial

derivative of the natural log of k with respect to 1/RT, in which (aalnik) of Equation (4.5)
RT
results in Equation (4.6).
lk—1A+B+ ¢ (4.5)
= MAaT 2T T (RT)? '
2C
= _pB-——— 4.6
Ea=~B - (4.6)

The resulting non-Arrhenius behavior plot resulting from reaction temperatures of
120-170 °C is shown in Figure 4.11, and the associated kinetic parameters are shown in
Table 4.2. The C value was positive in this case leading to a concave curve characteristic
for sub-Arrhenius behavior. The quadratic fitting of the sub-Arrhenius behavior improved
the R? value to 0.99 over the entire temperature range evaluated in this work. The 95%
confidence intervals were calculated for the respective kinetic parameters and are reported

in Table 4.2.
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Figure 4.11. Sub-Arrhenius behavior plot for the S-HDO of xylitol. [71]
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Table 4.2. Kinetic parameters for sub-Arrhenius behavior. [71]

Kinetic Parameter Value 95% ClI
A 44 mol s7* Qgear * (23, 65)
B —3.79 x 10 J mol™* (-5.76 x 10°,—2.34 x 1075)
C 6.03 x 108 J2 mol 2 (3.52 x 108, 8.53 x 108)

The resulting activation energies over the temperature range tested are reported in
Table 4.3. Over the temperature range tested, the activation energy ranged from 10.2-51.8
kJ/mol. At the lower range of temperatures tested, the sub-Arrhenius activation energies
greatly differ from the Arrhenius activation energy. However, at and above 155 °C, the
Activation energies are within error of the Arrhenius calculated activation energy. The

improved fit over the expanded temperature range strongly supports that sub-Arrhenius
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behavior is present, and thus, Ea is a function of temperature for xylitol S-HDO in the
temperature range tested in this study.

Table 4.3. Temperature-dependent activation energies from sub-Arrhenius behavior.

Temperature (K) Activation Energy (kJ/mol)
393.15 10.2
403.15 19.4
413.15 28.1
418.15 32.3
423.15 36.4
428.15 40.4
433.15 44.3
438.15 48.1
443.15 51.8

The sub-Arrhenius relationship is indicative of quantum tunneling occurring within
the reaction [172]. Quantum tunneling allows particles to bypass the energy barrier by
tunneling though the energy barrier without the need for the kinetic energy. This violates
the principles of classic mechanics, but has been observed experimentally in various
processes [176]-[179]. This phenomenon has been proven through the use of different
hydrogen isotopes, such as deuteron and triton, to show that the transmission probability,
reaction rate, etc., changes with the respective mass of the proton and exhibits the sub-
Arrhenius relationship [179], [180]. Quantum tunneling is often seen in proton-involved
reactions where the proton undergoes the tunneling. Xylitol S-HDO has hydrogen which
is a proton on the surface of the catalyst once it dissociates, which could undergo the
tunneling. It is likely that in the reaction mechanism, one of the highest energy barriers is
proton/hydrogen related, which would explain why the tunneling would occur with the
hydrogen. The previously mentioned proposed S-HDO mechanisms suggest that the
desorption/extrusion step in which the alkene is the rate limiting step of the reaction [38].

However, hydrogen is not directly involved in this proposed step, but rather in the
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coordination of the substrate directly beforehand [38], [154]. Thus it is likely that either
the coordination of the substrate, which involves either hydrogen to reduce the ReOx or to
eliminate a Re-OH bond to form water, is limiting in the proposed mechanism. It is also
likely that the current proposed mechanisms are not fully accurate and thus can’t model the
tunneling. However, regardless of the reaction mechanism, from the sub-Arrhenius
behavior, we can accurately model the quantum tunneling that occurs via the barrier height
(Eo), the deformation parameter (d), and the penetration frequency v* [172]. By using the
quadratic equations from the non-Arrhenius kinetics, the barrier height, deformation
parameter, and penetration frequency can be calculated. The apparent activation energy is

related to the barrier height and deformation parameter as follows:

1 _1 d1 (4.7
E, E, RT '

where the deformation parameter (d) is dependent on Planck’s constant (h), the penetration
frequency v*, and the barrier height (Eo), as described by Bell’s tunneling theory shown in

Equation (4.8).

2

‘-3

Using the activation energies and the respective reaction temperatures from Table
3, Eo was determined to be —2608 J/mol, and v* was determined to be 1.648 x 10%” mol™
s L. These values are on the same order of magnitude as similar quantum tunneling for non-
Arrhenius behavior reported in the literature [181], [182]. The deformation parameter can

then be calculated using the values for Eo and v* as shown in Equation (4.9).
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The deformation parameter was determined to be d =—1.461. The value of d is
negative which is further indicative of sub-Arrhenius behavior. Eg and d can be plugged

into Equation (4.7) which results in the following:

11 ~1.461
vy ] (.10
a —2608 m 8314m X T

Euler’s celebrated limit can then be used to describe the sub-Arrhenius behavior
in terms of the deformed Arrhenius equation [172] as shown in Equation (4.11). Using
the kinetic parameter, A from the sub-Arrhenius fitting, the deformation parameter, and
the barrier height, the resulting rate equation based on Euler’s celebrated limit is shown

in Equation (4.12).

1

Eo1d (4.11)
N =A1-d=-2 :
k() [ A7
] 1
—-1.461
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k=44—— |1 - (-1.461 mol (4.12)
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The activation energies elucidated for xylitol S-HDO in the case of Arrhenius and
sub-Arrhenius kinetics are lower than reported literature values for other compounds
previously discussed [152], [165], [166]. Recently, Cao et al. reported theoretical and
experimental activation energies that were also significantly lower than previously reported
activation energies for similar reactions [152]. Cao et al. evaluated the S-HDO reaction for

several methyl glycosides over ReOx-Pd/CeO, and used DFT to model the reaction
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mechanisms. They found the reaction order with respect to the substrate concentration and
hydrogen to be almost zero. This result suggests that the active site is almost saturated with
methyl glycosides during the reaction. It also suggests that the rate-determining step is not
the coordination of the substrate to the Re species or the hydrogenation reaction, but rather
that the desorption step is the rate-determining step. Similarly, the desorption step is
possibly the rate limiting step for xylitol S-HDO due to the similar reaction orders seen
with the methyl glucosides. However, since there is tunneling occurring in the reaction and
the proposed mechanisms don’t have hydrogen involved in the desorption step, the rate
limiting step likely another intermediate or the coordination of the substrate which involves
hydrogen. There could also be a limitation due to a reaction between the adsorbed pentene-
triols with hydrogen on the catalyst surface. This occurs when the equilibrium is
completely shifted to the right for hydrogenation as reported in other systems in the
literature [183], [184]. Further modeling and DFT calculations would be needed to
investigate this potential limitation and the potential impacts on the reaction mechanism.
Cao et al. evaluated methyl a-I-rhamnopyranoside and methyl a-l-fucopyranoside, which
are stereoisomers, as model compounds for methyl glycosides. They found a near 5-fold
difference in the reactivity of the methyl glycosides with the methyl a-l-rhamnopyranoside
having the higher reaction rate, suggesting that geometric orientation of the OH functional
groups plays a significant role in the activity. This relationship was also seen in the
Arrhenius plots which showed that the methyl a-I-rhamnopyranoside (63 kJ/mol) had an
activation energy that was 10 kJ/mol lower than methyl a-I-fucopyranoside (73 kd/mol).

Cao et al. also attributed the activation energy difference between the methyl glycosides to
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the substrates having either different transition states or adsorption states due to their
differing geometry.

The activation energy for xylitol S-HDO we report is lower than reported by Cao
et al. for the methyl glycosides over a similar temperature range, but is much closer to their
reported experimental values than previous theoretical calculations in the literature (shown
in Table 4.1). There are several possibilities why the activation energy for xylitol S-HDO
is lower than the other reported reactions. First, the structure of xylitol is more simplistic
than many of the other reported compounds modeled in the fact that it is linear, and has
only cis hydroxyl groups, which could explain the disparity. Xylitol has five cis-vicinal
hydroxyl groups, which could make it more likely for the xylitol to adsorb to the ReOx
since there are multiple pairs of hydroxyl groups that have the possibility of adsorbing to
the catalyst. As seen by the two products, 1,2-dideoxypentitiol and 1,2,5-pentanetriol, the
C1-C2 or Co-C3 hydroxyl groups can be adsorbed and undergo the S-HDO. It has been
shown for other sugars in similar reactions that the reaction rate was dependent on the
stereochemical configuration and strongly influenced the adsorption and activation energy
[185]. It has also been shown that for the S-HDO of methyl glycosides that only the cis-
vicinal OH groups can be selectively removed and that the trans-vicinal OH groups can
still be adsorbed on the active site but suppresses the reaction [186]. The possible
suppression of the reaction and blocking of active sites would not occur for the xylitol S-
HDO due to the presence of only cis vicinal hydroxyl groups in xylitol. However, the
additional hydroxyl groups could potentially cause steric hindrance. It has also been shown
for the hydrogenolysis of glycerol that due to steric reasons, the primary hydroxyl group is

cleaved more readily as compared to secondary hydroxyl groups [187]. This could explain
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the higher selectivity to 1,2-dideoxypentitiol, which is formed from the cleavage of a
primary and a secondary hydroxyl group as compared to 1,2,5-pentanetriol, which forms
due to the cleavage of two secondary hydroxyl groups. However, the selectivity difference
observed between 1,2-dideoxyhexitol and 1,2,5-pentantetriol was not drastic, suggesting
that the potential steric effects likely aren’t the key reason the activation energy is lower.
Xylitol has two primary hydroxyl groups, which can also potentially be a reason why the
activation energy is lower as compared to the other substrates, such as 1,4-
anhydroerythritol and methyl o-I-rhamnopyranoside, which contain only secondary
hydroxyl groups. For the DODH of methyl o-l-rhamnopyranoside and methyl o-I-
fucopyranoside, as shown in Cao et al., reactants had three vicinal hydroxyl groups, and
the resulting reaction had a lower activation energy than for compounds such as 1,4-
anhydroerythritol [152], [154], which have two vicinal hydroxyl groups. There may be a
relation between the number of available vicinal hydroxyl groups and the activation energy
of the reaction. If a relationship did exist, it could further explain the lower activation
energy seen for the xylitol S-HDO. In the literature, it has been reported that the reaction
rate of dehydration in sugar alcohols is correlated to the strength of the C-O bond [188],
[189]. It has been reported that the C-O bond strength has an inverse relationship with the
number of hydroxyl groups on the alcohol. This relationship implies that the more OH
groups the alcohol contains, the lower the C-O bond strength, which results in a higher
reaction rate. The lower C-O bond strength could be a substantial reason why the xylitol
S-HDO activation energy is lower, since xylitol has five hydroxyl groups. It is also possible
that there could be a significant difference between the activation energies for cyclic

molecules and xylitol, which is a straight chain. This could be due to steric hindrance, or
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differences in the strength of the C-O bond for linear and cyclic molecules. However, more
work needs to be performed to fully investigate why the activation energy is lower in
comparison and to incorporate tunneling into the reaction mechanisms.
4.2.4 MASS TRANSFER EVALUATIONS

To determine if there were any internal diffusion limitations present in the reaction,
the Weisz—Prater criterion was for both reactants (xylitol and hydrogen). The criterion was
calculated from the following equation:

—14(0bs) X p, X R?
D, X Cys

In Equation 4.13, the reaction rate observed is ra, pc is the density of ceria, R is the radius
of the ReOx-Pd/CeO, particles, which was determined from SEM, D is the effective
diffusivity, and Cas is the reactant concentration at the particle surface. For the liquid—
liquid diffusion, De is estimated/assumed to be on the order of 10~° m?/s based on similar
reactions reported in the literature [190]-[193]. However, to be conservative and to allow
for deviation and error in our estimations, we are estimating De to be on the order of 1071,

For xylitol, the lowest concentration a reaction point in this study was used for Cas
to be conservative, which was at the final time point of the 160 C and 0.5 g xylitol run
discussed later in this section. With the resulting terms in Equation 4.13 for xylitol plugged

in, the result is as follows:

7.04 x 10~ ( mol ) X 7220 (k—g) X (2.15 x 107)2 (m?)

kg X s m3
Corp = g o — (4.14)
10 (T) x 51 (1)
Cop = 461X 1073, Cpyp < 1 (4.15)
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Since the Weisz—Prater criterion is much less than 1 for xylitol, it can be assumed that no
internal diffusion limitations are present for xylitol diffusion in the reaction.

For hydrogen diffusing in the solvent, the De and Cas values change from Equation
4.14. For hydrogen, De has been reported to be on the order of 10™° m?/s in 1,4-dioxane in
the literature [190]. However, to be conservative, we are using a De value of 107%° to make
sure that at a worst case scenario there wouldn’t be any limitations. Cas was estimated by
using Henry’s law and solubility data for Hz in 1,4-dioxane from the literature [194]. Based
on the enthalpy, entropy, and mole fraction solubility data presented, a Henry’s law
constant (kn) of 3.89 x 10~* mol kg™ bar* was calculated. This value is reasonable
considering that the Henry’s law constant for hydrogen in water is on the same order of
magnitude when using data from the NIST database. Cas was calculated based on 10 bar
H> pressure with Hz being the only gas in the reactor. The result resulting concentration of

hydrogen in the solvent was 4.01 mol/m3. With the resulting terms for hydrogen, the result

is as follows:
7.04 x 1074 (km"l ) X 7220 (k—gg) x (2.15 X 1076)2 (m?)
gXs m
CWP = m2 mol (416)
-10 [ —_ —_
10 (S>><4.01(m3)

Since the Weisz—Prater criterion is much less than 1 for hydrogen, as shown in
Equations 4.16 and 4.17, it can be safely assumed that no internal diffusion limitations
are present for hydrogen diffusion in the reaction. Thus there are no internal diffusion
limitation for either reactants used in this kinetic study.

To determine if there were any external mass transfer limitations present in the

reaction, a mixing evaluation study was conducted by varying the stirring rate of the
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magnetic stir bar within the reactor over a wide range (150-700 rpm). Stir rates of 150-700
rpm were evaluated for the xylitol S-HDO at 160 °C and 10 bar H at the reaction
concentrations previously discussed. The S-HDO reaction rates as a function of the stirring
rate are shown in Figure 4.12. Over the stirring range tested, there was no significant
difference between any of the reactions conducted, as all of the reaction rates were within
experimental error of each other. The standard error for the 550 rpm reaction was calculated
from three separate reactions at the same condition and was determined to be 9.81 x 107°
mol s geat * (2.02%). Since there was no significant difference by varying the stirring rate,
there is no evidence of external mass transfer limitations being present during the reactions.

6.0x107 1
5.0x107
4.0x107
3.0x107
2.0x107

1.0x107

Reaction Rate (mols ' g_ ")

0.0

100 200 300 400 500 600 700
Stirring Rate (rpm)
Figure 4.12. Evaluation of mixing and associated mass transfer. [71]
The effect of xylitol concentration on the reaction rate was investigated to evaluate
concentration effects and determine optimal conditions. Reactions were conducted by

varying the xylitol concentration from 0.962-13.4 wt% (0.5-8 g) while keeping the

reactant to catalyst weight ratio constant (0.30 g catalyst: 1 g xylitol). By fixing the reactant
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to catalyst ratio, the reaction rate on a per catalyst basis should be equivalent given the zero
order relationship xylitol concentration was shown to exhibit. For each reaction, 50 mL of
solvent (1,4-dioxane) was used, and the reaction temperature was fixed at 160 °C for direct
comparison. The reaction rate as a function of xylitol concentration is shown in Figure
4.13. The reaction rate on a mol s basis increases linearly in the 0.962—7.21 wt% region,
as seen in Figure 4.13a, and as expected due to the zero order relationship of xylitol
concentration previously found in the general kinetics investigation. Above the 7.21 wt%
(4 g) point, the reaction rate still increases, but the increase in reaction rate is lower than
expected based on a linear trend. It is likely that above 7.21 wt% of xylitol, significant
solubility issues occur, and that the undissolved xylitol could be blocking the catalyst in
the reaction mixture and preventing it from adsorbing dissolved xylitol. It has been shown
in the literature that xylitol has a very high solubility in water, but for organic solvents the
solubility can drop by several orders of magnitude [195], [196]. When the reaction rates
were normalized to the mass of catalyst, the rates in the 0.962-7.21 wt% region were
comparable, but the 3.74 wt% (2 g) rate was slightly higher, as shown in Figure 4.13b. The
standard error of the 3.74 wt% reaction rate was 9.81 x 107° mol s gear * (2.02%), based
on three experimental runs. The slightly higher reaction rate at the 3.74 wt% point could
be attributed to experimental error, but if the highest reaction rate is sought after, it is the
optimal point tested in this study. However, since the 7.21 wt% point was comparable, if
this process were to be scaled up, it would be optimal due to the higher amount of total
reactant that could be utilized and upgraded. More investigation between the 7.21 and 13.4

wt% data points should be investigated to see at what concentration the drop off in activity
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occurs to further optimize this process for scaling, and to investigate the solubility of xylitol

in 1,4-dioxane.
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Figure 4.13. Xylitol concentration effect on reaction rate at 160 °C. (a) Rate in mol s,
(b) rate in mol st gecat ™. [71]
4.3 CONCLUSIONS

In conclusion, a comprehensive Kkinetics study of xylitol simultaneous
hydrodeoxygenation was conducted, reaction orders were determined, activation energy
was evaluated, and internal and external mass transfer and diffusion were investigated. The
S-HDO of xylitol over ReOx-Pd/CeO. was determined to be a zero-order reaction. The
Arrhenius activation energy of the reaction was determined to be 48.7 + 10.5 kJ/mol over
the 150-170 °C temperature range. A sub-Arrhenius relation was found from 120-170 °C
in which activation energy was temperature dependent and ranged from 10.2-51.8 kJ/mol.
The sub-Arrhenius relationship indicated that there was quantum tunneling occurring in
the reaction, likely involving the hydrogen. The tunneling of hydrogen in the reaction

suggests that the proposed reaction mechanisms in the literature either are not accurate for
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xylitol S-HDO or that they can’t account for the tunneling phenomena. Since the hydrogen
tunneling bypasses the energy barrier of the reaction, the hydrogen must be involved with
the rate determining of the reaction, which is not currently suggested in the proposed
mechanisms. More work needs to be done theoretically (using DFT) and experimentally
(using in-situ spectroscopy techniques such as Raman or DRIFTS) to investigate the
possible reaction mechanisms and intermediates that could help explain the tunneling
observed through the sub-Arrhenius relationship for this reaction.

Various mass transfer evaluations were conducted to ensure that our results were
not skewed by transport limitations or phenomena. The Weisz—Prater criterion was
evaluated to investigate internal diffusion, and it was determined that no internal diffusion
limitations were present for both reactants (xylitol and hydrogen) since the criterion was
much less than 1 for both species. There were no external mass transfer limitations found
when varying the stirring rate over a range of 150-700 rpm, as the reaction rates were
within experimental error of each other over the entire range. It was further shown that no
mass transfer limitations were present in our system since there was a sub-Arrhenius
relationship present, and if limitations or transport phenomena were preset, we would
expect to see a super-Arrhenius relationship.

From the characterization of the ReOx-Pd/CeO: catalyst, insight into the active
species in the reaction was elucidated. The di-oxo (O=Re=0) species of ReOy was found
to increase in concentration as temperature is increased in Raman spectroscopy, suggesting
that it is likely the active species within the reaction. The shift in mono-oxo to di-oxo ReOx
suggests that there could be competing mechanisms in the reaction which could further

explain the sub-Arrhenius relationship observed in this work. However, further
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investigation via isolating the two structures and evaluating them separately experimentally
and theoretically should be conducted to evaluate if there are truly competing mechanisms.
It was also determined that the catalyst synthesis parameters and environment cause a small
agglomeration of the CeO: particles. This slight agglomeration increases the average

particle size from 3.00 to 4.30 um.
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CHAPTER 5
OPTIMIZATION OF SORBITOL HYDRODEOXYGENATION VIA

DESIGN OF EXPERIMENTS

5.1 MOTIVATION AND EXPERIMENTAL
5.1.1 MOTIVATION

Sorbitol is a sugar alcohol that is commonly used as a sugar substitute
commercially. Sorbitol can be produced from lignocellulosic biomass by first extracting
cellulose, and then upgraded to sorbitol through a catalytic hydrogenation process [197]-
[203]. The production of sorbitol is expected to increase to over 2.4 million tons by 2023
with a value of $4 billion dollars by 2023, up from 1.85 million tons in 2015 [200]. The
large scale production of sorbitol offers a promising renewable feedstock that could be
utilized for upgrading to other value products. Biomass derived sugar alcohols, like
sorbitol, can be upgraded into various value added fuels and chemicals by removing
hydroxyl groups from the sugar alcohol [17], [69], [133]-[135], [204]. A promising route
for the removal of hydroxyl groups is the simultaneous hydrodeoxygenation (S-HDO), a
reaction which cleaves two vicinal hydroxyl groups utilizing a state of the art ReOx-

Pd/CeO; catalyst [38], [69], [71], [147], [152]. The ReOx-Pd/CeO: catalyst has been shown
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to be a more active for the S-HDO reaction than other ReOx, M0oOx, W0Ox, MnOx, and
VOy, supported catalysts in the literature [147]. The S-HDO reaction consists of a
deoxydehydration (DODH) step which cleaves the hydroxyl groups and forms a double
bond, and a hydrogenation step which hydrogenates the double bond to a single bond. The
ReOx supported on the CeO catalyzes the DODH step while the Pd catalyzes the
hydrogenation step through hydrogen dissociation on the surface of the catalyst [38], [147],
[154]. Sorbitol S-HDO can produce various dideoxyhexitols, hexanediols, and hexane, as
shown in Figure 5.1. Hexanediols are commonly used as chemical additives, solvents, and
for polymer production [205]-[207]. 1,6-hexanediol had a market size of $902 million in
2019 and is expected to grow to $1401 million by 2025 [206]. Similarly, 1,2-hexanediol
had a market of $40 million in 2019 which is expected to reach $54 million by 2024 [205].

Sorbitol S-HDO to 1,2-, 1,4-, and 1,6-hexanediol could be a potentially renewable
route to chemicals with large established markets, in which a drop-in strategy could be
utilized [18]. The drop-in strategy takes advantage of existing value chains and
infrastructure to capture a mature market by using a biomass resource to form a platform
chemical for which existing intermediates can be obtained [18]. Using this methodology,
the renewable biomass resource could replace or reduce the dependence on fossil resources
for chemical production. This strategy has been utilized with corn biomass by fermenting
the biomass into ethanol and then converting the ethanol into ethylene for use as an
intermediate. 1,2-hexanediol and 1,6-hexanediol are roughly 40-49 times as valuable as
sorbitol on a per mass basis and 1,4-hexanediol is up to 7,750 times as valuable on the same

basis. This upgrading shows significant promise in terms of economic potential to upgrade
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a renewable sugar alcohol to widely utilized chemicals with established infrastructures and
value chains.

1,2-hexanediol can also be further converted to hexane, which can be used as fuel
or solvent [208], [209]. However, there is an order of magnitude value loss on a per mass
basis when converting 1,2-hexanediol to hexane, and it requires a much longer reaction
time to produce. Thus, for this study we focus on the production of hexanediols as our
target products since they have the most promising economic pathway. However, down the
road sorbitol S-HDO could off a potentially economic manner to produce hydrocarbon

fuels from a renewable resource by producing hexane.
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Figure 5.1. Sorbitol simultaneous hydrodeoxygenation schematic.

Sorbitol S-HDO was previously reported in the literature at 160 °C, 80 bar Ho,
utilizing a 2 wt% ReOx-Pd/CeO: catalyst, and a reaction time of 72 hours [147]. However,
this reaction was not optimized and the various reaction parameters such as temperature,
pressure, catalyst active metal loading, and reaction time were not probed. It has been
previously reported that for 1,4-anhydroerythritol and xylitol S-HDO, that pressure,

temperature, and Re loading can have a significant effect on S-HDO conversion, and
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selectivity [69]. However, for sorbitol S-HDO, the effects of temperature, pressure, and Re
loading on conversion and selectivity to hexanediols are unknown. In order to elucidate the
relations, model the design space, and predict optimal conditions, an L9 Taguchi deign and
a Box-Behnken design of experiments were utilized. The different designs were utilized to
determine if a more simplistic design, such as a Taguchi design could elucidate the same
relationships as a more complex design, such as a Box-Behnken design. Being able to
elucidate and extract the most amount of knowledge while needing the fewest amount of
experiments is ideal and can help fuel future discoveries.
5.1.2 CHEMICALS

D-Sorbitol (CAS No. 50-70-4) > 98%, 1,4-Dioxane (CAS No. 123-91-1) 99.9%,
1,2,5-Pentanetriol (CAS No. 14697-46-2) 97%, 1,2-Hexanediol (CAS No. 6920-22-5)
98%, 1,6-Hexanediol (CAS No. 629-11-8) 99%, n-Hexane (CAS No. 110-54-3) 99%,
Ammonium perrhenate (CAS No. 13598-65-7) > 99%, Palladium (II) nitrate (10 wt% in
10 wt% nitric acid) (MDL: MFCD00011169) 99.999%, Cerium (IV) oxide (CAS No.
1306-38-3), and Ultra High Purity (UHP) Hydrogen (CAS No. 1333-74-0) 99.999%, were
used in this study. The cerium (IV) oxide was donated by Daiichi Kigenso Kagaku Kogyo
Co., Ltd. Osaka, Japan. The UHP hydrogen was obtained from Praxair, the 1,2,5-
Pentanetriol was obtained from Combi-Blocks, the 1,4-Dioxane and n-Hexane were
obtained from Thermo Fisher Scientific, and all remaining above-mentioned chemicals
were obtained from Sigma-Aldrich.
5.1.2 CATALYST SYNTHESIS AND PREPARATION

The ReOx-Pd/CeO> catalysts used in this study were made via wet impregnation

using previously reported methodology [38], [69], [70]. The catalysts in this study were
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made with a molar ratio of Pd to Re of Pd/Re = 0.25, which corresponds to a weight ratio
of Pd/Re = 0.15. The nominal loadings of the catalysts used were 2.0 wt% Re and 0.30
wit% Pd, 3.0 wt% Re and 0.45 wt% Pd, and 4.0 wt% Re and 0.60 wt% Pd. The CeO_ support
was first calcined in air at 600 °C for 3 h and was then cooled to room temperature. The
ReOx was then impregnated onto the CeO- support via wet impregnation using an aqueous
solution of ammonium perrhenate (NHsReO4) with the desired Re concentration based on
the target nominal loading. The solution was then dried at 110 °C for 12 h to allow for the
water to evaporate from the solution and leave only the ReO,/CeO; remaining. The
palladium was then impregnated onto the ReOx/CeO- using wet impregnation using an
aqueous solution palladium (1) nitrate (Pd(NOz3)2) with the desired Pd concentration based
on the target nominal loading. The solution was then dried at 110 °C for 12 h and the
ReOx-Pd/CeO; powder was then removed. The ReOx-Pd/CeO, was then calcined in air at
500 °C for 3 h with a ramping rate of 10 °C/min. After calcination, the sample was cooled
to room temperature and the catalyst was then ground into a fine powder using a mortar
and pestle.
5.1.3 CATALYST CHARACTERIZATION

The 2-4 wt% (nominal Re wt%) ReOx-Pd/CeO: catalysts utilized in this study were
characterized using X-ray Diffraction (XRD), X-ray Fluorescence Spectroscopy (XRF),
Inductively Coupled Plasma—Optical Emission Spectrometry (ICP-OES), in-situ Raman
Spectroscopy and Scanning Electron Microscopy (SEM).

X-ray Diffraction (XRD) was conducted on the ReOx-Pd/CeO- catalysts using a
Rigaku MiniFlex II with Cu Ka source radiation (o= 1.5406 A). Each sample was scanned

between a 20 of 10° to 80° with a step size of 0.02° and a scanning rate of 2°/min. The
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resulting diffraction patterns for the 2, 3, and 4 wt% Re catalysts are shown in Figure 5.2.
All three diffraction patterns matched the reference patterns for CeO, and previously
reported ReOx-Pd/CeO; catalyst diffraction patterns [69], [71]. No Re or Pd diffractions

were observed, implying that the Re and Pd particles are well dispersed on the catalyst

surface.
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Figure 5.2. XRD patterns of 2, 3, and 4 wt% ReOx-Pd/CeO: catalysts at a scanning rate of
2 °/min.

X-ray Fluorescence Spectroscopy (XRF) was conducted on the catalysts using a
Fischerscope XDAL system utilizing a 0.30 mm collimator size. The catalyst powders were
placed in XRD sample holders (diameter of 24 mm and a depth of 2 mm) and flattened for
analysis. Samples were scanned at 9 equally spaced points away from the edges of the

sample holder. Each point was subjected to an 80 s scan for analysis. The XRF was used
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in standard free mode, which allows for a qualitative measure of the distribution of the
elements being scanned. The resulting XRF compositional scans of the ReOx-Pd/CeO-
catalysts for Re and Pd are shown in Figure 5.3.
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Figure 5.3. XRF composition scans of design of experiments catalysts. a) 2 wt% Re 0.3
wt% Pd b) 3 wt% Re 0.45 wt% Pd c) 4 wt% Re 0.60 wt% Pd

The mean, standard deviation and the coefficient of variation of the scans for the
respective catalysts are shown in Table 5.1. The catalyst metal dispersions were similar
between the samples. The 2 wt% ReOx-Pd/CeO, sample showed some localization in the
Re and Pd scans, but the coefficient of variation was only roughly 3% and 4% for the Re
and Pd respectively. The coefficient of variation is the ratio of the standard deviation to the
mean, and measures relative dispersion of the data. The 3 wt% ReOx-Pd/CeO, sample
showed the highest variation of the samples with respect to Pd, with a coefficient of
variation of 5.7%. The 4 wt% ReOx-Pd/CeO2 sample showed the lowest variation in terms
of both Re and Pd and suggests that this catalyst could be the most uniformly distributed.
However, the lower coefficient of variance and standard deviation observed could be due
to the fact that there is a significantly higher loading of both Re and Pd in this sample. The

higher nominal loadings increase the mean of the scans which can result in a reduction of
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the coefficient of variation. All samples had similar standard deviations within the Re and
Pd scans respectively as shown in Table 5.1.

Table 5.1. XRF sample statistics for design of experiments ReOx-Pd/CeO- catalysts.

Sample (Re) 2 wt% 3 wt% 4 wt%
Mean (p) 3.02 431 5.63
Stand. Dev. (o) 0.09 0.11 0.07
C.0.V (o/p) 3.06% 2.57% 1.26%
Sample (Pd) 0.30 wt% 0.45 wt% 0.60 wt%
Mean () 0.62 0.78 0.96
Stand. Dev. (o) 0.03 0.04 0.01
C.0.V (o/p) 4.02% 5.69% 1.44%

Inductively Coupled Plasma—Optical Emission Spectrometry (ICP-OES) was
performed on a Perkin Elmer Avio 200 equipped with an S10 autosampler. ICP-OES was
conducted to determine the actual loading of Re and Pd in the various ReOx-Pd/CeO-
catalysts. The catalysts were digested in freshly prepared aqua regia. The samples were
digested for 12 h at 120 °C following the procedure previously reported by MacQueen et
al. [70], [71]. The catalysts used in this study were analyzed for both Re and Pd and had a
nominal loading of 2.0, 3.0, and 4.0 wt% Re and 0.30, 0.45, and 0.60 wt% Pd, respectively.
Each sample was analyzed three times in the ICP-OES and error was quantified via
standard deviation. For Re the 221.42 and 227.53 nm wavelengths were used for analysis
and in the Pd the 340.46 and 363.47 nm wavelengths were used. The catalysts were
determined to have an actual Re loading of 1.93 + 0.02 wt%, 2.88 + 0.02 wt%, and 3.81 +
0.02 wt%, respectively. The actual Pd loading of the catalysts were determined to bed 0.203
+ 0.007 wt%, 0.335 £ 0.005 wt%, and 0.461 + 0.018 wt%, respectively.

In-situ Raman spectroscopy was conducted with a Horiba XploRA Plus Raman
microscope that utilizes a 30 mW excitation source, a 638 nm diode laser, and a Horiba

Scientific charge-coupled device detector. The detector was thermoelectrically cooled to -
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50 °C. The 638 nm diode laser was calibrated using a silicon standard. A Linkam
THMS600PS in-situ Raman cell that used recirculating water as a temperature control was
utilized for the experimentation. We followed the procedure for pretreatment, and analysis
previously reported by MacQueen et al. [71]. The sample was first loaded into the stage
and the laser was focused and an ambient spectrum was taken. The sample was then
calcined by flowing 20 sccm of ultra-high purity O2 (99.9993% O,) and heating the sample
to 550 °C at a ramping rate of 50 °C/min. Once the sample reached 550 °C, the temperature
was held constant for 30 min. The cell was then purged with Ar to remove all Oz and was
then reduced in a 1:1 volume mixture of Hz and Ar with a total flow of 20 sccm for 10 min
while maintaining a temperature of 550 C. After 10 min a spectrum was taken to ensure
that the sample was fully reduced. After the reduction, the H, flow was turned off and the
cell was purged with Ar to evacuate any remaining Hz. The Ar flow was then turned off
and the sample was reoxidized in 20 sccm of O, for 10 min at 550 °C. Following the
reoxidation a spectrum was taken to ensure that the Re had reoxidized to ReOx. The cell
was then purged using Ar and the cell was cooled to 100 °C and held for 10 min while
flowing 20 sccm of Ar. The sample was then heated to 150 °C at a rate of 5 °C/min and
spectra were collected at 150, 160, and 170 °C after an isothermal hold of 5 min at each
temperature.

In-situ Raman spectroscopy was conducted to investigate the change in ReOy
structure as a function of temperature and catalyst loading under reaction conditions. It was
previously reported that the structure of ReOx shifted to a higher concentration of di-oxo
ReOx (O=Re=0) from the mono-oxo species (Re=0) as temperature was increased over

the range of 100 to 180 °C in a 2 wt% ReOx-Pd/CeO, sample [71]. This effect was
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investigated for the 2, 3, and 4 wt% catalysts at 150, 160, and 170 °C to see if the reaction
temperatures used in this study could be shifting the catalyst active metal structure. The
mono-oxo (Re=0), di-oxo (O=Re=0), and oligomeric crosslinked (Re-O-Re) structures
were present in the samples. The band assignments were based on previously reported
literature [70], [71], [210]. The mono-oxo vibrational band is located at 998 cm™. The di-
0xo bands are located at 992 and 982 cm™ respectively for the symmetric and asymmetric
stretches. The cross linked oligomeric species band was located 893, 898, and 901 cm™ for
the 2, 3 and 4 wt% species respectively. The full-width half maximums were fixed for each
respective band across spectra, and the areas of the symmetric and asymmetric stretch
bands were constrained to be equivalent during fitting. To compare the mono-oxo and di-
oxo structures the areas of the symmetric bands of each were compared by dividing the di-
oxo area by the mono-oxo area. The mono-oxo and di-oxo areas and area ratios are shown
in Table 5.2 for the various spectra.

Table 5.2. In-situ Raman mono-oxo and di-oxo band comparison.

2 wt% Mono-oxo area Di-oxo area Di-oxo : Mono-oxo
170 °C 38.2 25 0.65
160 °C 41.2 25 0.61
150 °C 39.7 25.7 0.65
3 wt% Mono-oxo area Di-oxo area Di-oxo : Mono-oxo
170 °C 36 247 0.69
160 °C 38.4 24.4 0.64
150 °C 43.4 22.7 0.52
4 wt% Mono-oxo area Di-oxo area Di-oxo : Mono-oxo
170 °C 39.5 247 0.63
160 °C 42.2 22.3 0.53
150 °C 45.7 19.3 0.42

The 2 wt% and 3 wt% spectra are shown in Figure 5.4 and Figure 5.5 respectively.
The 2 wt% sample showed no substantial difference in terms of area ratio over the

temperature range tested. This indicates that during the various design temperatures
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evaluated, the speciation of ReOx (mono-oxo and di-oxo concentrations) remained fairly

constant.
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Figure 5.4. In-situ Raman spectroscopy of 2 wt% ReOx-Pd/CeO; catalyst under Ar flow
post calcination, reduction, and re-oxidation.

However, the 3 wit% (Figure 5.5) and 4 wt% (Figure 5.6) samples showed a
significant increase in the di-oxo structure as a function of temperature. The 3 wt% sample
had a significant increase in the di-oxo species area from 150 to 160 °C, with a significant
decrease in the mon-oxo area. However, from 160 to 170 °C, the di-oxo species respective

area increased only slight while the mono-oxo species still significantly decreased in area.
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Figure 5.5. In-situ Raman spectroscopy of 3 wt% ReOx-Pd/CeO; catalyst under Ar flow
post calcination, reduction, and re-oxidation.

The 4 wt% sample showed the largest change in area ratio (0.42 to 0.63) over the
temperature range tested and the spectra are shown in Figure 5.6. The increase in the
concentration of the di-oxo species is likely due to oxygen migration from the ceria support
[71], [167]-{171]. However, the degree of this oxygen migration seems to depend on the
weight loading of the Re on the catalyst, with the higher Re concentration leading to a

higher extent of oxygen migration.
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Figure 5.6. In-situ Raman spectroscopy of 4 wt% ReOx-Pd/CeO: catalyst under Ar flow
post calcination, reduction, and re-oxidation.

The 170 °C spectra of the 2, 3, and 4 wt% catalysts are shown in Figure 5.7. The
area ratios only vary slightly between the spectra with the 3 wt% having a slightly higher

di-oxo concentration compared to the other catalysts.
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Figure 5.7. Comparison of design of experiments ReOx-Pd/CeQ; catalysts Raman spectra
at 170°C under Ar flow post calcination, reduction, and re-oxidation.

Scanning Electron Microscopy (SEM) was performed on a Zeiss Gemini 500 Field
Emission Scanning Electron Microscope with a Type 11 Secondary Electron Detector (SE2)
and a voltage of 5.0 keV. A working distance of 6.4 mm was utilized for the microscopy.
SEM was conducted to determine the particle size of the CeO; for the various weight
loadings of ReOx-Pd/CeO, catalysts used in this study. It has previously been shown that
the morphology of the catalyst particles does not change during the synthesis methodology
used to make these catalysts [71]. SEM images at 10,000 x magnification and particle size

distributions of the 2, 3 and 4 wt% catalysts are shown in Figure 5.8.
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Figure 5.8. SEM images and particle size distribution of ReOx-Pd/CeO, catalysts at 10,000
x magnification catalysts. a) 2 wt% ReOx b) 3 wt% ReOx ¢) 4 wt% ReOx.

The average particle size (diameter) of CeO, for the 2, 3, and 4 wt% ReOx-Pd/CeO>
catalysts were 4.30, 4.12, and 4.07 um respectively. The particle sizes were consistent with
previously reported ReOx-Pd/CeO, catalysts synthesized with the same support,
precursors, and methodology [71]. There was no significant difference between the

particles’ morphologies at various weight loadings. The distribution in particle size
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changed slightly between the samples but the average particle sizes were similar. The 2
wt% catalyst had the largest average particle size due to the presence of several larger
particles present in the sample. These larger agglomerates are very few in number but were
dispersed throughout the sample. SEM images of the various catalysts at 5000, 25,000, and
100,000 x magnifications are shown in Figure 5.9. At all magnifications, the morphology
of the particles is consistent. At 100,000 x magnification, there appears to be some lighter
small specs/particles on the catalyst which are likely the Re. However, without elemental
mapping it is hard to determine if this is truly Re of if it is Ce. The Re is also likely
impregnated in the pores of the CeO2 which would not be visible unless elemental mapping

was conducted.

100,000 x

Figure 5.9. SEM images at various magnifications of 2, 3, and 4 wt% ReOx-Pd/CeO>
catalysts.
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5.1.3 DESIGN OF EXPERIMENTS AND DESIGN SPACE

An L9 Taguchi design and a Box-Behnken Response Surface design of experiments
were utilized to investigate the effects of temperature, pressure, and catalyst loading on the
conversion, selectivity and yield of sorbitol S-HDO to hexanediols. The design of
experiments was utilized to elucidate optimal reaction conditions within the design space
as well as compare the throughput to knowledge gained benefit of the more complex Box-
Behnken design to the robust Taguchi design. The designs were created and analyzed in
Minitab.

Sorbitol S-HDO was previously reported at 160 °C, 80 bar H2 and was conducted
for 72 h [147]. However, our previous work has shown that for the S-HDO of 1,4-
anhydroerythritol and xylitol, the pressure can be significantly reduced while maintaining
comparable conversion and selectivity [69], [71]. Since the temperature, pressure, and Re
loading of the catalyst have been shown to be significant for similar reactants, they were
the factors selected for investigation in the design of experiments. For the designs,
temperature was varied from 150 to 170 °C, pressure was varied from 5 to 10 bar, and Re
loading was varied from 2-4 wt%. For temperature, we wanted to use the literature point
as a mid-point to investigate if milder conditions could result in comparable yields or if
higher temperatures would be optimal, as we would expect from kinetics. Pressure was
varied from 5-10 bar to probe milder conditions and to see if the zero order relationship of
hydrogen pressure, reported for xylitol S-HDO [69], [71], was seen at lower than 10 bar
for the sorbitol S-HDO. Re loadings of 2-4 wt% Re were selected based on the optimal

loadings previously reported for the ReOx-Pd/CeQ catalyst in the literature [38], [147].
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A 3 factor 3 level Taguchi design was constructed and tested for the sorbitol S-
HDO reaction. Taguchi designs have been shown to be effective for reaction and catalyst
optimization, while greatly reducing the experimental throughput for the elucidation of
relationships of factors and responses [69], [117], [120], [129]. Taguchi designs aim to
maximize the various responses, in our case conversion and selectivity, given the input
variables (temperature, pressure, and Re loading) [123], [132]. The number of experiments
needed for this statistical design scales with the number of factors and levels for each factor.
The Taguchi design drastically reduces the necessary experimental runs through the use of
orthogonal arrays [132], [211]. This can lead to a significant saving in time, experimental
runs, and various associated costs by using this method as opposed to other more advanced
statistical designs [132]. However, due to its design, the Taguchi design is limited to linear
correlations of the responses to the input factors. Due to this limitation, co-factor
interaction and higher order terms such as quadratic terms are not able to be modeled [155],
[156]. However, if the Taguchi design can capture the design space as accurately as a more
complex design, the savings in time, and costs would present it as a strong candidate as an
optimization tool for similar design spaces and applications in the future. The full design
layout of the L9 Taguchi design used in this study is shown in Table 5.3.

Table 5.3. L9 Taguchi Design of Experiments.

Run # Temperature (°C) Pressure (bar) Re wt% Loading
1 150 5 2
2 150 7.5 3
3 150 10 4
4 160 5 3
5 160 7.5 4
6 160 10 2
7 170 5 4
8 170 7.5 2
9 170 10 3
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A 3 factor 3 level Box-Behnken design utilizing 1 base block and 3 replicates of
the center point was constructed and tested for the sorbitol S-HDO reaction. Box-Behnken
designs model curvature and elucidate optimal factor setting within a design space. The
design uses co-factor interaction terms and quadratic terms along with the standard linear
terms to model the responses of the various factors [115]. Box-Behnken methodology has
been shown to be slightly more efficient than central composite designs and significantly
more efficient than full factorial designs [115]. However, the Box-Behnken design does
not test the extremes of each factor by expanding past the specified design space as a typical
response surface design would [212]. This testing of extremes can be helpful for probing
outside of an experimental design space. However, for continuous factors, which we use
in this study, it can suggest unfeasible reaction conditions or material synthesis if operating
near the limits of your experimental system. In this study, we are probing the high end of
feasible reaction temperatures for our reactor system, and thus we selected the Box-
Behnken design to avoid testing higher reaction temperatures than our specified design
space. Box-Behnken methodology has been used for catalytic and reaction condition
optimization successfully in the literature [121], [213], [214]. This design was used to
probe if temperature, pressure, or Re loading of the catalyst had any co-factor interaction
and if the design space could be more accurately modeled using nonlinear equations. The

full design layout of the Box-Behnken design used in this study is shown in Table 5.4.
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Table 5.4. Box-Behnken Design of Experiments.

Run # Temperature (°C) Pressure (bar) Re wt% Loading
1 150 5 3
2 150 7.5 2
3 150 7.5 4
4 150 10 3
5 160 5 2
6 160 5 4
7 160 7.5 3
8 160 7.5 3
9 160 7.5 3
10 160 10 2
11 160 10 4
12 170 5 3
13 170 7.5 2
14 170 7.5 4
15 170 10 3

5.1.4 ACTIVITY MEASUREMENTS AND CALIBRATIONS

For each sorbitol S-HDO reaction, the reactor was loaded with a magnetic stir bar,
1.0 g of sorbitol, 0.30 g of catalyst, and 50 mL of solvent (1,4-dioxane). The reactor was
then sealed using an O-ring, and was tightened until it was pressure tight. To test the seal
of the reactor, helium was used along with an electronic leak detector. Once it was
determined to be pressure tight, the reactor was flushed three times with helium to evacuate
any air remaining inside of the reactor. The reactor was then heated to the desired reaction
temperature using an oil bath connected to a PID controller. When the desired reaction
temperature was reached and stabilized, the hydrogen was added to the reactor, a constant
pressure was maintained, and the reaction time was started. An initial sample was taken
immediately after adding the hydrogen to ensure that no reactions had occurred in the
heating process and to account for any conversion from the initial addition of hydrogen
into the reactor. Samples were then taken at the 4 and 8 h reaction times for analysis.

The reaction samples were analyzed using Gas Chromatography (GC) to determine

the concentrations of 1,2-dideoxyhexitol, 2,3-dideoxyhexitol, 3,4-dideoxyhexitol, 1,2-
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hexanediol, 1,4-hexanediol, 1,6-hexanediol, and hexane present in the samples. Reaction

samples were diluted by a factor of %5 (okvent

) times the original volume in methanol
reactant

for analysis and to ensure the detector wouldn’t saturate. Calibration curves for 1,2-
hexanediol, 1,6-hexanediol, hexane, and 1,2,5-pentanetriol were made using known
external standards and an 8-point calibration. The concentration of 1,4-hexanediol was
estimated using the 1,2-hexanediol calibration and the concentration of the dideoxyhexitols
was estimated using the 1,2,5-pentaetriol calibration, which is a similar compound
produced in the S-HDO of xylitol [69], [71]. A Shimadzu GC 2010 Plus utilizing an AOC-
5000 autoinjector and equipped with a Flame lonization Detector (FID) was utilized. An
RTX-1701 column with a column length of 30 m, an inner diameter of 0.32 mm, and a film
thickness of 1.00 pm, was used for product separation. The injection port was set to 250
°C and the FID was set to 260 °C. 1 uL of sample was injected for each run, using a split
ratio of 1:10 with a linear velocity of 38.9 cm/s, a column flow of 2.5 mL/min, and a total
flow of 30.5 mL/min. Ultra high purity helium was used as the carrier gas for all samples
and calibrations. The GC oven was programmed to start at 40 °C with a 3 min hold,
followed by a ramp to 260 °C at 10 °C/min and a subsequent hold at 260 °C for 20 min.
After the completion of each sample the column was cooled back to 40 °C while flowing
carrier gas to prepare for the next sample. The injection needle was washed in acetone pre
and post injection to prepare for the next sample.
5.2 RESULTS AND DISCUSSION
5.2.1 REACTION TIME DETERMINATION

To determine a reaction time at which meaningful comparisons could be made

while minimizing reaction time for throughput considerations, a screening experiment was
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conducted. A sorbitol S-HDO reaction was conducted for 22 h at 160 °C, and 10 bar H:
utilizing a 2 wt% ReOx-Pd/CeO- catalyst. The results of the reaction are shown in Figure
5.10, in which samples were taken every 2 h up to 10 h and then at 20 and 22 h. Initially,
only the various dideoxyhexitols are formed in the reaction due to the S-HDO removing
two vicinal hydroxyl groups from either the C1-Co, Co-Cs, or C3-Cs hydroxyl groups.
However, after 4 h 1,2-hexanediol and 1,4-hexanediol begin to be produced due to the
dideoxyhexitols undergoing an S-HDO. The concentration of the dideoxyhexitols
continues to increase up to the 20 h point. 1,6-hexanediol begins to be produced at the 8 h
reaction point. Hexane production from the S-HDO of 1,2-hexanediol was not seen until
the 22 h point in the reaction. Due to the various hexanediols being produced at the 8 h
reaction point, it was determined that this was the best reaction time to make comparisons.
After the 8 h point, the production to 1,2-hexanediol is much more selective than to the
other hexanediol species. We would expect this trend to continue at longer reaction times.
The 8 h reaction time also allowed for a reaction to be completed within one day allowing

for a faster and more effective screening and probing of this reaction.
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Figure 5.10. Sorbitol simultaneous hydrodeoxygenation product distribution as a function
of time at 160 °C and 10 bar Ho.

5.2.2 TAGUCHI DESIGN

The reaction results from each run of the Taguchi design are shown in Table 5.5.
The experimental standard error for the reaction points was determined to be 1.42 % and
0.43 % for conversion and selectivity respectively. The standard error was calculated based
off of three separate experimental runs at the same conditions (160 °C, 7.5 bar H, 3 wt%
Re loading), in which the standard error is equal to the standard deviation divided by the
square root of the population size.

The correlations between temperature, pressure, catalyst Re loading and conversion
and selectivity are shown in the main effects plot shown in Figure 5.11. The model suggests
that temperature and pressure and directly related to conversion and selectivity and that Re

loading is inversely related to the responses. Pressure is shown to be the most significant
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factor in this design space. The model suggests a substantial drop in activity occurs when

the pressure is reduced below 7.5 bar Ho.

Table 5.5. L9 Taguchi Design Reaction Results

Temperature (°C)

Pressure (bar)

Re wt% Loading

Conversion (%)

Selectivity to
Hexanediols (%0)

150 5 2 21.0 6.68
150 7.5 3 28.5 115
150 10 4 32.1 13.0
160 5 3 19.7 115
160 7.5 4 34.1 135
160 10 2 36.5 10.6
170 5 4 1.68 16.5
170 7.5 2 42.0 12.1
170 10 3 38.3 17.2
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Figure 5.11. Main effects plot for Taguchi design for sorbitol conversion and selectivity to
hexanediols.

To determine the exact effect of each parameter directly on conversion and

selectivity, a linear regression was fit to the Taguchi design to model the design space. For
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the regressions in this study, temperature, pressure, and catalyst Re loading were
abbreviated as T, P, and C respectively. For conversion of sorbitol in the S-HDO reaction,
the regression was determined to be the following:
Conversion = 10.94+4.30%x P +0.005XxT —5.27%x C

However, the p-values for the constant, pressure, temperature, and catalyst Re
loading terms were 0.860, 0.029, 0.988, 0.198 respectively. Thus assuming a significance
level (a) of 0.05, only pressure is statistically significant for conversion. The regression
equation was then updated to only include the pressure term and the pressure term constant
was refit. The resulting regression is shown below.

Conversion = 3.798 X P

The updated Taguchi conversion regression substantially improved the model fit as
evident by the increase in the R?, and the decrease in the standard error of the regression
(S). The R? increase from 69.4 % in the original regression to 93.4 % in the updated
regression. The standard error of regression is the standard deviation of the distance
between the experimental data points and the predicated values from the model regression.
S values are reported in the units of the corresponding response (conversion % or
selectivity %). The standard error of regression decreased from 8.70 to 8.33 in the updated
conversion regression. Conversion as a function of temperature and pressure, modeled by
the updated Taguchi regression along with the experimental data points are shown in Figure
5.12. The conversion regression appears to capture the design space well, outside of two

outliers at higher temperature (170 °C) and mid to low pressure (5, and 7.5 bar) points.
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Figure 5.12. 3D conversion contour on a 0-1 scale using the updated Taguchi regression
over the experimental design space. a) updated regression model b) experimental data
points overlaid with model regression
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For selectivity to hexanediols, the regression was determined to be the following:
Selectivity to Hexanediols = —36.28 + 0.410 X P + 0.2429 X T + 2.283 X C

The p-values for the constant, pressure, temperature, and catalyst Re loading terms
were 0.005, 0.073, 0.003, and 0.004 respectively. All terms except the pressure term were
determined to be statistically significant since we assumed an o value of 0.05. The
regression was then updated and refit by two different methods. A locked method was
tested by locking all of the values from the original regression and allowing the constant to
vary, and an unlocked method was tested by allowing all of the constants of the parameters
to vary. It was determined that the locked methodology lead to a better fit. The updated
regression is shown below.

Selectivity to Hexanediols = —33.196 + 0.2429 « T + 2.283 « C

The updated selectivity regression had a slight increase in the standard error of the
regression from 1.11 to 1.25. This is likely due to the original model overfitting the data
by using the pressure term which was found to be statistically insignificant. With pressure
being significant for conversion, and temperature, and catalyst loading for selectivity, all
factors in the design space were determined to be significant for a response (conversion or
selectivity) in the Taguchi design.

5.2.3 BOX-BEHNKEN DESIGN

The reaction results from each run of the Box-Behnken design are shown in Table
5.6. The center point of the design (160 °C, 7.5 bar, 3 wt%) was conducted three times in
the design. The standard error for these runs was determined to be 1.42 % for conversion

and 0.43 % for selectivity.
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Table 5.6. Box-Behnken Design Reaction Results

Selectivity to

Temperature (°C)  Pressure (bar) Re wt% Loading Conversion (%) Hexanediols (%)

150 5 3 24.9 11.7
150 7.5 2 32.9 11.0
150 7.5 4 32.2 17.7
150 10 3 29.6 9.85
160 5 2 20.2 9.29
160 5 4 24.6 19.8
160 7.5 3 32.7 16.8
160 7.5 3 315 17.0
160 7.5 3 36.2 18.1
160 10 2 36.5 10.6
160 10 4 32.0 18.3
170 5 3 6.21 5.95
170 7.5 2 42.0 12.1
170 7.5 4 33.3 17.1
170 10 3 38.3 17.2

For conversion of sorbitol in the S-HDO reaction, the Box-Behnken regression
was determined to be the following:
Conversion = —69 + 1.66 X T — 19.5 X P + 22.0 X C — 0.0097 x T? — 1.237 x P?

+2.60 X C?+0.2737 XTXP —0.200xTXC—0.895xP x C

The statistical significance of the factors for conversion are shown in the Pareto
chart in Figure 5.13a. Using an a cutoff of 0.05, the factors that were statically significant
for conversion are the constant, and the pressure, pressure?, and temperature X pressure
terms, which had p-values of 0.000, 0.005, 0.019, and 0.026 respectively. All of the
insignificant factors were below the 0.05 a cutoff in terms of standardized effect which is

represented by the red line at 2.571 standardized effect in the Pareto chart in Figure 5.13a.
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Figure 5.13. Pareto chart of the standardized effects of Box-Behnken factors. a) Conversion
chart b) Selectivity to hexanediols chart

The Box-Behnken conversion regression was then updated via the methods
previously described for the Taguchi selectivity regression. It was determined that
unlocked methodology was optimal and it resulted in the following conversion equation:

Conversion = —58.93 + 19.49 x P — 1.256 X P2 + 0.0148 X T X P

The updated conversion regression maintained a low standard error of regression
(5.64) while drastically reducing the number of terms included in the regression. The
standard error of regression did increase from the original regression (2.61) but avoids over
fitting from the various statistically insignificant terms. Conversion as a function of
temperature and pressure, modeled by the updated Box-Behnken regression along with the
experimental data points are shown in Figure 5.14. The updated Box-Behnken conversion
regression better captures the curvature in the data set as shown in Figure 5.14b, but still
does not capture the outliers at low and mid pressures (5 and 7.5 bar) at high temperature

(170 °C).
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Figure 5.14. 3D conversion contour on a 0-1 scale using the updated Box-Behnken
regression over the experimental design space. a) updated regression model b)
experimental data points overlaid with model regression
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For selectivity to hexandiols, the Box-Behnken regression was determined to be
the following:
Selectivity to Hexanediols
= —687 +9.06 X T —12.26 X P + 11.2 x C — 0.0309 x T? — 0.493
X P2 +0.227 X C?>+ 0131 XTx P —0.0418 X T x C —0.281 x P
X C
From the Pareto chart for selectivity shown in Figure 5.13b, it is determined that
the constant, catalyst Re loading, temperature?, pressure?, and temperature X pressure are
statistically significant with p values of 0.000, 0.003, 0.027, 0.027, and 0.019 respectively.
Similar to the conversion regression, all other factors in the regression had p-values well
above 0.05. Thus to avoid overfitting, the statistically insignificant terms were removed,
and the regression was updated using unlocked methodology. The resulting updated
selectivity regression is as follows:
Selectivity to Hexanediols
=1.480+3.732 x C — 1.310 x 1073 x T? — 0.5948 x P2 + 0.0588
XT XP
The updated selectivity regression had a slight increase in the standard error of
regression from 1.14 in the original regression to 2.64. The updated regression suggests

that all factors in the design space influence selectivity. This is the only updated equation

from both models that incorporates all factors.
5.2.4 MODEL COMPARISONS

From the regression equations for conversion and selectivity, the optimal yield of
hexanediols would be achieved at 170 °C, and 10 bar using a 4 wt% Re catalyst according
to the Taguchi updated regression and at 170 °C, and 8.6 bar using a 4 wt% Re catalyst

according to the updated Box-Behnken regression. Both models suggest that the highest
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Re wt% catalyst is optimal. This could be due to more active sites being present on the
higher loading catalyst, or it could be due to the higher di-oxo (O=Re=0) speciation of the
4 wit% catalyst at 170 °C, as seen in the in-situ Raman. The Taguchi updated regression
predicts that at the suggested optimal conditions, conversion and selectivity would be 38.0
% and 17.2 % respectively, leading to a hexanediol yield of 0.065. The Taguchi updated
regression optimal point was conducted and resulted in a conversion of 35.3 % and a
selectivity to hexanediols of 22.8 %. This resulted in a yield of 0.081 which was slightly
higher than the predicted value and was the highest of any reaction tested in this study.
The optimal point suggested by the updated Box-Behnken regression was also evaluated.
The predicted values for the Box-Behnken optimal were 37.5 % and 20.5 % for conversion
and selectivity to hexanediols respectively, resulting in a yield of 0.077. The actual values
were slightly lower than predicted at 35.5 % and 15.6 % for conversion and selectivity to
hexanediols respectively. This results in a yield of hexanediols of 0.055.

When comparing the fit over the entire design space, the Box-Behnken updated
conversion regression is more accurate than the updated Taguchi conversion regressions.
The Box-Behnken updated conversion regression had a standard error of regression of 5.64
as compared to the updated Taguchi regression which was 8.33 respectively. However, for
the updated selectivity regressions, the Taguchi model had a lower standard error of
regression of 1.25 as compared the Box-Behnken S value of 2.64. For conversion, the
reduction in S with the incorporation of higher order pressure terms shows the importance
and non-linearity of the hydrogen pressure for S-HDO conversion. However, The Taguchi
design was able to extract that hydrogen pressure was the most important factor for

conversion. The Taguchi design didn’t suggest that temperature was also an important
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factor as the Box-Behnken design did by suggesting a co-factor interaction between
temperature and pressure. However, this term is the smallest contributor in terms of
magnitude to the regression over the design space. Thus, the Taguchi design did a decent
job of modeling the design space without the use of complex terms. This is more evident
with the suggested maximum points of the models. The Box-Behnken maximum point had
amore accurate prediction in terms of conversion, but the Taguchi maximum point resulted
in a higher conversion. Since pressure was the only factor varied between these maximum
points, it suggests that the higher pressure lead to increased conversion. This gives more
evidence to the predictive power of the Taguchi design even though it had a higher S value.

For selectivity, the more simplistic Taguchi regression more accurately modeled
the design space. The Taguchi design also avoids potential overfitting in mostly linear
systems since it does not predict higher order or interaction terms. The updated Taguchi
regression suggested that only temperature and catalyst Re loadings were significant as
compared to the dependence on T2, P2 and a temperature and pressure interaction as
suggested by the updated Box-Behnken regression. The increased model accuracy with
only linear terms suggests that the higher order terms might be over fitting the data. This
is also evident when comparing the p-values of the various factors. The p-values of the T2,
P2, and T x P terms were an order of magnitude higher in value than the linear terms in
the Taguchi model. This further suggests that the Taguchi design has significant predictive
power given the limited data it required.

As a whole the Box-Behnken design more accurately modeled the design space but
required a higher experimental throughput due to the additional experimental data points it

required. The superior fit over the design space is more accurately shown when all
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experimental points from both designs are fit against the respective regression models
shown in Figure 5.15. The Taguchi regression (Figure 5.15a) captured the edges of the
design space well, outside of outliers, but did not capture the center of the design space
well. In contrast, the Box-Behnken regression (Figure 5.15b) captured all regions of the
design space outside of the initial outliers on the edge of low pressure and high temperature.

The ability of the Box-Behnken regression to completely capture the design space
gives more credibility to the relationships between the input factors and responses
suggested by the model. While the additional data points and more complex regression and
analysis did help the Box-Behnken model elucidate and establish co-factor interactions and
higher order terms, it was not able to predict optimal conditions within the design space.
However, the more robust and simplistic Taguchi design was not only able predict optimal
conditions within the design space, it did so with less experimental data points, and a more
simplistic model. The reduction in experiments when utilizing the Taguchi design can lead
to significant time and experimental cost savings. This can lead to an efficient and fast
optimization of reaction conditions and other factors of interest. The Taguchi design shows
promise of being a way to quickly determine factor statistical importance, build simplistic
models, and predict optimal conditions, especially for systems with limited throughput
capabilities. However, the Taguchi design has limitations on how well it can accurately
model the design space as a whole, since systems are not always linearly correlated. If
capturing the design space as a whole the Box-Behnken design is likely the better option if
the experimental throughput needed is available. However, if predicting and elucidating
optimal conditions is the goal, the Taguchi design shows strong promise to be able to do

so in a faster, cheaper, and more efficient manner.
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Figure 5.15. 3D conversion contours on a 0-1 scale using the updated Taguchi and Box-
Behnken regressions with all experimental data from both designs included. a) Taguchi
regression b) Box-Behnken regression
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5.3 CONCLUSIONS

In conclusion, it was demonstrated that Taguchi design of experiments show
promise in being able to accurately model catalytic design spaces utilizing less experiments
and more simplistic regressions than Box-Behnken design of experiments. The Taguchi
design compromised on the fit of the regressions, but was able to predict optimal conditions
within the design space. The Box-Behnken design showed its strengths in being able to
accurately model the entire design space and elucidate co-factor interaction. The maximum
yield of hexanediols from sorbitol simultaneous hydrodeoxygenation was achieved at 170
°C, 10 bar, using a 4 wt% Re catalyst, as predicted by the Taguchi design regressions. The
Box-Behnken regression suggested that a slightly lower pressure (8.6 bar) would lead to
the optimal yield. The optimal points lead to comparable conversions of sorbitol, but the
higher pressure lead to a substantial increase in the selectivity to hexanediols. This suggests
that the Box-Behnken regression is likely over estimating the effects of pressure within the
higher end of the design space. In terms of knowledge to throughput ratio, the Taguchi
design was superior in being able to predict the optimal conditions. This trend would likely
be more drastic in a more complex design space with either more factors and/or more than
three levels. This work served as a base level proof of concept that the Taguchi designs can
compete with the more complex design of experiments for these catalytic design spaces.
However, more work will need to be done with a more complex design space to see if our
findings hold merit and test the effectiveness of the Taguchi design methodology in
scenarios in which experimental throughput capabilities are more limiting.

From the In-situ Raman spectroscopy, it was observed that the 4 wt% ReOx-

Pd/CeO: catalyst had the largest change in speciation from mono-oxo (Re=0) to di-oxo
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(O=Re=0) as temperature increased within the design space. The 2 wt% sample remained
fairly constant over the temperature range, while the 3 wt% sample changed similarly to
the 4 wt% sample but not as drastically. From the SEM of the various samples, the 2-4
wt% ReOx-Pd/CeO; particles have consistent particle size and morphology. Thus the main
differences in the catalyst tested, outside of Re loading, is the ratio of the various ReOx

species present on the catalyst.
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CHAPTER 6
STRUCTURAL INVESTIGATIONS OF ReOx IN ReOx/CeO,
6.1 MOTIVATION AND EXPERIMENTAL
6.1.1 MOTIVATION
The surface structure of ReOx supported on CeO; has not been confirmed in detail
via vibrational spectroscopic methods and is currently debated in the literature. Several
theoretical studies [38], [154] suggest that there are three likely structures that the isolated

monomeric ReOx species could form: mono-oxo, di-oxo, and tri-oxo [215], as shown in

Figure 6.1.
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Figure 6.1. Structures of isolated Re sites in ReOx/CeO- catalyst. a) mono-oxo structure,
b) di-oxo structure, c) tri-oxo structure. [70]
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The structures shown in Figure 6.1 are for isolated monomeric Re sites that can be
present in sub monolayer coverages of Re on CeO». Once the Re weight loading increases,
the possibility for the formation of an oligomeric cross-linked structure increases. The
CeO typically has a surface area between 80 and 150 m?/g, which depends on the synthesis
method and post treatment [216]-[222]. The theoretical total number of Re sites that can
be occupied on the CeO> corresponds to a 20 wt% loading of Re [38]. However, cross-
linking has been experimentally observed in a 3 wt% Re>07/ZrO, catalyst [63] as well as
proposed for a 2 wt% ReOx-Pd/CeO; catalyst [38]. In order to reduce the possibility of
having cross-linkage and to maximize the amount of isolated Re sites, a relatively low
weight loading of 1 wt% (nominal) Re on CeO2 was chosen for this study. This loading
would also allow us to spectroscopically monitor the Re=0 bonds with sufficient signal-
to-noise ratio during isotopic exchange experiments.

Isotope exchange is a common technique used in conjunction with vibrational
spectroscopy techniques as a means of identifying the number and types of vibrations in a
material system [64], [223]-[226]. In literature, there have been multiple isotope exchange
experiments performed on ReOx on various supports such as Al203, ZrOz, TiO2, Cr20s3,
and SiO to determine the speciation of the ReOx on the surface [63]-[67]. However, the
same set of experiments has not been performed on ReOx supported on CeO.. These
experiments, in conjunction with previous information on the ReOx vibrational modes
[227], [228], show the speciation of the catalyst from the number of bands that appear post-
isotope exchange. With respect to the potential ReOx species seen in Figure 1, the mono-
oxo could show two bands post isotope exchange (stretching of Re='%0 and Re=%0), the

di-oxo could show six bands (symmetric and asymmetric stretching of 0=Re=1%0,
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180=Re=1%0, and *0=Re='80), and the tri-oxo could show eight bands (symmetric and
asymmetric stretching of the °0=Re(=1°0)=%0, ¥0=Re(=1%0)=°0 ¥0=Re(=%0)=1%0,
and 80=Re(=®0)='80). The total number of band present from the di-oxo and tri-oxo
species also depends on the extent of exchange, since there are partially substituted and
fully substituted species that can show different vibrational bands. If the isotope exchange
is facilitated for a long time span and at a high enough temperature, the area of the partially
substituted bands will likely be much lower than the fully substituted bands. It has been
shown that multiple different species can form on the surface instead of any one speciation,
leading to increasing complexity of the spectral analysis post-exchange. Thus the
possibility of having multiple speciation’s of ReOx supported on the CeO2 must be
considered. Andriopoulou et al. showed mono-oxo and di-oxo configurations of ReOy were
present on TiOz at 350 °C [67]. Additionally, Weckhyusen et al. showed that mono-oxo
metal oxide species co-exist with crosslinked metal oxide species on a ZrO; support [63].
Thus, any single or co-existing monomeric or oligomeric ReOyx species can been
determined through isotopic exchange vibrational spectroscopy experimentation.
ReO,/CeO2 holds significant value in its superior ability to remove oxygen
containing groups from various compounds through deoxydehydration (DODH) [42], [43],
[136], [186], [229]-[231], and through hydrodeoxygenation (HDO) when supported with
Pd [38], [69], [147]. ReOx-Pd/CeO: is the state-of-the-art catalyst for the simultaneous
hydrodeoxygenation (S-HDO) of sugar alcohols in which two vicinal hydroxyl groups are
removed at the same time [38], [69], [147]. The S-HDO is comprised of two steps, a DODH
step which removes two vicinal hydroxyl groups and forms a double bond, followed by a

hydrogenation step which hydrogenates the double bond to a single bond. The ReOx/CeO>
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is responsible for the DODH step and has been utilized for a variety of substrates such as
glycerol, 1,4-anhydroerythritol, and methyl glycosides [42], [43], [136], [186], [229]-
[231]. The palladium catalyzes hydrogen dissociation and is responsible for hydrogen
spillover onto the surface, which promotes the hydrogenation step [62]. A previously
proposed reaction mechanism by Ota et al. [38] for the ReOx-Pd/CeO; catalyzed S-HDO
starts with an isolated ReV' species. This theoretical study used Re atoms randomly
dispersed among all of the possible sites of a Ce70O140, CeO2 (111), (87 m? g) support
surface [38]. The S-HDO reaction mechanism calculated from Density Functional Theory
(DFT) starts with a tri-oxo species (Figure 6.1c) that is then reduced to a di-oxo structure
(Figure 6.1b) which changes oxidation state from a Re'V to a ReV! species once the 1,4-
anhydroerythritol attaches to the ReOx. The resulting ReV! species remains di-oxo but has
one Re-O bond from the CeO, two terminal Re=0 bonds, and two Re-O bonds from the
substrate. The reduction from the ReY' to Re'V was proposed to be promoted by the Pd
which dissociated the hydrogen on the surface of the catalyst allowing for the reduction.
After forming the di-oxo species with the 1,4-anhydroerythritol attached, the S-HDO is
proposed to occur via the DODH followed by the hydrogenation of the alkene. The ReOx
species is in a tri-oxo structure after the formed Tetrahydrofuran (THF) desorbs but is then
reduced back to the di-oxo structure, which is catalyzed by the Pd, resulting in a
regenerative cycle.

Another reported mechanism by Xi et al. [62] has the isolated Re species starting
as a mono-oxo structure with one terminally double-bonded oxygen atom and three single-
bonded oxygen atoms that are bonded to the ceria support (Figure 6.1a). This study utilized

a fully hydroxylated CeO2 (111) support surface with four O-Ce-O trilayers, which resulted
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in the mono-oxo structure being the most energetically favorable structure under reaction
conditions [62]. After the 1,4-anhydroerythritol adsorbs, the DODH then occurs leaving
the Re species in a di-oxo structure, which is then reduced back to the mono-oxo structure
through a regenerative hydrogen migration process [62]. The starting surface structure of
the Re in the reaction mechanism differs in the DFT calculations in the literature which
results in varying proposed mechanisms for the S-HDO [38], [62].

Since the two major DFT studies suggest different starting structures for the ReOx,
the resulting proposed reaction mechanisms also vary. However, each calculated
mechanism predicts differing regeneration cycles which utilize the hydrogen dissociated
on the surface of the catalyst to reduce the ReOx and include a specific isolated ReOx
surface structure on which the sugar alcohol adsorbs. In order to experimentally confirm
the surface structure of ReOx on CeOz and gain insight into the starting point of the reaction
mechanism, this work utilized in situ isotopic oxygen exchange experiments in
combination with Raman spectroscopy and Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS).

6.1.2 CHEMICALS

In this work, cerium (1V) oxide, ammonium perrhenate, oxygen, and oxygen-'20
isotope were used. The cerium (IV) oxide CAS No. 1306-38-3 was supplied by Daiichi
Kigenso Kagaku Kogyo Co., Ltd.. The ammonium perrhenate >99% purity, CAS No.
13598-5-7, and the Oxygen-80; isotope 99% purity, CAS No. 32767-18-3 were obtained
from Sigma-Aldrich. The cerium oxide and ammonium perrhenate were used for the
synthesis of the ReOx/CeO>, and the oxygen and isotope were used in the Raman studies

to create gas environments.
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6.1.3 ReOx/CeO2 SYNTHESIS

The ReOx/Ce0O> (1 wt% Re) catalysts were prepared using the method previously
described by Ota et al. and MacQueen et al. [38], [69]. The 1 wt% was selected as the Re
loading since it would provide enough ReOx on the surface for the Raman intensity to be
sufficient for analysis while minimizing the potential for oligomeric species or solid Re
clusters forming. Before the Re was impregnated, the CeO> support was calcined in air at
600 °C for 3 h. Following the support calcination, the ReOxwas impregnated on the CeO-
via a wet impregnation using an aqueous solution of ammonium perrhenate (NH4ReO4)
while mixing the solution at 300 rpm. The amount of ammonium perrhenate needed in the
solution was calculated based on the 1 wt% nominal loading of Re and the mass of CeO
that was used. The solution containing the ammonium perrhenate and the ceria was dried
at 110 °C for 12 h to ensure all the water has evaporated from the solution. The ReO,/CeO>
powder was then collected from the beaker and transferred to an oven where it was then
calcined in air at 500 °C for 3 h. Post calcination, the ReOx/CeO2 was then ground into a
fine powder using a mortar and pestle and was transferred into a glass vial for storage
before experimentation and characterization.
6.1.4 In-situ ISOTOPIC EXCHANGE RAMAN SPECTROSCOPY

The 1 wt% ReO./CeO, catalyst sample was subjected to in situ Raman
spectroscopy pre and post isotopic exchange to track and evaluate the vibrational bands
resulting from the various Re to O bonds. Initial scans of the ReOx/ CeO were taken at
room temperature in ambient air, with a Horiba XploRA Plus Raman microscope. The
excitation source of the Raman was a 30 mW, 638 nm diode laser, which was calibrated

using a polystyrene standard. The scattered light was detected using a HORIBA Scientific
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charge-coupled device detector, thermoelectrically cooled to -50 °C. Once the laser was
properly focused, calibrated and the intensity of the vibrational bands in the 800-1000 cm’
! region were sufficient, the sample was then heated to 550 °C at a rate of 50°C/min while
flowing 20 sccm ultra-high purity O2 (99.9993% O3) in a Linkam in situ Raman cell. Once
at temperature, the samples were isothermally held for 30 minutes to serve as a calcination
in the O environment. Following the calcination step, the Oz environment in the Linkam
cell was purged using Ar, and the samples were then reduced with 20 sccm Ha utilizing an
isothermal hold at 550 °C for 10 minutes to ensure the reduction of the ReOx. A spectrum
was taken following the reduction to ensure that the corresponding ReOx vibrational bands
fully reduced. The calcination and reduction treatments were repeated in cycles, and after
the repeated reduction the system was purged, sealed, and a 25 cm?® sample cylinder was
attached to the cell that was pressurized with 2 bar of the '®O isotope. Prior to being
pressurized, the sample cylinders were purged at 200 °C using a roughing pump for 12 h
to ensure all gas in the cylinder and any potential contaminates were evacuated. The 0
isotope was then introduced into the Linkam stage by releasing the pressure from the
sample cylinder to form the 0 environment. For the 20 environment, the Linkam cell
was capped and allowed for a batch environment for the exchange to occur. The 1 wt%
ReOx/Ce02 sample was then calcined in the 0 environment for 30 minutes at 550 °C to
ensure sufficient isotopic exchange occurred. The calcination temperature of 550 °C was
utilized based on previous literature, which utilized calcination temperatures ranging from
450-550 °C for isotopic 0 exchange [63], [64], [98]. Higher temperature allows for the
faster kinetic exchange of the 10 and therefore would allow for shorter calcination times

to ensures sufficient exchange. Based on these principals and our experimental
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observations, this temperature and calcination time were sufficient for isotopic exchange
to occur, and the corresponding vibrational bands to be measured. The ReOx/CeQ catalyst
was then reduced again in the same H, conditions as prior, and recalcined within the 80
isotope environment. Spectral measurements were taken after each individual calcination
and reduction treatment step and were baseline corrected before analysis.
6.1.5 In-situ TIME-REOLVED ISOTOPE EXCHANGE DRIFTS

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) was
conducted on the 1 wt% ReOx/CeO. sample to be able to investigate the isotopic exchange
in a time-resolved manner and to perform a complimentary technique to Raman which
could further confirm the findings. The in situ DRIFTS were taken at near identical
conditions to the Raman spectroscopy as to subject the sample to the same conditions for
analysis. For the experimentation, a Bruker Vertex 70 FTIR spectrometer equipped with a
Mercury Cadmium Telluride (MCT) detector and a KBr beam splitter was used. The 1 wt%
ReO,/CeO2 sample was placed in a DRIFTS cell and was heated to 550 °C at a ramping
rate of 50 °C/min while flowing 20 sccm N.. The sample was then calcined using a 25 cm?®
sample cylinder that was attached to the DRIFTS cell with 20 psig 0, for 30 minutes.
Afterward, the sample was reduced with 20 sccm Ha for 30 minutes. After purging the lines
with N, a sample cylinder filled with 20 psig 0, was attached for the isotope exchange,
and time-resolved measurements were taken for 30 minutes. The 0 exchange was
repeated after an additional reduction in Hz at 550 °C. The sample cylinders used for the
DRIFTS experimentation were purged before pressurization with the 60, and 20, using
the procedure explained in the Raman methodology (Section 6.2.3).

6.2 RESULTS AND DISCUSSSION
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6.2.1 CATALYST CHARACTERIZATION

In addition to the Raman and DRIFTS, the 1 wt% ReOy/CeO. catalyst was
characterized using X-ray Diffraction (XRD), Brunauer-Emmett-Teller (BET) surface area
analysis, Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES), and
Temperature-Programmed Reduction (TPR).

XRD was conducted to determine if there was any long range ordering of the ReOx
in the catalyst or if the Re was well dispersed on the CeO2. XRD patterns were collected
using a Rigaku Miniflex Il (Rigaku, Japan) using a Cu K-a radiation source scanning from
20-80 © 26 at a rate of 0.5 °/min and a step size of 0.02 °. The obtained pattern, shown in
Figure 6.2, matches reference patterns for CeO> with no peaks corresponding to any Re
containing phase or other unidentified material. This serves as evidence that the Re is well

dispersed on the CeO: since there are no corresponding Re peaks [69].
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Figure 6.2. XRD pattern of 1 wt% ReO,/CeO; at a scanning rate of 0.5°min. [70]
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BET was conducted to determine the surface area of the support and the synthesized
catalyst. BET surface area measurements were conducted using an ASAP 2020
(Micromeritics, USA) with nitrogen as the adsorbate gas. Surface area calculations were
based upon a BET isotherm. The ceria support as provided by the manufacturer (Daiichi,
Japan) without further treatment had a BET surface area of 84.7 m?/g while the prepared
catalyst had a surface area of 78.3 m?/g, with an instrumental error of + 3.2 m?/g. These
values are in close agreement with each other and suggest that that the catalyst preparation
methodology does not greatly impact the physical properties of the supporting ceria.

ICP-OES was conducted to determine the actual loading of the nominal 1 wt%
ReO,/CeO; catalyst. ICP-OES was conducted by adding ~50mg of catalyst to aqua regia
and digesting for 8 hours at 120 °C. A 1,000 ppm Ammonium Perrhenate standard was
utilized to construct calibration curves (Ricca Chemical Company, USA). An Avio 200
(PerkinElmer, USA) equipped with a S10 autosampler was utilized for data collection. The
untreated 1 wt% nominal Re catalyst had an actual weight loading of 1.02 £ 0.01 wt% Re
and had a weight loading of 1.08 +0.01 wt% after heat treating, attributable to experimental
error. A previous batch of catalyst had a Re loading of 1.02 + 0.02 wt% indicating good
agreement between batches and excellent reproducibility with the catalyst synthesis
methodology. The number of Re atoms per nm? was determined to be 0.422 + 0.002
atoms/nm? based on the ICP-OES and BET results.

TPR was conducted to investigate the reducibility of the catalyst. The TPR was
conducted on an AutoChem Il 2920 (Micromeritics, USA) with an analysis gas consisting
of 10% H> balanced in Argon. Experiments were carried out using a ramp rate of 5°C/min

and an analysis gas flow rate of 50 sccm. Quantitative hydrogen uptake was calculated
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utilizing a three-point calibration with known quantities of silver (1) oxide (Micromeritics,
USA). To ensure accuracy, experiments were repeated in triplicate yielding a hydrogen
uptake of 0.544 + 0.037 mmol/g catalyst with a main reduction event with a maximum at
~408 °C, shown in Figure 6.3. Metal loading on the catalyst is approximately 0.056 +0.001
mmol Re/g catalyst indicating a higher than stoichiometric hydrogen uptake even with Re
existing in the highest feasible oxidation state. Therefore, this excess hydrogen uptake may

be attributable to interactions and hydrogen spillover with the supporting ceria [38].
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Figure 6.3. H2 TPR spectrum of 1 wt% ReOx/CeOs,. [70]
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6.2.2 80 ISOTOPIC EXCHANGE RAMAN SPECTROSCOPY

The isotopic ®0 Raman spectra were collected with two 2O exposure cycles
following calcination cycles in 1°0 to ensure sufficient isotope exchange [64], [66]. The 160
spectra served as baseline measurements for comparison with the isotopically exchanged
spectra. This allowed for easier deconvolution of the vibrational bands and band
assignment. The unsubstituted bands could then be assigned and any new bands which
formed in the spectra be assigned to the potential isotopic bands. Each spectrum was
normalized to the total area under its curve after baseline correction so that the spectrum
had a total area of one [232], [233]. Figure 6.4 shows the normalized spectra of the 1 wt%
ReOx/CeO- catalyst after the sample was exposed to each oxidation step (**0 and *20) and

heating step during the isotope exchange experiment.
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Figure 6.4. In situ Raman spectra of 1 wit% ReO,/CeO> catalyst pre and post isotope
exchange. The heated sample, (e), was taken at 550 °C in an Ar environment. The calcined
sample spectra, (a-d), were obtained at 550 °C in the labeled gas environment. [70]
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The as-synthesized 1 wt% ReO./CeO> sample spectrum is shown in Figure 6.4f.
From the as-synthesized spectrum, three distinct ReOx structures and the associated
vibrational bands were deconvoluted and assigned. The symmetric and asymmetric
stretches of di-oxo species *0=Re=°0 (972 and 961 cm™), the asymmetric stretch of an
oligomer Re-1%0-Re (881 cm™), and the bending mode of a hydroxyl species Re-'%0H (834
cm™) were observed respectively. After the 1 wt% ReOx/CeO, was heated to 550 °C in A,
shifting and splitting of the ReOx band (between 950-1000 cm™) was observed. The
splitting of the ReOx vibrational band revealed the presence of the mono-oxo species
(Re=0) in addition to the di-oxo ReOx species (O=Re=0), seen in Figure 6.4e. After the
reduction and recalcination of the samples, the band separation between the mono-oxo and
di-oxo vibrations becomes more distinct, as shown in Figures 6.4d and 6.4c. However, no
new chemical species were observed as a result of the reduction and recalcination. The
reduction and recalcination did lead to the current species of ReOyx becoming more
pronounced in the spectrum.

Once 80 isotope exchange occurs, new vibrational bands begin to appear at lower
wavenumbers (between 900-950 cm™?), shown in Figure 6.4b, due to the redshift caused by
the increase in mass [234]-[236]. After additional heating in an 80 environment, shown
in Figure 6.4a, the respective '°0 band intensities decrease, and the intensities of the
redshifted bands associated with 80 begin to increase to levels similar to the heated
samples, shown in Figure 6.4e. The further increase in the intensity of the red shifting bands
and the intensity of them respectively becoming larger than the unsubstituted bands
indicates that 80 exchange has been sufficiently facilitated. There was a significant

difference in the signal-to-noise ratio (SNR) between the first and second 20 calcination
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spectra. The observed difference in the signal-to-noise ratio between Figure 6.4a (SNR =
12.0) and 6.4b (SNR = 31.8) was most likely due to slight variations in sample positions
due to the experimental set-up, not from the volatility of ReOx. When the sample gas was
injected into the cell in the batch environment, the cell positioning can change slightly.
This could cause the spot that the laser is focused on to slightly change from scan to scan
after gas was added from the sample cylinders. The lack of volatility of the ReOx was
verified in the ICP-OES, where Re weight loading before heating was 1.01 + 0.01 wt. %
and after heating was 1.08 + 0.01 wt. %. However, it can be reasonably assumed that the
ReOy distribution across the CeO: is constant. Additionally, Figure 6.5 shows a set of
Raman spectra of the sample that has been unperturbed before and after calcination at 550
°C. The SNR, with respect to the band at 989 cm™, decreased from 51.5 to 45.3 after heating
for 3 hours. This further supports that the SNR change seen after the various gas

introductions were likely due to sample position movements rather than volatility.

—— 550 °C 3 Hours
—— 550 °C 0 Hours
—— Ambient Conditions

Normalized Intensity

I i T 4 T ¥ T T T T
1000 950 900 850 800 750
Wavenumber (cm”)

Figure 6.5. Raman spectra comparing the signal-to-noise of a 1 wt% ReO,/CeO. catalyst
heated at 550 °C for 0 h and after 3 h. [70]
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Further inspection of the as-synthesized sample, shown in Figure 6.4f, shows that
the highest wavenumber bands can be deconvoluted into two bands, as seen in Figure 6.6.
These bands are fitted to 972 cm™ and 961 cm™* wavenumbers, using a Gaussian band shape
[237] and were identified and assigned as the symmetric di-oxo (O=Re=0) and asymmetric
di-oxo stretches, respectively [67], [227], [228]. The di-oxo (O=Re=0) ReOx species
present in the as-synthesized sample supports the reaction mechanism proposed by Ota et
al. [38] for the S-HDO reaction due to the presence of the proposed surface species.
Additionally, the spectrum shows a vibrational band at 881 cm™, which is indicative of the
asymmetric stretch of the oxygen bridge between two rhenium atoms (Re-O-Re) [228].
This oxygen bridge corresponds to a cross-linked oligomeric ReOx species, which has
previously been proposed as inactive for S-HDO [38]. A final band at 834 cm™ shows the

in-plane bending of a hydroxyl group attached to the rhenium [228].
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Raman Shift (cm™)
Figure 6.6. As-synthesized 1 wt% ReOx/CeO2 Raman spectrum at ambient conditions. [70]
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In order to verify the presence of the hydroxyl species, additional spectra were
taken at regions where the O-H vibration is present. While the known Re-OH stretch at 700
cm™ was not observed in the Raman, a low intensity band is observed at the 3700 cm™
Raman spectral region where O-H is visible [228]. The additional Re-OH investigations
are show in Figure 6.7. The terminal hydroxyl group is likely attached to the Re in a mono-
0Xo structure, as previously proposed by Xi et al. [62]. The hydroxylated structure has not
been proposed as a starting structure in a reaction mechanism. However, the hydroxylated
structures can be reduced and the mono-oxo structures regenerated through a hydrogen
migration process, which facilitates catalyst regeneration in the Xi et al. mechanism [62].
Thus, the hydroxylated species could still play a role in the S-HDO reaction when hydrogen
is present to allow the reduction and regeneration of the ReOy species. Alternatively, it is
a possibility that the 834 cm™ and could be from the Re-O-Ce bonding. This would explain
why the 700 cm™ band is not present and why the 3700 cm™ band is of low intensity.
However, this Re-O-Ce band has been reported in the literature at 874 cm™, 40 cm™ higher
than we observed in our study [210]. Thus the Re-OH assignment has more merit based on
our observations.

The presence of multiple species within the spectrum of the as-synthesized sample
(Figure 6.4f) shows that there is not a singular configuration for ReOx. The presence of
multiple configurations of ReOx was also observed in previous works studying a
ReOx/TiO> catalyst [67] and with previous work done by Wachs et al. investigating ReOx
on various metal oxide supports excluding CeO: [66], [223], [238]. However, this has not
been previously reported for ReOx/CeO.. The various ReOx species present could have

their own respective S-HDO reaction mechanisms, which could be competing or the
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species could reduce or oxidize to the same starting speciation. However, it is not possible
to discern which species is dominating in the reaction or which species are participating in
the reaction without further studies into Re coverage effects and respective reaction data.
If the distinct structures could be synthesized on the ceria individually on different samples,
then the individual reaction rates and coverage effects could be elucidated. The formation
of hydroxyl groups on the surface has not been typically seen in the experimental literature
but has been theorized through DFT [62]. While the DFT showed that hydroxyl groups can
be favorable to form, only a low intensity bending mode between Re and OH can be
observed in our spectra at 834 cm™. Since the hydroxyl groups are likely reduced and
removed through a hydrogen migration process under the reducing reaction conditions
[38], [62], it should be unlikely to see these structures in a high concentration on the surface
during reaction or under a reaction environment. Thus under S-HDO reaction conditions

the ReOx is likely only in the mono-oxo and di-oxo structures.
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Figure 6.7. Raman spectrum of 1 wt% ReOx/CeO: highlighting the O-H stretch. [70]
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At elevated temperatures, a third band appears adjacent to the bands previously
centered around 972 and 961 cm™, as seen in Figure 6.4e. Figure 6.8 compares the sample
calcined in %0, and the calcination of the sample in 20, isotope conditions with the
respective band fittings and assignments. From this spectrum, we can see four different
ReOy species present within the sample: the mono-oxo structure, di-oxo structure, cross-

linked bridge, and hydroxyl bond.
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Figure 6.8. Raman spectra of 1.0 wt% ReOx/CeO: after the first isotope exchange at 550

°C. (a) The heated sample calcined in flowing 0O, before the exchange. (b) The heated

sample calcined in 180.. (c) Fitting and identification of the mono and di-oxo configuration

[67]. (d) Fitting and identification of the bridge and hydroxyl group bands. [70]
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The redshifting observed in the Raman spectra before and after isotope exchange
seen in Figure 6.8 confirms the four different surface configurations of ReOx. The bands
assigned for the pre exchanged spectrum, shown in Figure 6.8a, all have a corresponding
redshifted bands due to the isotopic exchange, shown in Figure 6.8b-d. Notably, the region
for the ReOx bands that correspond with the rhenium and oxygen double bond stretches
shows spectroscopic evidence for two separate configurations (mono-oxo and di-0xo).
Prior to isotope exchange, a band at 991 cm™ is assigned with a mono-oxo termination
configuration (Re='%0), see Figure 6.9b. The mono-oxo ReOx is the most stable and
energetically favorable structure according to the calculations performed by Xi et al. [62].
The bands at 985 cm™ and 966 cm™ relate to the symmetric and asymmetric stretches,
respectively, of the di-oxo termination of ReOx (**0=Re=1°0), see Figure 5a. The di-oxo
structure is the active site for S-HDO proposed in the calculations performed by Ota et al.
[38]. Additionally, the asymmetric stretch for the oxygen bridge between rhenium metal
atoms (Re-'°0-Re) can be seen at 888 cm™, see Figure 6.9a, and the in-plane bending of
the hydroxyl group (Re-'®OH) is labeled at 830 cm™, see Figure 6.9a. These bands shifted
to slightly once the isotopic exchange occurred. The %0 oxygen bridge shifted to 874 cm"
! and the 0O hydroxyl group shifted to 833 cm™. The di-oxo, mono-oxo, and hydroxyl Re
species that form are isolated monomeric species, see Figure 6.9a-c. However, when the

crosslinked Re species is formed, see Figure 6.9d, it forms an oligomeric Re species.
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Figure 6.9. ReOy species present on the surface of ReOyx/CeQ.. a) Di-oxo species. b) Mono-
0xo species. ¢) hydroxyl species. d) crosslinked Re species. [70]

After a single oxidation in the 0 isotope environment, exchange can be seen for
each configuration present. The mono-oxo termination configuration is redshifted by 52
cm™ to 936 cm™, and the bridge and hydroxyl oxygen’s are similarly shifted to lower
wavenumbers at 839 cm™ and 800 cm respectively. When both %0 are exchanged with
80 in the di-oxo structure (*30=Re='80) the stretches are clearly visible at 927 cm™ and
913 cm™ for the symmetric stretch and asymmetric stretch respectively. However, the
bands for the single isotope exchange for the same stretches (**0=Re='%0) were
deconvoluted via fitting their locations based on their theoretical positions, shown in Table
6.1. The theoretical positions were calculated using the model for a simple rigid diatomic
molecule, theoretical vibrational frequency ratios can be estimated for an isotope exchange.
This isotopic ratio can be determined using the following expression [63], [234], [239],

[240]:

Vieg misg
) mM >> m160, m180

m160

vlSO

In the expression, the vibrational frequencies of metal-*0 and metal-'20 isotope

bond are represented by vis, and vis,, respectively. The atomic mass of the metal is m,,,

169



and the oxygen and isotope are mis, and maus,, respectively. When the mass of the metal

is much greater than the mass of the oxygen atoms, the equation can be simplified to the
square root of the ratio between the mass of the 80 and the mass of the °0. Typically, the
diatomic model would only be used for mono-oxo constituents. However, it has been used
before on the isotope exchange of the di-oxo speciation of Cr.03/SiO and on CaCO3 [66],
[239]. This model has been used as a first approximation to estimate the redshift from bond
vibration dampening effect by the increase in mass. A more accurate theoretical estimate
would require first principles computational techniques that are outside the scope of this
work. Table 6.1 shows the theoretical vibrational shift versus the experimental shift for all
band assignments made. The measured values are consistent with the theoretically
calculated shift. The average difference in the redshift from the vibrational stretches was
3.16 cm™,

Utilizing the theoretical shifts and resulting band positions provided a better fit for
all the spectra and allowed for position identification of the single exchanged symmetric
stretch to be at 958 cm™ and the asymmetric stretch to be at 933 cm™ for the di-oxo species.
All instances of band fitting in this study were performed with proper constraints to the
full-width half-maximum of the Raman bands of the same species and a constraint to the
area ratio of the symmetric and asymmetric stretches of the di-oxo ReOx bands. By fixing
the full-width half-maximum of the bands we ensure that the contribution from each
species remains reasonable and prevents the fitting of singular broad peaks in the region of
interest. By containing the areas of the symmetric and asymmetric bands to be equal, we

ensure that the di-oxo species bands are being properly fit since the same species symmetric
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and asymmetric vibrations should occur equally in terms of area. This also prevents the
bands from fitting at different ratios which wouldn’t make physical sense.

Table 6.1. Experimental and Theoretical Raman Shift for the Isotope Exchange. [70]

Raman Shifts (cm1)
180, Theoretical 130, Measured
Vibrational Mode|Single Sub.|Double Sub.|Single Sub. Double Sub.

v (Re=0) 939 N/A 936 N/A

v_ (O=Re=0) 955 933 958 927
V.. (O=Re=0) 937 915 933 913
V.. (Re-O-Re) 841 N/A 839 N/A
6(Re-OH) 786 N/A 800 N/A

The isotope exchange ratio can be seen in Table 6.2 and is determined by the fitted
area of the bands that indicate single and double substituted modes divided by the fitted
area of the unsubstituted ReOx bands. The exchange ratio can indicate how much of the
180 exchanged with each species, and which species exchanged faster than others. After
the initial exposure to the 30 environment, each species experienced at least fifty percent
isotope exchange, which can be seen with the 0-1%0 ratio being greater than 1 for each
species. The mono-oxo ReOx species has the highest exchange efficiency, with an
exchange of approximately 62%. After an additional cycle, the mono-oxo species was 90%
exchanged, and the di-oxo species was 70% exchanged. Interestingly, the crosslinked and
hydroxyl species exchange to near completion, with the ®0 bands no longer visible within
the spectra. The higher extent of exchange of the mono-oxo species, as compared to the di-
0XO0 species, suggests that the mono-oxo ReOx species is more reactive toward oxygen in
the gas phase. This makes a shift in the oxidation state more likely to occur for the mono-

oxo as compared to the di-oxo ReOx species. This also potentially suggests that the di-oxo
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species is more stable and the Re=0 bonds in the di-oxo species could potentially be

stronger since it is harder for the isotope to exchange with the di-oxo species.

Table 6.2. Raman band area for the observed vibration modes. [70]

Raman Spectra Area
180 /160 Ratio
Vibrational Mode| 20 First Cycle |80 Second Cycle
v (Re=0) 1.68 9.86
v, (O=Re=0) 1.37 2.45
v_. (O=Re=0) 1.37 2.45
v_. (Re-O-Re) 1.09 Near Complete
6(Re-OH) 1.36 Near Complete

6.2.3 80 ISOTOPIC EXCHANGE DRIFTS

Fourier Transform Infrared Spectroscopy (FTIR) was employed to provide a time
resolved observation of the band formation from the isotope exchange. This allows for the
extent of exchange and any preferential exchange to be observed as a function of time. The
DRIFTS isotope exchange experiment was started with the 1 wt% ReOx/CeO, sample
surface oxidized with 0. The sample was then exposed to the *30 isotope at 550 °C for
25 minutes, which was repeated for a second cycle. This procedure was utilized to try and
closely replicate the environment the ReOx/CeO2 was exposed to during the Raman isotope
exchange investigation. The first and second 0 exposure cycles over 25 min are shown

in Figure 6.10.
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Figure 6.10. Time resolved FTIR spectra of reduced 1 wt% ReOx/CeO2 exposed to *80. (a)

The sample was exposed to 80 after reduction. (b) The sample was reintroduced to 0
after a second reduction. [70]

173



The data complements the Raman spectra and shows the redshift of the Re=0 and
bridge vibrations. However, it is difficult to observe the hydroxyl isotope band formation
as the adsorption of the 80 occurs, which is potentially due to low intensity of Re-OH
bending mode [228]. Additionally, initial analysis of the band intensities would imply that
the asymmetric stretch of the di-oxo species is less than the intensity of the symmetric
stretch, which violates the selection rules for IR. However, when accounting for the
integrated intensity, we have found that the fitted area is near equivalent or greater than the
integrated intensity of the symmetric stretch. Therefore, the selection rule has been satisfied
[241]-[245]. Table 6.3 shows the integrated area comparisons of the symmetric and

asymmetric stretches of the di-oxo species for Raman and FTIR respectively.

Table 6.3. Ration between the integrated intensities of the symmetric and asymmetric di-
oxo stretches in the Raman and FTIR. [70]

Integrated Intensity
v,. (O=Re=0)| v, (O=Re=0) |Sym/Asym Ratio
Raman 122.38 85.64 1.43
Raman (Isotope)| 123.55 86.46 1.43
FTIR 0.374 0.377 0.99
FTIR (Isotope) 0.662 0.669 0.99

In the first ¥0O exposure cycle, the mono-oxo vibrational band was initially
observed at 989 cm™ and shifted to 987 cm™ after 25 min of exposure. The Fully substituted
mono-oxo band was observed at 936 cm™ (a red shift of 53 cm™) which is consistent with

the red shifting observed in the Raman spectroscopy (52 cm™). The unsubstituted
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symmetric and asymmetric stretches of the di-oxo species were observed at 981 cm™ and
966 cm respectively, while the fully substituted bands were observed at 929 cm™ and 917
cm™ respectively. The resulting red shifting observed was 52 cm™ and 49 cm™ for the
symmetric and asymmetric bands respectively. The symmetric band red shifting seen in
the DRIFTS was consistent with the Raman. However, the red shifting observed for the
asymmetric band was significantly smaller in the DRIFTS than in the Raman (58 cm™™).
The shifting observed for the oligomeric oxygen bridge seen initially at 885 cm™ and
redshifted to 839 cm™ was also consistent with the Raman isotope exchange spectroscopy.

Using the time resolved measurements, we can observe the amount of isotope that
is exchanged per reduction and oxidation cycle. After about 15 minutes of exposure to the
isotope at 550 °C, the exchange reaches a steady-state. The amount of actual exchange can
be determined using the ratio of the band area of the 30 sample and the band area of the
180 sample., similar to the extent of exchange calculated and discussed in the isotopic
Raman investigations. The spectra used after the second cycle of the isotope exchange,
shown in Figure 6.10b, was used to calculate band areas. After two cycles of 20 exposure,
the area ratios show a similar trend in the change done to the ReOx that was seen in the
Raman spectra as shown in Table 6.4. After 25 minutes for the second exposure cycle,
60.5% of the %0 in the sample was exchanged with 180, and the ratio of 30/*%0 was 1.534.
The second cycle showed a much greater extent of exchange as compared to the first cycle.
Before reaching steady-state, the 80/*%0 exchange rate was linear and was calculated
based on the 1, 7, and 13-minute spectra. The 0/*0 exchange rate was calculated to be
2.29 % per minute, with the *0/*®0 ratios being 0.308, 0.546, and 1.043 for the 1, 7, and

13-minute spectra, respectively for the second cycle. The symmetric and asymmetric di-
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oxo stretch and the bridge band show further exchange in the IR, but the mono-oxo stretch
shows less exchange than in a single exposure in the Raman. However, this could simply
be a result of a different measurement technique used in the analysis. The ratios of 0
exchange for the IR results in differences are not nearly as drastic as seen in the Raman.
The relative similarity in the mono-oxo and di-oxo *30/*®0O exchange ratios relative to the
Raman supports that the species might be more similar in their ability to react with the
environment.

Table 6.4. FTIR spectra band area for the visible modes in the spectra after 25 minutes of
180 exposure. [70]

FTIR Spectra Area
180 /160 Ratio
Vibrational Mode| 180 First Cycle |180 Second Cycle
v (Re=0) 0.243 1.467
v, (O=Re=0) 0.350 1.873
v_. (O=Re=0) 0.350 1.873
v_. (Re-O-Re) 0.148 1.298

6.2.4 Re WEIGHT LOADING EFFECTS

To further investigate the dispersion of ReOx and the formation of oligomeric ReOx
(Re207), ReOx/CeO2 samples ranging from 1 to 20 wt% Re supported on CeO, were
synthesized and evaluated in XRD. The diffraction patterns for the various samples are
shown in Figure 6.11. Up to 4 wt% ReOx, no diffraction patterns from ReOx were observed.
Once the Re loading was increased to 8 wt%, some diffraction patters corresponding to the

orthorhombic structure of Re2O7 became noticeable. The ReOx diffractions due to long
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range ordering of ReOx became significant as the weight loading was increased up to 20
wt%, which approaches a theoretical monolayer of coverage. These diffractions are shown
in Figure 6.11 b and c. The diffractions observed in the 8 to 20 wt% Re samples
corresponding to Re>O7 were observed at roughly 22, 23, 24, and 24.5° 26 corresponding
to the diffractions from the (121), (004), (122), and (113) planes respectively. Since
diffraction patterns resulting from large clusters of Re>O7 were not observed until roughly
8 wt%, it can be assumed that for weight loadings of 4 wt% Re and lower, the ReOx is well
dispersed on the CeO; support and is in mostly monomeric isolated ReOx structures or
small oligomeric species.
6.3. CONCLUSIONS

Utilizing in situ 20 isotopic exchange Raman spectroscopy and DRIFTS, the
structures of ReOx supported on CeO2 have been determined to be three monomeric species
including a di-oxo (O=Re=0), mono-oxo (Re=0) and mono-oxo with a hydroxyl group
(Re-OH), as well as an oligomierc crosslinked (Re-O-Re) species. These species were
identified and assigned, via their respective redshifted bands, which helped deconvolute
the spectra and allow for accurate band fitting. The Raman and IR data showed that the
extent of exchange after cycling 20 was approximately 60 %, while the time resolved IR
showed that the *80/*®0O exchange rate was 2.29% per minute. The spectral results show
that there are multiple structures of ReOx present when supported CeO». The presence of
multiple monomeric structures is quite unique for ReOx since on most other oxide supports
ReOx exits as a singular monomeric structure. The presence of multiple ReOx structures
could lead to varying reaction mechanisms or potentially competing mechanisms when

ReO,/CeO2 is used as a catalyst. However, due to the oxygen mobility capabilities of ceria,
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more work would be needed to investigate the structures of ReOy at specific conditions and
in a simulated reaction environment to make further insights into the speciation of ReOx
under reaction conditions.

From our investigations into the effects of Re loading on the structure of the ReOxy,
it was determined that for weight loadings below 4 wt% Re, the ReOx was well dispersed
and mostly in monomeric ReOx structures as previously shown in the in situ Raman. At
weight loadings above 8 wt%, significant diffraction patterns resulting from the formation

of orthorhombic Re2O7 were observed.
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CHAPTER 7
CONCLUSIONS AND FUTURE WORK

The body of this work focused on the upgrading of biomass derived sugar alcohols
to platform chemicals via the simultaneous hydrodeoxygenation reaction over a ReOx-
Pd/CeO> catalyst. Reaction optimization was explored using design of experiments for 1,4-
anhydroerythritol, xylitol, and sorbitol as substrates. The general kinetics and mass transfer
were investigated for the xylitol S-HDO reaction to give further insight into the S-HDO
reaction. The catalyst structure was also investigated and the structures of ReOx supported
on CeO. were elucidated.

The work in Chapter 3 focused on determining the relationship between pressure,
temperature, and catalyst Re loading on the conversion and selectivity of the S-HDO
reaction. In this work it was determined that hydrogen pressure had a zero-order
relationship with yield for both the AHERY and xylitol S-HDO reactions over the ReOx-
Pd/CeO- catalyst down to 10 bar H.. This zero-order relationship allows for the reaction to
be conducted in a safer manner and potentially use cheaper compressors if scaled to a larger
scale or into a flow system. Temperature was found to be highly significant, as expected
due to thermodynamics. However, for xylitol S-HDO it was suggested by the Taguchi

model that temperature exhibited an inverse relation with conversion. The Taguchi design

180



delivered quick and efficient optimizations for the simple catalytic design spaces and
allowed for factor importance for the S-HDO reactions to be elucidated. The homebuilt
high pressure batch reactor system was also evaluated for mass transfer limitations and was
found to not exhibit any limitations utilizing the hydrogenation of MBY as a model
reaction.

The future work that can be investigated for Chapter 3 could focus on evaluating if
the relationships elucidated hold for other more complex sugar alcohols and evaluating if
they still hold under different types of reactors. There are several other sugar alcohols such
as methyl glycosides which are more complex in terms of sterics and structure. The
glycosides also contain trans hydroxyl groups which have been proposed to suppress the
S-HDO reaction. Determining if the hydrogen pressure still exhibits a zero-order relation
for these more complex molecules would give further insight into the reaction. If the zero-
order relation holds for these more complex molecules would also allow for the reactions
to be conducted in the same reactors interchangeably in the same reactors under milder
conditions. These reactions should be investigated in flow systems such as plug flow
reactors, continuous stirred tank reactors, etc. to evaluate if the elucidated temperature,
pressure, and catalyst loading relations still hold. Also investigating these types of reactors
and the associated kinetics would allow for the potential scaling of this reaction. The
design space evaluated for the Taguchi designs should also be expanded on both the high
and low ends to see if the relations elucidated still hold under harsher or milder reaction
conditions. Expanding the design space could lead to more optimal conditions to be found
or could elucidate points in which limitations or other phenomena could be present and

thus should be avoided.
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The work in Chapter 4 focused on investigating the general kinetics and mass
transfer of xylitol S-HDO over the ReOx-Pd/CeO> catalyst and determining if the inverse
relationship of temperature with conversion suggested in Chapter 3 was valid. It was
determined that xylitol concentration was zero-order in the reaction. It was also determined
that there were no internal or external mass transfer limitation within the system for all
kinetic points that were evaluated. It was determined that temperature was directly related
to xylitol conversion. However, the relationship was not a linear Arrhenius relation, but
rather a sub-Arrhenius relationship was present. This relationship shows that activation
energy is a function of temperature and ranged from 10.2-51.8 kJ/mol over the 120-170 °C
temperature range evaluated. The sub-Arrhenius relationship is indicative of quantum
tunneling occurring in the reaction, which can significantly impact the amount of energy
required for the reaction to proceed. It was also determined through in-situ Raman that
concentration of the di-oxo (O=Re=0) species of ReOx was directly related to temperature.
As temperature was increased, it was observed that the mono-oxo (Re=0) species of
rhenium oxide oxidizes to the di-oxo species likely due to oxygen migration from the CeO-
support as temperature is increased.

The future work that can be investigated for Chapter 4 involves further
investigating the quantum tunneling or potential competing reaction mechanisms using
both further kinetic and spectroscopic evaluations. Since the curvature seen in the kinetics
data could be attributed to quantum tunneling or potentially competing reaction
mechanisms between the di-oxo and mono-0xo species, it is important to determine which
is occurring. To determine if the quantum tunneling is occurring, the xylitol S-HDO

reaction should be conducted at several temperatures while using deuterium and/or tritium
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instead of hydrogen as the gas reactant to see the mass effect on the reaction. If quantum
tunneling is occurring, the sub-Arrhenius relation should still be seen and can be modeled
by the increase in mass of the reactant. However, if the expected change in reaction rates
is not observed based on the models used to capture and describe the quantum tunneling,
then it is further evidence that there are likely competing mechanism occurring. Work
should be done to try and synthesize or pretreat the catalysts to be able to isolate the mono-
oxo and di-oxo species on separate catalysts to evaluate them individually and see which
species is more active. Then further in-situ spectroscopy can be conducted to investigate
the possible reaction mechanisms and intermediates that could help explain the tunneling
observed through the sub-Arrhenius relationship for this reaction. This can be accomplish
using an in-situ system and introducing both hydrogen and a model reactant such as
AHERY or a simple sugar alcohol (through a heated line so that it is in the gas phase) to a
reaction cell which contains the ReOx-Pd/CeO: catalyst. During the reaction, the
vibrational bands can be monitored under more realistic reaction conditions. This could
also give further insight into the S-HDO reaction mechanisms.

The work in Chapter 5 focused on the optimization of sorbitol S-HDO using two
different design of experiments to determine the pressure, temperature, and Re weight
loading (in the catalyst) effects on the conversion and selectivity (to hexanediols) of the
reaction. The Chapter also focused on the direct comparison of the simplistic Taguchi
design vs the more complex Box Behnken design. This was done to evaluate if the more
simplistic design could deliver comparable results with significantly fewer experiments
and more simplistic regression models. It was determined that the simplistic Taguchi

design was able to predict the optimal conditions within the design space at 170 °C, 10 bar,
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using a 4 wt% Re catalyst. It was also determined that the 4 wt% ReOx-Pd/CeO; catalyst
had the largest change in speciation from mono-oxo (Re=0) to di-oxo (O=Re=0) as
temperature increased within the design space. This change in speciation over the
temperature range could be why the 4 wt% catalyst is the most active and selective catalyst
that was tested.

The future work that can be investigated for Chapter 5 involves further evaluations
of Taguchi designs against response surfaces and factorial designs, and further
spectroscopic investigations into the ReOx-Pd/CeQO> catalysts. While the findings of the
studies conducted in Chapter 5 are promising, it is important to test other systems and
designs factors to see if the Taguchi designs still hold their weight. It would be critical to
test a system that has a more complex reaction to see if the linear regressions can still
capture a system that is more complex. The ReOx-Pd/CeO- catalysts should also be further
investigated to determine the number of active sites present of the various weight loadings
of the catalyst. By determining the number of active sites through temperature programmed
desorption, the turn over frequency could be determined. This could then give further
insight into whether the 4 wt% catalyst is more active due to having more active sites or
having more di-oxo sites. Once this is determined that catalyst can be further optimized
and more insight into which of the rhenium oxide species is more active.

The work in Chapter 6 focused on determining the structure of ReOx supported on
CeO and investigating the effects of Re loading on the speciation of ReOx. From in situ
isotopic 80 exchange Raman and DRIFTS, it was determined that four species of rhenium
oxide were present on the ReOy/CeO; catalyst. Three monomeric species and one

oligomeric species were elucidated and the associated bands were assigned. The isolated
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monomeric species included a di-oxo (O=Re=0), a mono-oxo (Re=0) and a mono-0xo
with a hydroxyl group (Re-OH). The oligomer was seen due to the asymmetric (Re-O-Re)
band. These findings were similar to ReOx/TiO2 which had several structures or ReOx
observed on the catalyst surface as well. However, this was the first study directly
elucidating the structures of ReOx supported on CeO> using vibrational spectroscopy.

The future work that can be investigated for Chapter 6 includes further
investigations into the effect of Re loading on the rhenium oxide speciation distribution
and the effects of reducing and oxidizing environments on the structure of the rhenium
oxide at different temperatures. Evaluating a large range of Re loadings would give a
further knowledge base for future material design and optimization. Investigating the
catalyst in both reducing and oxidizing environments can give further insight into catalyst
stability and will provide further knowledge for this catalyst to be used in other reactions.
Elemental mapping using SEM Energy Dispersive Spectroscopy (EDS) should also be
conducted on the catalysts to be able to determine where the ReOy is primarily located, and
to determine if the oligomers can be seen on the CeO- surface. This can give more insight

into the oligomer size and the metal dispersion on the CeO- support.
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