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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF ROBUST AND COST-EFFECTIVE
CATALYSTS FOR SELECTIVE BIOMASS UPGRADING TO FUELS AND CHEMICALS
BY DEOXYDEHYDRATION

MAY 2020
BRYAN SHARKEY, B.S.E. UNIVERISTY OF MICHIGAN ANN ARBOR
PHD, UNIVERISTY OF MASSACHUSETTS AMHERST

Directed by: Professor Friederike Jentoft

The use of biomass-derived ligno-cellulose as a possible alternative source of fuels and
chemicals to fossil-based hydrocarbons has been an active area of research for both energy security
and the search for more carbon neutral forms of energy. However, biomass offers many challenges
based on processing and its high oxygen content. Various biomass upgrading routes, such as
pyrolysis, fermentation, and hydrolysis, produce a variety of organic molecules with alcohol,
carbonyl, and carboxylic functionality. The highly oxygenated compounds require catalytic
upgrading before use as fuel or platform chemicals. One promising upgrading route is
deoxydehydration, a reaction which combines a deoxygenation by a sacrificial reductant and
dehydration in a single step to selectively convert vicinal diols into an olefin. This reaction has
been demonstrated to be highly selective and effective at temperatures as low as 130 °C using
homogeneous oxo-rhenium catalysts. The catalytic reaction involves the coordination of the diol
with the metal center through a condensation reaction, reduction of the metal center by the
sacrificial reductant, and finally the elimination of the alkene and re-oxidation of the catalytic metal

center.

Oxo-rhenium complexes have proven to be very effective at deoxydehydration because
they can easily undergo the necessary changes in coordination and oxidation state, however the
high cost of rhenium and difficulty of homogeneous catalyst recovery make these catalysts

untenable for large scale biomass upgrading. This thesis details work in developing more robust
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and economical solid catalysts for deoxydehydration. A series of oxide-supported oxo-rhenium
catalysts using silica, titania, alumina, iron oxide, and zirconia supports were synthesized and tested
which demonstrate high activity for the deoxydehydration reaction, in some cases on par with
benchmark homogeneous catalysts, and up to 95% selectivity. However, due to the liquid phase
chemistry of the reaction, these catalysts demonstrated various propensities to deactivate over
multiple runs due to the leaching of the active rhenium species. We undertook a study to determine
which parameters control the leaching behavior. We observed that leaching was promoted by the
presence of the diol. The severity of the leaching was dependent on not only the support, but the
choice of reactant and solvent. It was also found that after complete diol conversion, the leached
rhenium would precipitate out of the reaction mixture, enable a release and catch leaching
mitigation strategy. Preliminary work using microporous zeolites as a support to inhibit leaching
was conducted. A successful implementation of this strategy would require further investigation,
however it was found that the acid site of the zeolite provided an anchoring site for the oxo-rhenium
species which reduced leaching, but also lowered selectivity due to side reactions catalyzed by the

acid site.

In an alternative strategy to mitigate the challenges associated with the high cost and rarity
of rhenium, alternative redox active transition metals including vanadium, tungsten, molybdenum,
and manganese were screened for deoxydehydration activity. The molybdenum catalysts were
found to be the most promising, with the homogeneous ammonium heptamolybdate catalyst
achieving 50% alkene yield and the oxide-supported molybdenum catalysts achieving 22% alkene
yield using triphenylphosphine as the reductant. Interestingly, sodium molybdate was not found to
be catalytically active under similar conditions. In investigating the role of the ammonium
counterion, it was discovered that ammonium-based reductants such as ammonium chloride,
ammonium sulfate, and urea are active reductants for molybdenum-catalyzed deoxydehydration.

Vanadium catalysts also displayed catalytic activity for deoxydehydration using ammonium
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chloride as a reductant with alkene yields of up to 14%.
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CHAPTER 1

INTRODUCTION: DEOXYDEHYDRATION REACTION AS A TOOL FOR

BIOMASS UPGRADING

1.1. Biomass Upgrading

Despite the growing concern of global warming due to fossil fuel emissions, oil remains
the primary transportation fuel and is the source of many industrial chemicals.® The conversion of
biomass to fuels and chemicals is an area of active research with the ultimate goal of transitioning
from fossil feed stocks to renewable carbon sources. Lignocellulosic biomass forms the rigid
structure of plants, comprising approximately 70% of dry plant matter by weight.? Lignocellulosic
biomass is of great interest as a renewable and more carbon neutral source of fuels and platform
chemicals as it is not competitive with crop food production, and the estimated land plant cell wall
production is 150-170*10° tons/year, which makes it potentially a very plentiful feedstock.
However, biomass processing is made difficult by the challenge of first breaking down the highly
complexed lignocellulosic structure, and by the very high oxygen content of biomass,
corresponding to a near 1:1 ratio of carbon and oxygen. The products of primary processing, that
is the fluids obtained through biomass pyrolysis or hydrolysis, therefore must be upgraded by

extensive deoxygenation.?

1.2. Deoxydehydration

One potential biomass upgrading reaction of interest is deoxydehydration (DODH), which
targets the vicinal OH groups characteristic of sugars and sugar alcohols. This transformation
combines a deoxygenation using a sacrificial reductant, and a dehydration, into a single catalytic
cycle, thus producing an alkene from a diol (Scheme 1.1). It does so by combining a deoxygenation
by a sacrificial reductant, and a dehydration into a single step with the reaction being
thermodynamically driven by the oxidation of the reductant, and the elimination of water, as seen

in the mechanism shown in Scheme 1.2.



OH

)\/OH + Req—c2talyst S\ + RedO + H,O
R

Scheme 1.1 Deoxydehydration reaction to convert a vicinal diol into an alkene by
combined dehydration and deoxygenation

DODH was discovered by Cook and Andrews in 1996 who achieved over 90% selectivity
to the alkene by using methyltrioxorhenium as the active complex in a homogeneously catalyzed
reaction with triphenylphosphine as a reductant.* The portfolio of soluble catalysts for
deoxydehydration has since been expanded, including improving activity by using bulky ligands
on rhenium catalysts,® as well as identifying molybdenum,%” and vanadium®® complexes capable
of carrying out deoxydehydration. An array of reductants has been successfully employed,
including triphenylphosphine, sulfite,’®*2 gaseous CO and H,!* elemental reductants,*

hydroaromatic reductants,*® and secondary alcohols.*®’

R
Red H,C HO’ :OH
O’EF‘O
o]
ORed H,0
CH
CH — o.1 ¢
o 0 © O\)/
R
/—< Red
HO OH
CHs
H,0 Re-O

o- b\}’R ORed

Scheme 1.2 Generalized DODH reaction mechanism with methyltrioxorhenium
pictured as catalyst. There are three fundamental steps, condensation with the diol
to form a glycolate intermediate, reduction of the catalyst metal center, and
elimination of the alkene which reforms the more oxidized form of the catalyst.



The applicability of deoxydehydration was explored on a wide variety of polyol substrates.
Cyclic diols were tested to see whether a particular orientation of the OH groups is needed; and cis-
diols were generally found to be reactive, whereas steric constraints can apply to trans-cyclic diols
such as 1,2-transcyclohexanediol.*® For larger polyols, such as C4-C6 sugar-derived polyols, there
was the gquestion of whether initial reaction of an interior pair of vicinal OH groups would inhibit
complete conversion of the remaining, further spaced OH groups. However, Shiramizu and Toste
demonstrated complete conversion of erythritol (a 1,2,3,4-tetrol) to butadiene and proposed a
mechanism in which the rhenium catalyst also facilitates a hydroxyl and double bond shift.*® There
is agreement that the reaction has three fundamental steps, a reduction step in which the catalyst
oxidation state decreases by 2, a condensation step in which the diol coordinates with the oxo-metal
site to form a glycolate, and an elimination step in which the catalytic site is re-oxidized and the

olefin is eliminated. The sequence of the first two steps is not firmly established.217:19-22
1.3. Solid Deoxydehydration Catalysts

Due to the high cost and rarity of rhenium, there is significant interest in developing a
stable solid catalyst for deoxydehydration. The principal strategy pursued towards this goal has
been to heterogenize known active rhenium complexes. In 2013, Denning et al. reported a carbon-
supported perrhenate catalyst that was active, selective and versatile with respect to substrate and
reducing agent but was also found to deactivate as a result of leaching.?® Sandbrink et al. tested a
variety of oxides as supports for oxo-rhenium and assessed the obtained catalysts with 1,2-
hexanediol as reactant and 3-octanol as secondary alcohol reductant and solvent.?* The authors
found that they could produce a relatively stable ReO,/TiO; catalyst when it was pre-reduced.
Tomishige and coworkers tested a variety of ceria-supported oxo-rhenium catalysts with added
noble metal promoters, including palladium, platinum,? and gold.?” The group developed a gold
nanoparticle promoter that was capable of activating H: as reductant for deoxydehydration, while

the resulting alkenes were not hydrogenated into less valuable alkanes. Leaching was reported to



be insignificant. Li and Zhang sought to attach rhenium catalysts on polymer supports by various
strategies that relied on amine-type ligands and ionic ammonium groups. However, these catalysts
all demonstrated some leaching during DODH of diethyl tartrate with 3-pentanol as reductant and
solvent.? Our collaborators, Nicholas and coworkers, tried using a catecholate ligand with a tether

as an anchoring strategy, but rhenium was found to leach.?
1.4. Objectives, Strategy, and Thesis Outline

In order to make deoxydehydration an industrially feasible process, it is important to
develop robust solid catalysts that can be used repeatedly. This is especially relevant to rhenium
catalysts as it is a very rare and valuable metal, valued at $1290/Ib.*® Two approaches were pursued

in this thesis to produce more robust and industrially feasible catalysts for deoxydehydration.

The first approach is to anchor the rhenium catalyst on a support. Upon pursuing this
project, only one supported rhenium catalyst used in deoxydehydration had been reported using
carbon as a support. For this catalyst deactivation by leaching is of prime concern.?® Since the
typical substrates of interest are large polar molecules, such as sugar-derived polyols, a solvent is
required because their size and polarity make solid-gas phase reactions less feasible. In order to
more strongly bind the rhenium catalyst to the support, a variety of oxides were tested as supports.
Chapter 2 will cover the development and testing of oxide-supported rhenium catalysts for

deoxydehydration.

In general, solid catalyst activity and stability in solution phase processing is of importance
in relation to upgrading reactions for biomass-derived feedstock.®! Moreover, leaching of active
species from solid catalysts is a common phenomenon in liquid phase processing and can be a key
challenge to developing stable solid catalysts for conversion of non-volatile reactants. There are
multiple examples of dissolution of supported noble metal species.®>3® Leaching is not always easy
to detect and requires a number of tests.3+-2¢ Chapter 3 will cover our investigation of solid rhenium
deoxydehydration catalyst stability, especially in regard to the leaching behavior of the active
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species and the considerations necessary when testing whether the deoxydehydration catalysis is

truly heterogeneous.

Due to the rarity and high cost of rhenium, the second approach to making a more practical
deoxydehydration catalyst is to find an alternative redox-active transition metal which can readily
undergo the necessary change in coordination and oxidation state to enable the necessary catalytic
steps. That is namely the condensation of the metal center with the diol to form a glycolate, the
deoxygenation by a sacrificial reductant, and the elimination of the alkene product. Some progress
has recently been made on this front. Kwok et al. demonstrated the gas phase conversion of 2,3-
butanediol to butene at 400 °C using a VO/SiO; catalyst.” Oxide-supported molybdenum
catalysts were reported to be catalytic by Sandbrink et al.® and Sharkey et al.?°, however, only with
limited selectivity to the deoxydehydration product. Chapter 4 will cover our investigation of
alternative metals to rhenium for deoxydehydration and detail the results of screening oxide

supported tungstate, vanadate, molybdate, and manganese catalysts.



CHAPTER 2

INVESTIGATION OF SUPPORTED OXO-RHENIUM CATALYSTS FOR

DEOXYDEHYDRATION
2.1. Introduction

The substrates of interest for deoxydehydration are primarily biomass-derived polyols.
Due to the high oxygen content of these feeds, often in a 1:1 carbon-to-oxygen ratio, they tend to
be relatively large polar molecules. In order to facilitate the reaction, it becomes necessary to
dissolve the substrates in a solvent for a liquid phase reaction. Homogeneous catalysts, such as the
methyltrioxorhenium tested by Cook and Andrews* are difficult to recover once they become
dissolved in the solution. Further, this homogeneous rhenium is prone to form long oligomers
which will foul the side of the reaction vessel and is also difficult to recover the catalyst in this
form. Denning et al.*® tested the first supported rhenium catalyst using activated carbon as a

support; however, this catalyst was found to deactivate on repeated runs.

The strategy we chose to pursue was to screen oxide supports, which are more polar than
the previously tested carbon support, to anchor rhenium species. The supports were classical oxides
well known in heterogeneous catalysis, specifically titania, zirconia, alumina, silica, and iron oxide.
A key advantage of these oxide supports is that they are relatively inexpensive, are used extensively
in industry, and a support with a surface oxo-metal species can be synthesized relatively simply
using incipient wetness impregnation. This synthesis technique involves dissolving a precursor of
the desired species in a volume of water corresponding to the pore volume of the support. This
precursor solution can then be added to the pre-dried support producing a paste. This technique is
enough to give relatively good dispersion of the surface species as it is dispersed across the surface
by the capillary action of the water. This paste is then dried, followed by a calcination, which is a

heat treatment in the presence of air. The calcination process is to attempt to bond the surface



species to the support, and possibly remove any undesired component of the precursor. For
example, ammonium salt precursors are convenient as the ammonium counterion is easily removed
by decomposition-combustion during the calcination process. Characterization of the support
surface area was important to decide on a rational loading of the active species, which would ideally

be less than the monolayer coverage with the goal of producing a mono-dispersed active species.

These supported catalysts were characterized by UV-Vis and FTIR spectroscopy to probe
the nature of the supported rhenium species. The supports were tested for catalytic activity, either
for deoxydehydration or a side reaction. The oxide-supported rhenium catalysts were also tested
for catalytic activity and selectivity in comparison to the homogeneous catalysts such as
methyltrioxorhenium. Screening reaction conditions were chosen to be similar to those used by
Cook and Andrews* to give a good basis of comparison to previous results in homogeneous DODH

catalysis literature.

2.2. Materials and Methods

2.2.1. Catalyst Preparation and Characterization

A variety of catalysts were prepared by incipient wetness impregnation of ammonium
perrhenate (Sigma Aldrich) onto P25 TiO, (Sigma Aldrich), fumed SiO; (Evonik Aerosil 150),
ZrO, (MEL Chemicals, G2 hydrous zirconia), a-Fe,Os (US Research Nanomaterials, Inc), and y-
Al>O3 (Alfa Aesar) at 4 wt% rhenium and subsequent calcination. The zirconia was from a hydrous
zirconia precursor (G2 hydrous zirconia, MEL Chemicals). If listed, ZrOH indicates that the
hydrous zirconia was used, ZrOx or ZrO; indicates that the hydrous zirconia was pre-calcined at
550 °C for 2 h, prior support impregnation. The supports were pre-dried in a muffle furnace at 115
°C for at least 8 h. Ammonium perrhenate was dissolved in an amount of deionized water
corresponding to the pore volume of the pre-dried support to produce a 4 wt% rhenium catalyst
(0.5-1.5 mL per 1000 mg of support). The impregnated support was dried in a muffle furnace at

115 °C for at least 8 h followed by calcination in a tube furnace at 420 °C for 4 h. The relatively



mild calcination conditions were selected to mitigate loss of rhenium through formation and

sublimation of the highly volatile Re,O7 species.

Support and catalyst surface areas were determined by N, adsorption and BET analysis
using an Autosorb iQ2 (Quantachrome instruments). The catalysts were pre-treated in vacuum for

12 h at a temperature of 300 °C, isotherms were measured at 77 K.

The catalysts and supports were spectroscopically characterized using diffuse reflectance
FTIR and UV-Vis spectroscopy using a Harrick Praying Mantis Accessory with a 1 cm diameter
sampling cup. FTIR spectroscopy was performed using a Perkin Elmer Spectrum 100
spectrometer. UV-Vis spectroscopy was performed using a Perkin Elmer Lambda 950 UV-Vis-

NIR spectrometer.
2.2.2. Reaction Procedure

For the initial catalytic screening, benzene (Sigma Aldrich, anhydrous) and toluene (Sigma
Aldrich, anhydrous) were selected as a non-polar solvents which should not induce solubility of
the perrhenate. A non-polar solvent is also desirable as Morris et al.*> suggests the more polar
solvents reduce catalytic activity by coordinating with the active species. 1,2-Decanediol (Sigma
Aldrich, 98%) was chosen as a soluble and easily quantifiable reductant which gives an expected
product of 1-decene. Triphenylphosphine (Sigma Aldrich) was used as reductant for its solubility
in non-polar solvent, easy quantification by GC-FID, and 1:1 stoichiometric consumption with the

diol in deoxydehydration.

Catalytic test reactions were carried out in a 15 mL glass pressure tube rated at 150 psig
(Ace Glass) equipped with a Teflon-coated stir bar. Since the reactions are conducted above the
boiling point of the solvents at autogeneous pressure, care must be taken that the mixture”s vapor
pressure does not exceed the rating of the vessel at the reaction temperature. The glass reactor was

heated in a silicone oil bath with a magnetic stirrer (IKA hot plate). The reported temperature is



from a K-type thermocouple that was placed into the glass reactor’s thermowell and read by a
MicroDAQ thermometer. Post reaction in the standard procedure, the reactor was cooled in a room
temperature water bath. The catalyst and reaction solution were separated either at room

temperature by centrifugation (10 min at 1500 rpm).
2.2.3. Post Reaction Analysis

The composition of the reaction mixture was quantitatively analyzed by using an Agilent
7890B GC with an Agilent HP-5 column (30 m, 0.320 mm diameter, 025 pm film) and flame
ionization detection. Retention times and response factors were determined with the help of
standards. Diol conversion was calculated from measured final concentration and the initial
concentration of diol known from preparation of stock solution of solvent, diol, and internal
standard. Yields are based on the initial diol concentration. Reductant consumption is based on the

yield of triphenylphosphine oxide.

Error bars indicate 3 experimental replicates from independent test reactions under the
same conditions for both GC-FID and ICP-MS measurements; error is reported as the mean + 1

standard deviation.

Side products of the reaction were characterized using gas chromatography with detection
by mass spectroscopy (GC-MS), using an Agilent 7890B GC with an Agilent HP-5 column (30 m,
0.320 mm diameter, 0.25 um film) which fed into an Agilent 5977A MSD mass spectrometer.

Fragmentation patterns were characterized against the NIST library.



2.3.Supported Oxo-Rhenium Catalyst Characterization

Oxide-supported rhenium catalysts using SiO., TiO,, a-Fe;Os, ZrO,, and y-Al,Oz were
prepared using incipient wetness impregnation using ammonium perrhenate as the rhenium pre-
cursor. Catalyst rhenium loading, as determined by the amount of rhenium added in the incipient

wetness preparation, and support and catalyst surface area, as measured by BET absorption

isotherms, are shown in Table 2.1.

Table 2.1: Oxide-supported rhenium catalyst loading and surface area measurements.

Catalyst Rhenium Content | Support BET Surface Catalyst BET
(Wt%) Area (m?/g) Surface Area (m?/g)
ReOx/TiO2 4.09 53.2 51.5
ReOx/ZrO2 4.09 99.5 87.6
ReO«/SiO2 3.90 3002 204
ReOx/Fe203 4.24 42.7 45
ReOx/Al203 4.30 151.6 1225

a Manufacturer’s information

The catalysts, the supports, and the rhenium precursor were also characterized by diffuse

reflectance UV-Vis spectroscopy, and diffuse reflectance FTIR in order to characterize the

supported rhenium species.
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Figure 2.1: Diffuse reflectance UV-Vis spectra collected of supported rhenium
catalysts and supports.

From the UV-Vis spectra of catalysts and supports seen in Figure 2.1, we observe the
ligand-to-metal charge transfer band of ReO4 at 233 nm. The spectra from the TiO; and a-Fe;O3
supports and supported catalysts are not pictured as the strong absorption of the supports obscures
possible ReOx species absorption bands. Zirconia also absorbs strongly at around 240 nm. The
perrhenate band is observed for ReO,/SiO, with an absence of other major bands, indicating weak
interaction with support. The perrhenate band is slightly shifted to longer wavelengths for
ReO,/AlL0;, with an additional band present around 320 nm, indicating a support effect. The
zirconia-supported catalysts demonstrate broad absorption from 250 to 500 nm for ReO,/ZrO;

which may also be indicative of rhenium-support interaction.
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Figure 2.2: Diffuse reflectance FTIR spectra collected of the ammonium perrhenate
precursor, TiO; support, ReO,/TiO,, ZrO, support, and ReO,/ZrO; catalysts diluted
by a3to 1l ratio in KBr.

Diffuse reflectance FTIR spectra were measured for the ammonium perrhenate precursor
as well as all the supports (TiO,, ZrO,, Al;Os, Fe O3, and SiO2) and all the prepared oxide-
supported rhenium catalysts after diluting with 3 times as much KBr by weight and pre-drying in a
muffle furnace at 115 °C prior to measuring. The vas(Re(=0)3) bands of the supported rhenium
species are Raman active. Raman spectra for these catalysts were not measured, however band
assignments reported by Lee and Wachs*#2 are 977 cm® for SiO,, 975 cm for TiO,, and 941 cm
! for ZrO,. We observe IR active bands for ReO,/TiO, and ReO«/ZrO-, as seen in Figure 2.2,
around 911 cm™* which correspond with the 920 cm™ and 906 cm™ bands reported by Lee and

Wachs for the rhenium/support oxygen bridging bonds vs(Ti-O-Re) and vs(Zr-O-Re), which

suggests a bond formation between the surface rhenium species and the support.
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2.4. Catalyst Activity

2.4.1. Control Reactions

In order to assess the effectiveness of our supported catalysts, a set of control reactions
were run to test the support for catalytic activity, solvent effects, and for detectable side reactions

catalyzed by either the supports or supported rhenium catalysts.

2.4.1.1. Support Reactivity

Support Only Reaction
45%
40%
35%
30%
25%

® Diol conversion

0,
20% # Decene Yield

15% = Reductant Oxidation
10%

5%

P25 TiO2 ZrOH ZrOx o-Fe203 AI203 Sio2
Support

o — R — R —

0%

Figure 2.3: Support reactivity, Reaction conditions: Temp. 165 °C, time 20 h,
solvent benzene, 0.2 M 1,2-decanediol, 0.23 M PPhs.

In order to test whether any of the supports were active in catalyzing deoxydehydration,
we pre-dried the support for 12 h at 115 °C in a muffle furnace prior to reaction at long time and
high temperature to test for any support catalytic activity at relevant temperatures (Figure 2.3). For
all supports, total decene yield was under 2% with no other major side products observed. The 1,2-

decanediol disappearance is attributable to diol adsorption on the support.
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Figure 2.4: Support only reactivity vs reductant. Reaction conditions: Temp. 150 °C,
time 20 h, solvent benzene, 0.2 M 1,2-decanediol, 0.23 M PPhs.

2.4.1.2. Solvent Effect

Benzene was initially selected as a solvent for comparability to previous work undertaken
by Cook and Andrews,* the Nicholas group*! and the Jentoft group;?® however, we wanted to switch
to alternative solvents such as toluene and p-xylene as they have a lower vapor pressure and pose
lower health risks. The reactivity of ammonium perrhenate for DODH was tested for the 3 solvents,
as shown in Figure 2.5. Using toluene and p-xylene lowered activity indicating lowered activity
due to lower solubility of the catalyst, or a deleterious effect associated with the bulkier solvent
molecules. Based on weighing safety vs reactivity, toluene was used extensively in subsequent
experiments, while p-xylene was not due to the very low catalyst activity. Morris et al.*® tested
rhenium catalyst activity in a variety of solvents, including benzene, chloroform, tetrahydrofuran,
acetonitrile, and pyridine. They reported much higher activities with the less polar benzene and
chloroform in relation to the more polar tetrahydrofuran, acetonitrile, and pyridine. The lower
activity was attributed to the more polar solvents coordinating with the rhenium species, inhibiting

activity.
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Figure 2.5: Solvent effect on 1,2-decanediol deoxydehydration. Reaction conditions:
temp. 150 °C, time 20 h, solvent benzene, 0.2 M 1,2-decanediol, 0.23 M PPhs.

2.4.1.3. Double Bond Isomerization

Initial rhenium reactivity experiments were conducted at 180 °C for 24 h in benzene solvent
with triphenylphosphine reductant. These conditions were well beyond 100% diol conversion, and
time and temperature were reduced to test catalyst activity. At the elevated temperature additional
GC-peaks were observed near the 1-decene peak. Using GC-MS, it was determined that these were
1-decene isomers with internal double bonds suggesting that the rhenium catalysts are capable of
catalyzing double bond migration, however, when reaction temperatures were lowered to 150 °C,
no internal olefins were observed. Since terminal olefins are more valuable than internal olefins,

suppressing double bond isomerization is important.
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Figure 2.6: Double bond isomerization. Reaction conditions: temp. 165 °C, time 20
h, solvent benzene, 0.2 M 1-decene, 0.23 M PPhs.

2.4.1.4. Solubility Effect for Homogeneous Catalysts

From the test of ammonium perrhenate deoxydehydration activity in a variety of solvents
in Figure 2.5, we see that the reactivity for the homogeneous catalyst is highly dependent on the
solvent. A possible explanation is that the variation of solubility of the homogeneous ammonium

perrhenate catalyst in each solvent is a large driver in the catalyst activity.

To test whether the kinetics of dissolving the homogeneous catalyst in the solvent is a
major driver in catalyst activity, we tested the ammonium perrhenate catalyst activity as received
versus the effect of grinding the catalyst, thereby increasing surface area to speed up the dissolution;
and to test whether exposure to the diol in the solution prior to the reaction can dissolve the catalyst
to make it more active, the ammonium perrhenate was mixed with the diol and solvent and held at

reaction temperature for 30 minutes prior to the introduction of the triphenylphosphine reductant.
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Table 2.2: Ammonium perrhenate reactivity with 0.23 M triphenylphosphine reductant in
toluene solvent with and without pre-grinding treatment and pre-mixing with diol and
solvent.

Pre- Pre- Activity (mol
Temp | Time | ground reaction alkene)(mol Re)
Catalyst (°C) (h) | Catalyst | Diol Mixture 1ht
NHsReO4 150 0.5 No No 0.9
NH4ReO4 150 0.5 Yes No 9.6
NHsReO4 150 0.5 No Yes 6.7
NHsReO4 150 0.5 Yes Yes 12.1

From Table 2.2, we see that both pre-grinding the catalyst, and pre-mixing the catalyst with
the diol solution greatly increase the catalytic activity of the ammonium perrhenate, with the
application of both pre-treatments producing the most active catalyst. This demonstrates that fully
dissolving the catalyst is important for producing the most active form of the catalyst. This also
means that when comparing the activity of homogeneous catalysts for deoxydehydration, there are
additional factors that will affect relative catalyst activity, including the crystal size of the catalyst,
and solvent and diol choice. The poor solubility of the ammonium perrhenate explains the
relatively low activity of the ammonium perrhenate in subsequent experiments, and makes the more
soluble methyltrioxorhenium a better benchmark in terms of the activity of homogeneous

deoxydehydration catalysts.
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2.4.2.  Supported Rhenium Catalyst Activity

2.4.2.1. Triphenylphosphine Reductants

As seen in Figure 2.7, all supported rhenium catalysts were highly selective towards
decene, the expected DODH reaction product. However, we see a strong relationship between the
support used and catalyst activity. While the most active SiO, and TiO, supported catalysts
demonstrated activity at least on par with methyltrioxorhenium, the homogeneous catalyst
benchmark, the Al.Os, Fe;O3 and ZrO; catalysts were considerably less active. This support effect
may be due to stronger interaction between the support and the perrhenate catalyst, which will be

discussed further in Chapter 3.

100%
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Figure 2.7: Reactivity of supported rhenium catalysts as compared to homogeneous
benchmarks, methyltrioxorhenium and ammonium perrhenate. Reaction
conditions: Temp. 150 °C, time 40 min, solvent benzene, 0.2 M 1,2-decanediol, 0.23
M PPhs.
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Figure 2.8 Reductant efficiency, molecules of decene produced per
triphenylphosphine reductant consumed.

As seen in Figure 2.8, the triphenylphosphine reductant was also consumed very efficiently
with a near 1:1 consumption of triphenylphosphine and production of 1-decene. The high decene
selectivity along with efficient reductant use validate the deoxydehydration reaction scheme

(Scheme 1.1)
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Figure 2.9 Mass balance of diol reactant and decene product (a) and reductant and
oxidized reductant (b) for the rhenium catalysts. Reaction conditions: Temp. 150
°C, time 40 min, solvent benzene, 0.2 M 1,2-decanediol, 0.23 M PPhs, diol:Re=20.
Figure 2.9 shows the mass balance for the 1,2-decanediol (a) and triphenylphosphine (b)
and their DODH products observed for the rhenium catalyst reactions given in Figure 2.7. We see
that most of the 1,2-decanediol and triphenylphosphine is accounted for in most reactions, however

the discrepancy can be as high as 25% of the initial diol and 20% of the initial triphenylphosphine.

No unexplained GC peaks were observed for these reactions, so the discrepancy is likely primarily
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due to adsorption on the support (e.g. Al.Os) or precipitate in the case of homogeneous catalysts,

or possibly the formation of heavy compounds not observed by GC-FID.

Table 2.3: Supported rhenium catalyst activity using triphenylphosphine reductant.
Reaction conditions: Temp. 150 °C, time 40 min, solvent toluene, 0.2 M 1,2-decanediol, 0.23
M PPhs, Diol:Re=20.

Diol Alkene Activity (mol
Conversion Yield Selectivity | alkene)(mol
Catalyst (%) (%) (%) Re)th1
CHsReOs 99.8 74.7 74.9 24.4
NHsReO4 17.8 16.2 90.8 5.1
ReOx/TiO2 100.0 83.6 83.6 27.7
ReOx/Fe203 24.3 18.1 74.5 6.0
ReO«/ZrO2 171 9.7 56.7 35
ReOx«/Al203 49.4 314 63.6 104
ReOx/SiO2 100.0 87.6 87.6 31.0

We find that these supported perrhenate-based catalyst are active and selective for
deoxydehydration. The most active TiO, and SiO; supported catalysts exhibit turnover frequencies
of 27.2 and 30.5 (mol decene)(mol Re)*h, which is comparable to our benchmark homogeneous
methyltrioxorhenium catalyst with a turnover frequency of 24 (mol decene)(mol Re)*h? and
ammonium perrhenate at 0.9 (mol decene)(mol Re)*ht. However, after these reactions, we observe
a color change in the reaction supernatants for both supported and homogeneous catalysts, which
seemed to indicate the presence of leached species. The color change was often the most severe
for the ReO,/TiO, and ReO./SiO,, perhaps indicating that the high activity arises from easy
dissolution of the rhenium due to weak support interaction and high dispersion on the support.
Further discussion of catalyst stability and leaching will be covered in Chapter 3, including

spectroscopic characterization of supernatants.
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2.4.2.2. Secondary Alcohol Reductants

Secondary alcohols have also been reported as effective reductants for DODH.*® The
activity of the titania and zirconia-supported rhenium catalysts was tested for activity using 2-
propanol and 3-octanol as both the solvent and reductant for deoxydehydration, as seen in Table

2.4.

Table 2.4: Rhenium catalyst activity with secondary alcohol reductants. Reaction
Conditions: 150 °C, the listed secondary alcohol was used as the solvent, 0.23 M of the diol
was added, diol:Re=20.

Activity (mol

Time Alkene alkene)(mol
Catalyst (min) Reductant Reactant Yield (%) Metal)*h?
NHsReO4 40 2-Propanol 1,2-decanediol 13 4.0
ReO«/TiO2 30 2-Propanol 1,2-decanediol 1 0.6
ReO«/ZrO2 60 2-Propanol 1,2-decanediol 2 0.6
ReO«/TiO2 30 2-Propanol 1,2-hexanediol 6 4.4
ReO«/ZrO2 60 2-Propanol 1,2-hexanediol 6 2.3
NH4ReO4 40 3-Octanol 1,2-decanediol 11 3.2
ReO«/TiO2 20 3-Octanol 1,2-decanediol 27 26.8
ReOx/ZrO2 60 3-Octanol 1,2-decanediol 26 8.3
ReO«/TiO2 20 3-Octanol 1,2-hexanediol 5 5.3
ReOx/ZrO2 60 3-Octanol 1,2-hexanediol 7 2.3

As seen in Table 2.4, secondary alcohol reductants were less active than
triphenylphosphine. In the literature, higher temperatures are usually selected possibly indicating
a higher energy barrier for the reduction step,?* or inhibited activity due to the higher solvent

polarity.*°
2.5.Conclusions

Oxide supports were tested as a strategy of anchoring an oxo-rhenium species to create a
heterogeneous deoxydehydration catalyst. As supported catalysts for deoxydehydration was a new
field in the beginning of our investigation, with the first supported catalyst being demonstrated in

2013,2 we verified that the tested oxide supports, silica, alumina, zirconia, and titania did not
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catalyze any significant side reactions and thus were viable as supports. It was found that
significant amounts of diol could be adsorbed on the oxide supports, which can make it difficult to
close the mass balance for the diol reactant, however at high conversion, high yields and
selectivities of the alkene product are observed, indicating that support adsorbed diol could
subsequently be converted. The oxide-supported rhenium catalysts were found to be active and
selective with the expected stoichiometric conversion of the reactant and reductant. The activity
of the supported catalyst varied widely depending on the support. Titania- and silica-supported
catalysts demonstrated activities on par with the homogeneous benchmark, methyltrioxorhenium.

Investigation into the stability of these catalysts over multiple runs will be covered in Chapter 3.
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CHAPTER 3

CATALYST DEACTIVATION AND LEACHING BEHAVIOR OF OXIDE-
SUPPORTED RHENIUM CATALYSTS IN DEOXYDEHYDRATION

3.1.Introduction

In Chapter 2, we observed that supported rhenium catalysts were highly active for
deoxydehydration, though the reactivity was highly variable depending on the support. It was also
noted that the separated reaction supernatant was discolored, possibly indicating the presence of a
soluble rhenium species. In previous literature, deactivation over multiple runs through leaching
was noted to be an issue.” In developing a heterogeneous catalyst, especially when using a
valuable metal like rhenium, catalyst stability is paramount, so an effort was made to study
supported rhenium catalyst stability and leaching behavior. In this chapter we will explore how the
leaching behavior of the oxide-supported rhenium catalysts depend on choice of support in section
3.2, how the reaction conditions effect leaching behavior in section 3.3, discuss possible leaching
mitigation strategies in section 3.4, and finally review preliminary exploration in using microporous

supports to inhibit leaching in section 3.5.
3.2. Experimental Methods

Catalyst preparation and characterization and reaction procedure were carried out as
described in Chapter 2. For testing solubility effects and catalytic performance, a range of diol
reactants, solvents, and reductants were employed. The diol reactants were 1,2-decanediol (Sigma
Aldrich) and 1,2-hexanediol (Sigma Aldrich). The solvents used were benzene (Sigma Aldrich,
anhydrous), toluene (Sigma Aldrich, anhydrous), 1,4-dioxane (Sigma Aldrich, anhydrous), 3-
octanol (Sigma Aldrich, 99%), and 2-propanol (Sigma Aldrich, anhydrous 99.5%).
Triphenylphosphine (Sigma Aldrich) was the default reductant. Triphenylphosphine oxide (Sigma

Aldrich) was used for calibration to quantify reductant oxidation. Some reactions were performed
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without a reductant, or with a secondary alcohol reductant, or with a secondary alcohol solvent. n-

hexadecane was added as an internal standard for GC-FID analysis.

The amount of leached rhenium was quantified by ICP-MS. The ICP-MS samples were
prepared by drying 0.1 mL of reaction supernatant to remove the solvent. The leftover solid was
then digested in 5 mL of 5 wt % HNO; for 12 h at a temperature of 80 °C. Then a 0.2 mL aliquot
of the digestion solution was filled up to 10 mL with additional 5 wt % HNO; for a total dilution
factor of 2500x. The rhenium content of these solutions was measured by a Perkin Elmer
NexION350D ICP-MS. A higher concentration standard solution was used to create 7 rhenium
calibration standards between 0.1 and 500 ppb. The dilution factor was used to back-calculate the

concentration of leached rhenium in the reaction solution.

The standard reaction volume was 5 mL containing 0.20 M of diol, 0.23 M of
triphenylphosphine (i.e., a slight excess of reductant), 0.10 M of n-hexadecane, and catalyst

corresponding to an equivalent of 0.01 M of rhenium and a diol-to-rhenium molar ratio of 20:1.

In order to characterize leaching at the elevated reaction temperatures, hot filtration was
performed to separate the reaction liquids from the solid catalyst at reaction temperature. The
filtration was performed using a filter disk (porosity 10-20 um). Since reactions were carried out
at temperatures above the normal boiling point of the solvent, the filter disk was connected to the

reactor top via a valve, such that immediate filtration at reaction temperature became possible.

The post reaction solution was also characterized by UV-Vis transmission spectroscopy
and EPR to characterize the solubilized rhenium. UV-visible transmission spectra of reaction
supernatants were measured using a PerkinEImer Lambda 900 UV-vis-NIR spectrometer. The
supernatant solution was diluted with excess solvent one in three parts by volume. The solutions
were placed in 1 cm quartz cuvettes, and the pure solvent served as a reference. EPR spectra of
reaction supernatants were collected at room temperature in 4 mm quartz EPR tubes (Wilmead-
Glass) using a Bruker Elexsys E-500 EPR with ER 4105DR cavity.
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Error bars indicate 3 experimental replicates from independent test reactions under the
same conditions for both GC-FID and ICP-MS measurements; error is reported as the mean + 1

standard deviation.
3.3. Catalytic and Solubility Experiments

All oxide-supported catalysts were screened for their activity in decanediol DODH.
Homogeneous catalysis with methyltrioxorhenium and heterogeneous catalysis with previously
reported ReO/C were used for benchmarking. Since the catalysts differed significantly in their
activity, an average rate of 1-decene formation was determined at comparable conversions (within
+ 10%) to eliminate any reaction order-related rate effects. The most active supported catalysts,
ReO,/TiO; and ReO,/SiO, were found to have turnover frequencies to 1-decene (mol decene per
mol rhenium and hour) similar to homogeneous methyltrioxorhenium on a per rhenium basis, that
is, 27.3 h' for ReOy/TiOz, 30.3 for ReO./SiO, as compared to 24.0 h! for methyltrioxorhenium.
Re/C was also highly active as previously observed,?® whereas all other oxide-supported catalysts
were less active (Figure 3.1a). For a given catalyst, selectivity to the alkene product was largely
invariant to diol conversion, between about 80-90% for ReO,/TiO, and ReO,/SiO,. Consistently,
the amount of triphenylphosphine oxide formed was proportional to the amount of decene with

little deviation.

The solid catalysts were recovered and re-tested repeatedly with fresh reaction mixtures to
monitor stability over multiple uses. The development of the DODH performance over five batch
reactions is shown in Figurea, normalized to total catalyst mass, as the rhenium content becomes
unknown after the first use. Because of the decreasing amount of catalyst in these experiments, the

uncertainty in the rate increases during later uses.

The initially most active catalysts, ReO,/SiO;, ReO«/TiO,, and ReO,/C, deactivated
considerably even after a single use. In contrast, the initially less active catalysts, ReO./ZrO,
ReOy/Fe;0s, and ReO,/Al,0O3, were more stable. ReO«/ZrO,;, ReOy/Fe;O3; even consistently
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demonstrated a slightly higher activity in the second run in comparison to the first use. In order to
investigate the cause for deactivation, the quantity of leached rhenium was determined by ICP-MS.
The results in Figure 3.1b indicate a strong correlation between the leached rhenium and both the
activity of the catalyst for a given run, and loss in activity observed in subsequent runs. The first

correlation suggests that solubilized rhenium species contribute to the observed DODH activity.
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Figure 3.1: (a) Catalysts activity over multiple uses, (b) Leached rhenium
concentration as measured by ICP-MS over the 5 recycle runs of (a). Reaction
conditions: temp. 150 °C, time 15-40 min (40-60% diol conversion), solvent toluene,
0.2 M 1,2-decanediol, 0.23 M PPhg, diol:Re=20.

The amount of rhenium leached was measured for each of the repeat runs, and the
cumulative amount of rhenium leached into the reaction solution by the supported catalysts was
calculated. By normalizing the amount of rhenium lost to the total initial rhenium content on the
catalyst from the incipient wetness impregnation, the fraction of rhenium lost by run was obtained,
as seen in Figure 3.2. The ReO,/SiO; catalyst, which deactivated most quickly, lost most of its
rhenium to the reaction solution in the first run. The other catalysts leached more gradually, with

ReO,/TiO; losing about 80% of its rhenium content after 5 runs, while the other oxide-supported

catalysts lost about 50% of their rhenium content after 5 runs.
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Figure 3.2: Fraction of rhenium leached over several recycle runs. Reaction
conditions: Temp. 150 °C, time 15-40 min (40-60% diol conversion), solvent
toluene, 0.2 M 1,2-decanediol, 0.23 M PPhs, diol:Re=20.
These experiments would indicate that the solubilized rhenium species may be more active,
but there seem to be firmly attached rhenium species on Al,Os, ZrO,, Fe20s, and to a lesser extent

on TiO.. For further investigations, we chose to focus on ReO,/TiO; as an active but quickly

deactivating catalyst, and ReO,/ZrO; as a less active but more stable catalyst.

Hot filtration tests were performed for ReO,/TiO2 and ReO4/ZrO, catalysts to investigate
whether rhenium is redeposited on the support when the reaction mixture is cooled. Figure 3.3
shows the amount of leached rhenium measured by ICP-MS for three differently obtained reaction
supernatants. In all cases, the catalytic reaction was started at a temperature of 150 °C for a duration
designed to achieve an intermediate conversion, which depended on the catalyst. The reaction
medium was then separated from the solid by hot filtration at the reaction temperature (150 °C) or
at an intermediate temperature (100 °C). Alternatively, separation was accomplished by
centrifugation at room temperature. It can be seen that the separation temperature did not have a
significant effect on the amount of rhenium detected in the liquid, indicating that cooling the
reaction mixture does not cause precipitation or redeposition of rhenium species. This result

demonstrates that the solubility of the leached rhenium complexes is not a strong function of
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temperature, and measurements made after separation at ambient temperature properly represent
the amount of rhenium leached under reaction conditions. Separations in this chapter (including
those conducted to generate Figures 3.1 & 3.2) were thus conducted at room temperature unless
otherwise indicated, because of the difficulty of separating under autogeneous pressure and

recovering the catalyst from the filter disk.

# ReOx/TiO2
# ReOx/ZrO2

Leached Rhenium (mmol/L)

150 °C 100 °C Ambient
Separation Temperature

Figure 3.3: Leached rhenium vs. catalyst separation temperature. Reaction
conditions: Temp. 150 °C, time 10 min ReO,/TiO2, 60 min ReO,/ZrO; (40-60% diol
conversion), solvent toluene, 0.2 M 1,2-decanediol, 0.23 M PPhs, diol:Re=20.
Separation at 150 °C performed by filtration at set reaction time; separation at 100
°C performed by filtration after reaction at 150 °C and transfer to 80 °C oil bath to
cool for 5 min; separation at ambient temperature performed by centrifugation
after cooling in water bath.

To test whether elevated temperatures are needed to solubilize rhenium in the first place,
the amount of rhenium leached into an unheated reaction mixture was compared with that leached
under reaction conditions. As seen in Figure 3.4, for ReO,/TiO,, the degree of leaching at room
temperature was similar to that at reaction temperature. In contrast, ReO,/ZrO, demonstrated
almost no rhenium leaching at low temperature. These observations indicate different ReOy-support

interaction for these two catalysts. The interaction is weak between ReOy and TiO,, whereas it is

strong between ReOy and ZrO,, requiring elevated temperatures to induce leaching.
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Figure 3.4: Reaction temperature vs. room temperature leaching. Reaction
conditions: Temp. 150 °C, time 15 min ReO,/TiO,, 60 min ReO,/ZrO; (40-60% diol
conversion), solvent toluene, 0.2 M 1,2-decanediol, 0.23 M PPhs, diol:Re=20.

To test the effect of loading, ReOx/TiO, and ReO./ZrO; catalysts containing 1 and 2 wt %
rhenium were prepared, and the rhenium leaching during reaction was compared with that of the 4
wt % rhenium catalysts (Figure 3.5). For both TiO, and ZrO, supported catalysts, the lower loadings
resulted in significantly less leaching and a higher fraction of retained rhenium over several uses
of the catalysts. However, the deoxydehydration rates per rhenium were not favorable, as seen in

Table 3.1, suggesting that the more strongly bound rhenium species in the lower-loading catalysts

tend to have lower activity for DODH and become largely inactive after several runs.
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Figure 3.5: Catalyst leaching vs. loading. Reaction conditions: Temp. 150 °C, time
15-60 min, solvent toluene, 0.2 M diol, 0.23 M PPhs, diol:Re=20.

Table 3.1: Catalytic activity of titania- and zirconia-supported catalysts with various

rhenium loadings

Catalysts Turnover frequency (mol decene)(mol Re)* h'1”
Rhenium
Composition | content (wt%) Run 1 Run 2 Run 3
ReO«/TiO2 3.87 36.3+£1.6 16.4+8.4 12.0+4.6
ReO«/TiO2 1.86 17.8£2.5 4.2+0.6 0.0+0.0
ReO«/TiO2 0.97 10.6x2.7 4.4£0.4 0.7£1.3
ReO«/ZrO2 3.88 5.5+1.8 7.0+2.6 3.7+3.1
ReOx/ZrO> 1.88 0.2+0.4 2.3£0.1 0.5+0.4
ReOx/ZrO> 1.02 0.0+£0.0 0.8+0.1 0.0+£0.0

*Reaction conditions: Temp. 150 °C, time 15-60 min, solvent toluene, 0.2 M diol, 0.23 M PPhs,
diol:Re=20. Conversion <25% for 1 and 2 wt% loadings. Max. conversion for 4 wt% was 40%
(ReOy/TiOy). Turnover frequencies referenced to rhenium content corrected for leached fraction.
Uncertainties are 1 standard deviation from 3 tests.
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A series of supernatant-catalyzed reactions were performed to measure the catalytic
activity of solubilized rhenium species and compare with that of solid catalysts. For a given catalyst,
Figure 3.6 contains two data points (from two separate batch experiments), representing reaction
progress with the solid catalyst present. Decene concentrations increased linearly with time,
consistent with a constant rate of reaction and a zero-order reaction, which was also seen by
Dethlefsen and Fristrup in a reaction kinetics investigation with homogeneous catalysts.'*3% After
the first reaction, the solid catalyst was removed, and only the reaction liquids were heated again
to reaction temperature to monitor for additional conversion. Cumulative product formation is
shown as a function of overall reaction time for these experiments, that is, the second set of data
points (at longer time) for each catalyst represents the sum of initial and supernatant activity. It is
expected that if there are no active solubilized species, the product yield should not further increase
for the second reaction. Any increase in alkene yield indicates active solubilized species and
generally contributions from homogeneous catalysis, which was evidently the case. To discriminate
between heterogeneous and homogeneous catalysis contributions, cumulative product yields
obtained with solid and supernatant need to be compared with that obtained with solids at the same
overall reaction time. For both ReO./TiO, and ReO,/ZrO, supernatants, the cumulative decene
yield is below the linear trajectory seen for the solid catalysts, indicating a large portion of the

catalytic activity comes from soluble species, but not all.
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Figure 3.6: Hot filtration supernatant activity test. Solid catalyst reaction
conditions: Temp. 150 °C, time 15-60 min, solvent toluene, 0.2 M diol, 0.23 M PPhs,
diol:Re=40. Supernatant reaction conditions: Separated reaction filtrate from
shorter reaction time was run for an additional 15 or 60 min at 150 °C without any
solid catalyst. Lines are to guide the eye only.

To further assess the relative contributions of homogeneous and heterogeneous catalysis,
the rate of product formation during the reaction with the solid present was normalized in two
different ways, while the supernatant rate was normalized to the amount of solubilized rhenium as
determined by ICP-MS (Figure 3.7). If both rates are normalized to soluble rhenium, then a higher
rate results for the initial run with solid present than for the supernatant, indicating that there is a
heterogeneous catalysis contribution from supported rhenium in the solid. This contribution was
significant only for the ReO,/ZrO; catalyst. Comparison of the rate normalized to total supported
rhenium in the first run with the rate per dissolved rhenium species in the supernatant run indicates

a higher rate per rhenium in the supernatant, suggesting the dissolved species are more active on a

per rhenium basis.
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Figure 3.7: Solid vs supernatant reaction yield per total rhenium or solubilized
rhenium measured via ICP-MS. Initial reaction conditions: Temp. 150 °C, time 15-
60 min, solvent toluene, 0.2 M diol, 0.23 M PPhs, diol:Re=20. Supernatant reaction
conditions: Separated reaction filtrate from the initial reaction was run for an
additional 15 or 60 min at 150 °C without any solid catalyst. The activity is
normalized to the solubilized rhenium as measured by ICP-MS.

3.4.Solvent and Ligand Effect on Rhenium Leaching

The data in Figure 3.1 indicate a strong influence of the support on the propensity of
rhenium to leach. However, a comparison with literature data suggests there might be additional
factors affecting stability. Little to no leaching was reported by Sandbrink et al.?*, whose most
stable catalysts were a ReO,/TiO, material and an even better, pre-reduced variant of this
ReO/TiO, material. Tazawa et al.?” found their ReOx/Au/CeO; catalyst to lose only minor amounts
of rhenium, corresponding to less than 0.25% of the loaded amount. Since the ReO,/TiO- catalyst
used in the present work is fundamentally similar to the non pre-reduced catalyst used by Sandbrink
et al., the significant differences in leaching behavior require explanation. We hypothesized that
in addition to the support, the solvent is likely to have an influence and, based on the proposed

mechanism, also the reactant. If the species on the supported catalysts are similar to the perrhenate
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precursor, which was demonstrated for the carbon support, then, as a charged inorganic moiety,
they are not expected to be very soluble in the non-polar solvent toluene. During the catalytic cycle
though, the rhenium complex receives new ligands. The proposed reaction mechanism for
deoxydehydration involves a vicinal diol forming a glycolate with the active rhenium site followed
by elimination of the alkene product. The glycolate intermediate would likely be far more soluble
than the perrhenate alone, especially if the diol has a large non-polar region as with 1,2-decanediol,
as illustrated in Scheme 3.1. The glycolate intermediates shown in the figure are based on published

structures, for example, by Ahmad et al.** or by Shakeri et al.??
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Scheme 3.1: Leaching hypothesis: Perrhenate (ReQy) is not appreciably soluble in
non-polar solvents, however diol and decene have surfactant-like properties when
acting as a chelating ligand.

To test the theory of a chelating ligand inducing solubility of rhenium complexes, test
reactions were performed to see which species present in the reaction might be capable of
solubilizing rhenium, as seen in Figure 3.8. Negligible leaching is observed for the catalyst in the
solvent alone, or in the presence of the triphenylphosphine reductant. The most severe leaching is

seen when the diol is present in absence of any other reductant, with slightly less leaching in
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reaction conditions with both diol and triphenylphosphine in the medium. The 1-decene product
also seemed to be capable of inducing rhenium dissolution, demonstrating that in addition to a
soluble Re(V1I) glycolate, there exists a soluble Re(V) glycolate. This behavior was observed for
ReO,/TiOz, but not ReO,/ZrO,. The difference is likely due to a greater energetic barrier from
stronger ReOx-ZrO- interaction. Based on the results in Figure 3.8, it is evident that mainly the

diol causes leaching, by coordinating with the rhenium.

To test whether the leaching effect observed when using a vicinal diol was caused merely
by the presence of an alcohol group coordinating with the rhenium species, 1-butanol was tested as
a primary alcohol, and 1,4-butanediol was tested as an o,0-diol. These molecules were not
measurably converted into any products at relevant reaction conditions and did not induce any
significant rhenium leaching for either a titania- or a zirconia-supported catalyst. This result
suggests that a vicinal diol is necessary to form the solubilized intermediate, likely by undergoing
dehydration to form the soluble rhenium glycolate intermediate, as illustrated in Scheme 3.1.
Interestingly, Shiramizu and Toste demonstrated that 2-butene-1,4-diol can be converted to
butadiene using methyltrioxorhenium as catalyst and proposed an isomerization reaction to a

vicinal diol followed by DODH.*® Evidently, the double bond enables this rearrangement.
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Figure 3.8: Ligand effect. Reaction Conditions: Temp. 150 °C, time 15 min for
ReO,/TiO,, 60 min for ReOx/ZrO,, solvent toluene, 0.2 M 1,2-decanediol, 1-butanol,
or 1,4-butanediol if noted, 0.23 M PPhs if noted, 0.2 M 1-decene if noted,
diol:Re=20.

If the diol forming a glycolate complex with the rhenium is the primary cause of leaching,
then it follows that the combination of diol and solvent may strongly control the degree of leaching.
To further test this hypothesis, solvents with varying polarity were employed, which were toluene,
1,4-dioxane, 3-octanol, 2-propanol and water in order of increasing polarity. To ascertain the
effects of the diol presence as such and of its hydrocarbon tail length, the options 1,2-decanediol,
1,2-hexanediol, and no diol were combined with the various solvents. The ReO./TiO; catalyst was

chosen for this purpose, and it was principally active with all tested reductant, solvent and reductant

combinations.

Figure 3.9 shows the amount of leached rhenium for the ReO,/TiO; catalyst across the
range of diols and solvents. In the no-diol condition, rhenium leaching was low for toluene, 1,4-
dioxane, 3-octanol and 2-propanol though it did increase slightly with increasing solvent polarity.

Rhenium leaching was significant when water was used, as expected for an inorganic, presumably
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ionic species. When diol was present, leaching was most prominent in the non-polar solvent and
diminished as the solvent polarity increased. This effect was consistently more pronounced for
1,2-decanediol than for 1,2-hexanediol, showing the larger hydrocarbon tail exacerbates the diol-

induced leaching.
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Figure 3.9: Solvent effect. Reaction Conditions: Temp. 150 °C, time 15 min for
ReO,/TiO,, solvents toluene, 1,4-dioxane, 3-octanol, 2-propanol, and water in order
of increasing polarity,* 0.2 M 1,2-decanediol or 1,2-hexanediol if noted, 0.23 M
PPhs for toluene and 1,4-dioxane reactions, diol:Re=20.
Since the diol induces rhenium solubility, we were curious whether driving the reaction to
100% diol conversion would cause rhenium species to redeposit, or whether they would persist as
soluble species. To test this hypothesis, the ReO,/ZrO; and ReO,/TiO; catalysts were operated to
final diol conversions of 40-60% or 100%. Figure 3.10a shows catalytic activity of the fresh and
recycled catalysts after both complete and partial diol conversion. The recovered catalyst
demonstrated significantly higher activity in the second use if the first reaction was stopped only

after complete diol conversion. Even more striking is the analysis of leached rhenium observed by

ICP-MS after the first use of the catalysts (Figure 3.10b); while significant amounts of leached
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rhenium were detected at incomplete conversion, the amount of solubilized rhenium was negligible
at complete diol conversion. These measurements imply that rhenium is re-deposited onto the
support or precipitated at complete diol conversion. Since the activity of the recovered catalyst
does not correspond to that of the fresh catalyst even though there are almost no soluble rhenium

species, additional deactivating processes must be inferred.
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Figure 3.10: Diol conversion effect. Reaction Conditions: temp. 150 °C, time
ReO,/TiO2 15 min incomplete and 60 min complete conversion, ReO«/ZrO,1 h
incomplete and 3 h complete conversion, solvent toluene, 0.2 M 1,2-decanediol, 0.23
M PPh; diol:Re=20. (a) Catalytic activity of the fresh catalyst and of the recycled
catalyst after complete or incomplete diol conversion in the initial run. (b) Leached
rhenium as measured by ICP-MS after either complete or incomplete diol
conversion.

To gain insight into the nature of the solubilized rhenium species, UV-vis and EPR spectra
of the supernatants were recorded at room temperature within 24 h of generation, as color changes
occurred both with temperature and also during storage. EPR spectra indicate small concentrations
of paramagnetic species. Spectra of solutions generated with diol only or diol and a secondary
alcohol reductant showed a weak signal at g=1.910, with a hyperfine coupling of a(Re) = 260 G =

232x10* cm™. These spectra are consistent with Re(V1), but the weak signal indicates a minority
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species given the concentrations measured by ICP and the typically excellent spectra obtainable
with Re(VI) solutions. In presence of PPhs, a signal with g = 2.263 is observed; chemically, Re(IV)
is a likely species assuming further reduction. UV-vis spectra were characterized by a band at 493-
499 nm for PPhs-driven DODH of diols in various solvents. Without PPhs, a band at 400 nm was
observed when the solvent was dioxane, suggesting a different predominant oxidation state and
perhaps also coordination of dioxane. The region of perrhenate absorption (229 nm) was generally
obscured by strong solvent absorption. The simplicity of the UV-vis spectra suggests there are very
few different species; however, given the many options for the rhenium oxidation state and the
significant wavelength shifts that occur for both charge transfer and d-d transitions with
coordination and nature of the ligands, it was not possible to assign these transitions. The bands did
disappear with complete conversion of the diol, confirming the diol as one of the ligands and

consistent with reprecipitation of rhenium.
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Figure 3.11: (a) UV-vis spectra of reaction supernatants in (a) toluene and (b) 1,4
dioxane solvent. (c) EPR spectra of reaction supernatants using ReO,/TiO;
catalyst, toluene solvent, 1,2-decanediol reactant with either no additional
reductant, triphenylphosphine reductant, or 3-octanol reductant. Reaction
conditions: Temp. 150 °C, time 15 min, ReO,/TiO; catalyst 4 wt% loading, solvent
toluene, 0.2 M diol (conversion indicated), 0.23 M PPh; or 3-octanol reductant if
indicated, diol:Re=20.
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3.5. Discussion of Leaching Effects

3.5.1.  Catalyst Optimization by Activity and Stability

A strong role of the support for both ReOy activity and stability emerges from the combined
data of Denning et al.,® Ota et al.,?” Sandbrink et al.,* and the present work. Ota et al. investigated
catalysts consisting of a support, ReOx as active component, and palladium as a promoter for
DODH of 1,4 anhydroerythritol. Among a series of supports including carbon, SiO,, TiO,, ZrO,,
Ce0,, AlLO;, La20s, Y203, MgO and CaO, the oxide CeO, was found to give the most active
catalyst in the presence of palladium. Sandbrink et al. did not add a noble metal and reported an
activity ranking for ReO/support in the order of carbon > SiO; > TiO; > ZrO,, while finding the
TiO2-supported ReOx material to be the most stable, particularly after a pre-reduction of the
catalyst. The data in Figure 3.1a confirm the high activity of oxo-rhenium moieties supported on
carbon, SiO,, and TiO2, but Figure 3.1b and Figure 3.7 suggest that much of the activity of these
catalysts stems from leached species. The high supernatant activity (Figure 3.6) also demonstrates
that the entire cycle can be homogeneous without temporary deposition, suggesting true

homogeneous contributions and not a coupled homogeneous-heterogeneous cycle.

The support plays a primary role for the leach resistance of oxo-rhenium complexes and
sets the activation barrier for detachment. The mechanism of detachment depends on the bond to
the support. A weakly, van der Waals-bound species may simply be solubilized. An option to
release charged moieties is ion exchange, during which the rhenium complex is replaced by another
ion with like charge. However, the reactants and reagents are expected to be neutral molecules,
making this mechanism unlikely. Alternatively, ligand exchange may occur, and the support moiety
that serves as a ligand in the complex is replaced by another ligand. Perrhenate behaves like other
oxido anions with a single charge such as nitrate or perchlorate, and is expected to not have a strong
affinity to most surfaces. The decisive role of the diol suggests that detachment is promoted by

ligand addition or ligand exchange.
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With respect to stability as measured by performance of the recycled solid, the successfully
employed supports are reducible except for Al,Os, and the most easily reducible supports among
those investigated, CeO, and TiO, give the highest activity. Sandbrink et al.?* reported improved
catalyst stability for ReO,/TiO; if the catalyst was pre-reduced and ascribed this phenomenon to
the lower solubility of rhenium complexes with lower oxidation states. In light of the aggregate
results of several groups, stronger attachment of oxido-rhenium moieties on a reduced support is
an alternative interpretation. In the experiments by Tomishige and coworkers, >’ CeO, may be
easily reduced through spillover of hydrogen from the noble metals. The stability of the Al,Os-
supported ReOy catalyst may be understood on the basis of the findings of Zhang et al.* They
report on supported oxido-rhenium metathesis catalysts and found the rhenium species to be
interacting with silica via a single oxygen bridge, whereas with alumina, an additional interaction
via a hydroxyl group was observed. This increased rhenium-support interaction could be
responsible for both the lower activity and the increased stability that is seen with ZrO,, Al,Os, and

Fe,0; supports relative to SiO; and TiO; supports in Figure 3.1.

A second important factor is the loading of the rhenium. Figure 3.2 shows that the leached
fraction depends on the support and that the amount leached decreases as the loading decreases.
While the maximum loading could be explored by preparing catalysts with different loadings, it
can be predicted by the cumulative leaching experiment in Figure 3.2. Since the initial rhenium
loading was 4 wt%, the data suggest that SiO- is not a good support at any loading, TiO should be
limited to securely attaching around 1 wt%, and all others to about 2 wt% rhenium. The data in
Figure 3.5, which compiles rhenium leached from catalysts with different loadings, are consistent
with this prediction; zirconia retains rhenium better than titania. The amounts may vary depending
on support source, support pretreatment, and rhenium precursor. They are however far below
monolayer coverages, which are estimated to be 8.0, 3.7, 8.2, and 3.3 wt% for Al,O3s, TiO,, ZrO-

and SiO,, respectively, on the basis of the surface areas of the catalysts in Table 1 and the densities
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calculated by Wachs.* Sandbrink et al. applied between 3.5-5.5 wt% rhenium and found leaching
(as measured by filtrate activity and rhenium concentration in solid) to occur only in the initial use
of ReO,/TiO; and to be insignificant afterwards. Even though CeO; was not tested here, the 1 wt.%

Re loading used by Tomishige and co-workers probably significantly lowered the risk of leaching.

Considering all reports on supported ReOy catalysts and their suitability for DODH, the
following conclusion can be drawn: If true heterogeneous catalysis is desired, then low rhenium
loadings on supports such as ZrO,, CeO,, Al,O3 and Fe;Os, and on TiO, with suitable treatments
are most promising. However, the data in Table 3.1 demonstrate that while lower loadings result in
less leaching, the observed DODH rates per rhenium decline at the same time. There are two
potential reasons for lower rates at low loadings, fewer homogeneous contributions and lower
activity of more strongly bound surface species. The first is ruled out by the calculation in Table
3.1. Figure 3.6 indicates that homogeneous contributions dominate for high loadings, raising the
general question about the contribution of heterogeneous DODH catalysis. The literature on
supported catalysts is in favor of heterogeneous catalysis, and even some literature on soluble
complexes suggests that a solid is the active species, resulting in an induction period.*” However,

other authors concluded that oligomerization of soluble catalyst leads to inactive species.'"°
3.5.2. Causes of Leaching

The results in Figure 3.9 show that the pristine solid catalyst ReO./TiO- is reasonably stable
in the reaction medium. It is the reaction of oxido-rhenium with diol that promotes leaching, which
supports the hypothesis that a glycolate complex is the soluble species. The glycolate can be formed
through condensation of oxido-rhenium species with a diol. Decene is also effective in solubilizing
rhenium, presumably because a glycolate can be formed through addition of decene (Scheme 3.1),
which is the reverse reaction of the third step of DODH, the alkene elimination. It is evident that
steps of the catalytic cycle lead to formation of soluble species. At complete diol conversion, the

amount of dissolved rhenium is negligible (Figure 3.10). This scenario is reminiscent of
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observations made with palladium catalysts for Heck and Suzuki couplings.®*® Dissolved
palladium that forms during the course of the reaction serves as active species in these coupling
reactions. The palladium is redeposited on the support at the end of the reaction; however, the high
number of components in these reactions prevents the clear relationship between leaching and

reactants or products that is seen in Figure 3.8 for rhenium-catalyzed DODH.

While the leached complexes could not be exactly identified, some knowledge could be
gleaned from the aggregate information. Since primary alcohols and a,m-diols did not induce
leaching, the complexes are likely to be have diol-derived ligands. The complexes were not
thermally or long-term stable, underlining the dynamics observed by others.*” UV-vis spectra
presented well-defined bands, suggesting well-defined species. EPR spectra suggest paramagnetic
species such as Re(VI) and Re(IV) are a minority, consistent with the Re(VII)/Re(V)-based

homogeneous catalysis cycle proposed by Ahmad et al.*

The association of catalyst with the reactant as primary cause of leaching presents

challenges, both in detecting and in mitigating leaching, as discussed in the following.
3.5.3. Detecting Leaching

The detection of leached species and homogeneous catalysis contributions requires
accounting for a number of phenomena as illustrated by Sheldon et al.,** and, consequently, leach
tests call for cautious experimenting® and may be augmented by application of scavengers, for
example thiols in Heck and Suzuki couplings.®® Mercury has been used as a poison for solid metals

to demonstrate heterogeneous catalysis, but this test is also associated with difficulties.>®

The most common recommendation is hot filtration followed by testing of the filtrate for
activity,> which addresses the issue of redeposition of leached species onto the support upon
cooling. For the rhenium species, the effect of the separation temperature is rather minor, as seen

in Figure 3.3, indicating that at the test conditions, solubility of the leached rhenium species is not
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a limiting factor and saturation is not reached, or solubility is not strongly temperature dependent.
The fact that the concentration of leached rhenium is the same at room temperature and at 150 °C
for some catalysts (ReO./TiO,) corroborates that the leached species are well soluble (Figure 3.4).
In contrast, elevated temperatures were needed for other catalysts (ReO,/ZrO,) to overcome the

detachment barrier and induce leaching in the first place.

In some cases, continued reaction of the catalyst with the substrate after separation has led
to an inactive state of the catalyst and long induction periods in subsequent tests that can disguise
supernatant activity.>* Such a scenario can be avoided if the reaction is run to completion, that is,
to 100% conversion, and for the test, more reactant is later added to the filtrate. This approach
would fail here; if leaching is stimulated by the reactant, then it becomes undetectable at 100%
conversion (Figure 3.10). In fact, at a reactant-to-catalyst ratio of 20 and an assumed diol-to-
rhenium stoichiometry in the solubilized complexes of 1:1, conversions beyond 95% imply
insufficient ligand availability. Soomro et al.*® found a more complex relationship for Suzuki-
Miyaura couplings, where in some cases the concentration of dissolved palladium passed through
a maximum at 60% conversion even though the relative catalyst concentration was only 0.1 mol%.
This observation and other data presented by the authors indicate that reagents and other additives
also play a role for palladium solubilization. Their observations are not unique, for example,
Sheldon saw chromium leaching from CrAPO-5 as a result of oxidation by a hydroperoxide which
was added as a stoichiometric oxidant.3* In contrast to these reports, the effect of conversion on
leaching of rhenium from ReO,/TiO; and ReO«/ZrO, during DODH is absolutely clear (Figure

3.10), and the effect of PPhs is rather minor (Figure 3.8).

Sheldon et al.** also pointed out that recycled catalyst activity can be deceiving if the
leached amount is very small but highly active. Indeed, upon second and further uses, which are
representative of lower initial rhenium loadings, the activity of many solids remains more or less

constant (Figure 3.1). In contrast the ICP analysis of the filtrate provides a sensitive measurement
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and thus an unambiguous account of trace amounts of leached rhenium (Figure 3.1, Figure 3.2).
3.5.4. Leaching Mitigation Through Choice of Reaction Conditions

Ideally, the interaction between support and active moiety is so strong that leaching is
kinetically hindered and prevented in the first place. If the activation barrier for detachment is high
enough as appears to be the case for ReO./ZrO- (cf. Figure 3.3 and Figure 3.4), then lowering the

reaction temperature should suppress leaching.

If detachment is principally possible, then the solubilities of all forms of the catalyst in the
cycle, that is, in its original form and after association with a reactant or reagent in the solvent have
a considerable influence. In the present case, minimizing solubility is challenging because of
opposite trends. The pristine ReOy/support catalyst, presumably containing an inorganic ion as
active rhenium moiety, is not appreciably soluble in nonpolar organic solvents. In contrast, the
glycolate complexes with their hydrophobic hydrocarbon tails are more soluble in nonpolar
solvents than in polar solvents. As seen in the leaching map in Figure 3.9, the optimal solvent
polarity for minimal leaching is the minimum resulting from combination of the solubility curves
of the various catalyst forms. The optimal solvent is also a function of the reagent and of course
must still be favorable for catalyst operation. A survey of recent DODH reports shows that
Sandbrink et al.?* converted hexanediol and octanediol and used 3-octanol as the solvent and
reductant. Indeed, slightly more leaching was observed for octanediol than for hexanediol, as the
leaching map in Figure 3.9 would have predicted. Tomishige and co-workers?>?" combined 1,4-
dioxane as the solvent with a variety of substrates and found little leaching with glycerol as the

reactant,?’ suggesting that this combination works well together with the catalyst.

Solvents are typically chosen with the goal of dissolving reactants and products. It is seen
here that with a heterogenized catalyst, the leach resistance becomes an additional criterion for
selecting a solvent; and the solvent must be adapted to the reactant to lower the solubility of the

catalyst-reactant complex.
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An additional complication is the formation of water as a reaction product, which as per
Figure 3.9 promotes rhenium leaching, at least of the oxo-anions used here. Its fate depends on the
miscibility with the solvent. Solubility in toluene, which was used for most of the reactions, is low
at 0.027 M,>" and indeed a second phase forms if larger amounts are added. This scenario could be

problematic if the catalyst partitions to the agueous fraction, while also implying ease of separation.
3.5.5. Release and Catch Catalysis

Since leaching is difficult to suppress entirely for rhenium-catalyzed DODH, an interesting
alternative solution to this issue is a ‘release and catch’ catalytic scheme, where the active species
becomes partially homogeneous during the reaction, but is then redeposited on the support, similar
to what has been demonstrated for other liquid phase reactions such as the Suzuki couplings.®
Figure 3.10 shows that dissolved rhenium species can be precipitated when the reaction is driven
to complete diol conversion, which can additionally be promoted by excess reductant. Another
possible benefit of excess reductant is that the reduced form of the catalyst is less likely to react
with decene. However, the recycled catalysts do not reach the activity of the original catalyst,
indicating that some rhenium is transformed into an inactive solid. The release and catch scheme

thus has potential, but requires further optimization.
3.6. Rhenium Encapsulation in Microporous Zeolites

Rhenium solubilization was found to be induced by the diol forming a glycolate with the
active rhenium species. We hypothesized that if the oxo-rhenium species is deposited within a
microporous zeolite, the bulky glycolate intermediate may have reduced mobility within the zeolite
pore. Though there has not been any reported use of zeolites in DODH catalysis, rhenium
deposition on zeolites have been demonstrated by several groups. Wu et al.%® used incipient wetness
impregnation to deposit ammonium perrhenate rhenium precursors on MFI and MWW zeolite.
CVD methods have also been used to deposit rhenium using methyltrioxorhenium and Re»O7 onto
HZSM-5.5°
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Figure 3.12: Zeolite framework of Beta/ BEA zeolite on [1 0 0] axis (left) and [0 0 1]
axis (right) from 1ZA database of zeolite structures.®

The major parameters which will be considered for this study are the zeolite pore size,
zeolite acidity, rhenium deposition technique, and the reactant and reductant size and identity. We
choose to select zeolite beta (BEA), pictured in Figure 3.12, as it is a large pore zeolite in which a
5.95 A kinetic diameter sphere can diffuse through the pores with a cavity space of 6.68 A.®° This
larger pore size was selected to allow the diffusion of the perrhenate precursor and diol reactants
through the pore and allow for the formation of the glycolate intermediate within the zeolite. A
potential complicating factor is if pore confinement sterically hinders reactivity of the rhenium
species within the pore. However, the pores should be small enough to inhibit diffusion of the
glycolate intermediate outside of the zeolite. This size effect can be studied using various diols,
such as 1,2-hexanediol, 1,2-decanediol, and diethyltartrate in order of increasing size, and the bulky

triphenylphosphine versus smaller secondary alcohol reductants.

Wau et al. reported that the perrhenate species preferentially attach to the Si-O-Al Brgnsted
acid site, so both a siliceous and high acid site density zeolite were tested. Both incipient wetness
and CVD have been employed to incorporate rhenium into zeolites in the literature,5°%! for initial
testing incipient wetness was employed due to ease of synthesis, though CVD could also be

employed in future testing. Since we are working with a microporous catalyst, diffusion effects
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into the zeolite will become significant which will affect kinetics, and larger reactants and

reductants may not be able to fit into the pores.
3.6.1.  Zeolite Catalyst Preparation, Rationale, and Reaction Conditions

The beta zeolites were obtained from Zeolyst. Two different beta zeolites were used:
BEA-19 (Zeolyst, CP814C) which has a Si:Al ratio of 19, and BEA-150 (Zeolyst, CP811C-300)
which has a Si:Al ratio of 150. The silicon to aluminum ratio dictates the acidity of the zeolite as
the bridging oxygen between the silicon and aluminum in the framework has a Bransted acidic
hydrogen. By using zeolites with varying concentrations of Brgnsted acid sties, we hoped to test
whether this acidic site can provide a rhenium binding site as reported by Wu et al.® The zeolites
as obtained from Zeolyst were in their ammonium form, and in order to decompose the ammonium
and obtain the hydrogen form (H-BEA) of the zeolites, they were first calcined at 500 °C for 3
hours. Rhenium was introduced to the zeolites using incipient wetness impregnation with
ammonium perrhenate as the rhenium precursor which was dissolved in a volume of deionized

water corresponding to the pore volume of the zeolite support.

Table 3.2: BEA zeolite catalysts of varying acidities impregnated with rhenium.

Re loading
Catalyst (wt%) mmol Al mmol Re
ReOx/BEA 19 3.9 1.73 0.34
ReO«/BEA 150 3.9 0.24 0.34

The composition of prepared rhenium zeolite catalysts can be seen in Table 3.2.
ReO./BEA19 catalyst contains an excess of acid sites compared to the rhenium loading, with
roughly 5 acid sites for every rhenium atom. The ReO,/BEA150 has a deficit of acid site as
compared to rhenium loading, with just over 1 rhenium atom per acid site. In order to evaluate the

zeolite catalyst, 4 wt% loading ReO,/TiO, and ReO,/ZrO, were used as controls.
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3.6.2.  Zeolite Supported Rhenium Catalyst Results

The ReOx/Zeolite catalsyts were tested using 1,2-hexanediol, 1,2-decanediol, and
diethyltartrate in order to test the effect of substrate size. Increasing the size of the reactant can
either inhibit the reaction due to slower diffusion, or steric effects within the pore reducing
reactivity. 2-propanol was used as the solvent and reductant to ensure that the reductant would not

be hindered by diffusion limitations. Refer to Chapter 2 for reaction conditions and procedures.
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Figure 3.13: Zeolite-supported rhenium catalyst DODH activity over 4 consecutive

runs. Reaction conditions: 150 °C, 55 minutes for 1,2-hexanediol reactions, 90

minutes for 1,2-decanediol, 2-propanol solvent and reductant, 0.2 M diol,

diol:Re=20.

The zeolite catalysts were active for deoxydehydration over multiple runs, as seen in Figure
3.13, however the benchmark zirconia-supported catalyst had similar initial activty and retained
higher activity over multiple runs, suggesting that this initial screening of rhenium zeolites does
not offer an advantage over previously tested catalyts. Interestingly however, while the less acidic
BEA150 catalyst lost most of its activity in the first run, the more acidic BEA19 was a much more

stable catalyst, though its initial deoxydehydration activty was lower. This greater stability lends
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some credence to the idea put forward by Wu et al.%® that the acidic silicon-aluminum oxygen

bridging site has an affinity towards the rhenium species.
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Figure 3.14: Zeolite-supported rhenium catalyst selectivity over multiple runs.

Reaction conditions: 150 °C, 55 minutes for 1,2-hexanediol reactions, 90 minutes for

1,2-decanediol, 2-propanol solvent and reductant, 0.2 M diol, Diol:Re=20.

The reason for the lower initial activity observed for the more acidic ReO,/BEA19 catalyst
can be seen by looking at the selectivity shown in Figure 3.14. Both catalysts actually had similar
diol conversion, however the more acidic zeolite forms side products, greatly reducing selectivity.
However, over multiple runs, the more acidic zeolite catalyst ReO/BEA19 is more stable, while
ReO./BEA150 loses selectivity as the catalyst deactivates after the first run. In runs of the BEA19
and BEA150 without the introduction of rhenium the 1,2-decanediol was largely converted,
however decene was not formed. The product peaks are consistent with what could be expected of

acid-catalzyed dehydration produts of the 1,2-decanediol.. This explains the low selectivity of the

zeolite-supported rhenium catalysts, especially for the more acidic ReOx/BEA19.
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Figure 3.15: Zeolite-supported catalyst rhenium leaching by ICP-MS.

From the ICP-MS we see that there is not a large difference in leaching whether using the
1,2-hexanediol or 1,2-decanediol substrate, though the 1,2-hexanediol demonstrated slightly higher
leaching due to the relatively polar 2-propanol solvent. The acidity of the zeolite framework had a
strong effect on leaching. The less acidic ReO/BEA150 leached most of its rhenium after the first
run, however the more acidic ReOx/BEA19 catalyst steadily leached rhenium over the 4 runs. This
explains the loss in activity of the BEA150 catalysts versus the relative stability of the BEA19
catalysts observed in Figure 3.15 and further supports the reported interaction between the acid site

and the oxo-rhenium species.
3.6.3.  Microporous Supports for Rhenium DODH Catalyst Conclusions

The siliceous zeolite framework does not seem to be a very strongly binding support for
the perrhenate species, similar to what is observed for the tested fumed silica support. This effect
may arise from the relatively negatively charged silica surface and the perrhenate anion, or possibly
just from the lack of strong bridging rhenium-oxygen-silicon bond. The presence of acid sites in
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the zeolite did suppress the rhenium leaching, however, introduction of the Brgnsted acid site
lowered selectivity to the deoxydehydration product by catalyzing side reactions. With the size of
substrate and zeolite pore tested, there does not seem to be a strong suppression of rhenium leaching

through encapsulation of the rhenium species.

This preliminary study of microporous supports for deoxydehydration shows some promise
that the rate of leaching can be slowed by the presence of an acid site. There is a very large
parameter space using microporous supports. There may be an effect if a smaller-pore zeolite was
employed, though the choice of substrate and its size may dictate the possible pore sizes which
makes it difficult to make a one size fits all catalyst. It may also be helpful to optimize the rhenium
to acid site ratio to provide binding sites for the rhenium without a large excess of Brensted acid
sites. Further, if this line of research were to be persued it would be useful to identify whether the
rhenium species were primarily surface species, or whether they were entrapped in the micropore
network. This could be verified in part using transmission electron microscopy, or using the
technique by Wu et al.®® who applied FTIR-spectroscopy to track the replacement of the acidic

hydrogens with rhenium.

Alternative encapsulation strategy would be to use a deoxydehydration catalyst with very
bulky homogenoues catalyst and then employ a ship in the bottle strategy. This has been
demonstrated for the Grubbs catalyst by Yang et al.®? in which a bulky second generation Grubbs
catalyst was entrapped in SBA-1, a small pore, mesoporous silica. The surface of the SBA was
then functionalized through silylation with dichlorodiphenylsilane which reduced the pore size of

the SBA, trapping the catalyst within the cages of the SBA.

54



CHAPTER 4

INVESTIGATION OF ALTERNATIVE MORE ECONOMICAL METALS FOR
DEOXYDEHYDRATION

4.1. Introduction

From Chapter 3, we see that during liquid phase deoxydehydration catalysis, the supported
catalytically active species is prone to leaching. This leaching issue is exacerbated by the formation
of a glycolate intermediate, and further the active species must be able to easily able to undergo
changes in oxidation and coordination, so attempts to more strongly bind the active species may
reduce reactivity. Though leaching mitigation strategies will be beneficial to producing a more
practical catalyst, due to the high cost of rhenium, it would be more ideal to start working with a
cheaper transition metal that is capable of similar redox catalysis as rhenium. Namely, the metal
must be able to coordinate and form the glycolate intermediate, and easily undergo the +2 oxidation
state redox couple necessary for the initial reduction and re-oxidation in the elimination of the
alkene from the glycolate. From that starting point, we wanted to survey group V, VI, and VII

transition metals.

We started by exploring oxide-supported vanadium, manganese, molybdenum, and
tungsten catalysts which are all widely used as oxide-supported redox catalysts®*%® and are

relatively cheap and abundant in relation to rhenium.®
4.2. Molybdenum Catalysts

Developing supported molybdenum catalysts for DODH was of great interest because of
the relative abundance and low cost of molybdenum compared to rhenium, the fact that it is a well-
known redox catalyst capable of undergoing the change in oxidation state required for
deoxydehydration, as well as the fact that homogeneous molybdenum catalysts have been

demonstrated to be active for DODH when coordinated with bulky ligands.
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4.2.1.

Catalyst Preparation and Characterization

Using the same oxide supports used for the supported rhenium catalysts, a series of

supported molybdenum catalysts were synthesized using incipient wetness impregnation.

Ammonium heptamolybdate tetrahydrate (Sigma Aldrich) was used as the molybdenum precursor.

A similar procedure

was used as in the rhenium preparation outlined in section 2.1, however 550

°C for 4 h was used for the calcination as molybdenum sublimation was not as large of a concern.

Table 4.1: Molybdenum catalyst loading and surface area measurements.

Catalyst Molybdenum Support BET Catalyst BET
Content (wt%) | Surface Area (m?/g) | Surface Area (m?3/g)
MoOx/TiO2 9.3 53.2 49.8
MoOx/ZrO2 9 99.5 81.8
MoO«/SiO2 10.1 300
MoOx/Fe20s3 9.1 42.7 29.9
MoOx/Al2O3 8.8 151.6 143.2
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Figure 4.1: Diffuse reflectance UV-vis spectra converted to Kubelka-Munk function

of oxide-supported molybdenum catalysts and ammonium heptamolybdate, the
molybdenum precursor used in the synthesis of the supported catalyst.

From UV-Vis spectra taken of the molybdenum precursor and catalysts shown in Figure

4.1, we see that the heptamolybdate precursor has an absorption edge of around 350 nm. This is
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shared by the silica-supported molybdenum catalyst, however the zirconia and alumina supported
catalysts absorb at shorter wavelengths. As noted by Weber,™ the absorption edge of the molybdate
species is dependent on the degree of oligomerization where the more oligomerized forms have
lower energy absorption edges. This would imply that the silica-supported molybdenum catalyst
retains its poly-molybdate form from the heptamolybdate precursor or reforms poly-molybdate
upon calcination, while the alumina and zirconia supported molybdate has higher energy absorption
bands indicating the breakdown of the molybdate into smaller molecules and/or a greater degree of

interaction between the molybdate and the support.

4.2.2. Molybdenum Catalyst Reactivity with Triphenylphosphine Reductant
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Figure 4.2 Supported molybdenum catalyst reactivity, AHM represents ammonium
heptamolybdate tetrahydrate used as a homogeneous benchmark catalyst. Reaction
conditions: temp. 180 °C, time 24 h, solvent benzene, 0.2 M 1,2-decanediol, 0.23 M
PPhs, diol:Mo0=20.

The supported molybdenum catalysts were initially tested at 150 °C, however, they only
achieved stoichiometric conversion to the decene product as compared to the molybdenum content
of the supported catalysts. To see whether we could demonstrate that the molybdenum is truly

catalytic, we tested at 180 °C, as seen in Figure 4.2. In this case, we see at least 3 times more
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decene produced compared to the molybdenum content, indicating that the supported molybdenum
is catalytic. For the supported catalysts, the DODH selectivity is largely independent of support.
The low selectivity of the molybdenum catalysts is born out in that we see an abundance of side
products in the chromatograms. Molybdenum oxides are known to be active catalysts for
hydrogenation, dehydration, and condensation.”* When the reaction mixture was analyzed by GC-
MS, we saw compounds that are likely dehydration products and some heavier compounds that are

likely condensation products.

Table 4.2: Supported molybdenum catalyst reactivity with triphenylphosphine reductant.
Reaction conditions: Temp. 180 °C, time 24 h, solvent benzene, 0.2 M 1,2-decanediol, 0.23
M PPh;s, diol:Mo0=20, 9 wt% Mo loading.

Diol Alkene Activity (mol
Temp | Time | Conv Yield | Selectivity | alkene)(mol
Catalyst (°C) (h) (%) (%) (%) Metal)th?
Control 24 180 10 3 32
(NH4)sM07024 24 180 100 42 42 0.33
MoO«/SiO2 24 180 79 15 18 0.16
MoOx/TiO2 24 180 100 17 17 0.15
MoOx/Al203 24 180 100 17 17 0.15
MoOx/Fe203 24 180 89 16 18 0.14
MoOx/ZrOz 24 180 100 18 18 0.15

4.2.3. Molybdenum Catalyst Oligomerization Effect

Curiously, we regularly observed greater activity and selectivity using the homogeneous
precursor, ammonium heptamolybdate tetrahydrate (AHM). A study was conducted to ascertain
the reason for the greater selectivity. The initial hypothesis was that the greater degree of
molybdate oligomerization, which is known to enhance reducibility, was responsible for enabling
the redox behavior that facilitates DODH. Further, the initial molybdenum catalysts had a

relatively high molybdenum loading.
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Table 4.3:

impregnation conditions, calcined for 4 hours.

Zirconia-supported molybdenum catalysts with alternate incipient wetness

Deposition | Deposition | Calcination
Catalyst Precursor Method Solvent Temp °C Mo wt %
MoOx/ZrO2 AHM incipient
Iw Mo7024% wetness water 550 5.1%
MoOx/ZrO2 MoO4 evaporative
MeOH MoO4* deposition methanol 300 3.1%
MoOx/ZrO2 AHM evaporative
MeOH Mo7024% deposition methanol 300 3.2%

To test the molybdenum oligomerization hypothesis, mono-molybdate, di-molybdate and
hepta-molybdates were tested as homogeneous catalysts. Because the poly-molybdates can
dissociate into mono-molybdate in water,”? it is likely that dissolving the ammonium
heptamolybdate precursor in water for incipient wetness impregnation would result in the
deposition of mono-molybdate on the support. In order to counteract that, an alternative deposition
technique was applied to try and retain the poly-molybdate structure. Zirconia-supported
molybdate catalysts were prepared using mono-molybdate and hepta-molybdate precursors and
using methanol to disperse the precursor. Because the precursors were less soluble in methanol,
evaporative deposition was used, and the calcination temperature was lowered to 300 °C to avoid
oligomerization or dispersion. The alternate preparation technique was tested against the standard
incipient wetness impregnation, see Table 4.3. Sodium molybdate (Sigma Aldrich) and

molybdenum trioxide (Alfa Aesar) were employed to test the effect of the counter cation and form

of molybdenum oxide respectively.
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Figure 4.3 Molybdenum catalyst selectivity, testing the effect of oligomerization,

support, counterion, and form of molybdenum oxide. Reaction conditions: temp.

180 °C, time 21 h, solvent toluene, 0.2 M 1,2-decanediol, 0.23 M PPhs, diol:Mo0=20,

molybdenum loading 3.0-3.3 wt %.

The degree of molybdate oligomerization was not observed to have a significant effect on
DODH selectivity for the homogeneous ammonium molybdate precursors. However, both sodium
molybdate and molybdenum trioxide were inactive, indicating that the coordination state of the
molybdenum was an important factor, and that the counterion plays a large effect on the activity of
molybdate. The high DODH activity of ammonium molybdate has also been reported in the
literature by Navarro et al.”® and Sandbrink et. al.,® however, the source of the effect of the
ammonium counterion remains unresolved. Possibilities are increased solubility of the catalysts, or

a lower energy barrier of the reduction for the metal center with varying the cation for perrhenate

as was reported by Shakeri et al.?2

For the supported catalysts, the incipient wetness catalyst had slightly higher yield

suggesting the alternative deposition method employed was not beneficial, however further

60



characterization would be needed to determine how the molybdenum sites on these catalysts differ.
Due to the differing loading, deposition method, and calcination temperature, as noted in Table 4.3,
it is unclear how much of the oligomerization of the precursor is retained after deposition. Further,
it has been noted that rhenium catalysts, especially methyltrioxorhenium, is prone to oligomerize
during deoxydehydration.”" The similar conversion across the mono, di, and hepta-molybdate
could be because they are quickly transformed to a similar mixture of species under reaction

conditions regardless of their original form.

Shorter 5 h reactions were run to achieve incomplete diol conversion in order to assess
molybdenum catalyst turnover frequency and selectivity. Ammonium molybdate catalysts were
found to achieve selectivities to the DODH 1-decene product of 48.5-52.3% with a turnover
frequency of 0.79-1.21 (mol decene)(mol Mo)*h, while our zirconia-supported catalysts were able
to achieve a selectivity of 16.7-21.7% with a turnover frequency of 0.23-0.26 (mol decene)(mol
Mo)?ht. While the catalytic activity and selectivity of the much cheaper molybdenum catalysts
are promising, further improvement in activity and selectivity is required. Beyond that, like
rhenium, supported molybdenum catalysts are seen to leach as evidenced by the color change of
the supernatant and tests of supernatant activity, indicating the presence of active soluble

molybdenum species.
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Figure 4.4: Reaction time and selectivity for molybdenum catalysts. Reaction
Conditions: 180 °C, 5 or 21 hour reaction, 0.2 M 1,2-decanediol, 0.23 M
triphenylphosphine, Diol:Mo0=20.

The selectivity for the 5 hour reaction at incomplete diol conversion and the selectivity for
the 21 hour reaction with complete diol conversion (from Figure 4.3) are shown in Figure 4.4. We
see that the shorter reaction resulted in higher DODH selectivity across all tested catalysts,
indicating either that the DODH product can be subsequently converted to a side product, or that
the selectivity decreases as the reaction proceeds. Table 4.4 shows the molybdenum reaction

conversions, yield, selectivity and activities for the reactions using triphenylphosphine as the

reductant.
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Table 4.4: Molybdenum catalyst oligomerization effect, reaction yields and activities.
Reaction Conditions: 180 °C, 5 or 21 hour reaction, 0.2 M 1,2-decanediol, 0.23 M
triphenylphosphine, diol:Mo=20.

Diol Alkene Activity (mol
Time | Conversion | Yield Selectivity | alkene)(mol
Catalyst (h) (%) (%) (%) Metal)*h?

(NH2)2M0O4 21 100 52 52 0.49
5 74 32 42 1.21
(NH2)2M0207 21 100 48 48 0.42
5 62 25 41 0.79
(NH2)sM07024 21 100 52 52 0.42
5 54 21 38 0.83
MoOx«/ZrOz 21 100 22 22 0.20
ARM W 5 52 6 11 0.23
MoOx/ZrO2 21 100 17 17 0.16
MoO4 MeOH 5 37 5 15 0.23
MoOx/ZrO2 21 100 17 17 0.16
AHM MeOH 5 43 7 15 0.26
Na:MoO4 21 0 0 0 0.00
MoOs 21 35 2 4 0.01

4.2.4. Molybdate Counterion Effect

From Figure 4.3, we see the ammonium counterion seemed to play a critical role in the
reactivity of our molybdate catalysts, as ammonium molybdate is quite active while sodium
molybdate was not active at all. One hypothesis was that the ammonium ion is either acting as a
reductant itself, or at least converting the molybdate into an active catalyst in some way. To see
whether an ion exchange of the sodium counterion with ammonium could cause sodium molybdate
to become active, a small amount (0.02 M) of NH.Cl was added to see if the addition of ammonium

could active the molybdate.
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Figure 4.5: Molybdenum counterion effect: adding 0.02 M NH.Cl. Reaction
conditions: 180 °C, 5 h, 0.2 M 1,2-decanediol, 0.23 M triphenylphosphine,
diol:Mo=20.

As seen in Figure 4.5, adding ammonium chloride to the reaction mixture makes the
sodium molybdate active, however the molybdenum trioxide remains inactive. This suggests that
the ammonium is necessary in order to activate the molybdate catalyst, and that deoxydehydration
activity is sensitive to the original coordination state of the molybdenum, as molybdenum trioxide
remains inactive. In addition to adding ammonium chloride, we also wanted to see if the presence
of sodium or chloride ions could affect the reactivity of the ammonium molybdate and zirconia

supported catalysts, so reactions with a small amount (0.02 M) of sodium chloride (Sigma Aldrich)

added.
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Figure 4.6: Molybdenum counterion effect: adding 0.02 M NaCl. Reaction
conditions: 180 °C, 5 h, 0.2 M 1,2-decanediol, 0.23 M triphenylphosphine,
diol:Mo=20.

4.2.5. Ammonium-Based Reductants

From Figure 4.5, we see that adding ammonium chloride to the sodium molybdate catalyst
even in small concentrations (2:1 ammonium-to-molybdenum ratio), makes the sodium molybdate
catalyst active. This suggests that the ammonium is necessary to activate the homogenous
molybdate catalysts. The supported molybdenum catalysts on the other hand are active even in the
absence of ammonium, as the counterion of the ammonium heptamolybdate would be decomposed
during the calcination. A key question is how the ammonium is activating the molybdate. Possibly
resulting from the proton transfer from the ammonium ion to the molybdate to form molybdic acid,

a ligand exchange of an oxo-group for the ammonia or acting as a reductant for DODH.

In looking at the literature for a possible explanation, there is significant precedent for
using ammonium, ammonia, and urea as a reductant for molybdenum catalysts in selective catalytic
reduction.” Selective catalytic reduction is typically used as an environmental catalysis to remove
NOy from fossil fuel emissions by reducing it to N..”” This is necessary because NOx compounds
are dangerous pollutants that are highly reactive oxidizers which are hazardous to health and lead

to the formation of ground level ozone and smog.
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To test whether ammonium could act as a reductant for deoxydehydration, we tested three
different ammonia-based reductants. In addition to ammonium chloride (Sigma Aldrich),
ammonium sulfate (Sigma Aldrich) was tested to see whether the choice in anion was significant.
Urea (Sigma Aldrich) was also tested as an ammonia like reductant which is produced in high
quantities’ and is often employed as a reductant in catalytic converters for SCR.” These reductants
were screened against the zirconia-supported MoO,/ZrO; catalyst, and the homogeneous sodium
molybdate catalyst. Sodium molybdate was chosen as it did not have an ammonium counterion
which could obscure results. Table 4.5 shows the resulting deoxydehydration activity of these

catalysts with ammonium-based reductants.

Table 4.5: Molybdenum catalyst reactivity with ammonium and urea reductants. Reaction
conditions: 180 °C, 5 h, toluene solvent, 0.2 M 1,2-decanediol, 0.23 M reductant (NH4Cl,
(NH4)2SO4, or urea), diol:Mo=20.

Diol Activity (mol
Conversion Alkene Selectivity alkene)(mol
Catalyst Reductant (%) Yield (%) (%) Mo)*th

NazMoO4 NH4CI 86.1+6.1 25.2+4.6 29.4+6.4 0.85 + 0.08
MoOx/ZrO2 NH4CI 72.1+13.2 8.3+3.4 12.0+ 5.6 0.26 £ 0.10
NazMoO4 Urea 94.3+4.7 13.0+34 13.7+3.1 0.50 +0.16
MoOx/ZrO2 Urea 84.6 £6.6 7.7+4.6 9.4+6.4 0.27 +0.16
NazMoOg4 (NH4)2S04 284 +5.7 49+14 171+£1.6 0.18 £ 0.05
MoOx/ZrO2 | (NH4)2SO4 100+0 6.6+0.3 6.6 £0.3 0.21+0.01

*experiments were run in triplicate to produce error bars.

All tested reductants were active for DODH with both the supported MoO./ZrO and Na,MoO4
catalysts. Ammonium chloride was found to be the most active and selective reductant and was
especially effective for the homogeneous sodium molybdate catalyst with a turnover frequency of
about 0.85 (mol decene)(mol Mo)*h? and 30% selectivity to the decene product. The choice of
reductant was less impactful on the activity of the supported catalyst, which was lower than the
homogeneous sodium molybdate catalyst in all cases but the ammonium sulfate reductant. The

low activity of the ammonium sulfate may also be due to poor solubility and the larger crystal size.
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Figure 4.7 shows the sensitivity of the sodium molybdate activity depending on the reductant and

the relatively similar activity seen for the zirconia-supported catalyst.
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Figure 4.7: Molybdenum catalyst turn over frequency using ammonium-based
reductants (ammonium chloride, ammonium sulfate, or urea). Reaction conditions:
180 °C, 5 hours, toluene solvent, 0.23 M 1,2-decanediol, 0.23 M reductant,
diol:Mo=20.
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Figure 4.8: Molybdenum catalyst selectivity using ammonium-based reductants

(ammonium chloride, ammonium sulfate, or urea). Reaction conditions: 180 °C, 5

h, toluene solvent, 0.23 M 1,2-decanediol, 0.23 M reductant, diol:Mo=20.

As seen in Figure 4.8, the selectivity is higher for the sodium molybdate catalyst than for
the zirconia-supported molybdenum catalyst, with ammonium chloride displaying the highest

selectivity among the ammonium-based reductants. In order to assess how selectivity evolves with

67



reaction time for the ammonium reductant, a set of 10 h reactions were conducted using the sodium
molybdate catalyst and NH4ClI reductant, as they were the most active and selective combination
of catalyst and ammonium reductant, Figure 4.9. While the conversion is quite high for these
conditions with 86% diol conversion after 5 hours, after 10 hours we see essentially complete diol
conversion and the yield increases from 25 to 33%. This large gain in yield results in a slight
increase in selectivity for the longer reaction from 29.4 to 34%. This increase in selectivity is a
reversal of what was observed for the ammonium molybdate catalysts using triphenylphosphine as

the primary reductant.
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Figure 4.9: Ammonium chloride reaction time effect. Reaction conditions:
Na:MoO, catalyst, 180 °C, 5 or 10 hours, 0.02 M 1,2-decanediol, 0.23 M NH.CI,
diol:Mo=20.

While the ammonium chloride is found to be an active reductant for molybdenum DODH,
it is less active than the combination of ammonium molybdate catalyst with triphenylphosphine as
a reductant. This would seem to suggest that triphenylphosphine is an effective reductant for the
molybdate catalyst, but only in the presence of ammonium, raising the question of whether the

ammonium reacts or performs a ligand exchange to create an active form of molybdenum, or acts

in a redox couple with the triphenylphosphine. A set of experiments with varying amounts of
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ammonium chloride and triphenylphosphine were performed to try and understand this

relationship, seen in Figure 4.10.
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Figure 4.10: Triphenylphosphine reductant efficiency with varied ammonium

concentrations. Reaction conditions: 180 °C, 5 hours unless otherwise noted,

toluene solvent, 0.2 M 1,2-decanediol, 0.23 M triphenylphosphine, varied

ammonium concentrations, diol:Mo=20.

For perfect reductant efficiency in deoxydehydration, a 1:1 production of
triphenylphosphine oxide and decene would be expected, as observed for rhenium in Figure 2.8.
From Figure 4.10, we observe a positive correlation between decene and triphenylphosphine oxide
yield across the ammonium molybdate, sodium molybdate, and MoOx/ZrO; catalysts, however
there is some triphenylphosphine yield even when there is no decene yield as with the sodium
molybdate catalyst in the absence of any ammonium. The reactions of the sodium molybdate
catalyst with added external ammonium chloride display very close to a 1:1 ratio of decene to

triphenylphosphine oxide yield regardless of whether 0.1 or 0.01 M of ammonium chloride is

added.

For the ammonium molybdate and MoO,/ZrO; reactions, the decene production is slightly

higher than the triphenylphosphine oxide production. For the ammonium molybdate catalysts, this
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might be explained by the ammonium acting as a reductant for the molybdate. However, in the 21
hour reaction the ammonium molybdate catalyst reaction yielded close to a 1:1 ratio of decene and
triphenylphosphine oxide. Likewise, for the MoO,/ZrO; catalysts, the excess decene is within 0.01
M of the triphenylphosphine oxide, which is the concentration of molybdenum in the reaction

mixture.

From these results, it appears that the presence of ammonium has an activating effect on
the molybdate catalysts when using triphenylphosphine as the reductant. However, ultimately the
triphenylphosphine will be oxidized as the reducing agent. Deducing the mechanism for this
behavior would be an open area of research. It may be that the ammonium and triphenylphosphine
act as a redox couple, or perhaps ammonia can act as a ligand coordinated with the reduced

molybdate followed by a ligand exchange with the diol to form glycolate intermediate. It would

be especially useful to determine the fate of the ammonium nitrogen atoms in deducing their role.
4.2.6. Secondary Alcohol Reductants

Secondary alcohols have been reported as effective reductants for molybdenum DODH."™
We carried out experiments using 2-propanol solvent which also acts as the reductant in order to
assess molybdenum activity using secondary alcohol reductants vs triphenylphosphine and

ammonium.

Table 4.6: Secondary alcohol reductants activity. Reaction conditions: 180 °C, 5 hour, 0.2
M 1,2-decanediol, 2-propanol solvent and reductant, diol:Mo=20.

Diol Activity (mol

Conversion| Alkene Selectivity alkene)(mol
Catalyst (%) Yield (%) (%) Metal)tht
NazMoOa4 79+32 | 1.2+0.2 | 165+35 0.04 £ 0.01
MoOx/ZrO2 244+16 | 49+£06 | 20.1+21 0.16 £ 0.02

From Table 4.6, sodium molybdate is practically inactive, as was observed for the

triphenylphosphine reductant, again indicating that the ammonium counterion is likely required to
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activate the molybdate. Secondary alcohol reductants are still active for supported catalyst but less

so than triphenylphosphine and ammonium chloride reductants.
4.2.7. Major Side Products of Molybdenum-Catalyzed Deoxydehydration

While the molybdenum catalysts are less active than similar rhenium catalysts, the major
obstacle to using molybdenum catalysts remains their lower selectivity. While we observed
selectivities up to 50% for the ammonium molybdate catalyst with triphenylphosphine reductant,
the selectivity is lower for most other catalysts. This is especially apparent for the supported
catalysts which peak at around 20% selectivity. In order to better understand how to improve the
selectivity of the molybdenum catalysts, it would first be important to characterize the dominant
side reactions. To this end, reaction supernatants of the molybdenum catalysts were studied using

GC-MS.

GC-MS was used to characterize the major side products of the molybdenum reactions
with 2-propanol, triphenylphosphine, ammonium chloride, ammonium sulfate, and urea reductants.
When using triphenylphosphine as a reductant, the primary products were 1-decene
(deoxydehydration product), 2-decanone and decanal, 2 different size ranges of larger compounds,
likely oligomers forming from 1,2-decanediol. Secondary alcohol DODH for molybdenum
catalysts has many different side products including decene internal isomers; a variety of aldehydes,
ketones, and alcohols from the original 1,2-decanediol; ether formation with the 2-propanol

solvent; and some oligomeric compounds.

Interestingly, the ammonium chloride, ammonium sulfate, and urea reductants resulted in
a very similar mix of side products which varied considerably depending on whether sodium
molybdate or MoO,/ZrO, was used as the catalyst. For both catalysts, we do not observe the
aldehyde, ketone, and alcohol functionalized side products. Distinctive peaks of larger, longer
retention time molecules were found when using ammonium-based reductants for both sodium
molybdate and MoO,/ZrO,, though these large molecules tend to elute primarily in one peak for
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the sodium molybdate catalysts, and in a variety of longer retention time peaks later on for the
zirconia-supported catalysts. Their similar fragmentation pattern likely indicates the presence of

various isomers of these large oligomers formed from the 1,2-decanediol reactant.

The lack of carbonyls and alcohols could be explained by their conversion to imines and
amines which would consume the aldehyde and alcohol side products seen when using ammonium-
based reductants.®-8 The question which needs to be resolved is whether the large oligomerized
side products are nitrogen-containing. Due to the distinct difference between the supported and
unsupported catalyst side products, it appears that the zirconia support may be active in catalyzing
a side reaction or inducing additional reactivity for the supported molybdenum catalyst. As we see
the supported molybdenum catalysts are less selective than their homogeneous counterparts, a more

detailed investigation into the role of the support is warranted.
4.3. Tungsten Catalysts

While rhenium is very effective for DODH, its high cost and rarity motivate us to find
cheaper and more abundant oxo-metal compounds to make the reaction feasible at industrial scale.
Tungsten is a good candidate because it is well studied as a supported oxide catalyst and can form

a surface ‘di-oxo’ structure similar to rhenium.?*8

4.3.1. Tungsten Catalyst Preparation

Oxide-supported tungsten catalysts were prepared using incipient wetness impregnation
using an ammonium tungstate precursor dissolved in 1-1.5 mL of DI water corresponding to the
pore volume of about 1000 mg of pre-dried P25 TiO;, ZrO,, and y-Al.Oz support to produce a
roughly 4 wt% W catalyst. The impregnated catalysts were dried in a muffle furnace at 115 °C for
at least 8 hours, followed by a calcination for 2 hours at 550 °C. The tungsten content and support

surface areas for these catalysts are listed in Table 4.7.
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Table 4.7: Oxide-supported tungsten catalysts.

Catalyst Tungsten Content Support BET
(Wt%) Surface Area (m?/g)
WOL/TIO2 3.9 53.2
WO,/ZrO2 3.8 99.5
WO,/Al,O3 3.9 151.6

4.3.2. Tungsten Catalyst Reactivity

The supported tungsten catalysts were tested for DODH catalytic activity at 150 and 180

°C using 1,2-decanediol as reactant, triphenylphosphine as reductant, and toluene as the solvent.
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Figure 4.11: Tungsten catalyst reactivity with triphenylphosphine reductant.

Reaction conditions: Temp. 150 °C, time 12 h, solvent toluene, 0.2 M 1,2-decanediol,

0.23 M PPh;, diol:W=20.

The catalytic test results for the supported tungsten oxide catalysts performed at 150 °C
can be seen in Figure 4.11. At 40% diol conversion in the tested conditions, we observe between
2.1-2.4% vyield of decene. Similar decene yields were observed when using 2-propanol as the
solvent which also acts as a secondary alcohol reductant. To test whether increasing the reaction
temperature can increase the deoxydehydration alkene yield, the supported tungsten catalysts were
tested at 180 °C for 20 h using triphenylphosphine as the reductant and toluene as the solvent.
However, while the diol conversion was increased to 84-98%, the decene yield fell to between 0.3

and 1.1%, indicating a large reduction in selectivity. These results indicate that while tungsten may

be active for DODH, selectivity remains very low.
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Tungsten catalysts were also tested using ammonium chloride as the reductant; specifically
ammonium metatungstate tetrahydrate and 4 wt% loading WO,/ZrO, were tested using 0.23 M
ammonium chloride reductant, 0.2 M 1,2-decanediol reactant and toluene solvent. After a 5 hour,
180 °C reaction, no decene product was observed for either tungsten catalyst by GC-FID, indicating

that ammonium is not an effective reductant for tungsten-catalyzed deoxydehydration.
4.4. Manganese Catalysts

Manganese is an interesting candidate as an alternative metal because it is a group VII
element like rhenium which is also stable in many oxidation states but is far more abundant® and
cheaper. Furthermore, Aboukis et al.® have studied H, TPR of TiO,-supported manganese
showing a first reduction of MnO; to Mn30, at 350 °C, and a second reduction of Mn3;O4 to MnO
at 410 °C. This would theoretically give us a redox couple that may be capable of performing
DODH, especially in the presence of activated hydrogen. There are also numerous papers
published producing supported manganese catalysts on oxide supports using incipient wetness
impregnation, which should make catalyst preparation using a procedure similar to the one used

for the molybdenum catalysts relatively easy.%:8’
4.4.1. Manganese Catalyst Preparation

Manganese catalysts were prepared using incipient wetness impregnation using P25-TiO,
(Sigma Aldrich) and manganese acetate (Sigma Aldrich ) as the manganese precursor. Manganese
acetate was used based on the work by Kapteijn et al.” which showed that manganese acetate was
an effective precursor for incipient wetness impregnation that achieved good dispersion in
comparison to a manganese nitrate precursor. Two different manganese loadings were prepared as

seen in Table 4.8.

74



Table 4.8: Titania-supported manganese catalysts.

Weight % Mn
Catalyst Loading
MnOL/TiO2, 1 wt% 0.9
MnOL/TiO2, 4 wt% 3.6

4.4.2. Manganese Catalyst Reactivity

The manganese acetate and titania supported catalysts were tested for DODH activity with
2-propanol as a secondary alcohol, triphenylphosphine, and ammonium chloride reductants. After
5 hours, no decene formation was measured for using the secondary alcohol or triphenylphosphine
reductants for any of the tested manganese catalysts, however, as seen in Table 4.9, after the 5 h
reaction, some decene production was observed with ammonium chloride reductant. The catalysts
were tested in a 24 h reaction, however alkene yield did not improve, remaining below

stoichiometric yield of decene compared to total manganese content of the catalyst.

Table 4.9: Manganese catalyst deoxydehydration activity. Reaction conditions: 180 °C, 0.23
M 1,2-decanediol, 0.23 M NH4CI, diol:Mn=20.

Diol Alkene Activity (mol
Time | Reduct | Conv Yield Selectivity | alkene)(mol
Catalyst (h) ant (%) (%) (%) Metal)*h!
None 5 None 3 0 0
None 5 NH4CI 14 0 0
Mn(CHsCO2)2 5 NH4CI 13 1 7 0.05
MnOx/TiO2 1 wt% 5 NH4CI 22 2 7 0.14
MnOx/TiO2 4 wt% 5 NH4CI 17 1 5 0.05
None 24 NH4CI 4 1 37
Mn(CHsCO2)2 24 NH4CI 9 2 19 0.01
MnOx/TiO2 1 wt% 24 NH4CI 16 1 9 0.02
MnOx/TiO2 4 wt% 24 NH4CI 10 1 10 0.01

While manganese is in the same group as rhenium and can access many different oxidation
states, it is a very powerful oxidant at higher oxidation states and tends to be stable at lower
oxidation and coordination states than rhenium. The larger rhenium atom can more easily access
the high coordination states necessary to form the glycolate intermediate necessary for
deoxydehydration.
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4.5.Vanadium Catalysts

Vanadium oxides have been shown to be active homogeneous DODH catalysts when
functionalized with a bulky chelated complex that allows for dioxovanadate species.® The
economic argument for vanadium is clear as it is cheap and abundant, however, on oxides it tends
to prefer tetrahedral coordination with a single oxo group.®* This may be mitigated by using a
reducible support, as earlier work in the Jentoft group with supported vanadium catalysts on the
reducible ceria support showed VO,/CeO- with non-activated H; as a reductant was able to yield

2% of the alkene DODH product.®
4,5.1. Vanadium Catalyst Preparation

Supported vanadium catalysts were synthesized using incipient wetness impregnation.
Ammonium metavanadate (Sigma Aldrich) was used as the vanadium precursor and pre-calcined
G2 hydrous zirconia (MEL Chemicals) was used as the support to create a 2 wt% vanadium loading
catalyst. The lower loading was necessary to maintain below monolayer surface coverage because
of the relatively low molecular weight of vanadium. After drying in a muffle furnace for 12 h at

115 °C, the catalyst was calcined at 550 °C for 4 h.
45.2.  Vanadium Catalyst Reactivity

The prepared zirconia-supported vanadium and homogeneous ammonium vanadate
precursor were tested with ammonium chloride and triphenylphosphine reductants. Catalytic test

results of the vanadium catalysts are shown in Table 4.10.
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Table 4.10: Vanadium catalyst reactivity. Reaction conditions: 180 °C, solvent toluene, 0.2
M 1,2-decanediol reactant, 0.23 M reductant, Diol:\VV=20.

Activity
Diol Alkene (mol
Temp | Time Conv Yield Selectivity | alkene)(mol
Catalyst (°C) (h) | Reductant (%) (%) (%) V)tht

None 180 5 None 3 0 0
None 180 5 NH4CI 14 0 0

VOX/ZrO2 180 5 PPhs 27 1 5 0.05

NH4VO4 180 5 NH4CI 33 4 11 0.14

VOX/ZrO2 180 5 NH4CI 33 1 2 0.03
None 180 24 NH4CI 4 1 37

NH4VO4 180 24 NH4ClI 68 14 20 0.10

VOX/ZrO2 180 24 NH4CI 65 6 9 0.05

From our reaction, we see that vanadium catalysts produce a small amount of
deoxydehydration products using triphenylphosphine and ammonium chloride reductants. The
homogeneous ammonium metavanadate catalyst was especially active and demonstrated a 14%
alkene yield using ammonium chloride as a reductant after 24 h, which demonstrates that the
reaction is catalytic rather than stoichiometric. However, the activity, selectivity and yield remain
too low overall under these conditions as compared to rhenium and molybdenum catalysts. Kwok
et al.%" have reported silica-supported vanadium as a deoxydehydration catalysts, however they
used a reaction temperature of 400 °C in a gas phase reaction of 2,3-butanediol. Increasing the
reaction temperature may make the vanadium catalysts viable, however it would make liquid phase
reactions difficult because it would be a very high pressure, 180 °C is near the maximum rating of
the 150 psig rated ace glass pressure tubes that were utilized for our reactions, and solvent free

reactions impose some additional limitations on substrates.
4.6. Rhenium Catalysts with Ammonium Chloride Reductant

As demonstrated in Chapter 2, rhenium-based catalysts have been found to be the most
active deoxydehydration catalysts for a variety of reductants. When using triphenylphosphine and
ReO,/TiO; catalyst and temperature of 150 °C, we were able to achieve 83.6% selectivity to the

alkene product with a turn over frequency (TOF) of 27.2 (mol decene)(mol Re)th. To test whether
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ammonium-based reductants can be effective for rhenium catalysts, we tested both the
homogeneous precursor ammonium perrhenate (NHsReQ,) and the zirconia-supported rhenium

catalysts (ReO,/ZrO) with ammonium chloride, ammonium sulfate, and urea as reductants.

Table 4.11: Rhenium catalysts with ammonium-based reductants. Reaction conditions: 1
h, toluene solvent.

Diol Alkene TOF (mol
Temp Conversion | Yield | Selectivity | alkene)(mol

Catalyst (°C) | Reductant (%) (%) (%) Metal)th-
NH4ReO4 150 NH4CI 12.5 0.7 5.6 0.16
NHsReO4 180 NH4CI 13.2 0.9 7.1 0.21
NHsReO4 150 | (NH4)2SO4 4.4 0.0 0.0 0.00
NH4ReO4 150 Urea 8.1 1.9 23.1 0.39
NHsReO4 180 Urea 34.5 1.7 4.9 0.39
ReOx/ZrO2 150 NH4CI 22.9 1.7 7.2 0.60
ReO«/ZrO> 180 NH4CI 314 8.6 27.6 2.81
ReOx/ZrO> 150 | (NH4)2SO4 18.0 1.9 104 0.60
ReOx/ZrO2 150 Urea 36.4 0.0 0.0 0.00
ReOx/ZrO> 180 Urea 52.0 14 2.7 0.45

As seen in Table 4.11, only modest amounts of the decene product were produced, all
below stoichiometric yield aside from the higher temperature 180 °C reaction of ReO,/ZrO, catalyst
in which an 8.6% alkene yield was achieved. Overall, the low activity of the rhenium catalysts
with ammonium-based reductants compares poorly to triphenylphosphine and secondary alcohol

reductants.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS FOR SOLID DEOXYDEHYDRATION

CATALYSTS

5.1.Concluding Remarks

The overarching goal of this theses was to develop active, selective, stable and inexpensive
solid catalyst for deoxydehydration, that is, the conversion of vicinal diols into olefins. This
transformation requires a sacrificial reductant. Towards the objective, several families of catalysts
were synthesized. The general approach was to impregnate a support with suitable transition metal
compounds by the incipient wetness method, followed by calcination. One synthesis strategy
sought to improve a known but leach-prone carbon-supported perrhenate catalyst by replacing the
carbon support with more polar oxide supports in order to more firmly anchor the active rhenium

species.

A variety of oxides, including silica, titania, alumina, iron oxide, and zirconia were used
as supports for oxo-rhenium catalysts in deoxydehydration. The supports were also tested for
catalytic activity using 1,2-decanediol as a model diol reactant, and triphenylphosphine as the
model reductant, both of which are highly soluble in non-polar benzene solvent used. The supports
were first tested for activity under deoxydehydration reaction conditions. The supports were found
to be inactive, however, the 1,2-decanediol was found to adsorb on the support surface. This makes
it more difficult to close the mass balance for incomplete conversion, but ultimately no side reaction
is catalyzed by the support. This yielded the result that the support has no adverse effect, and the
supported rhenium catalysts retain high selectivity and reductant efficiency for deoxydehydration
with the most active SiO, and TiO,-supported catalysts demonstrating activity on par with the

methyltrioxorhenium homogeneous benchmark catalyst.
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High initial activity of the supported rhenium catalysts was correlated with rapid
deactivation. It was found that rhenium leaching is the primary cause of deactivation and is induced
via association of the catalyst with the diol to give a soluble glycolate complex. Homogeneous
catalysis contributions were significant. In addition to choosing a suitable (i.e., reducible or Lewis-
acidic) support, leaching can be minimized through an appropriately low rhenium loading that
depends on the support. We have demonstrated that rhenium leaching is enabled by the presence
of the diol which induces solubility through the formation of the intermediate glycolate species.
We demonstrated that the severity of leaching depends on the nature of the solvent and diol due to
differing the solubility of the glycolate complex. Since the leaching is promoted by the presence of
the diol, we demonstrated that driving the reaction to 100% substrate conversion results in re-
deposition of rhenium, which could be used to mitigate the effects of catalyst leaching using a

release and catch strategy.

In an effort to implement new strategies for reducing rhenium leaching, a preliminary
investigation of microporous supports was undertaken based on the idea of trapping the glycolate
intermediate within a zeolite pore. Beta zeolite with two different concentrations of silicon-
aluminum acid sites were tested as rhenium supports. The initial results did not show an
improvement in activity and stability as compared to the titania and zirconia supports, and it could
not be proven that the catalytic activity arose from rhenium species inside the micropores.
However, it was shown that the presence of acid sites in the zeolite served to reduce rhenium

leaching, while also reducing selectivity due to side reactions catalyzed by the acid site.

In order to produce more economical deoxydehydration catalysts, alternative transition
metals were tested for deoxydehydration activity. Tungstate, vanadate, molybdate, and manganese
salts were used to synthesize oxide-supported catalysts. Tungsten and manganese catalysts were
found to have very low activity at the tested temperatures which were reasonable for liquid phase

reactions. Vanadium exhibited slightly higher activity, and up to 14% alkene yield was achieved
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for ammonium vanadate using ammonium chloride as the reductant. Molybdenum catalysts were
the most promising, achieving over 50% alkene yield using ammonium molybdate as the catalyst
and triphenylphosphine as the reductant, and up to 20% yield for the supported molybdenum

catalysts.

Upon the observation that the molybdenum catalysts with an ammonium counterion were
the most selective, ammonium was investigated as a possible reductant for deoxydehydration.
Ammonium chloride, ammonium sulfate, and urea were all found to be active reductants, and 32%
decene yield was achieved for a sodium molybdate catalyst using ammonium chloride as the
reductant, the first time ammonium has been reported as a reductant for deoxydehydration.
Preliminary investigation of side products showed that triphenylphosphine and secondary alcohol
reductants tended to result in more aldehyde, ketone, and alcohol side products, where the
ammonium reductants had much more exclusively large side products that indicate the formation

of oligomers from the 1,2-decanediol reactant.

5.2. Future Directions

5.2.1. Support Effect and Surface Chlorine Impurities

For oxide-supported rhenium catalysts, the choice of support plays a strong role on the
activity of the solid catalyst. As reported in Chapter 3, we observed a strong correlation between
high activity in the first run with high rhenium leaching and subsequent deactivation as seen with
the silica and titania supports. This implies that the leached rhenium species are highly active,
while the catalysts that leach less are initially less active, which implies that the rhenium species is
more strongly bound to the catalyst surface and less active overall, as seen with the zirconia,
alumina, and iron oxide supports. This possible difference in rhenium binding strength may be
corroborated in part by the UV-Vis spectroscopy on the supported catalysts. While for the silica-
supported catalyst, we only see the perrhenate-associated band at 233 nm, for alumina and zirconia

we see the formation of an additional band at 320 nm, possibly arising from interaction between
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the surface rhenium species and the support. Additional characterization of the surface rhenium
species for coordination and oxidation state by X-ray photoelectron spectroscopy (XPS) or X-ray

absorption fine structure (XAFS) analysis may be valuable in elucidating the support interaction.

Samples have previously been sent to Brookhaven National Laboratory to test for the
oxidation and coordination of the titania and zirconia-supported rhenium catalysts as prepared and
post reaction. The results were not conclusive, however, from the XANES white line peak intensity
seemed to suggest that the as prepared titania-supported catalyst was under-coordinated in
comparison to the zirconia-supported catalysts and the used titania-supported catalyst. This may
indicate that the persistent rhenium species on the titania catalyst were more strongly coordinated
to the support, potentially explaining why persistent titania-supported rhenium species are seen in
Figure 3.2. It may also help to explain why Sandbrink et al. observed that pre-reduction of

ReO./TiO; improves the catalyst stability.

Additionally, in comparing our recyclability study to Sandbrink et al.,2* they observed less
deactivation of their titania supported catalysts. Upon investigation, it was found that they used a
different titania support, which could have also contributed to the discrepancy in the results. Our
experiments used a P25-TiO- (Sigma Aldrich) which is a mixture of anatase and rutile phase and
contains chlorine impurities from the titanium tetrachloride precursor used in the flame hydrolysis
(aeroxide) preparation method. Sandbrink et al. used a titania from Saint Gobain (ST61120) which

is purely of anatase phase and contains sulfur as an impurity (<0.3wt%).

We have tested the Saint Gobain titania versus the P25-TiO, supported catalyst used in
previous experiments, and it was found to be more stable. There was an attempt to test whether the
performance of the P25 titania could be improved by removing chlorine impurities either by pre-
washing or pre-calcining the titania before depositing rhenium by incipient wetness impregnation.

The results were somewhat inconclusive, the catalysts made from pre-calcined supports were less
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active, possibly due to either sintering, or the formation of more stable, less active rhenium. The

initial vacuum filtration wash did not seem to have a significant effect.

The chlorine impurity in the P25-TiO2 may be more concentrated on the surface. It may
form a passivating layer which inhibits a strong rhenium, support interaction as compared to the
Saint Gobain catalyst. Alternatively, the difference could be an effect of titania phase, with the
anatase phase having a stronger interaction with the rhenium, lowering leaching. To test this
hypothesis, leaching and recyclability of both P25-TiO,- and Saint Gobain TiO,-supported rhenium
catalysts should be measured with and without pre-washing to remove surface impurities. This
should allow us the test whether previous results could be ascribed to titania phase or presence of
surface impurities. Wash could be done sequentially by vacuum filtration until presence of chlorine
is not detected in the wash fluid by precipitation with silver nitrate. Alternatively, heat treatment
could be used to remove the surface chlorine. The characterization of activity, leaching, and

recyclability could be pursued in a similar way as the leaching study reported in Chapter 3.
5.2.2.  Microporous Supports

In Chapter 3, a preliminary investigation of using microporous supports as a means of
reducing active species was explored for beta zeolite with two different concentrations of silicon-
aluminum acid sites. We see that the presence of the acid sites reduces rhenium leaching, however
also lowers selectivity due to the acid site catalyzing side reactions. The acidity of the zeolite acid
sites can be adjusted by substituting the aluminum for alternative atoms such as boron and
gallium .88 The wide variety of microporous materials such as zeolites available also provides a
large parameter space for optimizing pore size and structure to inhibit leaching based on the size

of the target feedstock.

Additional characterization would be necessary. ICP-MS could be used to determine the
rhenium loading on the microporous support. It would also be important to determine whether the
deposited rhenium is primarily a surface species, or whether the rhenium is largely entrained in the
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micropore network. This could be verified in part using tranmission electron microscopy, or using
the technique by Wu et al.*® who applied FTIR-spectroscopy to track the replacement of the acidic

hydrogens with rhenium.
5.2.3. Heat Treatment for Catalyst Regeneration

As demonstrated in Chapter 3, rhenium can leach considerably during the reaction due to
the formation of the glycolate intermediate with the diol, which leads to significant catalyst
deactivation. By driving the reaction to complete diol conversion, we find that the leached rhenium
largely precipitates out of of the solubilized phase as measured by ICP-MS. This in turn leads to
higher activity of the recycled catalyst as compared to a recycled catalyst after incomplete diol

conversion, but less activity than that of the fresh catalyst.

The active catalytic rhenium species is redeposited on the support, but in a less active form.
This could be due to the presence of a more reduced rhenium species, the formation of rhenium
oligiomers, or the formation of less active, but more stable supported rhenium species. By
performing a calcination heat treatment between runs after 100% diol conversion, we may be able
to re-oxidize the rhenium to a state more similar to the fresh catalyst, thereby regaining more of the

original catalyst activity.

Sandbrink et al. found that pre-reducing the supported rhenium catalysts improved
recyclability. They hypothesized that the reduced rhenium was less soluble leading to greater
recyclability. Further, XAFS was performed to determine rhenium oxidation state. When catalysts
were pre-reduced at 300 °C, it was found that the rhenium was reduced from Re(V11) to both Re(VI)
and Re(0). The resulting catalyst had similar initial activity and better recyclability than the fresh
catalyst. When the pre-reduction was done at 400 °C and above in hydrogen, more rhenium was
reduced to Re(0), resulting in a less active catalyst. Sandbrink et al. hypothesized that the Re(0)

form was largely inactive, however the Re(VI) may be more active even than Re(VII) due to pre-
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reduction resulting in similar initial activity to the fresh catalyst despite formation of some inactive

Re(0).

It may be valuable to explore the pre-reduction of supported catalysts in hydrogen to verify
the results of Sandbrink et al., and use ICP-MS to test rhenium leaching vs pre-reduction. Further,
since titania is a reducible support it would be interesting to see whether it is purely the rhenium
being reduced, or if there is also reduction of the support occurring and compare the results to a

less reducible support such as alumina.
5.2.4. Identification of Intermediates

From the work demonstrated in Chapter 3 showing the leaching behavior of supported
rhenium catalysts by ICP-MS, work was also done in an attempt to characterize the solubilized
intermediates present in the supernatant by a variety of means, including UV-Vis absorption
spectroscopy, EPR, and XAFS. We see a strong indication of a solubilized rhenium intermediate
with different and distinct bands that are dependent on the choice of reductant. When
triphenylphosphine was used as a reductant, we observed a UV-Vis transmission band in the
supernatant at 500 nm, whereas with secondary alcohol reductants, a band would form at 400 nm.
From EPR, we did not observe any paramagnetic species when using triphenylphosphine reductant

but did note a small concentration of paramagnetic species for secondary alcohol reductants.

These results indicate differing predominant rhenium intermediates depending on the
choice of the reductant, but positive identification of these intermediates has not yet been made.
This identification is made challenging due to the many possible oxidation and coordination states
available to rhenium, and the possibility of the formation of dimers and oligomers of oxo-rhenium
species.”*” Further, it was noted that the reaction mixture changed color upon cooling, and that

the reaction mixture may be prone to oxidation over time for ex-situ measurements.
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The use of in situ-NMR and FTIR may give additional insight into the intermediate
glycolate species which would help to elucidate the mechanism. This has been attempted for
homogeneous catalysts using secondary alcohol reductants using NMR by Abu-Omar and co-
workers,” and by in-situ FTIR spectroscopy by Toste and co-workers.*® They suggest a variety of
intermediate species, including oxo-rhenium dimers. It would be especially interesting to extend
this work to alternative reductants to see how the choice of reductant effects the mechanistic

pathway.
5.2.5. Further Investigation of Ammonium Reductants

As demonstrated in Chapter 4, we have discovered that ammonium-based reductants are
especially effective for molybdenum catalysts. There is some precedent for this sort of reductant
seen for molybdenum catalysts in selective catalytic reduction, but it is curious that it is so much
more effective for molybdenum than the other screened transition metal catalysts. It would be
valuable to characterize the side products of this reaction in greater detail and identify the oxidation
products of the reductant. This would help to give greater mechanistic insight into
deoxydehydration using molybdenum catalysts with ammonium reductants and may result in

further insights to help improve the selectivity of molybdenum catalysts for DODH.
5.2.6. Alternative Metals with Gold Promoted Hydrogen Reductants

From the work of Tomishige and coworkers, we see that ceria-supported rhenium using
gold-promoted hydrogen reductants makes for a very active and robust catalyst.?’ The key
optimization challenge they faced was in activating the hydrogen such that it reduced the rhenium,
but did not hydrogenate the alkene product of deoxydehydration into the alkane. Previous work in
our group performed by Alana Denning using hydrogen as a reductant for supported rhenium
catalysts without a noble metal promoter was not found to be especially active, showing that the
noble metal is necessary to dissociate the hydrogen to make it an effective reductant for the rhenium
catalyst.®
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Further, DFT work studying DODH with secondary alcohol and triphenylphosphine
reductants indicated that the reduction step is the highest energy barrier step in the reaction.?*%2 A
DFT study was also performed by Wang et al. on the ceria supported rhenium catalysts and
hydrogen reductants with and without the noble metal promoter.®® This study indicated that in the
absence of the noble metal promoter, the energy barrier for the hydrogen dissociation and reduction
was prohibitively high, however, the presence of the noble metal promoter makes the reduction
step facile. This makes the noble metal activated hydrogen a promising reductant for the cheaper

alternative metals.
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