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Role of Tungsten Modifiers in Bimetallic Catalysts for Enhanced
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Bimetallic catalysts consisting of a noble metal and an oxophilic modifier have shown promise for upgrading lignin-derived

DOI: 10.1039/x0xx00000x

molecules through hydrodeoxygenation (HDO). However, the mechanism of cooperation between the metals is not well

understood currently. In this study, we investigated the HDO of gas-phase benzyl alcohol on W-modified Pt/Al,O; catalysts.

Our results show that bimetallic catalysts with an intermediate W loading have enhanced activity and selectivity for HDO

compared to a baseline, monometallic Pt/Al,O; catalyst. Characterization of the active site through CO chemisorption and

CO diffuse-reflectance infrared spectroscopy suggests that decarbonylation is suppressed on bimetallic catalysts through

site blocking and electronic effects.

Based on results from X-ray photoelectron spectroscopy and titration with bases,

enhancements in HDO activity were attributed to new active sites in the form of Brgnsted acid centers on partially reduced

WO, generated through a bifunctional H, spillover interaction with Pt.

Introduction

Due to the increasing demand for renewable energy sources,
lignocellulosic biomass has emerged as a promising alternative
to typical petroleum-based fuels. However, raw bio-oil
produced from the pyrolysis of these feedstocks has many
undesirable qualities, such as low heating value, high oxygen
content, high viscosity, and immiscibility with hydrocarbon
fuels.3 Currently, catalytic HDO is the primary strategy for
upgrading bio-oil to value-added products by removing oxygen
from the feedstock in the form of water.24 As a result, there
has been a strong interest in developing new catalyst
technologies for performing HDO effectively under the harsh
conditions of bio-oil upgrading.

Recent advances have demonstrated that bimetallic
catalysts consisting of a noble metal and an oxophilic modifier
can improve HDO performance while resisting deactivation
compared to a standard, monometallic catalyst.>® However,
the fundamental role that each metal species plays in this
reaction is poorly understood. Several theories have been
proposed for the function of the modifier species in the HDO of
lignin-derived oxygenates, but a consensus on which effects are
most important has not been reached. Some groups have
investigated the role that electronic interactions play in
influencing bimetallic catalyst performance.1%! Others have
hypothesized that the two metals interact synergistically to
create a bifunctional system where each metal species
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performs a unique function in the HDO reaction. In this case,
the modifier species may act as an anchoring site for the
oxygen-containing functionality, with the strength of the metal-
oxygen interaction being a key predictor for catalyst
performance. 812715 Alternatively, the modifier may act
primarily as a Brgnsted or Lewis acid site, in which case the
strength and density of acid sites on the surface would be
expected to correlate with improved HDO activity.%1516

In this study, we examined the performance of a Pt-
WO,/Al,O3 catalyst for the HDO conversion of benzyl alcohol.
The motivation for using this specific bimetallic combination
comes from previous computational and experimental results
within our own group as well as an increased interest in
literature for using this type of catalyst in a variety of different
reactions. Various studies have proposed different mechanisms
for the role of WO, in modifying the performance of late
transition metal catalysts. Garcia-Fernandez et al. found that a
Pt/WO,/Al,O3 catalyst is effective for selectively converting
glycerol to 1,3-propanediol.’> Their results suggest that the
WO, in this catalyst acts both as an anchor for the reactant
molecule as well as a source of Bronsted acid sites on the
Similarly, the Gorte group investigated the
hydrogenolysis of tetrahydrofurfuryl alcohol on Pt-WO,/C
catalysts and hypothesized that intimate contact between the
metal and oxide are necessary to create Brgnsted acid sites that
catalyze the reaction.’” Furthermore, the Vohs group has
studied the reaction mechanism for m-cresol HDO on a Pt-WO,
surface.'® They found that Pt helped stabilize the formation of
oxygen vacancies in WO, which then promoted the adsorption
and reaction of m-cresol. Dwiatmoko et al. studied the HDO of
guaiacol on a similar bimetallic catalyst, Ru supported on
tungstated zirconia.l® They discovered that the W loading was
a key factor in tuning catalyst activity, because it also influenced
the size of Ru nanoparticles on the surface. In another study,

surface.



Catalysis Science & Technology.

Hong et al. investigated a Pt/WO,/y-Al,0; for the HDO of
guaiacol and found that changing the WO, loading resulted in
increases in both the surface acid site density as well as the
activity of the catalyst.2°

Some previous research on the bimetallic Pt-W system has
focused on phenolic reactants, such as m-cresol, to study the
promoting effect of W in the direct deoxygenation pathway.8
However, less focus has been placed on the competition
between deoxygenation and other reactions such as C-C
activation. Benzyl alcohol and benzaldehyde have been used in
the past as probe molecules due to the presence of competing
C-O and C-C activation pathways relevant to biomass
upgrading.®21-24 Toluene production occurs through C-O bond
scission, while benzene, on the other hand, is produced
through the cleavage of a C-C bond. This decarbonylation
pathway results in the production of CO and hydrocarbons with
lower heating value, and as such, is typically less desirable. By
comparing trends in toluene and benzene production from
benzyl alcohol, catalysts can be screened for their selectivity
toward HDO products compared to undesirable decomposition
reactions. The goal of this study is to understand how the
presence of WO, in bimetallic Pt-W catalysts can affect the
chemical properties at the surface and ultimately tune the
activity of the catalysts toward C-O bond cleavage without
activating decarbonylation.

Methods
Catalyst Synthesis

Powder catalysts were prepared through a sequential incipient
wetness impregnation procedure on a y-Al,03 support (Alfa
Aesar, 99.997%, 110-125m?/g). Precursor solutions of
chloroplatinic acid hexahydrate (H,PtCls-6H,0,
Chemicals, 99.9%) and ammonium metatungstate hydrate
((NH4)eH;W1,049-xH,0, Sigma Aldrich, 99.99%) were used to
deposit Pt and W onto the support. Tungsten was deposited
first, followed by Pt deposition. After each impregnation step,
the sample was dried in an oven overnight at 393K and calcined
in air for 2 hours at 573K for Pt or 723K for W. Catalysts were
labeled as xXW-yPt/Al,O3, where x and y are the nominal weight
loadings for W and Pt respectively.

Reactor Experiments

Strem

Catalyst activity and selectivity were examined in an
atmospheric, tubular plug-flow reactor. In a typical experiment,
10mg of catalyst was diluted with 50mg of SiO, before being
loaded into a glass reactor tube. Each sample was pretreated in
situ with an oxidation followed by a reduction. During the
oxidation step the sample was exposed to a mixture of 27sccm
0, and 27sccm He at 450°C for 30 minutes. Subsequently, the
sample was reduced in a mixture of 27sccm H, and 27sccm He
at 450°C for 30 minutes. Liquid-phase reactants were bubbled
at 45°C into a helium carrier gas stream. This reactant-rich gas
stream was mixed with hydrogen before flowing into a 150°C
isothermal reactor. Reaction products were analyzed
downstream with an Agilent Systems 7890A gas chromatograph
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(GC) with an Agilent HP-5 nonpolar column and flame ionization
detector (FID).
Catalyst Characterization

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) experiments were performed in a Nicolet 6700 FT-IR
with Praying Mantis high-temperature reaction accessory.
Adsorption of both pyridine (2 99.0%, Airgas) and CO (10% CO
balance He, Airgas) was analyzed using a similar procedure. In
both cases, the sample was reduced in-situ under a 27sccm
stream of dilute H, (10% H, balance Ar, Airgas) at 450°C for 1
hour and then purged at the same temperature for 30 minutes
in 27sccm of pure Ar. Background scans were taken at 50°C
under an inert flow of Ar (27sccm for CO, 89sccm for pyridine).
Following this, the sample was dosed by bubbling the probe
molecule onto the surface. CO dosing was initiated by flowing
27ccm of the 10% CO/He mix over the sample for 40 minutes at
50°C. Pyridine was introduced to the sample by flowing 89sccm
Ar through a pyridine bubbler sitting in an ice bath for 15
minutes. After dosing, the gas flow was switched to a stream of
pure Ar (27sccm for CO, 89sccm for pyridine) and scans were
taken over the course of 1 hour.

CO pulse chemisorption was performed on a Micromeritics
Chemisorb 2720 system. Approximately 100mg of catalyst was
loaded into a U-shape reactor tube and then reduced in 18sccm
H, at 300°C for 1 hour. Following reduction, the sample was
cooled to room temperature in 18sccm He, and 1mL aliquots of
CO (10% CO balance He, Airgas) were injected into the He
stream. CO adsorption was measured by an FID downstream of
the catalyst.

Elemental analysis was collected with an ARL 3410+
inductively coupled optical emission spectrometer (ICP-OES).
Samples were dissolved in a mixture of HCI, HF, and HNOs using
a modified technique developed by Farrell, Matthes, and
Mackie (1980).2> Low energy ion scattering (LEIS) was
conducted by lonTOF on a Qtac100 instrument using a 8 keV
40Ar+ beam and an analysis current of 1 nA, following treatment
with oxygen atoms to remove surface carbon. Sputter-cleaned
W and Pt samples were used as reference materials to establish
peak positions for the active catalyst components.

X-ray photoelectron spectroscopy measurements were
performed using a Kratos AXIS Ultra DLD XPS system, with a
monochromatic Al Ka source, operated at 15 keV and 150W and
a hemispherical energy analyzer. The X-rays were incident at an
angle of 45° with respect to the surface normal and analysis was
performed at a pressure below 1x10°mbar. High resolution
core level spectra were measured with a pass energy of 40 eV
and survey scans with a pass energy of 160 eV. The in-situ
reduction of the catalysts was performed inside a reaction cell
directly attached to the XPS chamber. The samples were
transferred between the reaction cell and the analysis chamber
without exposure to the atmosphere. Peak fitting was
performed in Igor using the XPST program. Binding energies
were initially shifted to a reference C 1s peak position of
284.4eV. The background for each peak was calculated
simultaneously during peak fitting using the Shirley method.

This journal is © The Royal Society of Chemistry 20xx
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Results
Benzyl Alcohol HDO Activity and Selectivity

Bimetallic Pt-W catalysts were synthesized through a sequential
impregnation method. Both sequential and co-impregnation
methods have been shown to improve catalyst performance
depending on the metal combination and the reaction being
studied.26-31 For Pt-W bimetallic catalysts, sequential
deposition is frequently used in the literature.'>1832-35 |n our
tests, we found that co-impregnation solutions containing both
the Pt and W precursor would often lead to the formation of a
precipitate in the vial, especially at high W loadings. As a result,
sequential deposition was found to be more straightforward for
controlling the loadings of each metal on the surface. Previous
studies have indicated that decomposition of the W precursor
into hexagonal WO3 requires heating to temperatures above
653K.3¢ However, these high temperatures are not needed for
decomposition of the Pt precursor and may lead to sintering of
Pt nanoparticles after deposition. As such, W deposition and
calcination were performed first, allowing for calcination of the
Pt precursor afterwards at lower temperatures.

Bimetallic catalyst performance was analyzed through the
HDO of benzyl alcohol. Two primary reaction pathways were
observed under the given conditions, which is consistent with
previous studies for this reaction®373°, As detailed in Scheme
1, the HDO of benzyl alcohol led to the formation of toluene,
while reversible dehydrogenation produced benzaldehyde,
which could be further decarbonylated into benzene.

Each catalyst was analyzed under the same reaction
conditions and time on stream to obtain a suitable comparison
of their performance. The rates of product formation at
differential conversion (<15%) are shown in Figure 1.
Production of toluene through HDO was enhanced on the 3W-
Pt/Al,O; and 6W-Pt/Al,O; catalysts, with the 6W-Pt/Al,O3
showing a significantly higher activity. However, HDO activity
decreased for the 12W-5Pt/Al,O; sample. Activity towards the

dehydrogenation and decarbonylation was not strongly
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Scheme 1: Benzyl alcohol reaction pathways
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Figure 1 Activity of W-Pt/Al,O; catalysts at 423K, <15% conversion, and 3 hours on
stream. Rates are shown for the production of toluene, benzene, and benzaldehyde.
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affected for the 3W-Pt/Al,O; sample,
suppressed at higher W loadings.

Taking both trends into consideration, a bimetallic Pt-W
catalyst with intermediate WO, loading shows superior activity
and selectivity for HDO compared to the monometallic control.
The divergent trends in toluene production and benzene
production indicate that the primary active sites for these two
reactions are different, and thus are influenced differently by W
loading.

Analysis of time on stream data (Figure S1) revealed that the
decarbonylation pathway underwent significant deactivation
during the reaction. As a result, the ratio of toluene to benzene
production increased substantially over time for catalysts with
high W loadings, while it leveled out quickly for the
monometallic Pt control catalyst. These results are again
consistent with different active site requirements for HDO and
decarbonylation.

Characterization of Catalyst Structure

but was strongly

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




Catalysis Science & Technology.

Catalyst weight loading and Pt surface area of each sample was

analyzed through ICP-MS and CO chemisorption respectively. 10 -
Table 1: CO chemisorption results for bimetallic samples
Total CO Uptake | Surface Area Apparent
Sample (cm3/g STP) (m?/gp) Dispersion (%)
;\; 8
: 0
5Pt/Al,0; 2.36 +.06 113 +3 457+ 1.0 %
g ©7
3W-5Pt/Al,0; 2.06 £.02 101+1 41.0+x04 £
o
6W-5Pt/Al,0; 1.98 +.04 9542 38.5+0.7 % 4 -
£
Results from CO chemisorption are shown in Table 1 and ICP (?)
results are displayed in Table S1. 2
The experimentally derived weight loadings for both W and
Pt agree well with the nominal values, although they are slightly
lower in all cases. Bimetallic catalysts showed similar surface 04
area values to the monometallic Pt/Al,O3 catalyst, except in the [ | | | I I |
case of the 12W-5Pt/Al,O; sample. This decrease in surface 0 2 4 6 8 10 12

area may be explained by the tendency of WO, to undergo
structural changes as a function of weight loading on Al,05; and
other supports. Several groups have reported that supported
catalysts with low W loadings (~0-10wt% W) result in well-
dispersed monotungstate and polytungstate species on surface,
while higher W loadings lead to the formation of crystalline
monoclinic WO3; domains.1>40-44  Therefore, it is likely that the
reduction in available Pt sites in the 12W-5Pt/Al,O5; sample is
caused by the crystallization of dispersed, polytungstate species
into ordered, monoclinic WO;3 on top of Pt
nanoparticles.

Site blocking caused by WO, species on the surface could
also be related to trends in catalyst selectivity. Specific reaction
pathways are often catalyzed by unique types of active sites on
the surface. For example, on Pd, it has been proposed that
undercoordinated edge/step sites are active for HDO while
terraces are primarily active for decarbonylation.324546 WO,
may selectively poison these decarbonylation sites, causing an
increase in HDO selectivity with WO, loading. However, the
surface area measured by CO chemisorption does not allow
discernment between specific active sites, and electronic
effects may also play into selectivity trends.

We also used LEIS to determine the external surface
composition of a series of bimetallic catalysts with varying W

domains

Nominal W Loading (%)

Figure 2 Percent surface composition of Pt and W for bimetallic catalysts
as a function of the nominal W loading as determined from LEIS.

loading.#” The Pt and W surface concentrations as a function of
nominal W loading are shown in Figure 2. The LEIS data shows
that the percentage of W at the surface scales linearly with the
calculated W loading. This result may indicate that WO,
deposits evenly onto the surface throughout this range of
loadings, and therefore the dispersion is independent of W
loading. For the bimetallic samples, surface Pt concentration
decreases with increasing W loading. This may be caused by Pt
nanoparticles becoming partially covered with WO, at higher
loadings, which is supported by results from CO chemisorption
and DRIFTS. The jump in Pt surface concentration between
monometallic Pt/Al,O; and bimetallic 1.5W-5Pt/Al,O; is likely
caused by an interaction between the two metals. It should be
noted that LEIS only samples the outermost layer of the catalyst,
so it is possible that low loadings of W lead to a relative increase
in Pt deposition on the external surface of the porous catalyst.

Surface Chemistry Characterization

Previous studies on bimetallic systems have demonstrated that
electronic effects can shift the d-band center of the active site
to influence the adsorption orientation of the reactant molecule
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A — 15W5PVALO; . o | B
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Figure 3 DRIFTS spectra for adsorbed CO in the (A) linear CO stretching region and (B) multidentate stretching region.
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as well as the selectivity toward specific reaction products.>&48
DRIFTS of adsorbed CO was analyzed over a series of bimetallic
catalysts ranging from 0%W to 12%W loading to probe the
effect of the modifier species on the CO stretching frequency,
which can further provide insights into electronic properties of
Pt sites. Shown in Figure S2 is a typical spectrum for the C-O
stretching region. Consistent with previous studies, there were
two major peaks seen for CO bound to noble metal active sites
on the surface.*>464350 The higher frequency peak at 2080cm™
is attributed to linear bound CO, while the lower frequency peak
at 1850cm? is attributed to multidentate CO. A closer
inspection of the linear peak reveals the presence of shoulders
on either side of the primary peak, which have previously been
assigned to linear CO adsorption on various types of Pt sites.>%>2
The vibrational frequencies for linear and multidentate CO
adsorption on all Pt-W samples are shown above in Figures 3A
and 3B.

The intensity of both the linear and multidentate CO peaks
was consistent for all samples except for 12W-5Pt/Al,O3, which
showed a dramatic reduction in both peak areas. This result
suggests that WO, does not substantially block CO adsorption
sites until higher W loadings and agrees well with our surface
area results from CO chemisorption. Additionally, both CO
adsorption stretches showed a trend towards higher
wavenumber with increasing W loading. The magnitude of this
shift was found to be roughly 10cm from the OW-5Pt/Al,Os3 to
the 12W-5Pt/Al,O; sample for both linear and multidentate
peaks. Several different phenomena are likely responsible for
this behavior. Based on the Blyholder molecular orbital model
of CO chemisorption, this blueshift indicates a stronger C-O
bond, which is caused by a weakening of the bond between CO
and the surface and thereby a reduction in Pt backdonation into
antibonding orbitals.>®> In other words, the incorporation of
WO, into the surface appears to weaken the interaction of the
active site with the probe molecule CO, and this effect can by
tuned by changing the WO, loading. However, site blocking and

Catalysis Science & Technology

CO coverage are also expected to affect the position and
magnitude of CO stretches.

Previous studies have thoroughly demonstrated that there
is a direct correlation between surface coverage and vibrational
frequency for CO bound to model Pt surfaces.>®>¢ This dipole
coupling effect would tend to cause surfaces with lower CO
coverages to have decreased stretching frequencies, i.e. we
would expect 12W-5Pt/Al,0; to show a redshifted CO
vibrational frequency. The fact that it is shifted in the opposite
direction may suggest that the electronic interactions between
these two metals are even more dramatic than the DRIFTS
results visually indicate. It is also possible that the apparent
shift in CO vibrational frequency is primarily caused by selective
poisoning of adsorption sites on the surface. As previously
mentioned, the linear CO adsorption peak seen in our samples
is comprised of at least three separate adsorption modes. It is
plausible that WO, tends to selectively poison sites that would
bind CO more strongly, giving the appearance of a shift towards
higher wavenumber. In any case, it appears that the WO, tends
to diminish the number of sites that strongly bind CO, consistent
with a lower selectivity toward decarbonylation. Thus, we
attribute the inverse relationship between decarbonylation
activity and WO, loading to a combination of metal site blocking
(especially for the highest W contents) and decreased affinity
for adsorption.
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Figure 4 Peak fitting of W 4f doublets after reduction in H2 flow at 450°C for 30 min for (A) monometallic 6W/AI203 and (B) bimetallic 6W-5Pt/AI203.
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Table 2 Fitting parameters and ratio of oxidation states for bimetallic catalyst after pre-treatment in H, flow at 450°C for 30 min

W (+6) Peak Parameters W (+4) Peak Parameters Ratio of +4 to +6
Sample Name Total Area | BE1(eV) | BE2 (eV) | Total Area | BE1 (eV) | BE2 (eV) Peak Area
3W-5Pt/Al,0; 649 35.7 379 104 33.5 35.5 0.161
6W-5Pt/Al,O4 1904 35.7 37.8 377 32.5 34.5 0.198
12W-5Pt/Al,0; 1667 35.9 38.0 160 32.6 34.6 0.096

In order to elucidate the effect of bimetallic interactions on
the oxidation state of WO,, XPS spectra of each catalyst were
measured before and after a reducing pretreatment. Shown in
Figure 4 is the XPS spectrum in the W 4f region of a
monometallic 6W/Al, O3 catalyst (Figure 4A) in comparison to
the bimetallic counterpart 6W-5Pt/Al,O; (Figure 4B) after
reduction. The doublet fit associated with W®* is shown in the
red curve, the doublet associated with W4+ is shown in the red
curve, and the overall fit is shown by the solid black line.

After the hydrogen treatment, both the monometallic W
and the bimetallic Pt-W catalyst showed some reduction to the
+4-oxidation state. The reducibility of each catalyst was
compared by taking the ratio of the +4 to +6 oxidation state for
both samples. This “reducibility ratio” was significantly higher
for the bimetallic catalyst compared to its monometallic
counterpart. This result indicates that the presence of Pt in
these samples facilitates the reduction of W®* centers on the
surface and strongly suggests that a bifunctional interaction
between these two metals promotes the stabilization of
intermediate oxidation states. This result agrees with many
previous studies that have hypothesized that this reducing
action occurs through hydrogen spillover from the metallic
species onto the metal oxide nanoparticle for a wide variety of
bimetallic combinations.®212,44,57-61

In order to probe the effect of W loading on the reducibility
of the sample, the same XPS analysis was performed for
bimetallic catalysts across a variety of W loadings, and the curve
fitting results are shown in Table 2. Peak fitting plots for each
sample before and after reduction are displayed in Figure S3.
Based on the XPS characterization, it appears that the
reducibility ratio increased at moderate W loadings, reached a
maximum at intermediate loading and then decreased again at
high W loadings. The Iglesia group has thoroughly studied this
effect for supported tungsten catalysts and attributed this
behavior to a balance between the size and reducibility of WO,
particles. As the W loading increases, the size of WO,
nanoparticles tends to increase.
have been shown to be more easily reduced, due to a decrease
in the lowest unoccupied molecular orbital (LUMO) energy of
the metal.®? However, as the size of these particles increases
with loading, the accessibility of H, into the nanoparticle
becomes limited.*%4243 These size effects would be expected to

These larger WO, particles

inhibit the effectiveness of bifunctional H, spillover from Pt
particles. As a result, the polytungstate species seen at
intermediate WO, loadings are likely ideal for stabilizing
partially reduced oxidation states on the surface.

Several groups have drawn connections between the
oxidation state and the activity of metal oxide catalysts for

6 | J. Name., 2012, 00, 1-3

HDO/HDS reactions.53.64
reduced metal oxides provide oxygen vacancies on the surface

It has been proposed that partially

0.6 —
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e
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Figure 5 Pyridine DRIFTS results for W-Pt/AI203 catalysts after reduction in H2 flow at

450°C for 1 hour in the (A) Brgnsted and (B) Lewis acid regime

that act as active sites for HDO. For example, oxygen vacancies
in MoOs have been found to facilitate C-O bond scission through
a reverse Mars-van Krevelen process.®*%¢ Recently, Yang et al.
correlated increases in oxygen vacancy formation to HDO
activity in a bimetallic Ni-Mo/SiO, catalyst.6” Therefore, it is
possible that increases in HDO activity for our bimetallic catalyst
can be at least partially attributed to a bifunctional cooperation
between Pt and WO, creating high concentrations of oxygen
vacancy sites on the surface.

Another possibility for the role of reduced WO, centers is
the formation of Brgnsted acid sites. Several papers have
established correlations between the reducibility of WO, in

This journal is © The Royal Society of Chemistry 20xx
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bimetallic catalysts to their Brgnsted acidity and ultimately their
activity in hydrogenolysis and dehydration reactions.1>3262 As
such, it is necessary to characterize the nature of acid sites at
the surface and correlate these results to the reducibility of WO,
at the surface.

Acid Site Characterization

Pyridine DRIFTS was used to probe the role of acid sites in HDO
upgrading. Pyridine binds to the surface as a coordination
complex on Lewis acid sites and in the form of the pyridinium
ion on Brgnsted acid sites.®® These adsorption modes result in
different vibrational frequencies, which facilitates the
differentiation of different types of acid sites. In this study we
focused on vibrational modes at 1540cm™ and 1450cm that
have been attributed to adsorption on Brgnsted acid sites and
Lewis acid sites respectively.6871 The resulting spectra for
pyridine adsorbed on the bimetallic samples are shown in
Figure 5.

Consistent with previous studies, the unmodified Pt/Al,O3
showed a significant density of Lewis acid sites and a much
smaller number of Brgnsted acid sites.’?73 As W was introduced
to the sample, the peak associated with Brgnsted acidity grew
in size, while the Lewis acid peak area remained relatively
constant. In combination, these two trends indicate that the
fraction of acid sites that are Brgnsted acidic increases with
increasing WO, loading, which agrees with past work from the
Iglesia group.%42-44  For the 12W-5Pt/Al,0; sample, the
Brgnsted acid peak area became noisy and the Lewis acid peak
area decreased in comparison to the other samples. This may
have been caused by the different absorptivity of the sample,
as the 12W-5Pt/Al,03; sample visually appeared much darker
than the other bimetallic samples.

Many groups have demonstrated the importance of the acid
function in upgrading biomass-derived compounds.1213.73.74
More specifically, Brgnsted acid catalysts are well known to
catalyze dehydration reactions on multifunctional
alcohols.15:3275-77 |t has also been reported that these Brgnsted
acid active sites are typically formed through a partial reduction
of WO, centers on the surface.?%427879  For our bimetallic
catalyst, we have shown that a bifunctional interaction between
Pt and W causes increased reducibility of WO, clusters at
intermediate loadings, which also correlates to trends in
Brgnsted acid site density seen in pyridine DRIFTS. These added
Brgnsted acid sites may be responsible for trends in the HDO
activity for the bimetallic catalysts.

To probe the importance of Brgnsted acid sites on the HDO
of benzyl alcohol, we compared the performance of a bimetallic
6W-5Pt/Al, O3 catalyst before and after depositing propylamine
to selectively poison Brgnsted acid sites on the surface. This
technique has previously been employed by Zhang et al. to
demonstrate the importance of Brgnsted acidity in the
upgrading of benzyl alcohol over modified Pd/Al,O3 catalysts.8°
When propylamine was dosed onto the surface of our bimetallic
catalyst, the performance for HDO was dramatically reduced, as
seen in Figure S4. The overall activity of the catalyst was also
reduced, but the ratio of toluene to benzene production was

This journal is © The Royal Society of Chemistry 20xx
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much higher before propylamine titration. This result supports
the hypothesis that Brgnsted acid centers are active sites for
benzyl alcohol HDO.

Discussion

Trends in toluene production appear to be correlated to both
the number of reduced WO, sites as well as the density of
Brgnsted acid sites on the surface. Previous research has
suggested that these two characteristics are related. When
WO, is reduced by H,, it tends to form bronze-like structures
that exhibit Brgnsted acidity, which is essential for catalytic
processes such as alcohol dehydration and hydrocarbon
isomerization.40:44 Additional studies have shown that

45
40
35 —

30 —

25

Toluene Production (umol/hr)

20 —

I I I I |
0.0 0.1 0.2 0.3 0.4
Bransted/Lewis Acid Peak Area

Figure 6 Rate of toluene production from benzyl alcohol at 10% conversion as a
function of ratio of Brgnsted to Lewis peak areas from pyridine DRIFTS

bimetallic cooperation between W and Pt can further increase
the reducibility of WO, via hydrogen spillover and therefore
improve the activity of the catalyst for dehydration
reactions.’>81 These types of Brgnsted acid sites may also be
responsible for the increased HDO of benzyl alcohol seen on our
bimetallic Pt-W/AI,O; catalysts. One other potential
explanation for the role of WO, is that it primarily acts as a
source of oxygen vacancy active sites, which can then carry out
the deoxygenation reaction. 5466

Other reducible metal oxides, such as MoO3, TiO,, and CeO,,
have also been examined extensively for the HDO of various
probe molecules. Schimming et al. reported on the HDO of
guaiacol on a series of ceria-zirconia mixed metal oxides.8? In
their work, they demonstrated that the conversion of guaiacol
is strongly correlated with the density of oxygen vacancies in
the oxide. As such, they hypothesized that oxygen vacancies act
as binding sites for oxygenates and thereby facilitate the direct
cleavage of C-O bonds. Prasomsri et al. came to a similar
conclusion based on their work with MoOs. Invoking a reverse
Mars-van Krevelen type mechanism for deoxygenation, they
displayed the ability for MoOs; to selectively upgrade a variety
of model oxygenates into unsaturated hydrocarbons.556¢ Based
on these studies it is evident that oxygen vacancy sites alone
may be sufficient for catalyzing the HDO of biomass probe
molecules.
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Bimetallic catalysts, on the other hand, have been shown to
give improved activity and selectivity when compared to simple
metal oxide catalysts. Cooperation between the metal species
can often enhance performance. For example, Nelson et al.®3
and Omotso et al.?4 studied the reaction of phenol and m-cresol
on Ru/TiO, and discovered that the Brgnsted acid/base nature
of the support was more important than its reducibility in
improving HDO performance. Specifically, their DFT
calculations suggest that Brgnsted acidic water molecules lower
the activation barrier for direct deoxygenation compared to a
simple oxygen vacancy site. Nash et al. investigated the
reactions of alcohols on a series of zeolite catalysts with varying
ratios of Brgnsted to Lewis acidity and found that the materials
with higher Brgnsted acidity exhibited higher dehydration rates
without performing undesirable condensation reactions.?>
Griffin et al. analyzed the HDO of guaiacol on a variety of
metal/metal oxide combinations and came to a slightly different
conclusion. Their results suggested that the irreducible Lewis
acidic  support Al,O; increased selectivity towards
transalkylation products, whereas the reducible support TiO,
increased the selectivity toward deoxygenation products.8®
Robinson et al. found that MoOj; supported on Al,O; showed
some activity for benzyl alcohol deoxygenation with high
selectivity. However, both the activity and selectivity were
improved by utilizing a Pt-Mo/Al,Os; bimetallic catalyst.2 Our
bimetallic 6W-5Pt/Al,O; catalyst showed similar enhancements
in HDO performance compared to monometallic Pt/Al,O; and
W/AI,O; catalysts, as shown in Figure S5. While oxygen
vacancies may play some role in the direct deoxygenation of
benzyl alcohol, we hypothesize that the primary promoting
effect of reduced WO, centers is a supply of Brgnsted acid sites
that catalyze the dehydration reaction. Plotting the toluene
activity as a function of the ratio of Brgnsted to Lewis acid peak
areas yields a relatively good linear correlation, as seen in Figure
6. However, we note that additional factors, including lattice
strain imposed by interaction between the metals, cannot be
ruled out.1©

Conclusions

Bimetallic catalysts consisting of Pt and W supported on y-Al,03
were studied for the HDO of benzyl alcohol. In general, catalysts
with intermediate W loadings appeared to show the greatest
activity and selectivity for the desired product toluene. Low W
loadings had minimal effect on the performance of the catalyst
while higher W loadings led to poisoning of the Pt nanoparticles.
CO DRIFTS and CO chemisorption revealed that decreases in
decarbonylation activity with increasing W loading were likely
caused by site blocking and electronic modification of Pt active
sites. On the other hand, increases in HDO activity were caused
by the formation of new active sites. XPS and pyridine DRIFTS
suggest that these new sites were likely found on partially
reduced WO, species and may exist in the form of Brgnsted acid
sites coordinated with the noble metal.

8| J. Name., 2012, 00, 1-3
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