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Abstract

M-WOy/TiO2 (M = Pt-, Rh-, Pd-, and Ru) catalysts were prepared and studied for tetrahydrofuran-
dimethanol (THFDM) hydrogenolysis. All catalysts have a small metal particle size (< 2 nm) but
show catalytic activities that differ by two orders of magnitude. From a combination of CO
chemisorption and STEM, we conclude that this wide gap in activity is primarily due to overgrowth
of WO/TiOz covering the metal particle of the less-active catalysts. This overgrowth decreases
the number of exposed hydrogenation sites in these catalysts, lowering the overall reaction rate.
The catalyst with the highest activity (Pt-WOx/Ti10O2) was studied at various pressures of Hz, with
catalytic activity passing through a maximum with increasing pressure. This increase is likely due
to changes in the oxidation state of W®* on the catalyst surface, which changes from W to W>*
and W** with increasing hydrogen pressure. The apparent activation energy of THFDM conversion
over Pt-WO/TiO2 is 47 kJ-mol ™. Pt-WO/TiO, showed a decrease in conversion from 45% to 22%
over 45 hours on stream in a continuous flow reactor. Catalyst deactivation is likely due to leaching
of W. THFDM can be efficiently converted to 1,2,6-hexanetriol in the presence of Pt/TiO2 and
homogeneous W salts.

1.0 Introduction

Cellulose derived from lignocellulosic biomass is the most abundant renewable carbon
resource in nature, making it a promising feedstock for the production of bio-based chemicals. [1-
5]1,6-Hexanediol (1,6-HDO) is a high value chemical with a market price of $4,400/ton, an annual
market size of 138,000 tons, and a global market value of approximately $600 MM.[6] It is
primarily used as a monomer for polyesters and polyurethanes.[7] The most common industrial
route for 1,6-HDO production begins with naphtha cracking to benzene, which is then
hydrogenated to cyclohexane, which can be oxidized to a mixture of cyclohexanol and
cyclohexanone (KA oil).[8,9] KA oil can then be further oxidized to adipic acid or its esters, which
are finally hydrogenated to 1,6-HDO.[7-11] This traditional route suffers from low single pass
conversions, homogeneous chemistry, excess use of HNO3 which leads to the production of NxOy,
and the nonrenewable use of petroleum-based feedstocks. It would be desirable to develop a new
route to 1,6-HDO from renewable lignocellulosic feedstocks.
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Several academic and industrial groups have studied the production of 1,6-HDO from
cellulose-derived feedstocks. Each route studied appears to pass through the common intermediate
tetrahydrofuran-dimethanol (THFDM).[12] Hydrogenolysis of THFDM to 1,6-HDO, therefore, is
of importance to the production of 1,6-HDO from cellulose. In 1981, Faber showed THFDM
hydrogenolysis over a copper chromite catalyst, but 1,6-HDO yields were not reported.[13]
Buntara et al. reported a one-pot conversion of THFDM to 1,6-HDO using a combination of Rh-
ReOx/S10; and Nafion SAC-13 with 1,6-HDO yields up to 86%.[14,15] This process suffers from
low catalyst activity (0.10 mol-mol ry~! -min~! with THFDM conversion of 21% at 80 °C) and
rapid catalyst deactivation, primarily due to high solubility of the SiO support in the solvent,
water.[14,15] Rh-ReOy, as well as base metal catalysts, have been extensively studied for the
conversion of tetrahydropyran-2-methanol (THP-2M) to 1,6-HDO,[16—18] but they have not been
shown to be active for the one-step conversion of THFDM to 1,6-HDO. As shown previously and
again here in Scheme 1, THP-2M is an intermediate between THFDM and 1,6-HDO.[12] Most
recently, Rennovia, Dupont, and our group have reported a process to convert THFDM to 1,6-
HDO over a Pt- WO«/Ti0: catalyst with 1,6-HDO yields over 70%.[12,19,20] Using a combination
of Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS), and CO chemisorption, it was
determined that H» spillover from the Pt nanoparticle to WOx was effective in reducing W* to
W5+, generating a Brgnsted acid site that is active for activation of the C-O bond to open the ring
of THFDM.[12] This spillover was possible even in the absence of direct contact between WO
and Pt, due to the reducible nature of TiO; facilitating H atom transfer over the catalyst surface
over distances on the order of micrometers from the Pt particle.[12,21]

In our previous paper, we showed that the role of Pt was to dissociate H> and provide
hydrogenation sites.[12] The objective of this paper is to investigate the role of different noble
metals, H> pressure, reaction temperature, and homogeneous tungsten salts on THFDM
hydrogenolysis. We have also observed that the TOF of 10 wt.% Pt-WO,/TiO; are higher than the
TOFs of 4 wt.% Pt-WO/Ti0>. Therefore, a 10 wt.% Pt is used in this study.[12]We first
investigate whether this high reactivity for THFDM hydrogenolysis is specific to Pt-WO/TiO> or
if other metals commonly used for hydrogenations (Rh, Pd, Ru) can be substituted for Pt as a
hydrogenation catalyst, while maintaining similar reactivity or even improving it.[22-24] We then
use XPS, STEM, and CO chemisorption to investigate the cause for the reactivity trends we see in
these catalysts. Next, we study the effect of temperature on reactivity, and calculate an activation
energy for THFDM conversion. We use XPS to help explain our reactivity trends. We then study
the most active catalyst in a fixed-bed reactor and investigate causes of deactivation.
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Scheme 1. Proposed reaction pathway for the conversion of cellulose derived
oxygenates.[12,25-29]



2.0 Experimental
2.1 Catalytic reactions
2.1.1 Cellulose derived cyclic ethers conversion in a batch reactor

Reactions were performed in 50 mL HEL high-pressure batch reactors. Prior to reactions,
the catalysts were activated under flowing H> (100 mL (STP) min~') (Airgas, UHP) at 250°C for
two hours (1 °C min™'). The reactant solution in water (Fisher Scientific #11307090) was then
pumped into the reactor. The reactor was purged three times with H» prior to reaction, pressurized
to the desired Hz pressure, stirred at 700 rpm, and heated to the reaction temperature. After reaction,
the reactor was cooled in ice water and depressurized. The effect of the stirring rate was carefully
evaluated. It is found that the reaction rates/ conversions are the same when the stirring rate is
above 400 rpm. Therefore, there are no external transport limitations under our reaction conditions
(700 rpm). The product mixture was then filtered using a 0.22 um PES (polyethersulfone) syringe
filter.

Products were quantified with a Shimadzu Gas Chromatograph using a Flame Ionization
Detector (FID) with liquid injection. A Restek RTX-VMS capillary column (Length: 30 m, ID:
0.25 mm, film thickness: 1.4 um) was used. The FID response factor of unknown products with
retention times close to that of 1,2-hexanediol was assumed to be equal to that of 1,2-hexanediol.
Based on this assumption, the carbon balance was calculated to be 95%+5% in all experiments.

2.1.2 Cellulose derived cyclic ethers conversion in continuous flow reactor for stability test

Hydrogenolysis was carried out in a grade 316 stainless-steel tubular flow reactor (30 cm
long, 6.35 mm outer diameter) arranged in an upflow configuration and heated using a tube furnace
(Thermcraft Inc. No. 114-12-1ZH). The catalyst (0.10 g), without dilution, was added into the
reactor with quartz wool and quartz beads packed on both sides. The catalyst without dilution was
reduced under a H, flow (100 mL (STP) min~") at 250°C for 2 h before reaction. The reactor was
cooled to 160°C and pressurized to 3.4 MPa H,. An aqueous 1 wt% THFDM solution was pumped
into the reactor at 0.04 mL/min using an Agilent Prostar HPLC pump with co-fed H> (40 mL (STP)
min~!). Two stainless steel tanks (150 cm?® each) were used to accumulate the liquid products at
the reactor outlet. The accumulated liquid product was drained periodically into a collector
container, filtered through a 0.22 um PES syringe filter, and then analyzed by GC. The carbon
balance in the first 10 hours was poor, indicating that this time was required to achieve steady state,
therefore data is only reported after 10 hrs time on stream. The gaseous products continued to flow
through a back-pressure regulator to maintain the reaction pressure. Both an excess flow shut-off
valve and a pressure relief valve were also installed in the reactor system to ensure safe operation.
The feed solutions and the liquid products were analyzed using a gas chromatograph (Shimadzu,
GC-2010) equipped with a flame ionization detector (FID) and a Restek RTX-VMS capillary
column. The gas effluent from the continuous flow reactor was analyzed using a gas
chromatograph (Shimadzu, GC-2014) equipped with an FID and a Restek RT-Q-Bond capillary
column as well as a thermal conductivity detector and a ShinCarbon ST micropacked column.



2.2 Catalyst synthesis

2.2.1 WO\/TiO; supports synthesis

WO4/TiO: supports was synthesized by wet impregnation of ammonium tungsten oxide
hydrate (Alfa Aesar #22640) on TiO: nanopowder (Sigma-Aldrich #718467). Ammonium
tungsten oxide hydrate was first added to 100 mL of 18 MQ water. To dissolve the tungsten
precursor, HCI (Sigma-Aldrich #258148) was added dropwise to the mixture until it reached a pH
of 1, and the mixture was then heated under reflux to 80 °C for 12 hours. 6 g of TiO> nanopowder
were then added to the mixture and left to stir for an additional 30 minutes at 80 °C. Water was
then evaporated by rotary evaporation using a water bath at 60 “C. WO,/TiO2 powders were then
dried at 110 °C overnight and calcined under flowing air at 400 °C for three hours (1 °C min™').

2.2.2 M-WO,/TiO; and M/TiO; catalysts synthesis

All the catalysts were synthesized with similar procedures. For example, Pt-WO/TiO>
catalysts were synthesized by wet impregnation of chloroplatinic acid (Sigma-Aldrich # 262587)
on synthesized WOx/TiO2 and TiO; supports. (The precursors for Ru-, Rh-, and Pd-WO«/TiO, are
ruthenium (IIT) chloride (Sigma-Aldrich #208523), rhodium (III) nitrate hydrate (Sigma-Aldrich
#83750) and palladium (II) nitrate dihydrate (Sigma-Aldrich #76070), respectively.) A
chloroplatinic acid solution in water was added to the WOx/T1Oz support. The mixture was then
heated to 80 °C while stirring. The mixture was then dried at 80 °C in vacuum oven overnight. The
dry solid was ground to a powder. The powder was then calcined under flowing air (Airgas, UHP,
100 mL min') at 400 °C for three hours (1 °C min™") and subsequently reduced under flowing H»
(Airgas, UHP, 100 cm?*(STP) min™') at 250 °C for two hours (1 °C min™). After cooling to room
temperature, the catalysts were passivated under flowing 1% air in He (Airgas, UHP) or transferred
and stored in a glovebox.

2.3 Catalyst Characterization
2.3.1 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)

The solid samples were digested in a mixture of HCI (Sigma-Aldrich #258148), HNO3
(Sigma-Aldrich #438073), and HF (Sigma-Aldrich #339261) at 120 °C overnight. The elemental
compositions of the synthesized samples were analyzed by ICP-OES (Varian Vista-MPX CCD
Simultaneous ICP-OES). Metal standards for the ICP analysis were prepared from Fluka (1000 +
2 mg/L).

2.3.2 N; physisorption measurements

N> physisorption measurements were measured on a Micromeritics 3Flex apparatus. The

samples were degassed prior to measurement for 4 h at 150 °C under vacuum. Adsorption

1sotherms were collected at -196.15 °C and analyzed using the BET method.

2.3.3 X-ray Photoelectron Spectroscopy (XPS)



Surface compositions were characterized by X-ray Photoelectron Spectroscopy (XPS)
using a K-alpha XPS (Thermo Scientific) instrument with a micro-focused monochromatic Al Ka
X-ray source. Prior to analysis, the catalysts were reduced with flowing H» at 250°C for two hours
(1 °C min™'), and stored in an oxygen-free environment, where they could be loaded in an air-tight
sample holder for transport to the spectrometer. When it was desired to analyze oxidized samples,
catalysts were treated in 1% O»/N> at room temperature after reduction, and the same process was
carried out. The samples were analyzed at 10~ mbar pressure and room temperature. The spectra
in the Cls, Ols, Pt4f, W4d, and Ti2p regions were collected over multiple scans; the number of
scans was adjusted for each element (C = 15, O = 20, Pt = 60, W = 60, Ti = 20) to obtain an
acceptable signal/noise ratio. The pass energy was held at 50 eV, the dwell time at 50 ms, and the
energy step size at 0.2 eV for each region. Each region was integrated using the Avantage (Thermo
Scientific) software package for determination of surface composition.

2.3.4 CO Chemisorption

CO Chemisorption measurements were carried out with a Micromeritics Autochem II
Chemisorption Analyzer. Approximately 100 mg of sample was used for each measurement. Prior
to CO chemisorption, samples were reduced under 40 mL (STP) min™' 10%H/Ar (Airgas) to 250
°C (1 °C min™") for two hours. Samples were then cooled to 35°C under 10 mL (STP) min™' He
(Airgas, UHP) flow. 5%CO/He (Airgas) was then pulsed onto the catalyst in 0.5 mL (STP)
increments until consecutive signals were equal. Signals were then integrated to determine total
CO consumption.

2.4 THFDM synthesis

HMF (Hefei leaf biotech, 12.0 g), the solvent (120 mL ethanol, Decon Laboratories, INC.) and
Ni/Si0; (64 wt.%, Strem #28-1900, 1.20 g) were added to a 300 mL Hastalloy Parr autoclave. The
reactor was flushed three times with hydrogen and pressurized to 8 MPa. The reaction mixture was
stirred at 700 rpm and heated to 80 °C for 6 hrs. The autoclave was then allowed to cool to ambient
temperature and the pressure was released. The obtained mixture was first filtered with a 0.22 um
PTFE (polytetrafluoroethylene) syringe filter to remove Ni/SiO2. The solvent ethanol was
evaporated with rotary evaporation using a water bath of 80 °C. The obtained liquid (THFDM)
was analyzed by GC and 13C NMR (Fig. S4). 2

The product from HMF hydrogenation was characterized with '*C NMR. The sample was
rotary evaporated to remove the ethanol solvent and dissolved in D>O. The NMR experiments
were carried out using a Bruker Biospin (Billerica, MA) AVANCE III 500 MHz spectrometer fitted
with a DCH (!*C-optimized cyroprobe). The '3C experiments were run with the Bruker standard
pulse sequence ‘zgig30’ with 128 scans of 65,786 data points at a 1 s acquisition time, a 12 s inter-
scan relaxation delay, and a 262 ppm sweep width centered at 100 ppm. MestReNova software
was used to process the spectra and the spectra were referenced to the residual water peak at 4.79

3.0 Results and discussion



3.1 THFDM Conversion over M-WO,/TiO: catalysts

Fig. 1 shows the product distribution for THFDM conversion over the four bimetallic
catalysts used in this study. Fig. 1(a&b) show that Pd- and Ru-WO/TiO; exhibit low activity for
this reaction, whereas the Pt and Rh-WO,/Ti0; have higher activities. This behavior is similar to
the study of Amada et al., who observed that Pd-ReOx/Si02 exhibits almost no activity for glycerol
hydrogenolysis at 100 °C.[30] Tomishige et al. also reported that the promoting effect of oxophilic
Re on Ru is different from the effect of Re on Rh or Ir.[31] The oxophilic additive can, in some
cases, cover the metal nanoparticle, thereby decreasing activity of the bimetallic catalyst.[32]
Figure 1 indicates that this behavior could be the case for Pd- and Ru-WO./TiO2, which will be
discussed in more detail later. Figure 1 shows that Ru- and Pt-WO/TiOz exhibit >98% selectivity
to 1,2,6-hexanetriol (HTO), which can then be selectively converted to 1,6-HDO, as shown in our
previous paper.[12] Rh-WO/TiO:> displays 80-85% HTO selectivity with THP-2M as the main
byproduct.[16,17,32] Pd-WOx/TiO2 shows less than 40% selectivity to HTO. However, this
catalyst achieves a combined selectivity of ~80% to 1,6-HDO and its precursors.
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Figure 1. THFDM (5 wt% in H>O, 20 mL) conversion over 10 wt% metal-10 wt% WO,/TiO>
catalysts (0.10 g) at 160°C under 5.5 MPa Ho. (a) 10 wt% Ru-10 wt% WO/TiO2 (b) 10 wt% Rh-
10 wt% WOL/TiOz2 (c) 10 wt% Pt-10 wt% WO/TiOz (d) 10 wt% Pd-10 wt% WOx/TiOx.

Fig. 2 shows STEM images of Pt-, Rh-, Pd-, and Ru-WOx/TiO: catalysts prepared in this study.
STEM images of monometallic catalysts can be found in the supporting information. The average
metal particle sizes of the Pt, Rh, and Pd catalysts range from 1.45 to 1.74 nm. Ru-WO«/TiO: has
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a smaller average particle size of 0.63 nm. These small particles are typical for noble metals and
align with other reported metal-tungsten catalysts in the literature.[33—39] Such high loading metal
catalysts have been reported to have larger particles, however, particles are usually smaller than 5
nm for these noble metals[40]. Table 1 shows average particle sizes determined by STEM, along
with CO uptake, CO uptake derived particle sizes, and TOFs for THFDM conversion. The particle
sizes determined by STEM of Pt-, Rh-, Ru-, Pd-WO/TiO, are smaller than the particle size
calculated from CO chemisorption, particularly for the Pd and Ru catalysts (Entry 1-4, Table 1).
Since CO does not adsorb on WO/TiO», this indicates that the noble metal particles may be
overcoated by WOy to some extent. There is a monolayer of WOy (around 10 wt.% loading) on
TiO; surface (Scheme S1) since WO/TiOz is synthesized by first impregnating WOx on TiO». The
Pt is then impregnated on WO«/TiO», so there is likely little contact between metal nanoparticles
and TiOz. Ru- and Pd-WO/TiO2 (36 and 5 pmol g!) have less than half of the CO uptake as Pt-
(85 pmol g ') and Rh-WO/TiO2 (99 pumol g '), even though STEM images show that Pd-(1.45 +
1.53 nm) and Ru-WO,/TiO> (0.63 + 0.66 nm) have similar average particle sizes to the other two
bimetallics (1.74 £ 0.78 nm for Pt and 1.51 + 0.44 nm for Rh) of this study. This result shows that
the oxophilic additive (WOy, in this case) covers more metal sites with the Pd- and Ru-WO/Ti0O>
catalyst than the Pt- (85 pmol g') and Rh-WO/TiO; catalyst [32]. We note there is uncertainty in
the particle size measurements due to the small area of the catalyst which is sampled. However,
the difference between measured particle size and estimated particle size from CO chemisorption
for the Ru- and Pd-WO./Ti0; catalysts is much larger than what would be accounted for by error
in the particle size measurements. Therefore, the low CO uptake on these catalysts is likely due to
an overcoat by either WOx or TiOs».

Additionally, a similar phenomenon is observed on Pt-, Rh-, Ru-, and Pd/TiO>; the STEM
determined particle sizes are generally smaller than the CO-chemisorption determined ones (Entry
5-8, Table 1). On these M-TiO; catalysts, the TiO> can also overcoat the metal nanoparticles. The
particle sizes determined by STEM of Ru- and Pd/TiO; are much smaller than the particle size
calculated from CO chemisorption (Entry 5-6, Table 1). Since the CO does not adsorb on TiO»,
this suggests that the noble metal particles are overcoated by TiO2. According to the literature [41-
45] as the reduction temperature is increased from 200°C to 500 °C, the quantity of adsorbed
hydrogen decreases due to metal overcoating of TiO2. The higher the reduction temperature, the
higher this strong metal-support interaction. According to our TEM data and CO chemisorption,
all four noble metals were coated by migrating clusters of the support oxide (Ti0O2) at 250 °C in a
manner similar to SMSI [43,46—49]. These thin TiOx layers form on the metal particles, physically
blocking the interaction of the CO gas molecules with their surface. Our data also show that Pd
and Ru nanoparticles have more overcoating than Pt and Rh nanoparticles. According to literature
[41,42,46,48], Pt and Rh exhibit very similar behaviors with TiO,, while Ru tends to have more
oxide overcoats than other noble metals. Additionally, it has been reported that TiO> overcoats on
Pd are feasible at temperatures as low as 350°C[36].

Table 1 reports the analogous data for monometallic Pt-, Rh-, Pd-, and Ru/TiO>, which
shows a similar trend. Each monometallic catalyst has a similar particle size as determined by
STEM, but CO uptake is one or two orders of magnitude lower for Ru/TiO> (32 pmol g') and
Pd/TiO> (38 pmol g!) compared to Pt/TiO, (177 pmol g!) and Rh/TiO> (201 pmol g'). We also
studied Ru/TiO; and Pd/TiO> with CO chemisorption with a reduction temperature of 400 °C
instead of our normal 250 °C treatment. Ru/TiO> had a marginal increase in CO uptake with the
increased reduction temperature (from 5 to 7 pmol g™!). Pd/TiO: showed a slight decrease in CO
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uptake from 38 to 36 pmol g*! with the 400 °C reduction temperature. Temperature programmed
reduction and XPS experiments also suggest that the low CO uptake for these catalysts is not due
to a difficult-to-reduce mixed oxide phase (Figures S5 and S6) [50-54]. These data indicate that
the Ru and Pd catalysts show low CO uptakes and activities due to the reduced metal being
overcoated by TiO; in M-TiO; or WO4/TiO2 in M-WO/TiO».
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Figure 2 STEM images of (a) 10 wt% Ru-10 wt% WX/T 102 (b) 10 wt% Rh-10 wt% WO/TiO2
(c) 10 wt% Pt-10 wt% WOx/TiO2 (d) 10 wt% Pd-10 wt% WO/TiOx.

Table 1 Properties of M-WO,/TiO> (M=Pt, Pd, Rh, Ru) and Pt/TiO> catalysts.

Catalyst STEM Estimated  CO uptake TOF for TOF for THFDM
particle size  particle (umol g’y THFDM conversion
(nm) size from conversion




CO uptake (mol-mol v (mol'mol surtv™ min®

\ (nm)? min™') Ty
Pt-WO/TiO2 1.74 £ 0.78 6.2 85 0.29 1.60
Rh-WO/Ti0O; 1.51 +£0.44 9.0 99 0.16 1.34
Pd-WO/TiO; 1.45+1.53 26.1 36 0.034 0.80
Ru-WO/TiO; 0.63 £ 0.66 191.9 5 0.0059 0.85
Pt/T10, 1.59 £ 0.38 2.8 177 0.044 0.11
Rh/TiO2 1.37 £ 0.33 5.3 201 0.082 0.40
Pd/TiO, 1.13+£0.89 24.2 38 0.003 0.065
Ru/TiO, 3.51+1.16 183 32 0 0

a. The estimated particle size was calculated according to the method.[55] This assumes
100% reduction of the metal and no overcoating of the metal particle.

b. TOF is normalized by the total metal atoms.

¢. TOF is normalized by the surface metal atoms.

3.2 Characterization of M-WO,/TiO: by X-Ray Photoelectron Spectroscopy

Fig. 3a shows the W 4d XPS data for each M-WO,/TiO; catalyst after being reduced under H>
flow at 250 °C for 2 hours. As we have shown in our previous paper, Pt-WOx/TiO: displays mainly
W5+ and W under these reduction conditions.[12] Furthermore, we concluded that the creation
of this W3* site during reduction corresponded with the production of a W-OH site, which was
active for C-O bond activation in THFDM.[12] There is another signal centered at 283.8 eV in
each spectrum which is assigned to the 4ds electron of W**.[56] Fig. 3a shows that Pt-WO/TiO2
has the highest percentage of W3* compared to the other catalysts. Fig. 3b shows that there is a
correlation for these four catalysts between the reaction rate for THFDM conversion and the
percentage of W>* in the catalysts. The THFDM conversion rate increases with increasing W>* in
catalysts (Fig. 3b). Besides the positive correlation between percentage of W>* and reactivity, it is
also noted that there is a negative correlation between the percentage of W** and the catalytic
activity. It has been previously reported that, for Pt/WOx catalysts, H atoms become protons and
electrons when in contact with the WOs3. The electrons reduce W%* cations to W3* cations and
move through the WOj lattice by W3*— W exchange. Therefore, W3*— W exchange is important
for the high activity of catalysts. [57,58] It has also been reported that the catalytic redox cycle of
W6 - W3* produces the active site in Pt-WOy/TiOz for C-O hydrogenolysis of glycerol, and the
over-reduction of W>* to the inactive W**species decreases activity [33].b
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Figure 3. (a) W 4d XPS of M-WOx/TiOz catalysts after reduction under flowing H> at 250 °C (1
°C/min) for 2 hours. (b) THFDM conversion rate versus percentages of W>*in the catalysts.

3.3 Temperature effects of THFDM conversion over Pt- WO,/TiO>

Figure 4 shows the effect of reaction temperature on THFDM conversion for the Pt-
WO/TiO; catalyst. The THFDM conversion rate increases from 0.29 mol-mol pi!'- min™! at 160 °C
to 0.54 mol'mol p!- min! at 180 °C to 0.88 mol-mol pi'- min™! at 200 °C. Higher temperatures also
lead to higher selectivity to secondary products (1,6-HDO and 1,2-HDO). However, Figure 4
shows that HTO hydrogenolysis over Pt-WOx/Ti1O; favors 1,6-HDO, our desired final product,
over the less-desirable 1,2-HDO. 1,6-HDO selectivity increases from 4.5% at 160 °C to 6% at 180
°C to 15% at 200 °C, while 1,2-HDO selectivity increases from 0% at 160 °C to 3.3% at 180 °C to
4% at 200 °C (Fig. 4). The apparent activation energy for THFDM conversion is calculated to be
47 kJ-mol’! (Fig. 5).
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3.4 H; pressure effect of THFDM hydrogenolysis over Pt- WO/TiO:

The effect of reaction pressure on THFDM conversion is shown in Fig. 6. Fig. 6a and 6b show
that THP-2M selectivities of up to 30% are achieved at low reaction pressures and low conversions.
No THP-2M is observed at pressures of 3.4 and 5.5 MPa, with HTO being the primary product
(Fig. 6a and 6b). As shown in Fig. S2, the HTO selectivity increases gradually from 70% at 1.0
MPa to 95% at 5.5 MPa H», while the THP-2M selectivity decreases from 16% at 1.0 MPa to 0%
at 3.4 MPa H,. This result supports Scheme 1 which shows that there are two pathways for
conversion of THFDM into HTO. The first pathway is through THP-2M while the second pathway
involves direct conversion of THFDM into HTO. Both of these pathways first involve a ring
opening of the THFDM by a hydrogenolysis step which likely involves an oxocarbenium ion.[16]
HTO is likely formed from hydrogenation of this oxocarbenium ion, while THP-2M is likely
formed by a ring closing dehydration of the oxocarbenium ion followed by hydrogenation (see
proposed reaction pathway in Scheme S2). Fig. 6e shows that the THFDM conversion rate passes
through a maximum of 0.45 mol-molp ! min! at 2.0 MPa, then gradually decreases to 0.29
mol-molp!-min! at 5.5 MPa.

Fig. 7 shows the XPS of the Pt/ WOx-TiO: catalyst as a function of hydrogen pressure. Fig. 7a
shows the Pt 4f region of Pt-WOx/TiO: after reduction at various Hz pressures at 250 °C. This data
indicates that Hz pressure does not change the oxidation state of Pt. Fig. 7b shows the W 4d region
of each of these catalysts. We can see that the H> pressure used during reduction has a strong effect
on the W oxidation state. Specifically, we see that the amount of W* and W>* relative to W&
increases with increasing reduction pressure. This behavior agrees with the studies of Wang et al.,
in which they also observed maximum activity at an intermediate H> pressure for glycerol
hydrogenolysis with Pt/WOx[33]. The lower activity at higher H» pressure was partly attributed to
the further reduction of W>* to W*[33]. According to Fig.7b, the percentage of W** increases
with increasing H» pressure, while the percentage of W>* remains almost constant. As discussed
in Section 3.2, the higher percentage of W** could be a factor which can lower the THFDM
conversion rate. The appearance of a maximum conversion rate with increasing H> pressure
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demonstrates that hydrogen can inhibit the reaction at higher hydrogen pressures indicating that
high hydrogen coverages can occur on this catalyst. As shown in Fig.S3, the reaction is first order
with respect to THDFM at 5.5 MPa Hb, indicating that THFDM does not inhibit the reaction. Thus,
hydrogen can have two roles in influencing the catalyst: 1) strongly adsorbing and inhibiting the
activity[59-62] and 2) reducing the W to a less active form[33].
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Figure 7. XPS of (a) Pt 4f and (b) W 4d regions after reduction treatments at various pressures.

3.6 THFDM conversion over Pt- WO./TiO; in a continuous flow reactor

The Pt-WO«/TiO; catalyst was then studied in a fixed-bed reactor for conversion of
THFDM to 1,6-HDO shown in Figure 8. 1,6-HDO is the main product, with selectivity increasing
throughout the reaction in the range of 50-60%. The HTO selectivity increases at low times-on-
stream and then stabilizes just below 30%. THP-2M is also formed with 15% selectivity at low
times-on-stream. Combining selectivities to 1,6-HDO, HTO, and THP-2M, we see that the total
selectivity to 1,6-HDO and its precursors exceeds 80% at each point in the reaction. Less desirable
products such as 1-hexanol, 1,5-HDO, and 1,2-HDQO, are also formed with < 20% combined
selectivity due to the over-hydrogenolysis of 1,6-HDO and non-selective hydrogenolysis of HTO.
The conversion decreases from 45% to 22% over the course of 45 hours on stream.
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Figure 8. THFDM conversion in a continuous flow reactor. Reaction conditions: 1% aq. THFDM,
10 wt%Pt- 10 wt%WO/TiO2, WHSV = 1.3 h'!, 160 °C, 3.4 MPa Ha.

Tungsten was observed in the effluent liquid product. W concentrations leached in the
effluent have been determined by ICP. Based on these concentrations, the remaining W in the
reactor is calculated after accounting for what was detected in the effluent. The tungsten leaching
rate, defined as the percentage of the initial tungsten on the catalyst that is removed each hour, as
a function of time on stream (TOS) is shown in Fig. 9. The tungsten leaching rate decreased from
0.49 %W-h! at 11h TOS to 0.22 %W-h'! at 57h, while the remaining W in the catalysts decreased
from 95.3%W at 11h TOS to 79.0% at 57h. The leaching of Pt is negligible (<0.002%). It is likely

that tungsten leaching is leading to the deactivation of Pt-WO/Ti0Oz, which is shown in Fig. 8 by
the decrease in conversion with increasing TOS.
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3.7 THFDM hydrogenolysis with Pt/TiO; with homogeneous W salts

Djakovitch and Pinel et al. reported that the addition of W acid/salts to Rh/C greatly
accelerates the glycerol conversion and selectivity to 1,3-propanediol in the glycerol
hydrogenolysis in the aqueous phase under 8 MPa H» at 453 K [63]. To further investigate the
effect of W leaching in our catalytic system and identify the extent to which the leached W
contributes to the catalytic activity, we investigated the addition of homogeneous W salts to the
THFDM solution. THFDM conversion rates and product selectivities over pure Pt/TiO» and
Pt/TiO2 with 0.029 mmol/L ammonium metatungstate (AMT) are nearly identical (Fig. 10), which
indicates that the small amount of AMT (equivalent to 12 % of the W in 0.10 g of 10 wt%
WOx/TiOz, which represents a much higher homogeneous W concentration than that of the leached
W in 8hrs in the actual reaction, as shown in section 3.6) has no influence on the Pt/TiO: activity
(Fig. 10a and 10b). The THFDM conversion rate increases from 0.05 mol-molp ' min™! with 0.029
mmol/L AMT to a maximum of 0.27 mol-molp!-min"! with 0.142 mmol/L AMT and then
decreases to 0.14 mol-molp;!-min"! with 0.40 mmol/L. AMT (Fig. 11). Therefore, THFDM can be
efficiently converted to HTO in the presence of Pt/TiO2 and higher than 0.142 mmol/L of
homogeneous W salts. This concentration is five times higher than what is present during leaching
of Pt-WO4/TiO; at conditions reported in Fig. 8 and 9. Therefore, we conclude that the W leached
from the Pt-WOx/Ti0; catalyst does not contribute to the overall THFDM conversion rate.
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3 Conclusions

Pt-WO/TiO2 and Rh-WO/TiO2 have two orders-of-magnitude higher catalytic activity (per
metal site) than Ru- and Pd-WO«/TiO> for THFDM hydrogenolysis. This enhanced activity is due
to two effects 1) WO,/TiO2 overcoats Ru and Pd more than Pt and Rh, and 2) Pt and Rh are able
to more effectively reduce of W* to the active W3*. Pt-WO,/TiO> has twice the activity (per metal
site) of Rh-WO,/TiO; for this reaction, even though Rh-WO/Ti0; has slightly higher CO uptake.
The THFDM reaction rate passes through a maximum of 0.45 mol-molp!-min"! with hydrogen
pressure indicating that at high pressure the surface is highly covered with hydrogen. Increasing
the hydrogen pressure also reduces the W oxidation state in the catalyst. In the range of 160-200
°C, we show that combined selectivity to 1,6-HDO and HTO remains above 90%. The apparent
activation energy for THFDM conversion of 47 kJ mol™'. The conversion decreased from 40% at
10h to 21% at 45 h over Pt-WOy/T10; under continuous-flow conditions, while selectivities to 1,6-
HDO and its precursors remain high. Catalyst deactivation is likely due to tungsten leaching.
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