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Liquid-phase Hydrodeoxygenation of 4-Propylphenol to
Propylbenzene: Reducible Supports for Pt Catalysts
Eveliina Mäkelä+,*[a] José Luis González Escobedo+,[a] Jouni Neuvonen,[a] Jouko Lahtinen,[b]

Marina Lindblad,[c] Ulla Lassi,[d] Reetta Karinen,[a] and Riikka L. Puurunen[a]

Pyrolysis and liquefaction biocrudes obtained from lignocellu-
lose are rich in phenolic compounds that can be converted to
renewable aromatics. In this study, Pt catalysts on reducible
metal oxide supports (Nb2O5, TiO2), along with irreducible ZrO2

as a reference, were investigated in the liquid-phase hydro-
deoxygenation (HDO) of 4-propylphenol (350 °C, 20 bar H2,
organic solvent). The most active catalyst was Pt/Nb2O5, which
led to the molar propylbenzene selectivity of 77%, and a yield
of 75% (98% conversion). Reducible metal oxide supports

provided an increased activity and selectivity to the aromatic
product compared to ZrO2, and the obtained results are among
the best reported in liquid-phase. The reusability of the spent
catalysts was also studied. The spent Pt/Nb2O5 catalyst provided
the lowest conversion, while the product distribution of the
spent Pt/ZrO2 catalyst changed towards oxygenates. The results
highlight the potential of pyrolysis or liquefaction biocrudes as
a source of aromatic chemicals.

Introduction

The ongoing challenges of climate change and the diminishing
reserves of fossil resources call for developing alternative
solutions,[1] such as renewable fuels and chemicals.[2] Lignocellu-
losic biomass is considered a cheap and abundant raw material
for bio-based fuels and chemicals, although its recalcitrance
and oxygen content hinder its use.[3,4] Pyrolysis and liquefaction
are promising technologies for upgrading the whole lignocellu-
lose in a single stream, including the lignin fraction. On the one
hand, pyrolysis has been identified as one of the most cost-
effective routes compared to gasification and biochemical

pathways.[5] On the other hand, liquefaction, in which lignocel-
lulose is depolymerized and partially deoxygenated in a liquid
solvent,[6] is suitable for process integration and novel process
intensification techniques.[7] However, pyrolysis and liquefaction
produce complex liquids, which are unsuitable as fuels and
further upgrading processes are necessary. Currently, the most
common upgrading process is hydrotreatment.[8,9] Hydrotreat-
ment leads to the removal of oxygen as water[10] and is typically
conducted with sulfided NiMo and CoMo catalysts supported
on alumina.[9]

Pyrolysis liquids typically contain 15% to 30% water[11] and
are chemically unstable and corrosive.[11,12] They are mixtures of
hundreds of components, including water, simple oxygenates
(e.g. acids, alcohols, ketones and esters), furans, sugars, hydro-
carbons, and phenolic compounds.[11,12] Liquefaction biocrudes
are similar to pyrolysis liquids, but they are richer in phenolics.[6]

Phenols are especially challenging to upgrade due to the
strength of the hydroxyl-aryl bond.[12] The hydrodeoxygenation
(HDO) of phenols can proceed through any of at least three
distinct routes; hydrogenation-dehydration (HYD), direct deoxy-
genation (DDO), and tautomerization (TAU), as presented in
Scheme 1.[13–17]

Since sulfided catalysts require a continuous source of sulfur
to maintain their activity,[9] a sulfiding agent needs to be added
to the originally low-sulfur feedstock.[16] Hence, alternatives to
sulfided catalysts are desirable. Recently, the HDO of phenolics
has been studied extensively to produce aromatics with base
metal[18–20] or noble metal[14,15,21–24] catalysts. Cyclohexane and
other non-aromatics have also been obtained with base[16,25]

and noble[15,22,23,26–28] metal catalysts. Product selectivities and
reaction rates can be strongly influenced by the solvent and the
phase distribution of the components in the reaction
mixture.[29–31] Most publications have focused on vapor-phase
HDO to obtain aromatics,[14,15,24,27,28,32–37] perhaps targeting proc-
ess integration with pyrolysis.[37] Works on liquid-phase HDO
have aimed at cyclic aliphatics[16] or, in the case of aqueous
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systems, at aromatics.[19,21,26,38] Unfortunately, water has been
found in some cases to cause severe catalyst deactivation by
leading to an excessive coverage of the noble metal by oxide
species from the support.[21] Concerning the use of non-polar
organic solvents in liquid-phase HDO, some studies on
alkylphenols to aromatic products have been conducted with
MoOx and Ru-based catalysts.[18,20,39,40] Furthermore, guaiacol
HDO in such solvents has been studied extensively with sulfides
and noble metal catalysts.[31,41–44] Hellinger et al.[31] compared
the influence of non-polar and oxygenated solvents on guaiacol
HDO and found that the alkane solvents promoted high
conversion and deoxygenation, as well as low sintering of Pt
particles. Supported Pt catalysts have been studied for the HDO
of alkylphenols to obtain aromatics in vapor-phase[15,24,28,33] and
to some extent in aqueous-phase[21] and in liquid alkane
solvents.[45] Liquid-phase HDO with an organic solvent might be
advantageous for process integration with biomass liquefaction
or solvolysis.[6,7] In general, aromatic products are interesting as
potential jet fuel components.[46] Additionally, lignin-derived
aromatics could also be an important source of industrial
chemicals, pharmaceuticals and polymers.[47]

Supported metal catalysts with reducible or irreducible
supports have been compared in phenolics HDO. It has been
found that reducible metal oxide supports, such as titania and
niobia, enhance the deoxygenation activity of noble metal
catalysts and result in a high selectivity to aromatics.[14,15,36,48] In
the literature, oxygen vacancies[49,50] and strong metal-support-
interaction (SMSI)[14,51,52] have been proposed to account for the
improved catalytic activity observed with reducible supports.
Oxygen vacancies are formed when an oxygen atom is missing
from the oxide’s crystalline bulk or surface structure (typically

created via reduction or via doping with an aliovalent metal
oxide, viz. one having a lower oxidation state).[53,54] For example,
Schimming et al.[50] found a linear correlation between the
number of oxygen vacancies and the activity of ceria-zirconia
based catalysts in guaiacol HDO. Regarding SMSI, it promotes
HDO, as the active metal is partially covered with e.g. NbOx or
TiOx species, thus the bare metal sites provide dissociated
hydrogen while the oxide sites activate the phenolic oxygen.[51]

In this respect, Barrios et al.[14] concluded that the favorable
aromatic selectivity of their niobia catalyst was due to oxophilic
Nb5+ and Nb4+ sites interacting with the phenolic oxygen.[14]

Chen and Pacchioni[55] concluded that on a Ru/TiO2 catalyst, the
TiO2 surface reduction with hydrogen caused the formation of
Ti3+, which favored the direct deoxygenation of phenol. In view
of this background, reducible supports were selected for the
present study.

The goal of this study was to investigate the liquid-phase
HDO of 4-propylphenol using an organic solvent and reducible
metal oxide supports for Pt catalysts to produce propylbenzene.
The studied model compound, having a propyl sidechain, was
suitable to determine whether sidechain cracking would occur
during the reaction. The comparison of reducible supports with
each other, such as Nb2O5 and TiO2, in the liquid-phase HDO of
phenolics to aromatics has not been reported before. Mono-
clinic zirconia, an irreducible support,[53] was studied for
reference.

Results and Discussion

Catalyst Characterization

X-ray fluorescence

The Pt loadings of the prepared catalysts were estimated with
X-ray fluorescence (XRF) and the results are presented in
Table 1. The Pt loadings were approximately 3 wt.% for the
fresh catalysts and close to 2 wt.% for the spent catalysts, which
could indicate that the leaching of the metal occurred within
batch residence times of 4 to 5 gcatmingreactant

�1 corresponding
to reaction times between 34–47 min. For the spent catalyst,
the Pt loading was corrected with the produced coke [from
thermogravimetric analysis (TGA)], which increased the spent
catalysts Pt loading by maximum of 0.1 percentage units.

Physisorption measurements

Physisorption isotherms of the Pt catalysts and the supports,
and the corresponding pore size distributions, are presented in
Figure S1 in the Supplementary Material. The calculated
Brunauer-Emmett-Teller (BET) surface areas, pore volumes, and
mean pore diameters (from physisorption) are presented in
Table 1. The Pt/TiO2 and the TiO2 support presented a Type H3
hysteresis loop (Figure S1c), and the Pt/ZrO2 and the ZrO2

support, a Type H1 hysteresis loop (Figure S1e, typical for
mesoporous materials with a narrow range of pore sizes), based

Scheme 1. Proposed pathways[13–17] for 4-propylphenol HDO through a)
hydrogenation-dehydration (HYD), b) direct deoxygenation (DDO) and c)
tautomerization (TAU) routes. Compounds indicated: 1 4-propylphenol, 2 4-
propylcyclohexanone, 3 4-propylcyclohexanol, 5 propylcyclohexane, 6
propylbenzene, 7 2,4-cyclohexadienone, 8 2,4-cyclohexadienol.
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on the IUPAC classification;[56] whereas, the isotherms of Pt/
Nb2O5 and Nb2O5 showed a double hysteresis loop (Figure S1a).
Similar isotherms and the evolving of the Nb2O5 morphology
with increasing calcination temperature has been reported
elsewhere.[57] The pore size distributions of all the catalysts were
calculated from the adsorption branches to avoid an artifact at
ca. 4 nm caused by cavitation.[58] Of the used supports, the
highest calculated specific surface area was for the TiO2 support,
whereas ZrO2 and Nb2O5 had similar surface areas. Compared to
the other supports, the Nb2O5 support had a lower pore volume
and the ZrO2 support a larger mean pore diameter. The pore
volumes decreased slightly after impregnating Pt on Nb2O5 and
TiO2. The surface areas of Pt/ZrO2 and Pt/Nb2O5 increased and
the surface area of Pt/TiO2 decreased compared to the supports.
All the mean pore diameters decreased slightly after the
impregnation of the Pt metal.

Chemisorption measurements and STEM particle sizes

Table 1 contains the metal dispersion calculated from CO
chemisorption (25 °C) isotherms, as well as the particle sizes
calculated from the chemisorption measurements and esti-
mated from the scanning transmission electron microscopy
(STEM) images. The chemisorption isotherms measured for the
fresh and spent catalysts are presented in Figure S2 of the
Supplementary Material, and the STEM images are presented in
Figure 1. The highest Pt dispersion (69%) was obtained on the
TiO2 support and the lowest (41%) on Nb2O5. The particle sizes
for Pt on TiO2 (ca. 1.4 nm) and on ZrO2 (ca. 1.9 nm) supports
were similar with both methods (chemisorption and STEM), but
for Pt/Nb2O5, the chemisorption particle size (2.5 nm) was
higher compared to the average particle size measured from
the STEM images (1.4 nm). This might be due to the SMSI
causing the partially reduced support species to cover the
metal and decrease its availability for chemisorption[59] or due
to incorrect assumption of CO:metal adsorption stoichiometry

of 1.[60] However, as listed elsewhere,[60] 1 is a widely used
approximation for CO adsorption stoichiometry on noble

Table 1. Properties of fresh and spent Pt catalysts and supports obtained via XRF, physisorption and chemisorption and from STEM images.

Catalyst N2 physisorption CO chemisorption at 25 °C[d] STEM
SBET

[a]

[m2g�1]
Pore
volume[b]

[cm3g�1]

Average pore
diameter[b]

[nm]

Irreversible
adsorption
capacity
[μmolgasgcat

�1]

Dispersion Average
particle size
[nm]

Average
particle size
[nm]

Standard deviation
of particle size
nm]

Nb2O5 74 0.12 6.9 n.d. n.d. n.d. n.d. n.d.
TiO2 125 0.25 8.6 n.d. n.d. n.d. n.d. n.d.
ZrO2 67 0.18 13 n.d. n.d. n.d. n.d. n.d.
3.1% Pt/Nb2O5 85 0.10 5.3 63.4 41% 2.5 1.4 0.3
3.2% Pt/TiO2 119 0.22 8.5 106.5 69% 1.5 1.3 0.5
2.7% Pt/ZrO2 80 0.19 12 87.1 57% 1.8 1.9 0.4
2.2% Pt/Nb2O5 spent

[c] 61 0.10 6.5 13.5 13% 7.8 2.7 1.2
2.5% Pt/TiO2 spent

[c] 69 0.16 12 49.5 48% 2.1 2.1 0.8
1.8% Pt/ZrO2

spent[c]
68 0.19 11 23.4 23% 4.6 2.9 0.9

[a] Calculated via BET method from 0.05 to 0.3 p/p0, [b] Calculated via BJH method using adsorption data from 0.2 to 0.9 p/p0, [c] Catalysts spent in
experiments with τB=4 to 5 gcatmingreactant�1 and washed with EtOH and dried at 100 °C prior to analysis, [d] Prior to chemisorption measurements,
samples were reduced at 290 °C. Note that the spent catalysts Pt loading was corrected by the produced coke, and the corrected values were used for Pt
dispersion and particle size calculations from chemisorption measurements.

Figure 1. Dark-field STEM images of the fresh and spent catalysts: a) Pt/
Nb2O5, b) spent Pt/Nb2O5, c) Pt/TiO2, d) spent Pt/TiO2, e) Pt/ZrO2 and f) spent
Pt/ZrO2. Note that the Pt particles are seen as lighter dots. Note the
difference in scale.
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metals. Pt particle size distribution histograms (from STEM
images) for the fresh and spent catalysts are presented in
Figure 2.

X-ray diffraction

X-ray diffractograms for the supports, fresh catalysts, and spent
catalysts are shown in Figure S3. The Nb2O5 support calcined at
500 °C presented pseudo-hexagonal Nb2O5 TT phase.[57,61] The
TiO2 support presented anatase and the ZrO2 support mono-
clinic phase. The diffractograms of the prepared catalysts were
similar to those of their bare supports, and no diffraction peaks
for Pt were detected in any of the fresh catalysts, which might
indicate small metal particles and high Pt metal dispersion.

X-ray photoelectron spectroscopy

The wide X-ray photoelectron spectra for the Pt/Nb2O5, Pt/TiO2

and Pt/ZrO2 catalysts are presented in Figures S4, S5 and S6,
respectively. The support materials showed main peaks at
binding energies (BE) 182.0 eV for Zr3d5/2, 207.5 eV for Nb3d5/2,
and 458.7 eV for Ti2p3/2 corresponding to ZrO2, Nb2O5, and TiO2

(Figure S7), respectively.[62] The presence of other oxidation
states [for example niobium has five oxidation stages (+5 to
�1), three of which can exist as oxides (Nb2O5, NbO2, and
NbO)[63]] on the supports’ surfaces cannot be ruled out, but their
relative amounts were beyond the detection limit. The Pt4 f
region in Figure 3 indicates the presence of at least two
chemical states of Pt in each catalyst. Deconvolution with three
doublets corresponding to metallic Pt (71.2 eV), Pt(OH)2
(72.6 eV), and PtO2 (74.8 eV)[62] with fixed peak positions were
applied to all three spectra. The number of free parameters was
kept as small as possible. The intensity ratio of the 4f7/2 and 4f5/2
peaks was fixed to 4 :3, their separation to 3.33 eV and the peak
widths of the doublet components were kept equal. The result
of the deconvolution was reasonable and suggests the
presence of Pt2+ in Pt(OH)2 and Pt4+ in PtO2 on zirconia (70%/
30%) and on niobia (50%/50%) surfaces, whereas Pt0 and Pt2+

in Pt(OH)2 existed on titania (50%/50%).

Temperature programmed desorption

The catalysts’ acidity and basicity were studied with NH3 and
CO2 temperature programmed desorption (TPD), respectively.
The calculated total acidity and basicity for the fresh catalysts
are presented in Table 2, and the corresponding TPD profiles
are shown in Figure S8 of the Supplementary Material. In our
measurements, the total acidity for 3 wt.% Pt/Nb2O5 catalysts
was 995 μmol/g catalyst. The total acidity was the lowest for
Nb2O5 supported catalyst and the highest for the TiO2

supported catalyst. Hydrated niobium oxide, also referred to as
niobic acid, is known to have a high acid strength, but the
acidic nature disappears when heating above 527 °C.[63] Niobia
is known to have both Lewis and Brønsted acid sites; the

amount of Lewis acid sites are increasing with pretreatment
temperature up to 500 °C and the Brønsted acid sites have a
maximum after a thermal treatment at 100 °C.[63] In the NH3 TPD
profiles for Pd/Nb2O5 catalyst reduced at 300 and 500 °C by
Barrios et al.,[14] a broad peak appeared between 150 °C and
500 °C, whereas we observed continuous removal of NH3 rather
than a peak. Moreover, a clear low temperature CO2-TPD peak
was observed with Nb2O5 and Pt/Nb2O5 at 100–200 °C indicating
weak basic sites.[64] For TiO2 and ZrO2, the addition of Pt
increased catalyst acidity, but with Nb2O5, the acidity decreased
after Pt impregnation. No significant differences were observed
in the total basicity for the catalysts and supports.

Temperature programmed reduction

As Nb2O5 and TiO2 are known to be reducible oxides,[65]

temperature programmed reduction (TPR) measurements (Fig-
ure 4) were performed to guide the selection of the reduction
temperatures for the catalysts. With all the catalysts, small peaks
below 150 °C could be attributed to the reduction of Pt.[66]

Based on the XPS measurements, metallic Pt was only present
on the TiO2 support and the Pt reduction peak in TPR was
perhaps the smallest with TiO2 support, although not very
clearly, which supports the XPS analysis. Aranda et al.[66] studied
TPR of Pt on Nb2O5 with different Pt loadings (0.5 to 2 wt.%).
They noticed a peak between 70 to 90 °C that was assigned to
the reduction of superficial α-PtO2 species. With higher Pt
loading (>0.8 wt.%), they also had a peak at RT that was
assigned to the reduction of bulk PtO2 having low interaction
with the support.[66]

In our study, no peaks associated to ZrO2 reduction were
noticed. With the reducible supports (Nb2O5 and TiO2), peaks
attributed to support reduction were visible at 400 to 550 °C for
TiO2 and from 400 °C onwards for Nb2O5. Adding Pt to the
supports shifted the reduction of the supports to lower temper-
ature in both cases (Nb2O5 and TiO2), which can be associated
to metal assisted reduction of the support.[67]

Based on the TPR profiles, catalyst reduction temperatures
of 350 and 400 °C were selected to obtain partly reduced
supports and to study the influence of the degree of support
reduction on the product distribution. In the reactor experi-
ments, reduction was performed at 353 °C instead of 350 °C, as
the HDO experiments were performed at 350 °C. Using a
reduction temperature slightly higher than the reaction temper-

Table 2. The concentrations of acid and basic sites determined for the
calcined and reduced fresh supports and catalysts from NH3�TPD or
CO2�TPD, respectively.

Catalyst Total acidity
[mmolg�1]

Total basicity
[mmolg�1]

Nb2O5 1.2 0.2
TiO2 0.5 0.2
ZrO2 1.0 0.3
Pt/Nb2O5 1.0 0.2
Pt/TiO2 2.0 0.2
Pt/ZrO2 1.5 0.3
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Figure 2. Pt particle size distributions estimated from the STEM images of the fresh and spent catalysts: a) Pt/Nb2O5, b) spent Pt/Nb2O5, c) Pt/TiO2, d) spent Pt/
TiO2, e) Pt/ZrO2 and f) spent Pt/ZrO2.
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ature was meant to account for possible temperature over-
shoots during reaction. A temperature difference of 3 °C was
the minimum that could be controlled reliably with the given
equipment.

Catalytic HDO experiments

The activity and selectivity of Pt catalysts supported on
reducible (Nb2O5 and TiO2) oxides and ZrO2 was investigated at
350 °C with 20 bar H2 pressure. In previous literature, it has
been acknowledged that the reaction temperature affects the
thermodynamic equilibrium of hydrotreatment of phenolic
model compounds; temperatures above 250 °C promote the
formation of aromatic products.[15,37] In this study, preliminary
experiments indicated that propylbenzene was not favored
even at 300 °C, hence the need for an even higher temperature.
The thermodynamic limitations of the system studied in this
work are discussed elsewhere.[68]

Batch residence time series and activity of catalysts

For each of the studied catalysts, a set of experiments with
different batch residence times was performed in order to
generate a batch residence time series. The batch residence
time series, see Figure 5, included repeated experiments that
presented variations in their results of circa 10 percentage
points at most. The differences in the catalysts’ activities were
apparent at low batch residence times (0.25 gcatmingreactant

�1)
and were observed in the conversions obtained with each
catalyst: 15% with Pt/ZrO2, 36% with Pt/TiO2, and 44% with Pt/
Nb2O5. Full conversion was attained at batch residence times of
4–5 gcatmingreactant

�1 with all the catalysts. On the other hand,
the initial turnover frequencies (TOFs) were estimated as 1.4 s�1

for Pt/ZrO2, 2.1 s�1 for Pt/TiO2, and 4.1 s�1 for Pt/Nb2O5. Hence,
the most active catalyst (initially), both overall and per active
site, was Pt/Nb2O5, whereas the least active catalyst was Pt/ZrO2.
No correlation between catalyst acidity and activity in reaction
was observed, which is consistent with the literature.[14,33,36,50]

The two main products were propylbenzene and propylcy-
clohexane. At τB of 4–5 gcatmingreactant

�1, the selectivities
reached a maximum of 60–70% to propylbenzene and 20–30%
to propylcyclohexane. The Nb2O5 supported catalyst led to a
slightly higher selectivity to the aromatic product compared to
the other two catalysts. Also, with Pt/Nb2O5, the selectivities to
the two main products were roughly stable throughout the
batch residence time series. Nevertheless, after τB of
5 gcatmingreactant

�1, the selectivity to propylbenzene decreased
and the selectivity to propylcyclohexane increased. By contrast,
with the other two catalysts, the selectivities to propylbenzene
and propylcyclohexane increased sharply at low batch resi-
dence times. The highest obtained propylbenzene selectivity
was 77% with a batch residence time of 3.6 gcatmingreactant

�1

and a conversion of 98% (Pt/Nb2O5).

Experiments with pure supports

The pure supports were tested in 4-propylphenol HDO with
batch residence times of approximately 3.7 to
4.0 gcatmingreactant

�1. The highest conversion was obtained with
Nb2O5 (43%), and the conversions for TiO2 and ZrO2 were 25%
and 12%, respectively. By comparison, similar batch residence
times with the three corresponding Pt catalysts resulted in
almost 100% conversion. Aside of the lower activity, the pure
supports favored different main products from the ones
obtained with the Pt catalysts. With TiO2 and ZrO2, no
propylbenzene or propylcyclohexane were produced. With
Nb2O5, the propylbenzene selectivity was 0.4% and the
propylcyclohexane selectivity was 0.5%. The main product was
identified with GCMS-EI and GCMS-CI as 1-methoxy-4-(1-meth-
ylpropyl)-benzene (Figure S13 in the Supplementary Material),
referred to henceforth as ‘aromatic oxygenate’ due to the
uncertainty in its identification. The aromatic oxygenate was
produced with selectivities of 33.6% with Nb2O5, 39.3% with
TiO2, and 11.5% with ZrO2. Additionally, Nb2O5 and TiO2

produced 4-propylcyclohexanol (�15% selectivity). Nb2O5 and
ZrO2 provided toluene with ~3% selectivity. Finally, Nb2O5

Figure 3. The Pt 4 f region in XPS analysis on three different Pt catalysts: a) Pt/Nb2O5, b) Pt/TiO2 and c) Pt/ZrO2. Three Pt components were used to deconvolute
the data, metallic Pt in red, Pt(OH)2 in blue, and PtO2 in green. All the catalysts were calcined prior to the XPS analysis.
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provided phenol with 3.4% selectivity. Therefore, propylben-
zene could not be obtained with the supports without Pt.

Comparison with previous literature

In the literature, the highest aromatic selectivity obtained with
HDO of phenols was reported by Zhang et al.[18] They used a
bulk MoO3 catalyst and obtained a benzene selectivity of 99.5%
with a phenol conversion of 98% at 340 °C and 6 h in a batch
reactor (liquid-phase, n-octane solvent, 5 bar H2+30 bar N2).
The mixed gas atmosphere was beneficial, as it prevented the

full reduction of the MoO3 catalyst. Compared to our work, a
similar observation about the reaction time was made by Zhang
et al.,[18] as after 10 h, the selectivity to benzene had dropped to
~75%, while the selectivity to cyclohexane was ~20%. Whiffen

Figure 4. TPR profiles of the Pt catalysts and the supports: a) Pt/Nb2O5 and
Nb2O5, b) Pt/TiO2 and TiO2, c) Pt/ZrO2 and ZrO2.

Figure 5. Conversion of 4-propylphenol (&) and the mol-based selectivities
to propylbenzene (~) and propylcyclohexane (*) on a) Pt/Nb2O5, b) Pt/TiO2

and c) Pt/ZrO2 catalysts as a function of batch residence time. Reaction
conditions: ~3% metal loading, 580 mg 4-propylphenol in 27 mL tetrade-
cane, 350 °C, 20 bar H2.
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and Smith[20] also studied an unsupported MoO3 catalyst in a
batch reactor, obtaining 60% selectivity to toluene and 20% to
methylcyclohexane, with 80% conversion of 4-methylphenol at
325 °C and 41.4 bar H2 in decalin solvent (liquid-phase), for 5 h.
They also observed a decrease in selectivity to the aromatic
product with reaction time, in this case at the expense of
isomerization products. Finally, Griffin et al.[15] obtained ~80%
selectivity to toluene with 35% 3-methylphenol conversion in a
packed-bed reactor operated in vapor-phase at 350 °C and
5 bar H2 pressure using a Pt/TiO2 catalyst. The byproducts were
~10% methylcyclohexane, ~8% methylcyclohexanone, and
~2% methylcyclohexanol.

Our best result, 77% aromatic product selectivity at 98%
conversion with Pt/Nb2O5 catalyst, is among the best results
reported in liquid-phase. As had been observed by Zhang
et al.[18] and Whiffen and Smith,[20] as well as in the present
study, the aromatic selectivity decreased after some time
(Figure 5. a). The aromatic products, after being formed, were
hydrogenated to cyclohexanes only to some extent.[68] Typical
hydrogenation metals present an optimal temperature for
aromatic hydrogenation.[69] For example, ~200 °C has been
reported for Pt.[69] Aromatic hydrogenation becomes less
favored at higher temperatures than the optimum due to a
decrease in the adsorbed amounts of the two reactants on the
Pt surface.[69]

When comparing our study to other studies with 4-
propylphenol as a feed, similar propylbenzene selectivity has
been obtained by Ohta et al.[21] and Feng et al.,[19] but using
aqueous conditions. Ohta et al.[21] obtained 65% selectivity to 4-
propylbenzene with 62% 4-propylphenol conversion at 300 °C
(1 h, 20 bar H2) using Pt/ZrO2 catalyst. With a bimetallic Pt�Re/
ZrO2 catalyst, the same authors reached 85% selectivity with
67% conversion level in the same conditions.[21] As a compar-
ison, Feng et al.[19] obtained only 54% propylbenzene yield with
Re�Ni/ZrO2 catalyst at 300 °C and 40 bar H2. However, both
studies were conducted in aqueous medium, rather than in an
organic solvent. Other works using 4-propylphenol as a feed
have focused on cyclohexane production in aqueous
medium,[26,70] in a two phase water/dodecane medium,[71] in
ester solvents,[72] in octane medium,[73] and solvent-free.[72,73]

Although, to our knowledge, only one work on 4-propylphenol
HDO to propylbenzene in organic medium have been
reported,[45] the hydrotreatment of other phenolic compounds
to obtain aromatics as the main product has been attempted in
organic solvents.[18,20,39] Also, vapor-phase reaction to obtain
aromatic products have been studied.[14,15,33–36]

Selectivity of catalysts with comparable intermediate
conversion

Figure 6 presents a comparison of product selectivities with the
three catalysts at comparable intermediate conversion levels
(44%–54%). Relatively low batch residence times (<
1 gcatmingreactant

�1) were chosen in order to compare the activity
of the catalysts in conditions where equilibrium was not limiting
the reaction. In all cases, propylbenzene was the main product

and the highest selectivity towards it was obtained with Pt/
Nb2O5 catalyst. Pt/TiO2 provided an only slightly lower selectiv-
ity to propylbenzene, but with Pt/ZrO2, a significantly lower
selectivity was obtained. Moreover, a clear difference was
observed with the selectivity to other products, as Pt/ZrO2

provided a significantly higher selectivity to 4-propylcyclohex-
anone, 4-propylcyclohexanol and 4-propylcyclohexene than the
other catalysts. Thus, the Pt/ZrO2 catalyst was less active for full
deoxygenation than the catalysts with reducible supports. A
similar observation was made by Griffin et al.,[15] who studied 2-
methylphenol deoxygenation in vapor-phase with reducible
and irreducible supports, namely Pt/TiO2 and Pt/C, and
concluded that reducible metal oxide supports played a key
role in promoting deoxygenation.[15]

In addition to liquid products, all the catalyst produced gas
products that were also analyzed. With comparable conversion
levels, the mole-based selectivities to methane and ethane
were, respectively, 0.35% and 2.0% with Pt/Nb2O5, 0.53% and
1.0% with Pt/TiO2, and 0.80% and 0.43% with Pt/ZrO2. The
produced moles of ethane roughly matched the produced
moles of toluene with Pt/ZrO2 (0.04 mmol). However, with Pt/
Nb2O5, the produced ethane (0.18 mmol) substantially exceeded
the toluene (0.03 mmol), and with Pt/TiO2, the produced ethane
(0.09 mmol) was more than the double of the toluene
(0.04 mmol). The matching selectivities of toluene and ethane
with Pt/ZrO2 appear to indicate that the propyl sidechain was
cracked. On the other hand, with Pt/Nb2O5 and Pt/TiO2, none of
the detected products other than toluene appear to evidence
sidechain cracking to ethane. Thus, given the excess of ethane
compared to toluene produced on Pt/Nb2O5 and Pt/TiO2, a
more complex decomposition of C9 molecules likely occurred
on these catalysts.

The overall mass-based yields of gaseous products, includ-
ing hydrocarbons, CO, and CO2, with the catalyzed experiments
increased from ~0.001% at 44–54% conversion to ~0.02% at

Figure 6. Comparison of product mol-based selectivities on Pt/Nb2O5, Pt/TiO2

and Pt/ZrO2 catalysts with comparable conversions (44–54%) that were
obtained with batch residence times of 0.25, 0.31 and 0.64 gcatmingreactant

�1,
respectively. Reaction conditions: ~3% metal loading, 580 mg 4-propylphe-
nol in 27 mL tetradecane, 350 °C, 20 bar H2.
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full conversion. Likewise, the overall gas yield with the catalyst-
free blank was ~0.02%. The catalyzed experiments provided
mostly methane and ethane, whereas the non-catalyzed experi-
ment provided mostly CO. In the catalyzed experiments, CH4

might have been formed by CO hydrogenation over the
catalyst.

Catalyst reduction temperature

The effect of reduction temperature on catalytic activity and
selectivity was studied with the Nb2O5 and TiO2 supported
catalysts. In order to investigate how the extent of support
reduction affected product distribution and catalyst activity,
two reduction temperatures (353 °C and 400 °C), higher than
the HDO reaction temperature (350 °C), were chosen based on
the TPR study (Figure 4a and b). The results are presented in
Figure 7 for Pt/Nb2O5 catalyst and in Figure 8 for Pt/TiO2

catalyst.
At high batch residence times (~4.0 gcatmingreactant

�1), con-
versions close to 100% were obtained with both catalysts. The
Pt/Nb2O5 catalyst reduced at 400 °C provided more hydro-
genated product, propylcyclohexane, than the aromatic prod-
uct, whereas the catalyst reduced at 353 °C provided the same
products in reverse order of abundance (Figure 7). This result
stands out among the experiments reported in this work, in
which propylbenzene was the most abundant product. At low
batch residence times (~0.26 gcatmingreactant

�1), no significant
differences in product distribution were observed with Pt/Nb2O5

catalyst, although the obtained conversion was slightly lower
for high reduction temperature. On the contrary, the Pt/TiO2

catalyst resulted in slightly less propylbenzene and slightly
more cyclohexane after reduction at 400 °C compared to the
reduction at 353 °C (Figure 8); however, the differences in
selectivity were less than the experimental uncertainty. At low
batch residence time, the Pt/TiO2 catalyst had roughly 10%
selectivity to the aromatic oxygenate regardless of the reduc-
tion temperature.

Barrios et al. studied the effect of reduction temperature
(300 or 500 °C) on the reaction rate of phenol HDO with Pd/
Nb2O5.

[14] The reaction rate dropped significantly with the higher
reduction temperature, due to the almost full coverage of the
Pd particles by NbOx species formed at high temperature.[14]

Kon et al.[51] also studied the effect of reduction temperature
(100 to 300 °C) on Pt/Nb2O5’s activity in fatty acids HDO. The
activity was higher with the catalyst reduced at 300 °C. They
attributed the higher activity to the partial coverage of NbOx on
the Pt particles, which was also referred as partial SMSI state of
the catalyst.[51] Based on our TPR of the Pt/Nb2O5 catalyst
(Figure 4a), which had a similar thermal history as Kon et al.’s[51]

catalyst, the reduction of the support started approximately at
200 °C, which likely explains why Kon et al.[51] observed an
increase in activity by increasing the reduction temperature
from 100 °C to 300 °C. Hence, to obtain partial coverage of the
metal, reduction temperatures �200 °C and �350 °C seem less
beneficial for Pt or Pd catalysts supported on Nb2O5.

With Pt/TiO2, the lower reduction temperature (<353 °C)
might have created a favorable coverage of Pt by TiOx to
optimize the propylbenzene selectivity. This is supported by
TPR (Figure 4b), which shows the maximum of the support’s
reduction peak already at around 300 °C.

Characterization and reusability of spent catalysts

Spent catalysts were characterized and used a second time in
HDO to study their deactivation. Based on the physicochemical
characterization, deactivation was observed with all the cata-
lysts, but some differences were also observed.

Figure 7. The effect of catalyst reduction temperature (353 or 400 °C) on the
product mol-based selectivities obtained with Pt/Nb2O5 catalyst with differ-
ent batch residence times (τB~0.26 or 4.0). The unit of τB is gcatmingreactant

�1.
Reaction conditions: ~3% metal loading, 580 mg 4-propylphenol in 27 mL
tetradecane, 350 °C, 20 bar H2.

Figure 8. The effect of catalyst reduction temperature (353 or 400 °C) on the
product mol-based selectivities obtained with Pt/TiO2 catalyst with different
batch residence times (τB~0.26 or 4.0). The unit of τ is gcatmingreactant

�1.
Reaction conditions: ~3% metal loading, 580 mg 4-propylphenol in 27 mL
tetradecane, 350 °C, 20 bar H2.
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It can be observed form Figure S1 that the physisorption
isotherms and pore size distributions had the least changes
with Pt/ZrO2 catalyst. In the case of the TiO2 supported catalyst,
most of the mesopores between 4 to 10 nm disappeared and
the surface area of the Pt/TiO2 catalyst decreased to half. The
metal dispersion and the calculated average particle diameters
(from chemisorption and TEM) for the spent catalysts are listed
in Table 1, and the chemisorption isotherms of spent catalysts
are presented in Figure S2. In the dispersion and particle size
calculations, the metal loading for the spent catalysts was 2%
estimated by XRF. As the metal contents of all the spent
catalysts were similar, it did not account for the differences
observed in chemisorption. The Pt dispersion on Nb2O5

decreased by ~70% and on ZrO2, by ~60%. The Pt dispersion
on TiO2 decreased less, about by 30%. Compared to the particle
sizes estimated from the STEM images (Figure 1, Table 1), the
particle sizes calculated by chemisorption seemed to be too
high for the spent Pt/Nb2O5 and Pt/ZrO2 catalysts. The differ-
ence could be caused by the deactivation of the metal sites
causing them to be unavailable for chemisorption. This does
not necessarily mean that the particles have agglomerated, as
they could be partly covered with solid deposits, the support
(due to SMSI, especially on Nb2O5), or impurities. Thus, the
particle sizes estimated from the STEM images might be more
reliable. In the X-ray diffraction (XRD) analysis, no Pt peaks were
visible in the spent catalysts. The highest increase in particle
size was observed with the Nb2O5 support, which also
experienced the most severe loss in metal dispersion.

TGA thermograms (Figure S9 in the Supplementary Material)
were recorded for the spent, unwashed catalysts in order to
estimate the amount of combustible material deposited on the
catalysts. First, the samples were dried in nitrogen flow up to
260 °C (boiling point of tetradecane 254 °C) after which the
combustion was performed in oxygen flow up to 900 °C. The
catalysts were exposed to the ambient atmosphere between
the steps, thus the mass loss below 100 °C in the combustion
ramp is mainly due to moisture. In the case of Pt/Nb2O5 and Pt/
ZrO2 catalysts,�2% of the mass was combustible after drying.
For the Pt/TiO2 catalyst, almost 3% of the mass was combus-
tible, indicating more carbonaceous deposits on TiO2 supported
catalyst. These amounts of carbonaceous deposits correspond
to 0.05% to 0.35% mass-yield with respect to the initial
reactant, although coke formation from the solvent cannot be
discarded. The higher amount of carbonaceous deposits found
in the TiO2 catalyst compared to the other two could explain
the severe loss of pores by filling of the pores to some extent,
although the collapse of the pore structure could also have led
to the decrease of the surface area. After the experiments with
Pt/TiO2 catalyst, some fine catalyst powder was recovered from
the reactor, indicating that attrition of the particles had
occurred.

The spent catalysts we tested again in the reaction (Fig-
ure 9). Because of different fresh catalyst activities (Figure 5),
also different residence times were selected for the tested
catalysts. The 4-propylphenol conversion dropped by 50% with
Pt/Nb2O5, 44% with Pt/TiO2, and 46% with Pt/ZrO2 compared to
fresh catalysts with the same batch residence times. This loss of

activity can be partly explained by the lower metal loading of
the spent catalysts compared to the fresh ones (Table 1). In all
cases, also the propylbenzene and propylcyclohexane selectiv-
ities decreased. With all the spent catalysts, the selectivity
towards the aromatic oxygenate increased compared to the
fresh catalysts. With Pt/ZrO2, the selectivity of other side
products, such as 4-propylcyclohexanone and 4-propylcyclohex-
anol, also increased.

Other researchers have also reported deactivation studies in
water phase[21] and in vapor-phase.[36] De Souza et al.[36]

investigated deactivation of Pd catalyst supported on various
supports including ZrO2 and TiO2. In continuous gas phase
reaction of phenol, significant deactivation was observed with
all the tested supports after 20 h of reaction, excluding those
containing CeO2.

[36] In addition to the observed lower con-
version, also the product distribution changed towards side
products instead of deoxygenated products[36] as took place
with our spent Pt/ZrO2 catalyst also. The change in product

Figure 9. Conversion (X) of 4-propylphenol and product mol-based selectiv-
ities obtained with fresh and spent catalysts : a) fresh and spent Pt/Nb2O5, b)
fresh and spent Pt/TiO2, c) fresh and spent Pt/ZrO2. The unit of τB is
gcatmingreactant

�1. Reaction conditions: ~3% metal loading, 580 mg 4-
propylphenol in 27 mL tetradecane, 350 °C, 20 bar H2. Gas analysis was not
available for spent Pt/TiO2.
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distribution was explained with the loss of Pd and support
interaction due to carbon deposition; metal sintering; and loss
of Lewis acid sites on the support.[36] Teles et al.[22] also reported
deactivation of various metals (Pt, Pd, Rh, Ru, Cu, Ni and Co) on
ZrO2. The main reasons for deactivation were metal sintering
and the decrease of the number of oxophilic sites caused by
strong adsorption of reaction intermediates.

Conclusions

The HDO of 4-propylphenol to propylbenzene, as a model for
upgrading biocrudes, was studied in a batch reactor (liquid
organic phase) with target 3 wt.% Pt catalysts supported on
Nb2O5, TiO2 and ZrO2. The main product with all the catalysts
was propylbenzene at 350 °C and 20 bar H2 pressure, whereas
propylcyclohexane was the main side product. The Pt/Nb2O5

catalyst had the highest selectivity to the aromatic product,
77% at 98% conversion, which is among the best results
reported in the literature. The TiO2 and ZrO2 supported catalysts
reached maximum propylbenzene selectivities of 64% and
69%, respectively.

The most active catalyst was Pt/Nb2O5, which had the initial
TOF of 4.1 s�1 compared to the initial TOFs of 1.4 s�1 for Pt/ZrO2

and 2.1 s�1 for Pt/TiO2. The activity enhancement of Nb2O5 and
TiO2 compared to ZrO2 was discussed to be due to oxophilic
NbOx and TiOx species created during catalyst reduction in the
vicinity of hydrogenating Pt sites. The reusability of the catalysts
was investigated by testing the spent catalysts in the reaction.
For all the spent catalysts, the conversions dropped by
approximately 50% compared to the fresh catalysts with the
same batch residence time. The selectivity of the spent Pt/ZrO2

catalyst changed towards oxygenated side products (4-propyl-
cyclohexanone and 4-propylcyclohexanol), whereas with the
other spent catalysts, mainly propylbenzene and propylcyclo-
hexane were produced.

In this study, high catalyst activity and selectivity to
propylbenzene were obtained in 4-propylphenol HDO over Pt
catalysts with reducible supports. These results further highlight
the opportunity to use biocrudes as a source of aromatic fuel
components and chemicals.

Experimental Section

Materials

The chemicals used in experiments and GC calibrations included 4-
propylphenol (�97%), tetradecane (�99%), propylbenzene (98%),
propylcyclohexane (99%), 4-propylcyclohexanone (�99.0%) and 2-
isopropylphenol (98%) from Sigma-Aldrich. 4-Propylcyclohexanol
(>98.0%, cis- and trans- mixture) was obtained from Tokyo
Chemical Industry. Karl-Fisher titration chemicals included Merck’s
Apura® two component titrant containing MeOH and iodine,
Merck’s Apura® solvent for volumetric Karl-Fisher titration contain-
ing MeOH and imidazole, and Merck’s Apura® water standard (1%
H2O). All the chemicals were used without further purification.

The gases used in experiments and catalyst characterization were
purchased from Oy AGA Ab: H2 (purity 5.0), He (purity 5.5), N2

(purity 5.0), CO (Linde, purity 4.7), a mixture of 2% H2 (purity 5.0) in
Ar (purity 5.0), a mixture of 5% NH3 (purity 5.0) in He (purity 5.0)
and a mixture of 5% CO2 (purity 5.0) in He (purity 5.0). The gases
used in analytics were H2 (purity 5.0), He (purity 4.6), Ar (purity 5.0),
synthetic air (purity 5.0), and N2 (purity 5.0). Two calibration gas
mixtures were utilized, the first contained 40 mol% N2, 5 mol% CH4,
10 mol% C2H6, 5 mol% C2H4, 10 mol% C3H8, 5 mol% C3H6, 5 mol%
C2H2, 10 mol% C4H10 and 10 mol% isobutane. The second calibra-
tion gas mixture contained 15 vol.% CO, 15 vol.% CO2, 15 vol.% H2,
40 vol.% N2 and 15 vol.% CH4. The calibration gas mixtures were
also obtained from Oy AGA Ab.

Catalytic materials included catalyst supports: niobium oxide
hydrate (Nb2O5×nH2O, HY-340) from Companhia Brasileira de
Metalurgia e Mineração, anatase TiO2 from Alfa Aesar and
monoclinic ZrO2 from Saint-Gobain NorPro. Metal precursor was Pt
(IV)nitrate solution (15% w/w Pt) from Alfa Aesar.

Catalyst Preparation

Niobium oxide hydrate powder was thermally treated at 270 °C in
synthetic air (7 h, heating rate 100 °Ch�1), pressed into tablets,
ground and sieved to 0.25–0.42 mm particles. The other supports
were also ground and sieved to the size range of 0.25–0.42 mm. All
the supports were calcined in synthetic air: ZrO2 at 600 °C for 10 h
(heating rate 100 °Ch�1), TiO2 at 500 °C for 7 h (heating rate
100 °Ch�1), and Nb2O5 particles, a second time, at 500 °C for 7 h
(heating rate 100 °Ch�1). The Nb2O5 was calcined in two steps,
270 °C and 500 °C, to make the prepared tablets stronger. The active
metal containing catalysts (nominal 3 wt.%) were prepared by
incipient wetness impregnation. Appropriate amounts of aqueous
solutions of metal precursor were used, and the pore volumes of
the supports were estimated by the water uptake capacity (ca. 40%
of support’s mass for all the calcined supports). The prepared
catalysts were dried at room temperature (RT) for 5 h and in an
oven at 100 °C overnight. Finally, the catalysts were thermally
treated in synthetic air at 350 °C for 3 h with a heating ramp of
30 °Ch�1. The catalyst after this treatment is referred to as ‘fresh
catalyst’ throughout this work.

Appropriate amount of catalysts (to match the desired batch
residence time, see Section Calculations.) were reduced at 20 bar H2

for 1 h in the same batch reactor as used in the HDO experiments,
a 100 mL Parr with 200 rpm mixing. The reduction temperature was
either 353 or 400 °C.

Catalyst Characterization

Fresh catalysts were characterized after preparation and thermal
treatments. For TPD and chemisorption measurements, the cata-
lysts were also reduced prior to the analysis as described later in
this Section. Spent catalysts were separated from the reaction
mixture, and catalysts from selected experiments (τB approximately
4 and 5 gcatmingreactant

�1, see Figure 5) were mixed together to
obtain enough spent catalysts for characterization. The mixed spent
catalysts were washed with EtOH to remove the remained liquid
from the reactor using a vacuum filtration system. After washing,
the catalysts were dried in a 100 °C oven overnight. For TGA,
unwashed spent catalyst was used.

XRF was measured with a PANalytical Axios Max wavelength
dispersive spectrometer with an X-ray source of SST-max. The
samples were placed into a sample cup on a Mylar film without any
pretreatment. The analysis was used to obtain an estimation of the
Pt loading in the fresh and spent catalysts.
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Nitrogen physisorption isotherms (liquid N2, �196 °C) were re-
corded with a Thermo Scientific Surfer equipment. The catalyst
samples were weighted to quartz glass burettes (ca. 200 mg), and
the fresh catalysts were evacuated at 300 °C for 3 h and the spent
catalysts at 120 °C for 5 h prior to the measurements. Specific
surface areas were calculated from the isotherms according to the
BET method.[74] The cumulative pore volumes and the pore size
distributions were calculated based on the Barrett-Joyner-Halenda
(BJH) method.[75]

Carbon monoxide chemisorption isotherms at 25 °C were measured
with the Thermo Scientific Surfer equipment. Prior to the measure-
ments, the catalyst samples (fresh and spent) were weighted to U-
shaped quartz burettes (ca. 150–200 mg) and supported with
quartz glass wool. The samples were reduced in hydrogen flow at
290 °C for 3 h and degassed at the same temperature down to
10�5 Torr for 2 h. At first, the total adsorption isotherm was
recorded, which was followed by degassing down to 10�5 Torr.
After the reversibly adsorbed gas was removed, the second
isotherm containing only the reversible adsorption was recorded.
After measurements, the samples were weighted once more to
obtain the dry weight of the sample, which was used in
calculations. The irreversible monolayer volume was obtained from
the linear regression of the subtracted irreversible isotherm to zero
pressure. Finally, metal dispersion and particle size were calculated
as described elsewhere:[60] the adsorption stoichiometry for CO was
assumed 1 and the metal particles were assumed to be spherical.

STEM images were taken from the fresh and spent catalysts using a
JEOL JEM-2200FS Double Cs-corrected transmission microscope
with 200 kV acceleration voltage. Energy-dispersive X-ray spectro-
scopy (EDS) was applied to detect the chemical elements present in
the sample. Samples for STEM analyses were drop-casted from
ethanol dispersions onto copper grids coated with ultrathin carbon
film (<10 nm thickness). To estimate the average size of the metal
nanoparticles deposited on the support, several particles were
measured manually from the images using Gatan DigitalMicro-
graph-software: 196 for fresh Pt/Nb2O5, 183 for fresh Pt/TiO2 and
100 for fresh Pt/ZrO2. In the case of the spent catalysts, 188 particles
were measured for Pt/Nb2O5, 208 for Pt/TiO2 and 124 for Pt/ZrO2.

XRD was used to detect the crystallographic phases in the catalysts.
The equipment was a PANalytical X’Pert PRO MPD Alpha-1
diffractometer with Cu Kα1 radiation (45 kV and 40 mA). The X-ray
scanning range was 4.5° to 120° (2θ) with a step of 0.0263°. Prior to
the analysis, the samples were ground.

The X-ray photoelectron spectroscopy (XPS) measurements were
made for the fresh catalysts using Kratos Axis Ultra system,
equipped with a monochromatic AlKα X-ray source. All measure-
ments were performed with 0.3 mm×0.7 mm analysis area and the
charge neutraliser on. The wide scans were performed with 80 eV
pass energy and 1 eV energy step and the high resolution scans
were performed with 20 eV pass energy with 0.1 eV steps size. The
energy calibration was made using the adventitious carbon C1s
component at 284.8 eV. All decompositions were made with
CasaXPS using GL(30) peaks (product of 30% Lorenztian and 70%
Gaussian).

The acidity and basicity of the fresh catalysts were analyzed with
TPD of ammonia (NH3�TPD) and carbon dioxide (CO2�TPD) by an
AutoChem II 2920 device. Prior to the NH3-TPD analysis, the sample
(about 45 mg) was reduced with H2 from RT to 353 °C (5 °Cmin�1)
and kept at 353 °C for 60 min. Then, the sample was cooled down
to 100 °C followed by adsorption of 5% NH3 in He (at 100 °C) for
60 min and flushing with He for 30 min in order to remove the
weakly bonded NH3. The NH3 desorption was carried out from 100
to 600 °C (10 °Cmin�1), then left for 10 min at 600 °C. For the

CO2�TPD (same samples after NH3-TPD), similar reduction treatment
was done as for the NH3-TPD. After the reduction, the catalysts
were cooled down to 50 °C and flushed with He for 5 min. The
adsorption of 5% CO2 in He was performed at 50 °C for 60 min after
which the weakly bonded CO2 was flushed by He flow for 30 min
(50 °C). The desorption of CO2 was conducted by He from 50 to
600 °C, then kept at 600 °C for 10 min. The concentrations of
desorbed NH3 and CO2 were analyzed by a thermal conductivity
detector (TCD). The gas flow rate was 50 mLmin�1 during the whole
TPD analysis. The total acidity (from NH3�TPD) was determined by
integration of the area between 100–600 °C and the total basicity
(from CO2�TPD) was determined by integration of the area
between 50–600 °C. The conversion to desorbed gas volume was
performed using the software of the AutoChem device after
calibration with a series of gas concentrations. For integration, the
baseline was corrected, assuming a linear baseline between the
beginning and the end of each peak.

TPR was conducted with an Altamira AMI-200 equipment having a
TCD. The fresh samples (50 mg) were weighed in a U-shaped flow
through quartz tube and were supported with quartz wool. Prior to
TPR measurements, the samples were dried in He flow of
40 mLmin�1 at 350 °C for 1 h. After drying, the samples were cooled
to 30 °C and a heating ramp of 5 °Cmin�1 to 700 °C was performed
in 2% H2/Ar flow (40 mLmin�1). A cold trap filled with CO2 ice was
used between the sample tube and the TCD to prevent moisture
from entering the detector.

TGA was used to determine the amount of carbonaceous solids
deposited on the spent catalysts during the HDO reactions. The
equipment was a TA Instruments’ TGA Q500. Approximately 10 mg
of spent, unwashed catalyst was dried in pure nitrogen from RT up
to 260 °C with a heating rate of 10 °Cmin�1. The drying ramp was
followed by a 30 min isothermal hold at 260 °C (the boiling points
of tetradecane, propylphenol, propylbenzene, and propylcylclohex-
ane are <255 °C). Afterwards, the dried sample was heated up from
~75 °C to 900 °C (10 °Cmin�1) with pure oxygen.

HDO Experiments

The HDO experiments were conducted in a 100 mL Parr batch
reactor. The catalyst was dried and reduced in situ. The drying was
performed in N2 atmosphere at 180 °C for 1 hour and the reduction,
in 20 bar H2 at 353 or 400 °C for 1 hour. The reactor was stirred at
200 rpm during reduction. Afterwards, the reactor was cooled to
room temperature and kept overnight in H2 pressure. Before the
experiments, the reactor was vented to atmospheric pressure and
heated up to the desired reaction temperature (350 °C). Once the
temperature was attained, about 580 mg of reactant, dissolved in
27 mL of tetradecane, was injected into the reaction chamber from
the feed vessel of the reactor with the aid of hydrogen. The reactor
was pressurized up to 20 bar H2 and a mixing rate or 645 rpm was
applied. The reaction was allowed to proceed for a given time to
match the desired batch residence time. Afterwards, the reactor
was cooled to room temperature. The reaction time was counted
from the moment of injection of the reaction mixture to the start of
the cooling. When the reactor was at room temperature, the gas
phase was sampled, the reactor was vented, and the product and
the catalyst were recovered.

To study the reusability of the catalysts, the catalysts recovered
after HDO experiments were washed in ethanol over a filtration
funnel and dried overnight in an oven at 100 °C. The washed
catalysts were dried and reduced in situ before HDO reaction by
the same procedure as the fresh catalysts.

In order to ensure that all experiments were performed under
stable conditions, all HDO experiments were run for at least 10 min.
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This time constraint, along with the small amount of reactant used,
favored conversions >80%. In order obtain lower conversions,
both the amount of catalyst and the reaction time were adjusted.
Hence, the reaction was studied with respect to batch residence
time instead of simply reaction time.[76,77] Table S1 in the Supple-
mentary Material lists the reaction times and amounts of catalyst
and reactant used in all experiments. Furthermore, the external
mass transfer limitations were assessed experimentally and with
calculations (Section 5 in the Supplementary Material) and they
were determined to be negligible. Internal mass transfer limitations
were also negligible, according to the Weisz-Prater criterion
(Section 6 in the Supplementary Material).

Product Analysis

Organic products were identified with a gas chromatograph (GC)
from Agilent, which was equipped with a Zebron ZB-wax Plus
column (60 m×0.25 mm×0.25 μm) and an electron-impact mass
spectrometer (GCMS-EI, 7890–5975). The injection of 1 μL sample
was conducted at 250 °C with 0.6 mLmin�1 flow and 80 :1 split ratio.
The temperature program started with a 2 min hold at 60 °C,
followed by heating at 7 °Cmin�1 until 160 °C with a 3 min hold,
heating at 5 °Cmin�1 to 200 °C with a 6 min hold, and finally heating
at 10 °Cmin�1 to 240 °C with 1 min hold. The electron impact
ionization MS detector was operated at 70 eV, with a quadrupole
m/z scan range of 30–500 amu. The NIST MS library was used to aid
spectral interpretation. Furthermore, the product and solvent peaks
were deconvoluted with NIST’s Automated Mass Spectral Deconvo-
lution and Identification System (AMDIS) in search for possible
overlapping products. The identified products are listed in Table S2
of the Supplementary Material. In one case, the identification with
GCMS-EI was uncertain; hence a second technique was used, GCMS
with chemical ionization (GCMS-CI). For GCMS-CI (Thermo Scientific
Trace 1300 ISQ), the same chromatographic column and method
were used as for GCMS-EI. The CI parameters were 180 °C, positive
polarity, and methane (1.5 mLmin�1) reagent gas.

The quantification of the liquid organic products was conducted
with a GC from HP (6890 Series) equipped with a flame ionization
detector (FID) and using the same column and method as
described with the GC-MS. The products were calibrated using 2-
isopropylphenol as the internal standard. For the products that
were not calibrated (e.g. 4-propylcyclohexene and 1-propylcyclo-
hexene), the response factor was estimated according to the
effective carbon number method proposed by Scanlon and Willis.[78]

The effective carbon number corrections were taken from Jorgen-
sen et al.[79]

For some organic products, as well as for the solvent, the water
content was analyzed using a SI Analytics’ volumetric Karl-Fisher
titrator (TitroLine 7500 KF) calibrated with a water standard. The
water concentrations were 0.007 wt.% for the measured products
and also 0.007 wt.% for the fresh solvent. Hence, it is likely that the
water formed during HDO did not dissolve into the organic phase.
Instead, it is possible that the water formed a second liquid-phase
in such a small amount (<76 mg), that it was lost during product
recovery.

Gaseous products were analyzed by a GC from Agilent (6890 Series)
with a FID and a TCD. The GC was calibrated with an Oy AGA Ab
calibration gas mixture, which enabled quantitative analysis. The TC
detector was connected to two columns: HP-PLOT/Q (30 m×
0.53 mm×40 μm) and HP Molesieve (30 m×0.53 mm×25 μm), and
was used for the analysis of CO, CO2, H2 and N2. Hydrocarbons were
analyzed with the FID connected to a HP-AL/KCL column (50 m×
0.32 m×8 μm). The heating program started from 40 °C (inlet

temperature 200 °C) with a 9.5 min hold. The heating rate was
10 °Cmin�1 up to the final temperature of 200 °C.

Calculations

Conversion (X) is defined as [Eq. (1)]:

X ¼
nA;0 � nA;f

nA;0
(1)

where nA,0 is the molar amount of reactant at the beginning of the
experiment and nA,f is the molar amount of reactant at the end.
Mol-based selectivity (Sn) is defined as [Eq. (2)]:

Sn ¼
nAj jnP

nP nA;0 � nA;f

� � (2)

where nP is the molar amount of product obtained in the experi-
ment, νA is the stoichiometric factor of 4-propylphenol, and νP is the
stoichiometric factor of the product. Because the reaction routes to
many products are unknown, νA=�1 was taken as a reference. The
stoichiometric factors of the products were calculated as [Eq. (3)]:

nP ¼
NC;A

NC;P
(3)

where NC,A is the number of C atoms in propylphenol and NC,P is the
number of C atoms in the product. Equation 3 did not apply in the
cases of benzene, toluene, ethylbenzene, cyclohexane, meth-
ylcyclohexane, phenol, and 2-ethylphenol, for which it was assumed
that νP=1. Mol-based yield (Yn) is defined as [Eq. (4)]:

Yn ¼
nAj jnP

nPnA;0
(4)

Mass-based selectivity (Sm) and yield (Ym) were calculated analo-
gously to equations (2) and (4), except that stoichiometric factors
were not included.

The GC analysis of the gas phase returned the molar fractions of
the components in a sample of the gas phase. In order to
determine the molar amounts of the gases, and hence their masses,
the total gas moles were calculated with the ideal gas law from the
temperature and absolute pressure in the reactor at the time of the
sampling. The volume occupied by the gas was calculated taking
into account the volume occupied by the liquid-phase, which in
turn was calculated from the density of tetradecane at the given
conditions (see Section 4 in the Supplementary Material).

In order to overcome constraints in reaction times and to minimize
the influence of variations in the weighed amounts of reactant and
catalyst, the HDO reactions were studied with respect to batch
residence time (τB, gcatmingreactant

�1) [Eq. (5)]:[76,77]

tB ¼
mcat

mA
t (5)

where mcat is the mass of catalyst (g), mA is the initial mass of
reactant (g), and t is the reaction time (min).

Initial turnover frequencies (TOF0, s
�1) of 4-propylphenol on the

catalysts were estimated as [Eq. (6)]:
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TOF0 ¼
rf;0

G cat
(6)

where rϕ,0 is the initial reaction rate (molgcat
�1 s�1) and Γcat is the

molar amount of surface metal sites per gram of catalyst (molgcat
�1),

assumed to be equal to the irreversible chemisorption capacity of
the catalyst (Table 1). The initial reaction rate was estimated by
fitting a polynomial function (f) to a contact time series (mAτ, [gcat s])
of reactant molar amount (nA). Afterwards, f was derived with
respect to mAτ and evaluated at mAτ=0 [Eq. (7)]:

rf;0 � �
d

d mAtð Þ
f mAt; nAð Þð Þ

� �

mAt¼0
(7)

The carbon balances of the conducted experiments are presented
in Table S3 along with the corresponding mass balances. The
carbon balances describe the moles of carbon present in the
quantified products and in the unconverted reactant as a
percentage of the carbon moles present in the reactant fed to the
reactor [Eq. (8)]:

BC ¼
NC;AnA;f þ

P
i NC;P;inP;i

NC;AnA;0
(8)

The solvent and its cracking products (10�5%) were not accounted
in the carbon balances. In some cases, the carbon balances were
>100%, which can be explained by uncertainties in the calculation
of the stoichiometric factors (Equation 3). The mass balances
express the total quantified mass of gas, liquid, and solid recovered
after the experiments as a percentage of the total mass of reactant,
solvent, and catalyst added to the reactor. Table S3 includes the
sums of mass-based selectivities per experiment (ΣSm), representing
the closure of the mass balances in terms of the products against
the reactant (excluding the solvent) [Eq. (9)]:

100% ¼

P
i mP;i

mA;0 � mA;f
þ

loss
mA;0 � mA;f

¼ SSm þ loss% (9)
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