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ABSTRACT: A series of monometallic platinum and bimetallic platinum−rhenium catalysts supported on mesoporous carbon
Sibunit, which is a type of mesoporous, microcrystalline carbon, were investigated for hydrodeoxygenation (HDO) of isoeugenol
(IE) at 200−300 °C and 30 bar of H2, using dodecane as a solvent. Catalytic activity was tested in a batch reactor to screen the
catalysts and, for comparison, also in the continuous mode. For batch experiments, complete conversion, and a high yield of the
desired product, propylcyclohexane (PCH), were obtained for all bimetallic PtRe/Sibunit in 240 min, with the highest yield of PCH
when Pt:Re ratio was 1:1 or 1:3. The results for Pt−Re (1:1) were reproducible, in terms of catalytic activity and reusability of
catalysts, which showed no deactivation. Monometallic Pt catalysts displayed low activity. Continuous experiments were performed
with PtRe(1:1)/Sibunit at 30 bar H2, 0.5 mL/min of the liquid flow, and temperatures between 75 °C and 200 °C. The distribution
of products showed deoxygenation at higher temperatures, while at lower temperatures, mainly oxygenated products were formed.
XPS results confirmed the presence of ReOx species, where an increase in the platinum loading resulted in a decrease in the fraction
of ReOx species and subsequently lower PCH yield.

■ INTRODUCTION

Fossil-derived fuels still provide most of the energy used
worldwide, with its consumption still increasing yearly.1 This
constant increase of greenhouse gases emissions, depletion of
nonrenewable resources, and alternative-fuel regulations have
promoted the development of new technologies and processes
to solve these challenges.2

While the use of electric and hybrid vehicles has increased
considerably in recent years, these technologies are not
appropriate for their use on commercial airplanes, mainly
because of insufficient electrical storage as well as the weight of
batteries and electric propulsion systems.3 Therefore, biomass,
being a renewable and sustainable feedstock alternative to such
fossil feedstock as crude oil, has attracted much attention as a
source for production of fuels and chemicals.4

One of the main conversion processes to obtain bio-oil is the
pyrolysis of lignocellulosic biomass. The obtained bio-oil is
rich in oxygenated compounds, making it unsuitable as a fuel,

because of, for example, high viscosity, a low heating value,
high acidity, and chemical instability.5 Bio-oil requires
additional steps to be able to obtain biofuels6 that could
substitute or supplement those currently in use.7 One of the
main routes for upgrading biomass-derived oil into liquid fuels
is through hydrodeoxygenation (HDO).8 In HDO, oxygen is
removed from organic molecules as water, CO2, or CO, in the
presence of a catalyst and hydrogen.
Bifunctional catalysts with two types of active sites are

required for HDO: one site to activate hydrogen (metal), and
another one to activate oxygen (oxophilic metal or acid
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support). Hydrogenation, dehydrogenation, hydrocracking,
and decarbonylation occur on metal sites, while dehydration,
isomerization, and hydrogenolysis occur on the acid sites.9

Monometallic catalysts deposited on oxide supports and
carbon have been extensively studied for the HDO of various
model compounds.10 The most common catalysts are noble11

(such as Pt, Rh, Pd), or transition metals12 (such as Ni, Co,
Mo) supported on zeolites,13 or oxides (e.g., Al2O3

14 and
SiO2

15). Bimetallic catalysts mainly studied for HDO include
Mo in combination with Ni and Co,16 which have been
traditionally used for HDO processes in petroleum refining.
Bimetallic catalysts containing noble metals and rhenium
(RuRe/C,17 IrRe/SiO2,

18,19 RePd/CeO2,
20 IrRe/Al2O3

14)
have shown that the presence ReOx resulted in activity
elevation. While Re has been mainly studied in the context of
catalytic reforming and aqueous phase reforming, the interest
in rhenium has expanded to other reactions, where the
oxophilic nature of the metal could improve catalytic activity.
Studies have found that oxides of Mg, Mo, W, and Fe can

enhance HDO by improving the reducibility of Pt species
through an electron transfer.21 DFT calculations have also
proved a synergistic effect between Pt and MOx species in
adsorbing/activating C−O bonds, making metal−metal oxide
catalysts interesting and promising for HDO.22

The use of new supports such as nanotubes,23 ordered-
mesoporous silica,24,25 and different types of carbon,26 has
attracted the attention of researchers, because of their
properties, such as high surface area, porosity, acidity, or
basicity, etc. Among such supports, Sibunit, which is a type of
mesoporous, microcrystalline carbon, is considered as an
attractive material, because of its high mechanical strength,27

reasonably large surface area, high purity, and chemical
stability,28 combining the properties of graphite and activated
carbon. Additional benefits of Sibunit-based catalysts are that
they can be produced in large scale and in different shapes,
such as whole and hollow cylinders, rings, etc., allowing for a
wide range of applications.29 This material is synthesized via
the deposition of pyrolytic carbon from C1−C3 hydrocarbons
on granulated carbon black, followed by condensation and
steam activation.30 Temperature-programmed desorption
(TPD) studies of Sibunit have reported that CO and CO2
evolutions resemble those for other various carbonaceous
materials, with a high amount of carboxylic groups on the
surface.31

Currently, most HDO is performed on a laboratory scale,
using three-phase systems (gas−liquid−solid) in batch
reactors. While this approach gives information regarding
kinetics, industrial interest focuses on continuous flow
processes, which allow for scalability, higher and constant
throughput, and improved automation.32

Studies on HDO in continuous reactors have mostly
centered on guaiacol;19,33,34 however, isoeugenol has not
been studied previously in this type of systems. Isoeugenol is a
model compound of interest, as its structure is representative
of the three phenylpropane units that constitute lignin.35 Its
molecular structure also contains the main oxygenated groups,
more specifically, the hydroxyl, methoxy, and allyl groups
found in the compounds of lignin-derived bio-oil.
Research focused on the HDO of isoeugenol using

bimetallic catalystsin particular, bimetallic Pt−Rein both
batch and continuous reactors has been scare. Our previous
research on isoeugenol HDO was focused on Ir, Pt, and Re
catalysts supported on alumina, highlighting the importance of

an oxophilic metal for the reaction.13 Another investigation of
Ir and Ni catalysts supported on ZrO2 resulted in the
formation of large amounts of gas-phase products, therefore
giving a low mass balance closure in the liquid phase.36

The purpose of this work was to study HDO of isoeugenol
using monometallic Pt and bimetallic Pt−Re supported on
carbon as catalysts in a batch reactor. Furthermore, HDO of
isoeugenol was investigated for the first time in a continuous
reactor.

■ EXPERIMENTAL SECTION
Chemicals. The following chemicals were acquired commercially:

isoeugenol (98%, mixture of cis and trans, Aldrich), dihydroeugenol
(≥99, Sigma−Aldrich), n-dodecane (≥99%, Acros Organics),
benzene (≥99%, Sigma−Aldrich), propylcyclohexane (99%, Aldrich)
cyclohexane (99.9%, Alfa Aesar), hexane (>97%, Sigma−Aldrich),
tetraammineplatinum(II) nitrate (≥50.0% Pt basis, Aldrich). H2PtCl6
(Kraszvetmet, Krasnoyarsk, Russia) and HReO4 (20 wt %, Reachim,
Russia).

The following gases were used: hydrogen (AGA, 99.999%), argon
(AGA, 99.999%), and helium (AGA, 99.996%).

Preparation of Catalysts. The following catalysts were acquired
from Degussa: F106XKYF and F1525XKT. The notation given to
these catalysts was Pt/C1 and Pt/C2, respectively, both containing up
to 5 wt % Pt on activated carbon.

Activated carbon Norit was supplied by NORIT (NORIT R 3
EXTRA activated carbon) and Sibunit was supplied by the Boreskov
Institute of Catalysis, Siberian Branch of the Russian Academy of
Sciences.

Monometallic Pt catalysts, Pt/Norit, and Pt/Sibunit were
synthesized by the incipient wetness impregnation of
tetraammineplatinum(II) nitrate (≥50.0% Pt basis, Aldrich) on
Norit or Sibunit, the catalysts were denoted as Pt/Norit and Pt/
Sibunit, respectively.

Bimetallic Pt−Re catalysts (PRC series; PRC11, PRC31, and
PRC13) were synthesized by impregnation. Sibunit (<63 μm) was
impregnated with an aqueous solution of a mixture of the metal
precursors H2PtCl6 (OAO Aurat, Russia) and HReO4 (20 wt %,
Reachim, Russia). Three bimetallic catalysts with different metal
ratios were prepared: 1:1 with the nominal metal loading of each
metal of 4 wt %, 1:3 with the nominal metal loading of 2 wt % for Pt
and 6 wt % for Re, and 3:1 with the nominal metal loading of 6 wt %
for Pt and 2 wt % for Re. The catalysts were named PRC11, PRC13,
and PRC31, respectively.

Granulated PRC11 catalyst used for the continuous reactor
experiments was prepared by the same method as described above,
only using larger particles of Sibunit (1 mm).

After impregnation, the catalysts were calcined at 110 °C overnight,
reduced in a hydrogen flow with a temperature ramp of 2 K/min until
330 °C, and kept at the final temperature for ca. 6 h.

The catalysts used in the batch reactor were reduced ex situ under
hydrogen flow (40 mL/min) at 350 °C for 3 h (10 °C/min) prior to
experiments. After reduction, the catalyst was flushed with argon and
the solvent was added to avoid reoxidation of the catalyst. The
catalyst used in the continuous reactor was reduced in situ under the
same conditions as with the catalysts used in the batch reactor.

A summary of the catalysts used in the current work is presented in
Table 1.

Reactor Setup and Analysis. HDO of isoeugenol was performed
as a model reaction to determine the activity of Pt and Pt−Re
catalysts supported on carbon. The reactions were performed in a 300
mL stainless steel batch reactor (PARR Instruments) equipped with a
mechanical stirrer. The samples were taken at regular time intervals.
The stirring speed was set to 900 rpm to avoid external mass-transfer
limitations. The size of the catalyst particles was <63 μm, to ensure
the absence of internal mass-transfer limitations. For HDO of
isoeugenol, 0.05 g of the catalyst, 0.1 g of the reactant, and 50 mL of
dodecane were used. The liquid samples were analyzed by gas
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chromatography (GC) and gas chromatography/mass spectroscopy
(GC/MS). In GC analysis, a DB-1 capillary column (Agilent, Model
122-103e) of 30 m length, 250 μm internal diameter and 0.5 μm film
thickness was utilized. Helium was applied as a carrier gas with the
flow rate of 1.7 mL/min. The temperature program for GC analysis
was as follows: 60 °C (5 min), 3 °C/min to 135 °C, and 15 °C/min
to 300 °C. GC-MS analysis was performed over the same column and
using the same temperature program as used in GC.
Continuous experiments were performed in a laboratory-scale

fixed-bed reactor with the following dimensions: 12 cm length, 1.2
mm inner diameter, 70-mm catalyst zone, 3-mm thermocouple
pocket. The reactor was loaded with 0.3 g of the catalyst mixed with
15 g of fine granular quartz (200−800 μm) to have a uniform
distribution of the catalyst throughout the catalytic bed; the remaining
space was filled with quartz. The reaction mixture was fed downflow
via a high-performance liquid chromatography (HPLC) pump
(Knauer Smartline). The reaction conditions were as follows: 30
bar H2, gas flow rate of 0.5 mL/min, liquid flow rate of 0.5 mL/min,
temperatures between 75 and 200 °C. The catalyst was reduced in
situ at 350 °C for 3 h (temperature ramp = 10 °C/min) under a
hydrogen flow rate of 40 mL/min at atmospheric pressure. The liquid
samples taken periodically during 4 h were analyzed using the same
procedure as that used with the batch reactor.
Catalyst Characterization. Textural properties of the catalysts

were determined using nitrogen physisorption (Micrometrics, Model
3Flex-3500). The Dubinin−Radushkevich method was used to

determine the specific surface area while the pore size distributions
were obtained with the Barrett−Joyner−Halenda (BJH) approach,
using desorption data and density functional theory (DFT) method.
Prior to the measurements the catalysts were outgassed ex-situ under
vacuum and 180 °C for 20−24 h in a Micromeritics VacPrep 061
Sample Degas System. Thereafter, they were degassed in situ for 4 h
at 180 °C.

Surface acidity was determined in accordance with the studies
found in the literature focusing on carbon-supported catalysts.37−41 It
was determined by measuring the pH of a slurry consisting of 50 mg
of the catalyst and 50 mL of distilled water under agitation with a
magnetic stirrer. The pH of the slurry was determined using a Mettler
Toledo pH electrode.42

X-ray diffraction (XRD) reflexes of catalysts were recorded with an
X-ray diffractometer (Model D8, Bruker, Germany) using Cu K
radiation and a LynxEye detector by scanning with a step of 0.05° and
an accumulation time of 3 s at each point with a slit width of 0.26° or
accumulation time of 1 s at each point with a slit width of 0.52°.

Scanning electron microscopy (SEM) was utilized to obtain
information on the morphology of supports and catalysts. A Zeiss Leo
Gemini 1530 microscope, combined with secondary electron and
backscattered electron detectors, was applied. An acceleration voltage
of 15 kV was used for the X-ray analyzer.

Transmission electron microscopy (TEM) was utilized to
determine the metal particle size and study the morphology and
porosity. The equipment used for analysis was a Model JEM-1400Plus
system (JEOL, Japan) with a maximal acceleration voltage of 120 kV.
The interpretation of TEM images and determination of particle sizes
of the fresh and spent catalysts were done using the ImageJ program.

Prior to the TEM analysis, the samples were ground and suspended
in ethanol. A drop of suspension was mounted on a copper grid
coated with a carbon film and the solvent evaporated. The particle
size distribution of metal particles was determined by measuring the
diameter (d) of more than 300 particles visible in TEM micrographs.

Temperature-programmed reduction with H2 (TPR) was per-
formed in an AutoChem 2910 instrument. An amount of 0.1 g of
catalyst was dried at 120 °C for 1 h, followed by reduction with 5
vol % hydrogen in argon, using the following temperature program:
25−700 °C at 10 °C/min. A thermal conductivity (TC) detector was
used, and the cooling system, containing liquid nitrogen and a 2-
propanol mixture, was applied to dry the gas-phase samples before
entering the TC detector.

X-ray photoelectron spectroscopy (XPS) measurements were
performed ex situ with an Axis Ultra DLD electron spectrometer
manufactured by KRATOS Analytical, Ltd., using monochromated Al
Kα excitation source.

Table 1. Summary of Catalysts Used for HDO of Isoeugenol

Catalyst

denomination metal
loading
(wt %) support type

Pt/C1 platinum 5 activated
carbon

commercial
(Degussa)

Pt/C2 platinum 5 activated
carbon

commercial
(Degussa)

Pt/Norit platinum 2 activated
carbon

self-synthesized

Pt/Sibunit platinum 4 mesoporous
carbon

self-synthesized

PRC11 platinum,
rhenium

4 and 4 mesoporous
carbon

self-synthesized

PRC31 platinum,
rhenium

6 and 2 mesoporous
carbon

self-synthesized

PRC13 platinum,
rhenium

2 and 6 mesoporous
carbon

self-synthesized

PRC11
granulated

platinum,
rhenium

4 and 4 mesoporous
carbon

self-synthesized

Table 2. Textural Properties, Metal Particle Sizes, and pH of Slurries of Catalysts and Supports

Textural Characteristics

DP (nm)

catalyst SSAa(m2/g) V∑ (cm3/g) VMP (cm
3/g) BJH DFT metal particle size (nm) pH of slurry

Norit 1247 0.58 0.51 4 0.6−0.7 − 7.5
Sibunit 330 0.52 0.09 4 0.9, >3.5 − 6.5
Pt/C1 450 0.29 0.17 4 0.6−0.7 3.1 5.7
Pt/C2 421 0.28 0.16 4 0.6−0.7 2.9 4.9
Pt/Norit 857 0.39 0.31 4 0.6−0.7 4.2 7.1
Pt/Sibunit 283 0.35 0.08 4 0.9, >3.5 3.5 6.6
PRC11 268 0.31 0.07 4 0.9, >3.5 1.3 6.0
PRC11 (used) 222 0.23 0.04 4 0.9, >3.5 1.5 −
PRC31 277 0.34 0.08 4 0.9, >3.5 1.2 6.1
PRC13 275 0.32 0.08 4 0.9, >3.5 1.3 6.0
PRC11 granulated 234 0.32 0.07 4 0.9, >3.5 1.4 6.0
PRC11 granulated (used) 176 0.25 0.05 4 0.9, >3.5 1.7 −

aSpecific surface area.
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■ RESULTS AND DISCUSSION

Catalyst Characterization. A summary of the textural
properties, metal particle sizes, and pH of the catalysts and
supports slurries is presented in Table 2. Results will be
discussed in the following sections.
Nitrogen physisorption results (Table 2) show that

deposition of Pt resulted in a slight decrease of the textural
properties for all catalysts, which can be explained by blocking
of the pores by the metal. The highest specific surface area
(SSA), total pore volume (V∑) and the micropore volume
(VMP) were recorded for CNORIT and the corresponding
catalyst Pt/Norit. On the other hand, the catalysts supported
on mesoporous Sibunit (Pt/Sibunit and PRC series) showed
lower SSA, V∑, and VMP.

43 The addition of Re had a very low
effect on the textural properties of PRC catalysts. Commercial
catalysts Pt/C1 and Pt/C2 showed properties similar to those
of Norit, all being supported on activated carbon.
Catalysts supported on Sibunit had much lower VMP values

(<1 cm3/g), when compared to catalysts supported on
activated carbon (>0.15 cm3/g), and the adsorption isotherms
and the pore size distribution indicated its mesoporous
characteristics.

Three different types of catalysts are compared in Figure 1,
including adsorption−desorption isotherms (Figure 1a) and
the pore size distributions obtained by DFT (Figure 1b) and
BJH (Figure 1c).
Catalysts supported on activated carbon showed the

isotherm of type I and hysteresis type H4, indicating the
presence of micropores characteristic activated carbons,
according to the IUPAC classification.44

On the other hand, all catalysts supported on Sibunit
showed a combination of isotherm types I and IV, indicating
the presence of both micropores and mesopores, and H3
hysteresis. Pore size distribution obtained by DFT (Figure 1b)
exhibited a main pore contribution between 0.6 and 0.7 nm for
catalysts supported on Norit and both Pt/C1 and Pt/C2. Pore
size distribution obtained by BJH (Figure 1c) exhibits a narrow
main pore contribution for all samples at ca. 4 nm.
For PRC catalysts, the main peak present in the microporous

range was between 0.9 nm and 1.1 nm; however, more porosity
was present at >3.5 nm, indicating mesoporosity.27

The spent PRC11 catalysts used in batch and continuous
reactors were characterized by nitrogen physisorption. The
results (Table 2, Figure 2) show that surface area decreased
after the reaction for both cases. This could be due to

Figure 1. (a) Adsorption−desorption isotherm, (b) DFT pore size distribution, and (c) BJH pore size distribution of Pt/Norit, Pt/C2, and PRC13
catalysts.
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formation of carbonaceous species that remained on the
surface of the catalysts. Pore size distribution (Figures 2b and
2c) showed no changes in pore diameter, indicating low
mechanical degradation.
The relative acidity of different catalysts shown in Table 2

indicates that both commercial catalysts exhibited high acidity
when compared to the rest, with Pt/C2 being the most acidic
catalyst of all (pH 4.9). The pH of the slurry was also
measured for the pure supports Norit and Sibunit, where
Sibunit displayed the lower pH value (pH 6.5). A slight
decrease in pH was observed after deposition of Pt. All
bimetallic PRC catalysts showed very similar pH values (pH
∼6), indicating that the addition of Re did not affect acidity
considerably.
Pt peaks at ∼39.5°, 46°, 67°, and 81° (Figure 3) are

attributed to the (111), (200), (220), and (311) reflections.45

The presence of these peaks can be attributed to larger metal
particles not considered or observed in TEM. Peaks at 26° and
42° belong to the carbon support, indicating presence of the
microcrystalline structures.46,47 The lack of peaks belonging to
Re could be caused by high dispersion of Re particles or an
overlap with carbon reflections.48

The lack of Pt peaks in PRC11 shows that the addition of Re
improved Pt dispersion. As Figure 3 shows, the best Pt−Re

ratio is 1:1, since Pt peaks are present for both PRC13 and
PRC31.

Figure 2. (a) Nitrogen adsorption−desorption isotherms, (b) DFT pore size distribution, and (c) BJH pore size distributions for the fresh, spent,
and granulated PRC11.

Figure 3. XRD diffractogram comparison of monometallic Pt/Sibunit
and bimetallic PRC catalysts. Asterisk symbol (*) denotes signals for
the Sibunit support.
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SEM analysis allows one to observe the morphological
differences between Sibunit and Norit (Figure 4). It is possible
to see that the structure of Sibunit consists of more-uniform
granules (0.3−0.5 μm), while Norit is composed of more-
heterogeneous and varied particles with sizes exceeding 0.5
μm.
TEM images of the reduced catalysts allow one to determine

the metal particle size and the morphology of the catalysts with
the results given in Table 2.
As can be seen from this table, all catalysts exhibited the

metal particle sizes of <5 nm. The smallest metal particles and
the highest metal dispersion were found in the PRC series
(<1.4 nm), despite higher total metal loadings. In addition,
PRC series showed a smaller metal particle size than
monometallic Pt/Sibunit, indicating that the addition of Re
helped to stabilize the metal particles on the surface of the
support.49

Commercial catalysts presented similar particle sizes, ∼3 nm
in size, while synthesized monometallic catalysts, Pt/Norit, and
Pt/Sibunit exhibited the largest metal particle sizes.

For bimetallic PRC series, it was not possible to differentiate

between Pt and Re nanoparticles; therefore, the combined

metal particle size distributions and TEM micrographs for two

PRC catalysts are presented in Figure 5.
A comparison of the TEM images (Figure 6) between the

fresh and the spent PRC11 catalysts shows almost no changes

in the particle sizes after the reaction, indicating good stability

of metal particles.

Figure 4. SEM micrographs of (a) Sibunit and (b) Norit.

Figure 5. TEM micrographs and the metal particle size distribution of (a, b) PRC13 and (c, d) PRC31.

Figure 6. TEM micrographs of (a) fresh PRC11 and (b) spent
PRC11.
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Reduction profiles for the PRC series of catalysts (Figure 7,
Table 3) display two main peaks, namely, the first one at low
temperatures (85−150 °C) and the second at higher
temperatures (440−550 °C).

Reduction peaks of monometallic platinum supported on
carbon have been reported in the range of 150−300 °C,50

whereas, for Re reduction, temperatures are higher, between

250 °C and 450 °C.51 The peaks observed at 85−150 °C
correspond to complete reduction of Pt, while those at 375 °C
for PRC31 and at 425 °C for PRC11 are consistent with the
results reported for the reduction of Re species supported on
carbon.51 However, broad peaks at higher temperatures (500−
800 °C) attributed to methane formation, coming from the
reaction of the carbon support with hydrogen, overlap with
those of Re, making analysis challenging.
Shifts in the reduction temperatures have also been reported

due to formation of Pt−Re alloy.39−42 Migration of ReOx
species toward reduced Pt has also been found, because of
weak interactions between the metal and the carbon support.52

The first reduction peak can be attributed to the coreduction
of Pt and Re, indicating that Re is in close interaction with Pt.
This promotion of the Re reduction can be caused by
hydrogen spillover from the reduced Pt, which has been
reported in the literature.50,53−55

The catalysts with the higher amount of Pt show both the
lowest and the highest reduction peaks, indicating weak
interactions between the metals. On the other hand, higher
reduction temperatures for PRC11 and PRC13 could be due to
strong Re−Pt interactions.40 The intensity of the peaks
increases as the Re content increases.
As observed from XRD and XPS results, reduction

temperatures used for PRC catalysts result in complete
reduction of Pt, while Re remains as an oxide. In the case of
PRC31 with low Re loading, a certain amount of Re was
reduced.
XPS analysis was performed for reduced PRC series catalysts

to investigate the electronic state of platinum and rhenium on
the surface.
Results (Figure 8, Table 4) showed mixed oxidation states

for metals in all catalysts. A Pt 4f7/2 binding energy (BE) of
71.8 eV was assigned to Pt0. These results are consistent with
the BE values of 71.6 and 74.9 eV reported for a Pt 4f doublet

Figure 7. TPR profiles of bimetallic PRC11, PRC13, and PRC31
catalysts.

Table 3. Results from Hydrogen TPR

catalyst Tmax1 (°C) Tmax2 (°C) total area (a.u.)

PRC11 148 475 96.6
PRC31 85 545 94.7
PRC13 151 440 165.6

Figure 8. Pt 4f and Re 4f XPS spectra for PRC11, PCR13, and PRC31.
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in metallic Pt.56 The slight increase in BE after the addition of
Re may indicate intermetallic interactions.
An Re 4f binding energy of 44.9 eV was assigned to Re4+.

This species was predominant for all catalysts. The catalyst
with the lowest Re content, PRC 31, exhibited an additional
signal at 41.2 eV, which was assigned for Re0.57 However, note
that, since the measurements were done ex situ, the rhenium
oxidation state can be influenced by exposure of highly
oxophilic rhenium to ambient conditions.
The highest Re/Pt ratio was observed for PRC13 followed

by PRC11 and thereafter PRC31.
Catalytic Activity. Monometallic Pt and bimetallic Pt−Re

catalysts supported on carbon were tested in hydrodeoxyge-
nation (HDO) of isoeugenol (IE). A general reaction scheme
based on the reactants and products determined by GC and
GC-MS is presented in Scheme 1.
Hydrogenation of the double bond located in the propene

group of IE occurred almost immediately (after 1 min reaction

time);58 therefore, transformations of dihydroeugenol (DH)
were followed.
Catalytic results and reaction conditions used for batch

experiments with monometallic and bimetallic catalysts are
summarized in Table 5. Two main products were found by GC
and GC-MS: 2-methoxy-4-propylcyclohexanol, resulting from
hydrogenation of the aromatic ring, and propylcyclohexane,
the desired product of the aromatic ring hydrogenation and
complete deoxygenation.
All catalysts were highly active for hydrogenation of the side-

chain double bond of isoeugenol to form dihydroeugenol
(DH), resulting in a complete isoeugenol conversion for all
tested catalysts, however, propylcyclohexane yield (PCH Y)
was low for monometallic Pt catalysts. On the other hand,
bimetallic catalysts exhibited higher PCH Y values (80%−
85%). Results will be discussed in more detail in the following
sections.

Table 4. XPS Results for PRC Series Catalysts

PRC13 PRC11 PRC31

line BE (eV) fwhm (eV) AC (at. %) BE (eV) fwhm (eV) AC (at. %) BE (eV) fwhm (eV) AC (at. %)

C 1s 284.23 0.85 96.62 284.22 0.9 96.96 285.24 0.85 97.51a C−C, sp2
O 1s 530.2 1.45 1.39 530.3 1.45 1.38 530.7 1.9 0.96 ReO

531.4 1.5 0.39 531.6 1.5 0.56 Re−OH
532.7 2.55 1.12 533.1 1.9 0.53 533.0 2.2 0.95 C−OH

536.3 2.9 0.18 π−π* excitation
Pt 4f 7/2 72.0 1.7 0.14 71.8 1.55 0.22 71.7 1.55 0.33 Pt (0)
Re 4f 7/2 41.2 1 0.01 Re metal

44.9 1.4 0.35 44.9 1.4 0.32 44.9 1.3 0.05 ReO2

Re/Pt 2.5 1.45 0.46
aTotal carbon atomic concentration, including C−OH, vibrational structure, and π−π* excitation.

Scheme 1. General Reaction Scheme of Hydrodeoxygenation of Isoeugenol Using Pt and Pt−Re as Catalysts Supported on
Carbon

Table 5. Catalytic Activity of Pt and Pt−Re Catalysts Supported on Carbon in the Hydrodeoxygenation of Isoeugenol,
Performed in a Batch Reactor

entry catalyst temperature, T (°C) IE conversion after 4 h (%)a liquid-phase mass balance (%) PCH Y (%) initial rate (mol/L h gPt)

1 Pt/C1 200 100 (36) 82 <1 2.9
2 Pt/C1 300 100 (100) 32 31 4.7
3 Pt/C2 250 100 (71) 92 12 4.1
4 Pt/Norit 250 100 (23) 99 <1
5 Pt/Sibunit 250 100 (<1) 99 <1
6 PRC11 250 100 (98) 67 84 7.4
7 PRC31 250 100 (100) 62 66 15.4
8 PRC13 250 100 (100) 62 81 6.3

aConversion of dihydroeugenol (DH) is shown in parentheses (DH X).
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All monometallic Pt catalysts displayed high hydrogenating
activity of IE, being, however, poorly active in deoxygenation
activity, as follows from Figure 9.
The lowest activity was obtained for the commercial catalyst

Pt/C1 at 200 °C (Table 5, entry 1, at 4 h reaction time; DH X
= 36%, PCH Y < 1%). The same catalyst was tested at 300 °C
(Table 5, entry 2), resulting in the highest PCH Y (32%);
however, the mass balance in the liquid phase at 4 h for
reaction time was the lowest (32%), indicating that most
products were distributed either in the gas phase, due to
cracking, or as higher-molecular-weight polymers; neither of
which was quantified.
The rest of the catalysts were tested at an intermediate

temperature, 250 °C, to get better insight regarding their
performance.
At 250 °C, the commercial catalyst Pt/C2 (Table 5, entry 3)

exhibited a higher activity than Pt/Norit and Pt/Sibunit (Table
5, entries 4 and 5, respectively). This can be a result of catalyst
acidity (Table 2), given that Pt/C2 has the highest acidity of
all catalysts (pH of slurry 4.9). Both Pt/Norit and Pt/Sibunit
displayed low deoxygenation activity, resulting in PCH Y < 1%.

As a comparison, monometallic Pt/C with pH 5.6 was not
efficient in the HDO of guaiacol, giving mainly oxygenated
products at 300 °C under 30 bar H2.

59

Bimetallic catalysts Pt−Re supported on Sibunit showed
almost complete DH X (>98%) and a high PCH Y (>66%)
(entries 6−8, Figure 10). Comparison of these results with
monometallic Pt/Sibunit indicates that addition of Re had a
noticeable effect on HDO activity, even if the slurry pH was
not too acidic (Table 2).
Varying Pt:Re ratio also showed an effect on activity. While

all PRC catalysts displayed almost complete conversion at 4 h
of the reaction time, the lowest PCH Y (66%) was observed
for PRC31.
Catalysts with a higher amount of Re, PRC11 and PRC13,

had similar activity (PCH Y > 84%), with PRC11 displaying
the highest PCH Y (84%) at 4 h. These results can be
explained by the presence of ReOx (XPS results; see Figure 8)
providing oxygen vacancies required for the deoxygenation to
occur.60

The two best catalysts for HDO were PRC13 and PRC11;
these results are consistent with a higher atomic concentration

Figure 9. (a) Conversion of dihydroeugenol, as a function of time, and (b) yield of propylcyclohexane, as a function of time for monometallic Pt
catalysts.

Figure 10. (a) Conversion of dihydroeugenol and (b) yield of propylcyclohexane, as a function of time for bimetallic Pt−Re catalysts.
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(AC) of Re on the surface of the catalysts and a predominant
ReOx state, since it is necessary for oxygen activation.
Moreover, their similar performance indicates that the amount
of Pt has a lower effect on activity than the impact of Re, which
is especially necessary for an inert support such as carbon.
For comparison, in a previous work13 bimetallic PtRe/Al2O3

catalysts tested for HDO of isoeugenol under the same
reaction conditions showed a lower PCH Y (54%) at 240 min.
These results suggest that the choice of support plays a very
important role. The use of Sibunit was not only beneficial for
the metal dispersion and the particle size (6.5 nm for PtRe/
Al2O3), but also had a positive effect on the activity of PtRe
catalysts.
To explore the stability of the catalyst, repeatability and

reusability tests were performed with PRC11 in a batch reactor
at 250 °C and 30 bar of H2. The obtained results are presented
in Table 6 and Figure 11.

From these tests, it can be seen that PRC11 displays
consistent results when the reaction is repeated under the same
conditions. Reusability tests were performed with the spent
PRC11, which was washed with acetone and dried in air. The
results show similar performance as with the fresh catalyst,
indicating low catalyst deactivation.
A comparison of the results obtained in this work and those

reported in the previous research is presented in Table 7. It can
be observed that PCH yields and the mass balance in the liquid
phase are higher for PRC11 and PRC13 catalysts under the
same reaction conditions (250 °C, 30 bar H2, and 4 h of
reaction time).

Granulated PRC11 was tested in a trickle-bed reactor to
investigate scalability, stability, and the product distribution
under a continuous flow (0.5 mL/min) of isoeugenol in
dodecane at 30 bar H2 and at 200, 170, 150, and 75 °C. The
results are presented in Figure 12.
As it can be seen from Figure 12, IE X remained at 100% for

all temperatures tested. DH X remained at 100% at
temperatures of 200−150 °C; however, at 75 °C, it decreased
to ca. 70%. The highest PCH Y was obtained at 200 °C (ca.
90%), concomitant with lowest mass balance in the liquid
phase (ca. 75%).
PCH Y decreased as the temperature increased, from ca.

10% at 150 °C to ca. 50% at 170 °C. At 75 °C, PCH Y was
<1%, indicating absence of deoxygenation at this temperature.
This result is in accordance with the thermodynamics of IE
HDO.62

The opposite results were recorded for HYD. At 200 °C,
very low amounts of 2-methoxy-4-propylcyclohexanol were
obtained (HYD Y ≈ 5%), whereas at 75 °C, it was the main
product (ca. 60%). These results indicate that hydrogenation
of the aromatic ring occurs efficiently at low temperatures,
which is consistent with thermodynamics.63 Consistent with
the literature results, the activation energy (Ea) for hydro-
genation of the aromatic ring is lower than the Ea value for
deoxygenation.47

Table 6. Repeatability and Reusability Results for PRC11 in
a Batch Reactor

catalyst
temperature,
T (°C)

IE X after 4 h
(%)a

liquid-phase mass
balance (%)

PCH Y
(%)

PRC11 250 100 (98) 70 91
PRC11
repeat

250 100 (100) 68 89

PRC11
reuse

250 100 (100) 67 84

aconversion of DH in parentheses (DH X).

Figure 11. (a) Conversion of dihydroeugenol and (b) the yield of propylcyclohexane, as a function of time for PRC11 catalyst, repeatability, and
reusability of the spent catalyst.

Table 7. Comparison of Isoeugenol HDO under 250 °C, 30
bar H2 and 4 h of Reaction Time with the Literature

catalyst
IE conversion
after 4 h (%)a

liquid-phase
mass balance (%)

PCH Y
(%) ref

PRC11 100 (98) 67 84 −
PRC31 100 (100) 62 66 −
PRC13 100 (100) 62 81 −
3, 1 wt % IrRe/
Al2O3

100 (24) 53 69 13

10 wt % Ni/
ZrO2

100 (95) 15 16 31

3 wt % Ir/ZrO2 100 (0) 37 33 31
10 wt % Ni/
SBA-15

100 (100) 51 53 61

aconversion of DH in parentheses (DH X).
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Deactivation was not observed even after 17 h of time on
stream, as conversion and yield remained constant.
A comparison between the batch and continuous results for

PRC11 show that high conversion was achieved for both
isoeugenol and dihydroeugenol, the mass balance in the liquid
phase remained >60% and propylcyclohexane yield remained
between 85% and 90%.
Apparent activation energy was calculated for isoeugenol

HDO using the results at 60 min for experiments at different
temperatures performed in the continuous reactor. From the
Arrhenius plot presented in Figure 13, the apparent activation

energy for HDO of IE using granulated PRC11 was

determined to be 15 kJ/mol. This, along with visible changes

in the slope upon temperature elevation, indicates that the

presence of mass-transfer limitations in a continuous reactor

with the catalyst particles exhibits a larger size than the

counterparts applied in the batch reactor.

■ CONCLUSIONS

Hydrodeoxygenation (HDO) of isoeugenol was investigated at
200−300 °C under 30 bar of hydrogen pressure for the first
time using monometallic commercial and synthesized catalysts,
as well as bimetallic Pt−Re catalysts supported on mesoporous
carbon.
For monometallic catalysts, commercial 5% Pt on active

carbon catalyst showed the highest propylcyclohexane yield
(31%) but the lowest mass balance in the liquid phase (32%)
at 300 °C. At 250 °C, a similar catalyst exhibited higher
propylcyclohexane yield and dihydroeugenol conversion,
compared to less-acidic Pt/Norit and Pt/Sibunit.
Compared to monometallic Pt catalysts, bimetallic ones

displayed higher activity for deoxygenation, giving complete
conversion of isoeugenol and dihydroeugenol and resulting in
high PCH Y at 250 °C and 30 bar H2. PRC11 catalyst was the
most active (isoeugenol conversion = 100%, dihydroeugenol
conversion = 98%, propylcyclohexane yield = 84%) under the
tested reaction conditions.
The best bimetallic catalysts were PRC11 and PRC13, which

according to XPS contained ReOx species.
Granulated PRC11 was tested in a continuous trickle-bed

reactor at 75−200 °C, 30 bar H2, and 0.5 mL/min of liquid
flow. This is the first study where the HDO of isoeugenol has
been reported in the open literature in a continuous reactor. At
low temperatures, the main product obtained was 2-methoxy-
4-propylcyclohexanol, which indicated that deoxygenation was
not occurring, however, complete conversion (100%) and a
high yield of propylcyclohexane (ca. 90%) was obtained at 200
°C.
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