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ABSTRACT: Bulk MoP and WP were investigated and compared in guaiacol hydrodeoxygenation to phenol. The catalysts
obtained were studied by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM),
and temperature-programmed desorption of NH3 (NH3-TPD) analyses. MoP was shown to be more active than WP. However, WP
was more selective in phenol production. Guaiacol conversion using MoP was 90−98%. The highest selectivity for phenol was 66%
(340 °C). By increasing the temperature to 380 °C, phenol selectivity decreased to 31%, while selectivity for cyclohexane increased
to 29%. Thus, MoP was active not only in hydrodeoxygenation but also in hydrogenation. Guaiacol conversion over WP was 53−
90%. The highest selectivity for phenol was 84% (380 °C). Hydrogenation products were also detected but with low selectivity.
Thus, WP was active in the partial hydrodeoxygenation of guaiacol and was more suitable for the selective production of phenol than
MoP. It was shown that after a 30 h recycling test, the activity of MoP did not decrease (1st and 5th cycle conversion value was
91%), while the activity of WP reduced (1st and 5th cycle conversion values were 81 and 64%, respectively). However, the activity of
both catalysts at average conversion values decreased. Selectivity for phenol remained unaltered over both catalysts. It was supposed
that catalyst activity decreased due to partial destruction of the crystalline phosphide phase and the surface phosphide oxidation to
phosphate.

1. INTRODUCTION
The growing interest of the world community in biomass
processing into fuels and chemicals is due to both biomass
carbon neutrality and its wide availability.1,2 Lignocellulosic
biomass mainly consists of polysaccharides (cellulose and
hemicelluloses) and the phenolic polymer lignin. Lignin is a
primary biosource of aromatic structures.3 Various types of
phenolic compounds, ethers, and aromatic hydrocarbons are
formed in the thermal or catalytic degradation of lignin. One of
the principal resulting products is guaiacol (2-methoxyphe-
nol).4,5 Valuable substances such as phenol, cyclohexanol,
cyclohexanone,6,7 benzene−toluene−xylene (BTX) fraction,8

etc., can be obtained by guaiacol processing.
Catalyst selection for guaiacol conversion plays a significant

role. Noble metals, such as Pt, Pd, Ru, and Rh, demonstrate
high activity under mild conditions.9−12 However, their use is
unattractive due to the high cost. The cost of transition metal
sulfide catalysts is much lower; nevertheless, they are

characterized by deactivation on account of sulfur leaching
and oxide formation.13,14 Lately, transition metal phosphides,
such as nickel, molybdenum, and tungsten, have been
successfully applied for hydroprocessing of bio-derived
phenolic compounds and show high activity.15−19 Never-
theless, MoP and WP in comparison with Ni2P still remain
insufficiently explored in this process. So far, MoP and WP
have been mainly used in the hydrodeoxygenation of vegetable
oils and their derived compounds.20−25
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There are several reports on the hydrodeoxygenation of
phenols using transition metal phosphides including MoP and
WP. For example, Zhao et al.26 carried out a comparison of
silica-supported Ni2P, Co2P, Fe2P, MoP, and WP in guaiacol
hydrodeoxygenation. Guaiacol conversion was measured in a
packed bed reactor at 300 °C, atmospheric pressure, a contact
time of 20.2 min, and a space velocity of 1.4 h−1 and was
changed for catalysts as follows: Ni2P/SiO2 (80%) > Co2P/
SiO2 (70%) > Fe2P/SiO2 (64%) > WP/SiO2 (60%) > MoP/
SiO2 (54%). Phenol and benzene were the main reaction
products. Phenol was obtained with 100% selectivity over WP/
SiO2. Benzene selectivity was reduced in a row: Ni2P/SiO2
(60%) > MoP/SiO2 (53%) > Co2P/SiO2 (52%). Ouyang et
al.18 studied 2-metoxy-4-propylphenol transformation in a
fixed-bed reactor at 350 °C, 90 bar, 30 mL/min H2, WHSV =
80 h−1. Substrate conversion follows the order MoP/SiO2
(98%) > CoP/SiO2 (84%) > Ni2P/SiO2 (77%) > WP/SiO2
(48%) > FeP/SiO2 (4%). The best 4-propylphenol selectivity
of 90% was observed for MoP/SiO2. Some reports are devoted
to phenol hydrodeoxygenation.19,27 Inocen̂cio et al.19 inves-
tigated benzene selectivity at low phenol conversion (300 °C, 1
atm, a fixed-bed reactor). It was changed as follows: Ni2P
(94.6%) > CoP (84.2%) > WP (82.7%) > FeP (75.3%) > MoP
(57.5%). Berenguer et al.27 made a comparison of Ni2P, Co2P,
and MoP supported on Al-SBA-15, m-Al2O3 (mesoporous γ-
Al2O3), and CMK-3 (ordered mesoporous carbon) activity in
an autoclave reactor at 220 °C, 40 bar H2, for 2 h. Ni2P/Al-
SBA-15, Ni2P/m-Al2O3, and Co2P/m-Al2O3 were shown to
convert phenol fully. Ni2P/Al-SBA-15 also demonstrated the
highest activity (93%) in phenol hydrodeoxygenation, while
MoP/Al-SBA-15, MoP/m-Al2O3 (65%), MoP/Al-SBA-15
(56%), and MoP/CMK-3 (54%) showed moderate hydro-
deoxygenation activity. Whiffen et al.28 carried out an
investigation into the influence of the bulk MoP synthesis
method on its activity in p-cresol hydrodeoxygenation (350
°C, 4.4 MPa H2, 5 h, a stirred batch reactor). A citric acid
additive was shown to increase the surface area and dispersion
of the catalyst. MoP-CA (71%) calcined at 550 °C contributed
more to higher p-cresol conversion than MoP-noCA (45%).
Despite this fact, toluene and methylcyclohexane selectivities
on these catalysts were comparable (51 and 47% using MoP-
CA and 49 and 50% using MoP-noCA, respectively).

The present work carries out an investigation into bulk
molybdenum and tungsten phosphides in guaiacol hydro-
deoxygenation. The absence of a support is assumed to provide
better access of substrate molecules to the catalyst active sites.
A comparison of the bulk MoP and WP catalytic activity in
guaiacol hydrodeoxygenation is carried out for the first time.
Phenol is shown to be the main product of this process.
Guaiacol conversion was higher using MoP (98%); however,
WP was more selective for the production of phenol
(selectivity reached 84%).

2. EXPERIMENTAL SECTION
2.1. Catalyst Synthesis. For molybdenum phosphide

synthesis, 5.2 g of hypophosphorous acid (H3PO2, 50 wt % in
water, Sigma-Aldrich) and 7.1 g of ammonium molybdate
((NH4)6Mo7O24·4H2O, >98%, Chimmed) were dissolved in
100 mL of deionized water. The mixture was heated with
magnetic stirring to remove water. Then, the solid residue was
dried in an oven at 120 °C and calcined in a muffle furnace at
500 °C for 6 h. The precursor reduction to MoP was carried
out at 650 °C for 6 h in a stream of H2 (≥98%, Air Liquide).

The resulting material was first washed with deionized water,
then with ethanol (>99%, Reachem), and finally with acetone
(>99.5%, Component-reaktiv) to remove impurities (e.g.,
unreacted precursors). Molybdenum phosphide was separated
by centrifugation at 5000 rpm and dried by Ar (≥98%, Air
Liquide).

Tungsten phosphide was prepared similarly; 3.1 g of H3PO2
and 6.1 g of ammonium metatungstate ((NH4)6H2W12O40·
xH2O, ≥99% WO3, Fluka) were used. The precursor reduction
was carried out at 750 °C for 6 h in a stream of H2.

2.2. Catalytic Tests. To carry out catalytic experiments,
40.6 mg of MoP or 68.7 mg of WP, 2 g of a 10 wt % guaiacol
solution in dodecane, and a magnetic anchor were placed in a
stainless-steel batch reactor. The reactor was sealed and filled
with H2 to 5 MPa. Reactions were carried out at 320−380 °C
for 6 h. After the reaction, the reactor was cooled to room
temperature and then depressurized. The catalysts were
separated from reaction products by centrifugation at 5000
rpm. Then, the catalysts were washed with acetone and dried
by Ar.

The recycling catalytic tests were carried out in a similar way
within five runs at 340 °C, 5 MPa, and 6 h for both catalysts.
Also, the recycling tests were carried out at average conversion
for MoP (340 °C, 5 MPa, 1 h) and for WP (360 °C, 5 MPa, 3
h).

2.3. Characterization. A number of physicochemical
methods characterized the catalysts obtained. The powder X-
ray diffraction (XRD) of the fresh and spent catalysts was
carried out on a Rigaku Rotaflex D/MAX-RC X-ray
diffractometer (Japan). The measurement was made in
continuous scanning mode with a scanning rate of 1°/min,
an angle range of 10−100°, and a scanning step of 0.04°. The
phase composition was determined using an ICDD PDF-2
reference database into powder diffraction patterns. The
crystallinity degree was calculated using MDI Jade 6 software.
Crystallite sizes were estimated by the Scherrer equation.

X-ray photoelectron spectroscopy (XPS) of the fresh
catalysts was performed using a modernized ES−2403 SDB
IAI RAS electron spectrometer (Russia) equipped with a Specs
GmbH PHOIBOS 100-5MCD energy analyzer (Germany)
and an Al Kα X-ray source. The integral maximum in the C 1s
spectra (Eb = 284.8 eV) from the carbon contamination was
used as an internal standard. Spectra were obtained using
SpecLab2 software. XPS of the spent catalysts was performed
using a PREVAC EA15 electron spectrometer (Poland) and an
Al Kα X-ray source. The integral maximum in the C 1s spectra
(Eb = 284.8 eV) was used as an internal standard. Spectra were
obtained using CasaXPS software. The spectra were
deconvoluted using PeakFit Software.

Scanning electron microscopy (SEM) with energy-dispersive
X-ray spectroscopy (EDX) was performed using a Carl Zeiss
NVision 40 microscope (Germany) equipped with an Oxford
Instruments X-Max EDX detector (U.K.) operated at 20 kV.
The temperature-programmed desorption of NH3 (NH3-TPD)
was performed using a UNISIT USGA-101 (Russia) gas
chemisorption analyzer.

Gas chromatography−mass spectrometry (GC−MS) deter-
mined the qualitative composition of reaction products on a
Thermo Scientific ISQ 7000 GC−MS system equipped with a
Restek 5XI-17SIL MS CAP capillary column (30 m × 0.25 mm
× 0.25 μm), with helium being used as a carrier gas.

Gas−liquid chromatography (GLC) defined the quantitative
composition of reaction products. GLC was performed using a
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Crystallux-4000M gas chromatograph (Russia) equipped with
a flame ionization detector and an Optima-1 capillary column
(25 m × 0.32 mm × 0.35 μm), with helium being used as a
carrier gas. Guaiacol conversion and product selectivity were
calculated by the following equations

conversion (%)
(mole of guaiacol consumed)

(initial mole of guaiacol)
100%= ×

selectivity (%)
(mole of product formed)

(mole of guaiacol consumed)
100%= ×

3. RESULTS AND DISCUSSION
3.1. Characterization of the Fresh Catalysts. The phase

composition of the samples obtained was determined by
powder X-ray diffraction analysis (Figure 1). MoP and WP

catalysts had both the amorphous phase and the crystalline
component. However, MoP was more crystalline than WP.
The crystallinity degree of MoP was 28% and that of WP was
13%. McEnaney et al. reported obtaining amorphous
molybdenum phosphide at 600 °C. The patterns of crystalline
phosphide were observed at 700 °C.29 For tungsten phosphide,
the temperature at which crystalline WP appear was 800 °C.30

In the current work, reduction temperatures were 650 and 750
°C, respectively. Peaks were identified in the molybdenum
phosphide sample at 2θ = 27.84, 32.00, 42.96, 57.08, 64.68,
67.44, 74.08, 85.48, and 94.16°, corresponding to the (001),
(100), (101), (110), (111), (102), (201), (112), and (202)
planes in MoP (PDF No. 89-5110). The average crystallite size
was 26 ± 3 nm. In the sample of tungsten phosphide, WP
phase (PDF No. 80-0238) peaks were determined at 2θ =
31.08, 42.84, and 44.56°, corresponding to the (011), (112),
and (211) planes. The average crystallite size was 35 ± 2 nm.

The surface states of phosphides were determined using X-
ray photoelectron spectroscopy. There are three valence states
of Mo in the Mo 3d region spectrum (Figure 2a). The binding
energies related to Moδ+ and corresponding to MoP31,32 are
located at 228.6 eV (3d5/2) and 231.2 eV (3d3/2). The values of
230.1 and 232.0 eV are attributed to the Mo4+ state in Mo
3d5/2 and Mo 3d3/2 regions, respectively. This state can be
associated with MoO2 or phosphate in the corresponding
oxidation state.32,33 The binding energies of 233.2 and 236.4
eV can be assigned to the Mo6+ state (MoO3 or phosphate) in
Mo 3d5/2 and Mo 3d3/2 regions, respectively.33−35 There are
also three valence states of W in the W 4f region spectrum

(Figure 2c). The peaks located at 31.6 eV (4f7/2) and 33.9 eV
(4f5/2) can be attributed to Wδ+ species in WP.36,37 The values
of 33.6 eV (4f7/2) and 34.6 eV (4f5/2) refer to W4+ in WO2.

36,37

Two other peaks are centered at 36.3 and 38.5 eV
corresponding to W6+ in W 4f7/2 and 4f5/2 regions, respectively,
and can be identified as the WO3 phase or tungsten
phosphate.36−38 The P spectra of MoP (Figure 2b) and WP
(Figure 2d) were deconvoluted into four peaks in both cases.
The binding energies of 129.9/131.1 and 129.4/130.8 eV are
associated with the Pδ− state in MoP and WP in P 2p3/2 and
2p1/2 regions, respectively.36 The peaks located at 134.2/135.4
and 134.2/135.3 eV refer to the oxidized P5+ state in MoP and
WP, respectively.36 Numerical data calculated from the
deconvoluted spectra are presented in Table S1. The
percentage content of metal active sites Mδ+ (M = Mo, W)
on the surface of MoP was found to be higher than that on the
surface of WP. The high content of oxidized species on the
catalyst surface may be due to the incomplete reduction of the
precursors.39

Scanning electron microscopy was used to observe the
morphology of catalysts (Figure 3). Both samples show bulk
morphology. WP particles are demonstrated to have a more
regular shape than MoP particles. Energy-dispersive X-ray
spectroscopy was applied to define the elemental content. The
MoP catalyst was found to have an average Mo/P ratio equal
to 1.1. This value is close to the stoichiometric ratio in the
MoP phase. There was an average W/P ratio of 0.96 in the WP
catalyst, which is also close to the stoichiometric ratio in the
WP phase. In addition, oxygen was detected in both samples
(O/P was 3.9 in MoP and 4.6 in WP). Its presence may be due
to surface oxidation of the sample or incomplete precursor
reduction.40,41

The NH3-TPD method evaluated the acidity of the
phosphide catalyst (Figure S1). For the MoP catalyst, the
desorption peaks of NH3 were centered at 158 and 270 °C and
were related to weak and medium acid sites, respectively. The
amount of NH3 desorbed was evaluated as 29 μmol/g. For the
WP catalyst, one desorption peak of NH3 centered at 247 °C
was observed. It was associated with weak acid sites.42 The
amount of NH3 desorbed was evaluated as 2 μmol/g. Thus,
MoP acidity was higher than the acidity of WP.

3.2. Catalytic Activity. The effect of temperature on the
activity of MoP and WP in the hydrodeoxygenation of guaiacol
was investigated. The conversion of guaiacol over MoP
increased slightly with increasing temperature and was the
most at 360 °C (98%, Figure 4a). At 320 and 340 °C, phenol
was the main reaction product. The highest phenol selectivity,
equal to 66%, was achieved at 340 °C. With increasing
temperature, phenol selectivity decreased to 31% (380 °C),
while cyclohexane selectivity increased. This regularity is
related to the fact that the deoxygenation and hydrogenation
activity of MoP increased at higher temperatures. The
remaining products formed from guaiacol were anisole, cresols,
toluene, and cyclohexene (Figure S2).

Proposed reaction pathways using phosphide catalysts are
presented in Scheme 1. At lower temperatures, anisole, cresols,
and cyclohexane were formed over MoP, in addition to phenol.
Phenol was formed directly from guaiacol by demethoxylation
and also by demethylation of anisole.43,44 Cresols were formed
by the isomerization of anisole.45 Cyclohexane can be obtained
from phenol in several steps. The main intermediates in the
conversion of phenol to cyclohexane are benzene and
cyclohexanol.17,44,46 However, none of these products were

Figure 1. Powder X-ray diffraction of the fresh molybdenum and
tungsten phosphides.
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found at any temperature. At 380 °C, cyclohexene was
identified among the reaction products, which was an
intermediate product of the phenol conversion to cyclohexane.
It could be formed by the hydrogenation of benzene or the
deoxygenation of cyclohexanol.47,48 However, neither benzene
nor cyclohexanol was detected. Also, at temperatures of 340−
380 °C, toluene was found. It can be obtained by
deoxygenation of cresols. There was no further conversion of
toluene to methylcyclohexane, so it could be assumed that the
intermediate product of the formation of cyclohexane from
phenol was cyclohexanol, not benzene.

The conversion of guaiacol using WP increased with
increasing reaction temperature and reached 90% at 360 °C
(Figure 4b). In this case, with increasing temperature,
selectivity for phenol first decreased and then increased to
84% at 380 °C. The rest of the reaction products were the
same as when using MoP as a catalyst (Figure S3). Thus, MoP
at higher temperatures was more active in hydrogenation and
full hydrodeoxygenation, while WP was more selective to the

formation of phenol. Such differences in the activity of the
catalysts can be associated with the differences in the catalyst
properties, identified by the XPS and NH3-TPD techniques.
Various active sites are distinguished on the surface of
transition metal phosphide catalysts. Brønsted (POx−H) and
Lewis (Mx+, Mδ+) acid sites are responsible for acid-catalyzed
transformations and metal (Mδ+) sites are responsible for
hydrogenation.40,41,49 According to the XPS data (Table S1),
there are more metal sites on the surface of MoP than those on
the surface of WP. This fact may explain the formation of a
larger amount of hydrogenation products, including cyclo-
hexane, when MoP was used. The higher acidity of MoP
estimated by NH3-TPD contributes to the higher conversion
of guaiacol as well as to the formation of full deoxygenation
products.49,50

3.3. Recycling Test. To estimate the stability of catalysts,
the recycling test of five runs (30 h) was carried out. The
stability was studied under similar conditions for both
catalysts: 340 °C, 5 MPa, and 6 h. Guaiacol conversion over

Figure 2. X-ray photoelectron spectra of the fresh molybdenum phosphide for (a) Mo 3d and (b) P 2p regions and tungsten phosphide for (c) W
4f and (d) P 2p regions.

Figure 3. SEM images of the fresh (a) molybdenum and (b) tungsten phosphides.
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MoP was shown to be about 90% within five cycles (Figure
5a). Selectivity for phenol decreased insignificantly and was
60−66%. Guaiacol conversion over WP reduced from 81% on
the 1st test run to 64% on the 4th and 5th test runs, while
phenol selectivity remained 64−66% (Figure 5b). Thus, under
the selected reaction conditions, a decrease in activity was
noted only for WP. The stability of MoP was evaluated at high
conversion close to quantitative, so the decrease in activity

could be unnoticeable. As a result, conditions were selected for
both catalysts, under which the conversion of guaiacol was
average. The recycling test of MoP was decided to carry out
under the following conditions: 340 °C, 5 MPa, and 1 h
(Figure 5c). Guaiacol conversion was demonstrated to reduce
from 74 to 30% within five cycles, while selectivity for phenol
remained constant. The recycling test of WP at average
conversion was carried out at 360 °C, 5 MPa, and 3 h.
Guaiacol conversion was 45% on the 1st run and decreased to
33% after the 5th run (Figure 5d). A decrease in activity was
noted not only for the WP catalyst but also for MoP. However,
a decrease in the activity and stability of catalysts was not
shown to affect the change in phenol selectivity.

3.4. Characterization of the Spent Catalysts. One of
the reasons for the deactivation of phosphide catalysts is the
oxidation of phosphide to phosphate.40,51−53 Another reason is
coke deposition on the active sites.43,54 Previously, the study of
phosphide deactivation during the hydrodeoxygenation proc-
ess was carried out in a number of works. Wu et al. made a
comparison of fresh and spent Ni2P/SiO2, Ni2P/ZrO2, and
Ni2P/Al2O3 catalysts in guaiacol hydrodeoxygenation using
XRD.49 The peaks of the Ni2P phase were not shown to
identify in spent catalysts. It was suggested that coke
deposition or loss of some P under H2-rich conditions was
the cause of catalyst deactivation. Lan et al. made an
investigation of the catalyst surface before and after the
reaction by XPS, XRD, transmission electron microscopy
(TEM), and temperature-programmed oxidation (TPO).43

XPS showed that guaiacol or anisole hydrodeoxygenation for
48 h over Ni2P/SiO2 was found to contribute to surface nickel
phosphate reduction rather than nickel phosphide oxidation.
Niδ+, Ni0, and Pδ− surface content increased in a spent catalyst.
Moreover, XRD showed that the Ni2P phase remained stable
after 48 h of use. TEM presented a slight growth of phosphide
particles. TPO indicated a significant deposition of coke on the
catalyst surface after 24 and 48 h of reaction. Therefore, it was
concluded that the phosphide oxidation to phosphate was not
the cause of catalyst deactivation. The main factor of
deactivation was coke deposition.

Figure 4. Effect of reaction temperature on guaiacol conversion and
phenol selectivity over (a) MoP and (b) WP catalysts.

Scheme 1. Proposed Pathways of Guaiacol Hydrodeoxygenation over Phosphide Catalysts
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At the same time, de Souza et al. investigated potential coke
deposition over supported nickel phosphide catalysts after
phenol hydrodeoxygenation by Raman spectroscopy.55 The
characteristic bands of carbonaceous materials did not occur in
the spectra of the used catalysts. Therefore, carbon deposition
could not be considered the cause of catalyst deactivation.

Jimeńez-Goḿez et al. explored Ni2P/SiO2 deactivation after
furfural hydrodeoxygenation by XRD and XPS.54 XRD showed
stability of the Ni2P phase after the reaction, while XPS
presented that Ni and P decrease on the catalyst surface that
the authors related to coke deposition.

Cecilia et al. mentioned Ni2P/SiO2 oxidation by water
during dibenzofuran hydrodeoxygenation identified by XPS.53

Moreover, catalysts with a lower phosphorus content were
deactivated by water faster than catalysts with a higher
phosphorus content.

In the present work, the catalyst deactivation was
investigated by XRD and XPS. XRD analysis provided the
catalyst phase composition after 30 h of operation (Figure 6).
There was a decrease in the number of crystalline patterns in
the MoP sample. The peaks identified were observed at 2θ =
32.36, 43.34, and 57.44°, corresponding to the (100), (101),
and (110) planes in MoP, respectively (PDF No. 89-5110).
The evaluated average size of crystallites was 29 ± 2 nm. In the
WP sample, the background/peak intensity ratio increased.
The peaks identified were placed at 2θ = 43.32 and 44.94°,
corresponding to the (112) and (211) planes in WP (PDF No.
80-0238). The evaluated average size of crystallites was 30 ± 1
nm. The crystallite sizes of the fresh and spent catalysts were
comparable; therefore, it was not possible to make a
conclusion about the growth or reduction in size during

guaiacol hydrodeoxygenation. However, for MoP, it can be
seen that the interaction of the catalyst with water during
guaiacol hydrodeoxygenation contributed to the partial
destruction of the crystalline phase and, consequently, the
amorphization of the catalyst. It is likely that the resulting
amorphous phase can be related to phosphate, which is formed
as a result of phosphide oxidation.

Since the conversion of guaiacol decreased more signifi-
cantly for MoP after five test runs of 1 h than after five test
runs of 6 h, the spent catalyst after 5 h of operation was also
investigated. The number of peaks corresponding to the
crystalline phase of MoP decreased compared to the fresh
catalyst (Figure S4). Peaks were identified at 2θ = 28.40, 32.52,
43.46, and 57.62, corresponding to the (001), (100), (101),
and (110) planes in MoP (PDF No. 89-5110). The evaluated

Figure 5. Recycling test runs of MoP under the following conditions: (a) 340 °C, 5 MPa H2, 6 h and (c) 340 °C, 5 MPa H2, 1 h; and WP: (b)
340°C, 5 MPa H2, 6 h and (d) 360 °C, 5 MPa H2, 3 h.

Figure 6. Powder X-ray diffraction of the spent molybdenum and
tungsten phosphides.
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average size of crystallites was 30 ± 1 nm. Thus, the
destruction of the crystalline phosphide phase partially
occurred, but to a lesser extent than after 30 h of operation.

The XPS analysis of the spent catalysts showed that after 30
h of operation, the peaks related to metal phosphides
disappeared in the spectra of both catalysts (Figure 7).
There are two peaks related to Mo4+ species in the
molybdenum-containing catalyst centered at 230.6 eV
(3d5/2) and 231.6 eV (3d3/2) and two peaks related to Mo6+

species are centered at 233.0 eV (3d5/2) and 235.8 eV (3d3/2)
(Figure 7a). Similarly, for a tungsten-containing catalyst
(Figure 7c), peaks related to W4+ (34.0 eV in the 4f7/2 region
and 34.7 eV in the 4f5/2 region) and W6+ (36.3 eV in the 4f7/2
region and 38.3 eV in the 4f5/2 region) are observed in the
spectrum. At the same time, the content of M4+ in the spent
catalyst increased compared to its content in the fresh catalyst
(Table S2). It can be assumed that Mδ+ is oxidized to M4+. The
peaks related to Pδ− species (129.4−131.1 eV) in MoP and
WP were also not detected in the spent catalyst spectra (Figure
7b,d). These results may be evidence of phosphide surface
phase oxidation by H2O, formed in guaiacol hydrodeoxygena-
tion. Surface oxidation may cause a decrease in catalytic
activity in the recycling tests.

The XPS analysis also was carried out for the spent MoP
catalyst obtained after five test runs of 1 h each (Figure S5).
Moδ+ content decreased and Mo4+ increased in comparison
with their content in the fresh MoP (Table S3). This indicates
that Mo6+ is partially reduced to Mo4+ at the reaction
temperatures,56 while Moδ+ is oxidized in the presence of
water. Pδ− content also decreased in comparison with its
content in the fresh catalyst. Thus, both spent MoP catalysts
were characterized by partial destruction of the phosphide

crystalline phase and surface oxidation, which caused a
decrease in catalytic activity during recycling tests.

4. CONCLUSIONS
The bulk molybdenum phosphide catalyst, containing the MoP
phase, and the bulk tungsten phosphide catalyst, containing the
WP phase, were compared in guaiacol hydrodeoxygenation for
the first time. MoP was shown to be more active than WP.
Guaiacol conversion using MoP was 90−98%. The highest
selectivity for phenol was 66% (340 °C). With increasing
temperature to 380 °C, the phenol selectivity decreased to
31%, while selectivity for cyclohexane increased to 29%. The
catalyst was suggested to be active not only in hydro-
deoxygenation but also in hydrogenation. Guaiacol conversion
over WP was 53−90%. The highest selectivity for phenol was
84% (380 °C). Thus, WP was active in the partial
hydrodeoxygenation of guaiacol and was more suitable for
the selective production of phenol than MoP. The recycling
test runs of the catalysts showed that MoP is more stable than
WP under the same reaction conditions (340 °C, 5 MPa H2, 6
h). However, at average guaiacol conversion, MoP lost its
activity faster than WP. Nevertheless, a decrease in the activity
did not affect the selectivity for phenol for both catalysts.
There are various reasons for the decrease in the activity of
phosphide catalysts, i.e., phosphide oxidation to phosphate and
coke deposition on the catalyst surface. In the present work,
catalyst deactivation was studied using XRD and XPS and was
associated with the partial destruction of the crystalline active
phase, the probable formation of amorphous phosphate, and a
decrease in the phosphide content on the catalyst surface.
Summing up the results of this work, phosphide catalysts can
be successfully used in guaiacol transformation, but increasing
their stability is of current interest.

Figure 7. X-ray photoelectron spectra of the spent molybdenum phosphide for (a) Mo 3d and (b) P 2p regions and tungsten phosphide for (c) W
4f and (d) P 2p regions.
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