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eoxygenation of p-cresol as
a model for coal tar distillate on Ni–M/SiO2 (M ¼
Ce, Co, Sn, Fe) bimetallic catalysts

Liuyi Pan, ab Yulong He,a Menglong Niu,c Yong Dana and Wenhong Li*a

Ni–M/SiO2 with different binary metals M (M ¼ Ce, Co, Sn, Fe) prepared by an incipient impregnation

method was used in the hydrodeoxygenation (HDO) of low-temperature coal tar distillate, which is rich

in phenolic compounds. p-Cresol, as a model compound of the distillate, was used to evaluate the

activity and selectivity of BTX products on the series of reduced Ni–M/SiO2 catalysts in a fixed bed

reactor. The properties of the catalysts were characterized by N2 adsorption–desorption, ICP-AES, XRD,

H2-TPR, and XPS. Benzene and toluene as the direct deoxygenation (DDO) products and cyclohexane

and methylcyclohexane as the hydrogenolysis (HYD) products were detected to evaluate the selectivity

of the path in the deoxygenation process. In this series of catalysts, the order of reactivity was Ni–Ce >

Ni–Sn > Ni–Co > Ni–Fe > monometallic Ni. Meanwhile, the addition of Ce and Co loaded in the Lewis

acid sites of the catalyst affected the electron distribution of nickel atom and its atomic arrangement on

the surface of the carrier. Compared to monometallic Ni, the DDO path become dominant on Ni–Ce

and Ni–Co and the selectivity for BTX products increased from 58.8% to 77.4% and 71.1%, respectively.

The binary metal Sn, unlike the former two metals, formed a Ni3Sn crystal form with Ni, which resulted in

significant enhancement of the HYD path while obviously increasing the reactivity.
1 Introduction

The production of fuels such as gasoline and diesel by the
hydrogenation of coal tar has been frequently reported and has
been industrialized.1–3 In low-temperature coal tar, more than
90% of the distillate below 230 �C consists of phenolic
compounds,4,5 mainly monocyclic phenols, which account for
more than 60% of the total phenols.6 In the process of hydro-
treating, these compounds oen lead to the formation of large
amounts of naphthenes and water; thus, it is not only difficult
to obtain high-octane fuel, but the catalyst life is adversely
affected.7 Moreover, if the intent is to use the hydrogenation
product downstream to produce BTX, a dehydrogenation
reforming process is also necessary.8 Therefore, the selective
hydrodeoxygenation of monocyclic phenolic compounds
enriched in coal tar can improve the quality of fuel oil and can
also benet the production of BTX products.9,10

Hydrodeoxygenation of monocyclic phenolic compounds
usually involves two basic reaction pathways. One involves
breaking C–O bonds to obtain aromatics, called direct
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deoxygenation (DDO); the other proceeds via prehydrogenation
of the aromatic rings, leading to alicyclic hydrogenation dehy-
drogenation (HYD).11,12 The traditional catalyst used in hydro-
treating coal tar is generally a sulded catalyst which contains
g-Al2O3 as a carrier and is loaded with active metals such as
Ni, W, Co, and Mo.13–15 The sulfurized CoMo/g-Al2O3 catalysts
used in studies on phenol hydrodeoxygenation possess both
high reactivity and high selectivity but are deactivated easily.16,17

Senol18 studied HDO experiments of phenol on sulded CoMo/
Al2O3 and NiMo/Al2O3 catalysts. The results showed that the
main hydrodeoxygenation product of phenol on the sulded
Ni–Mo catalyst was alicyclics, while the product on Co–Mo was
mainly benzene; also, the catalyst deactivation was mainly due
to coking and loss of sulfur atoms. Viljava19 observed obvious
coke deactivation of CoMo/Al2O3 catalyst during the HDO of
guaiacol, especially at high reaction temperatures.

Supported noble metal catalysts are also common in
HDO.17,20,21 Gutierrez22 studied the HDO of p-cresol on zirconia-
supported mono- and bimetallic noble metal (Rh, Pd, Pt) cata-
lysts. They found that the noble metal catalysts simultaneously
showed higher catalytic activity and lower carbon deposition
compared with the conventional sulded CoMo catalyst. As new
hydroprocessing catalysts, the application of transition metal
phosphides in HDO has attracted great attention in recent
years. Especially, metal–nickel phosphide catalysts show supe-
rior reactivity and sulfur resistance.23–26 Zhao27 prepared a series
of metal phosphide catalysts, including Ni2P/SiO2, Fe2P/SiO2,
RSC Adv., 2019, 9, 21175–21185 | 21175
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MoP/SiO2, Co2P/SiO2 and WP/SiO2, for hydrodeoxygenation of
guaiacol. The results showed that Ni2P/SiO2 has the highest
reactivity, and the products were mainly phenol and benzene. In
contrast, commercial CoMoS/Al2O3 showed little activity and
was deactivated quickly. Metal-reduced catalysts are widely used
in HDO processes, especially those loaded with nickel.28,29 In
general, a small amount of a binary metal, such as La,30 Mo,31

Cu,32,33 or Fe,33 is considered to improve stability and reactivity.
Various types of catalysts have been studied in the hydro-

deoxygenation reactions of phenol, guaiacol, anisole et al. as
bio-oil models. However, phenolic compounds in coal tar have
different species and distributions than those in bio-oil; these
compounds mainly consist of methylphenol, dimethylphenol
and higher phenols (such as naphthol and indophenol). Few
studies have been reported on the selective hydrodeoxygenation
of these phenolic compounds to obtain BTX products via the
DDO pathway. Especially, research about the effects of different
Ni–Mbinary metals on the hydrodeoxygenation pathway of alkyl
phenols is rare. In the present study, a series of Ni–M/SiO2

bimetallic catalysts (M ¼ Ce, Co, Sn, Fe) were prepared by an
incipient-wetness impregnationmethod. p-Cresol, a monocyclic
phenolic compound with high content in the fraction of coal
tar, was selected as a model compound to evaluate the deoxi-
dation and transalkylation during the hydrogenation process.
The xed bed hydrogenation reaction was carried out in the
temperature range of 330 �C to 390 �C to evaluate the activity
and product selectivity of the catalysts, and the catalysts were
also characterized by BET, XRD, H2-TPR, NH3-TPD and XPS.
2 Experimental
2.1 Materials and chemicals

p-Cresol ($98.0%), Ni(NO3)2$6H2O ($98.0%), and SnC2O4

($98.5%) were obtained from Aladdin Chemical Reagent Co.
Ltd., while Ce(NO3)3$6H2O ($99.0%), Fe(NO3)3$9H2O
($98.5%), and Co(NO3)2$6H2O ($98.5%) were supplied by
Sinopharm Chemical Reagent Co. Ltd. SiO2 was purchased from
a local manufactory.
2.2 Preparation of catalysts

Five catalysts, Ni/SiO2, Ni–Ce/SiO2, Ni–Ce/SiO2, Ni–Sn/SiO2, and
Ni–Fe/SiO2, were prepared through an incipient wetness
impregnation method in which the Ni loading was kept
constant at 20 wt% (calculated by carrier quality) and the Ni/M
molar ratio was maintained at 10. First, 15 g SiO2 were dried at
120 �C for 12 h. Second, 14.86 g Ni(NO3)2$6H2O with different
bimetallic nitrates (2.21 g Ce(NO3)3, 1.48 g Co(NO3)2$6H2O,
1.05 g SnC2O4, or 1.23 g Fe(NO3)3$9H2O; in addition, SnC2O4

should be hydrolyzed rst with hydrochloric acid) were dis-
solved in 15 mL deionized water (the volume of dissolved water
was calculated by measuring the water absorption of the carrier)
in a beaker and treated by ultrasonic dissolution for 20 min.
Then, the metal salt solution was slowly added dropwise to the
carrier with magnetic stirring for 12 h at 45 �C. Third, the
precursors were removed from the immersion solution by
drying at 120 �C for 12 h and nally calcined at 550 �C for 4 h.
21176 | RSC Adv., 2019, 9, 21175–21185
The catalyst precursors were subjected to reduction treatment
before being used in the reaction. The reduction conditions are
as follows: H2/N2 (10% H2) mixed gas with a ow rate of 200
mL min�1; increase temperature from 30 �C to 350 �C at
5 �C min�1, maintain for 60 min at 350 �C, then increase again
from 350 �C to 550 �C at 2 �C min�1 and maintain for another
4 h.

2.3 Characterization of catalysts

N2 adsorption–desorption isotherms of the catalysts were
measured by a Quantachrome SI instrument at �196 �C. Before
these measurements, the catalyst samples were degassed under
vacuum at 350 �C for 3 h. The Brunauer–Emmett–Teller (BET)
equation was used to calculate the specic surface area (SBET).
The average pore diameter was calculated using the desorption
branch of the isotherm according to the BJH method.

Inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) measurements were carried out on an Agilent 725
instrument. Prior to these measurements, the samples were
rst dissolved in mixed acid with concentrated sulfuric acid and
concentrated nitric acid in a certain proportion.

CO pulse chemisorption studies were carried out in an
AutoChem II 2920 instrument (Micromeritics). 80 mg sample
was rst reduced in a H2 ow (50 mL min�1) at 550 �C for 1 h,
then cooled with a He ow to 25 �C. Aer the TCD signal was
stable, CO (50 mL) was pulsed in until the signal no longer
changed; subsequently, the CO uptake was calculated.

Powder X-ray diffraction (XRD) was performed on a Bruker
D8 Avance instrument with Cu-Ka radiation (l ¼ 1.5409�A). The
X-ray tube was operated at 40 kV and 40 mA. The XRD patterns
of the samples were recorded in the range of 10� # 2q# 80� with
a scanning step size of 5�.

H2 temperature-programmed reduction (H2-TPR) was
measured on a self-built test instrument containing a U-tube
reactor, a heating jacket and a thermal conductivity detector
(TCD). The catalyst sample (80 mg) was maintained in the
reactor, then dried and degassed under N2 ow (50 mL min�1)
at 200 �C for 2 h. Reduction was conducted at a heating rate of
10 �C min�1 from 200 �C to 800 �C in a 10 vol% H2/N2 ow (50
mL min�1).

Temperature-programmed desorption of ammonia (NH3-
TPD) was carried out on the AutoChem II 2920 (Micromeritics)
to evaluate the total acidities of the catalysts. The catalysts were
reduced under owing H2 (50 mL min�1) at 450 �C for 2 h. Aer
cooling and cleaning with He (50 mL min�1) and adsorption of
NH3 at 100 �C, the NH3-TPD was performed between 100 �C and
800 �C with a heating rate of 10 �C min�1 using a He ow.

X-ray photoelectron spectroscopy (XPS) was carried out using
a ThermoFisher ESCALAB 250Xi with Al Ka radiation (1486.6
eV). The binding energies were referenced to C 1s at 284.8 eV.

2.4 HDO tests

HDO reactions were performed on a xed-bed reactor (ID 17
mm, length 1200mm) with separate gas and liquid feed systems
and a thermocouple to monitor the reaction temperature.
Before the hydrogenation reaction, 30 mL catalyst was placed in
This journal is © The Royal Society of Chemistry 2019
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the reactor and reduced at 550 �C for 2 h in a H2 ow (100
mL min�1); then, the reactor was cooled to reaction tempera-
ture in H2 atmosphere. The liquid products were analyzed by an
Agilent gas chromatograph (9790 A) equipped with an HP-
INNOWax polar column (30 m � 0.32 mm � 0.5 mm) and
a ame ionization detector.

During the experiment, the main hydrogenation products
were quantitatively analyzed by the external standard method;
products with very low contents, such as biphenyls and olen,
were not calculated.

The conversion of p-cresol and the product selectivity were
dened as follows:

Conversion½%� ¼ Nðp-cresolÞin �Nðp-cresolÞout
Nðp-cresolÞin

� 100

Selectivity½%� ¼ Ni

Nðp-cresolÞin �Nðp-cresolÞout
� 100

BTX products are the target products for this research. The
main BTX products obtained by hydrogenation of p-cresol are
benzene and cyclohexane. The content of xylene in the product
is extremely low; thus, it was neglected when calculating
selectivityBTX.

The BTX selectivity was dened as follows:

SelectivityBTX ¼ NðbenzeneÞ þNðtolueneÞ
Nðp-cresolÞin �Nðp-cresolÞout
3 Results and discussion
3.1 Characterization of the catalysts

3.1.1 BET. The BET surface areas, pore volumes and pore
sizes of Ni–M/SiO2 and the carrier measured by N2 phys-
isorption are listed in Table 1. Compared with the SiO2 carrier,
the surface area of Ni/SiO2 slightly decreased aer loading the
monometallic nickel. Aer the addition of the binary metal M,
the surface area and pore volume of each Ni–M catalyst further
decreased, which was especially obvious for Ni–Co and Ni–Fe;
this probably occurred because the surface and the pores of
SiO2 were blocked by the loaded metal elements.34,35 In this
series of catalysts, the loadings of nickel and binary metals were
Table 1 Physical properties and CO uptake of the Ni–M/SiO2 (M ¼ Ce,

Nia wt% Ma wt%
BET surface
areab (m2 g�1) Pore volume Pore

SiO2 438 0.85 6.88
Ni 15.7 — 402 0.77 6.28
Ni–Ce 14.8 3.75 384 0.70 6.12
Ni–Co 14.6 1.48 371 0.69 6.01
Ni–Sn 14.3 3.10 389 0.72 6.04
Ni–Fe 15.0 1.42 360 0.71 6.14

a Determined by ICP-AES. b BET surface areas, pore volumes, and pore
Scherrer formula. d Dispersion (D) calculated with particle size (d) by the

This journal is © The Royal Society of Chemistry 2019
similar in molar composition and basically consistent with
theoretical values. This indicates that the preparation process of
the catalysts was stable throughout the study.

3.1.2 XRD. The XRD pattern of each catalyst is shown in
Fig. 1. A broad peak with 2q between 15� and 30� was attributed
to the characteristic diffraction peak of amorphous silica. In
agreement with previous observations,36,37 the obvious peaks at
2q ¼ 44.5� (111), 51.8� (200), and 76.4� (220) were attributed to
metallic nickel (JCPDS 87-0712), indicating that the main active
sites of the catalysts are all reduced metal nickel. New diffrac-
tion peaks at 2q of 28.5� and 56.3�, indexed to the (111) and
(311) diffraction planes of CeO2 crystal phase (JCPDS 81-0792),
were observed in the pattern for Ni–Ce/SiO2. However, this
reveals that Ce added as a binary metal exhibited a partially
oxidized state; that is, Ce was not completely reduced to the
metallic state at this reduction temperature. In contrast to Ni–
Ce, in the spectrum of Ni–Co, metallic cobalt diffraction peaks
appeared at 2q¼ 42.3� and 44.8� (JCPDS 05-0727); this indicates
that the surface of the catalyst contained dispersed cobalt that
was reduced to a metallic state. Consistent with the literature,38

new diffraction peaks that are different from the metallic and
oxidized states of nickel and tin were observed at 2q ¼ 33.8�,
39.3� and 42.5� in the spectrum of Ni–Sn; this exhibits the
formation of a new Ni3Sn alloy phase. A slight shi to a lower
angle compared to Ni–M suggests that the addition of Sn may
cause lattice distortion aer entering the lattice. Surprisingly,
the diffraction peaks of iron were not observed, whether in the
metallic or oxidized state, and only a slight shi to a lower angle
was observed in the diffraction peak of nickel. Nie et al.33

concluded that the shi of the nickel diffraction peak in the
XRD pattern indicated the formation of Ni–Fe solid solution
aer the addition of the binary metal Fe.

The average particle diameters of the Ni–M/SiO2 catalysts, as
shown in Table 1, were calculated by Scherrer's formula through
selecting the diffraction peak at 2q ¼ 51.8�; meanwhile, the
dispersions of the active metal were calculated from the rela-
tionship between the particle diameter d and the degree of
dispersion D (d z 0.9/D). Simultaneously, CO chemisorption
was used to characterize the particle sizes and dispersions,
which are listed in Table 1. The particle sizes of the catalysts,
measured by both methods, are distributed in the range of 10 to
18 nm; this indicates good consistency.37 Aer the addition of
the binary metal, compared with Ni/SiO2, the particle size of Ni–
Co, Sn and Fe) catalysts

size Particle sizec nm Dispersiond (%)
CO uptake
mmol g�1

Particle
sizee nm

19.8 4.5 0.12 18.3
11.4 7.9 0.17 10.5
12.2 7.4 0.16 11.5
14.6 5.5 0.18 9.9
13.7 6.6 0.13 15.1

sizes determined by N2 physisorption. c Particle size calculated by the
equation D z 0.9/d. e Calculated by CO pulse adsorption.

RSC Adv., 2019, 9, 21175–21185 | 21177
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Fig. 1 X-ray diffraction patterns for (a) Ni/SiO2, (b) Ni–Ce/SiO2, (c) Ni–
Co/SiO2, (d) Ni–Sn/SiO2 and (e) Ni–Fe/SiO2.
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M decreased, indicating that the dispersion of the active metal
improved.27 Based on the premise that each active site adsorbs
a CO molecule, the order of dispersion was Ni–Ce > Ni–Co > Ni–
Fe > Ni–Sn > Ni, suggesting that the addition of Ce results in
higher reactivity due to its effects on the dispersibility.

3.1.3 H2-TPD. The reduction properties of the catalysts
were characterized by temperature programmed reduction
experiments with H2 (H2-TPR), and the TPR proles of the
monometallic Ni/SiO2 and the bimetallic Ni–M/SiO2 catalysts
are compared in Fig. 2. As in previous literature,38,39 an obvious
peak observed in the prole of Ni/SiO2 at around 390 �C is
attributed to the reduction of NiO to metallic nickel, while
a smaller shoulder peak appears on the right side due to the
formation of poorly reducible nickel silicates. The temperature
of the main reduction peak of each binary metal catalyst,
compared to mono Ni/SiO2, changed as follows: Ni–Ce (388 �C),
Ni–Co (395 �C), Ni–Sn (450 �C), and Ni–Fe (425 �C). As can be
seen from the pattern of Ni–Ce/SiO2, the introduction of Ce
caused a slight decrease in the reduction temperature of NiO,
Fig. 2 H2-TPR profiles of (a) Ni/SiO2, (b) Ni–Ce/SiO2, (c) Ni–Co/SiO2,
(d) Ni–Sn/SiO2, (e) Ni–Fe/SiO2.

21178 | RSC Adv., 2019, 9, 21175–21185
indicating improvement of the reductivity. Zhang et al.40

attributed this lower reduction temperature to the formation of
Ni–Ce–O species and the lattice distortion of ceria. Moreover,
a broad peak ranging from 500 �C to 600 �C was attributed to the
hydrogen consumption peak of Ce4+ to Ce3+; this suggests that
metal Ce has a higher reduction temperature and cannot be
completely reduced to metallic Ce at 550 �C.41 This result is
consistent with the XRD analysis. An observed difference is that
in the prole of Ni–Co, a shoulder peak appeared at 450 �C and
a broad peak appeared at 550 �C; these were attributed to the
reduction of Co4+ to Co2+ and the reduction of Co2+ to metallic
Co, respectively.42 Obviously, in the prole of Ni–Sn/SiO2, the
peak temperature range from 450 �C to 600 �C is higher than the
others; this proves the formation of Ni3Sn crystal phase and the
presence of strong interactions between the Ni–Sn biphasic
alloy and the carrier.43 In addition, aer the addition of the
binary metal Fe to Ni/SiO2, the TPR spectrum contained no peak
above 500 �C; only the main peak was observed, and it moved to
a higher temperature. Sitthisa et al.44 reported that under
a consistent load of Ni, hydrogen consumption increased as the
loading of Fe increased in H2-TPR; however, no peak related to
the reduction of iron oxide to a-Fe was observed, but a shi to
higher temperature was observed. This indicates the reduction
of iron oxide and close interactions between Ni and Fe.

3.1.4 NH3-TPD. The NH3-TPD prole of each catalyst,
shown in Fig. 3, shows an obvious peak of weak acid sites (at
about 200 �C) and a weak peak of medium-strength acid sites (at
about 450 �C). Nickel cations can usually bring Lewis acid sites
to a carrier.24,45 The addition of a binary metal may have two
effects on the acidity of the monometallic nickel catalyst.

On the one hand, the acidity of the Ni–M catalyst increased
in comparison with that of Ni/SiO2 with the addition of the
binary metal, as can be seen from the acid quantitative results
in Table 2.

This indicates that the reduced or partially oxidized binary
metal M increased the number of new acid sites, especially
cerium ions and cobalt ions, which were not completely
Fig. 3 NH3-TPD profiles of (a) Ni/SiO2, (b) Ni–Ce/SiO2, (c) Ni–Co/
SiO2, (d) Ni–Sn/SiO2, (e) Ni–Fe/SiO2.

This journal is © The Royal Society of Chemistry 2019
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Table 2 NH3-TPD data of the catalysts

Catalyst Relative NH3 desorption amounta

Ni–Ce 1.52
Ni–Co 1.40
Ni–Sn 1.24
Ni–Fe 1.10

a The NH3 desorption amount of Ni/SiO2 was specied as 1.00.
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reduced. On the other hand, the addition of a binary metal
resulted in an improvement in the dispersion of the active
metal. The aggregation and mutual coverage of the active metal
Ni were prevented; therefore, more Lewis acid sites could be
formed.46

Therefore, the total acid sites of the catalysts increased in the
order of Ni–Ce/SiO2 > Ni–Co/SiO2 > Ni–Sn/SiO2 > Ni–Fe/SiO2 >
monometallic Ni/SiO2, which is similar to the order of metal
dispersion.

3.1.5 XPS. The Ni 2p XPS lines proles for different binary
metal catalysts, shown in Fig. 4, were used to characterize the
electronic properties. In the Ni 2p3/2 XPS prole of Ni/SiO2, the
Fig. 4 XPS profiles of (a) Ni/SiO2, (b) Ni–Ce/SiO2, (c) Ni–Co/SiO2, (d) Ni

This journal is © The Royal Society of Chemistry 2019
main peak with a binding energy (BE) value of 853.0 eV and an
associated satellite peak located 6 eV higher than the main peak
were attributed to metallic Ni. Additionally, Ni 2p1/2 at 871.0 eV
is attributed to Ni0.47,48

In comparison with monometallic Ni, shis in BE towards
lower values of about 0.1 eV to 0.5 eV were observed, from
853.0 eV (mono Ni) to 852.5 eV (Ce), 852.7 eV (Co), 852.9 eV (Sn),
and 852.8 eV (Fe); this was in accordance with the electroneg-
ativity values of Ni (1.9), Ce (1.1), Co (1.8), Sn (1.7) and Fe (1.9).
These shis were mainly attributed to electron transfer from the
binary metal M to nickel, which caused an increase in the
electron density of the nickel atoms. In addition, the occurrence
of electron transfer conrmed the interaction between Ni and
the binary metal M.

In addition, the distribution of the valence states and atomic
ratios on the surface are listed in Table 3. Ni2+ species with
a small intensity peak observed at 854.8 eV (Ni/SiO2) showed
that the samples may be partially oxidized when exposed to
air.49 However, the distributions of Ni2+ in Ni–Ce (3.8%), Ni–Co
(1.1%), Ni–Sn (0.7%) and Ni–Fe (2.1%) are lower than that
observed for monometallic Ni (5.8%); this indicates that due to
the interaction of Ni and the binary metal M, the phenomenon
–Sn/SiO2, (e) Ni–Fe/SiO2.
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Table 3 Distribution of different valence states of Ni–M and atomic
ratios derived from XPS

Catalyst

Distribution of valence states (%) Atomic ratio

Ni0 2p3/2 Ni0 2p1/2

Ni2+ Ni/Si M/Si Ni/MMain Sat. Main Sat.

Ni 43.5 13.4 13.8 23.5 5.8 0.15
Ni–Ce 37.7 18.7 23.5 16.3 3.8 0.06 0.04 1.5
Ni–Co 36.5 14.4 19.9 28.0 1.1 0.07 0.06 1.2
Ni–Sn 41.9 17.4 19.7 20.4 0.7 0.04 0.03 2
Ni–Fe 37.1 22.1 19.3 18.3 2.1 0.10 0.03 3.3
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of Ni oxidation was prevented. The effect of Sn is especially
obvious. In addition, compared with monometallic Ni, the Ni/Si
ratios decreased aer addition of M; among the metals, Sn and
Ce showed the most obvious decreases. The decrease in the
surface content of Ni reects the increase in dispersion. This is
in agreement with the CO uptake results and also conrms the
superiority of the catalytic activity of Ni–Sn. In addition, Ni/M
decreased from the theoretical 10 to 1 to 3.5, indicating that
the dispersibility of Ni is better than that of M and that M atom
and Ni are co-distributed on the surface.

3.2 HDO tests

3.2.1 HDO activity and selectivity of p-cresol on Ni–M/SiO2.
This series of Ni–M/SiO2 catalysts was tested in the HDO of p-
cresol, which is considered to be a model of phenols in coal tar.
The reaction conditions were as follows: the reaction tempera-
ture, pressure, LHSV, and H2-liquid volume ratio were 370 �C,
2 MPa, 0.5 h�1 and 400 : 1, respectively. The distribution of the
main products is shown in Fig. 5. The conversion of p-cresol, the
selectivity of each product and the selectivity of the target
products BTX are listed in Table 4. Consistently, DDO and HYD
are basically parallel processes, and p-cresol is hydroconverted
to toluene and methylcyclohexane through these two paths,
respectively.34 However, based on the detection of the products,
it is believed that there is a third reaction path in HDO for the
Fig. 5 Product distributions of p-cresol over different Ni–M/SiO2 catalys
Fe/SiO2.

21180 | RSC Adv., 2019, 9, 21175–21185
hydrogenation of p-cresol, namely a demethylation reaction,
which ultimately results in the production of cyclohexane and
benzene aer the HDO of phenol. However, the xylene in the
product is presumably derived from the transalkylation reaction
of toluene and benzene. The main cause of the weak deal-
kylation and alkylation phenomena is presumed to be the Lewis
acid sites provided by the oxide of the unreduced binary
metal M, as characterized by NH3-TPD and TPR.50

The conversion over these catalysts of HDO follows the order:
Ni–Ce > Ni–Sn > Ni–Co > Ni–Fe > monometallic Ni. However, the
TOFs calculated and listed in Table 4 are inconsistent with the
conversion.

According to the characterization analysis of XPS, the addi-
tion of binary metal M, especially Ce and Co, resulted in
a decrease in the number of d-bands of Ni atom due to the
electron transfer from M to Ni; this eventually led to decreases
in the intrinsic reaction rates of the catalysts. However, the
addition of M improved the dispersion of the active metal;
therefore, the specic activity of Ni–M/SiO2 reected in the
conversion was still higher than that of Ni/SiO2.51

In order to evaluate the selectivity of the different reaction
pathways in the HDO of p-cresol, SBTX/Scycloparaffin was dened.
The product distributions on Ni–Ce and Ni–Co were very
different from that on the monometal Ni catalyst. In Ni–Ce and
Ni–Co, the content of toluene as the main product of the DDO
path increased observably; also, the selectivity of toluene,
compared to that of the monometal Ni catalyst, increased from
63.1% to 77.8 and 71.5%, respectively. Moreover, SBTX/
Scycloparaffin increased from 2.5 to 5.2 and 4.1, respectively.
Interestingly, the DDO path had a dominant advantage on Ni–
Co, although the activity of the catalyst did not improve greatly.
The performance of Ni–Sn differs from the above two. Although
the activity of Ni–Sn was signicantly improved, SBTX/
Scycloparaffin decreased sharply from 2.5 to 1.4; meanwhile, the
selectivity of BTX product decreased from 66.2% (Ni) to 56.2%.
This indicates that Ni–Sn promotes the aromatic hydrogenation
of p-cresol; that is, the HYD path is enhanced, which ultimately
leads to difficulties in obtaining BTX products. Unfortunately,
ts. (a) Ni/SiO2; (b) Ni–Ce/SiO2; (c) Ni–Co/SiO2; (d) Ni–Sn/SiO2; (e) Ni–

This journal is © The Royal Society of Chemistry 2019
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Table 4 Product selectivity comparison on different bimetallic catalysts

Ni/SiO2 Ni–Ce/SiO2 Ni–Co/SiO2 Ni–Sn/SiO2 Ni–Fe/SiO2

Conversiona/% 80.5 95.4 88.5 94.1 82.5
TOF � 10�3/S�1 8.8 6.0 6.3 7.7 7.0
Selectivity/% Cyclohexane 0.7 1.0 0.4 1.9 1.0

Benzene 3.0 3.6 3.5 2.3 4.0
Methyl cyclohexane 25.2 13.9 17.1 38.7 23.6
Toluene 63.1 73.8 67.6 53.9 63.4

SBTX 66.2 77.8 71.5 56.2 67.7
SBTX/Scycloparaffin 2.5 5.2 4.1 1.4 2.7

a Each catalyst was tested in three parallel experiments with an error less than 2%.
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the addition of Fe did not show good performance; the selec-
tivity of the BTX product increased only slightly.

3.2.2 HDO process on Ni–Ce/SiO2. Because Ni–Ce/SiO2

showed good reactivity in the HDO of p-cresol and high selec-
tivity of BTX products, it was chosen to analyze the effects of
reaction temperature on conversion and product distribution.
In the reaction temperature range from 330 �C to 390 �C, the
amounts of products, conversion and selectivity of BTX with
fresh Ni–Ce/SiO2 are exhibited in Fig. 6.

As the temperature increases, the amount of p-cresol
decreases from 21.9% to 3.4%; this indicates that the conver-
sion increased from 78.1% to 96.6%. The amount of toluene
obviously increased, reaching the maximum value of 74.7% at
390 �C. In contrast, the amount of methyl cyclohexane
decreased gradually from 14.2% to 10.8% with increasing
reaction temperature from 330 �C to 390 �C. In other words, the
process of HDO of p-cresol, from which toluene is obtained by
the cleavage of Caromatic–O bonds, was enhanced with
increasing reaction temperature.52 Meanwhile, the process of
HDO of p-cresol to the cycloalkane through the HYD path was
prevented. Similarly, the amounts of benzene and cyclohexane
were similar to those of toluene and methylcyclohexane,
respectively. It is possible that the high reaction temperature
not only promoted the cleavage of Caromatic–O bonds to improve
Fig. 6 Effects of reaction temperature on the products and p-cresol co

This journal is © The Royal Society of Chemistry 2019
the selectivity of the DDO pathway, but also enhanced the
dealkylation reaction. In addition, the amounts of xylene and
phenol, which were lower in the product distribution, both
increased initially at temperatures below 350 �C and then
decreased as the reaction temperature continued to rise. In
summary, the selectivity of the BTX product eventually
increased from 74.8% to 81.2% as the reaction temperature
increased.

Fig. 7 shows the amounts of p-cresol and HDO products as
well as the conversion and selectivity of BTX, with LHSV values
of 0.25 h�1 to 1.0 h�1 at 370 �C.

As LHSV increased, the content of p-cresol increased from
2.7% to 16.9%, indicating that the conversion decreased from
97.3% to 83.1%; this is mainly because a higher LHSV results in
shorter contact times of the reactants with the catalyst sites.

The amounts of cyclohexane and methylcyclohexane
decreased respectively from 2.7% and 21.2% to 0.6% and 9.9%
with increasing LHSV; this also indicates that the decrease in
residence time decreased the depth of hydrogenation, resulting
in the suppression of aromatic saturation. The amounts of
benzene and toluene, as the main BTX products, showed
changes of an initial increase followed by a decrease with
increasing LHSV, reaching maximum values of 3.4% and 70.4%
at 0.5 h�1, respectively. It can be speculated that the decreased
ntent via HDO (LHSV ¼ 0.5 h�1).

RSC Adv., 2019, 9, 21175–21185 | 21181
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Fig. 7 Effects of LHSV on the products and p-cresol content via HDO.
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amounts of BTX products caused by the high LHSV corresponds
to low conversion; however, at 0.3 h�1, a low LHSV led to a large
amount of aromatic ring consumption through full hydroge-
nation, which resulted in the conversion of aromatic hydro-
carbons to naphthenic products.53

Moreover, the amount of xylene slightly decreased but the
content of phenol obviously increased from 0.9% to 2.3% with
increasing LHSV. It is possible that the longer residence time
corresponding to a low LHSV was benecial to the trans-
alkylation reaction but also facilitated the consumption of
phenol by further hydrodeoxygenation.

Previous studies have been conducted on the path of meth-
ylphenol hydrodeoxygenation.11,33,54 Odebunmi55 obtained
similar reaction paths for the hydrodeoxygenation of cresol with
Co–Mo/g-Al2O3 catalyst. They concluded that cresol rst
Scheme 1 Reaction path of p-cresol on Ni–M/SiO2 catalysts.

21182 | RSC Adv., 2019, 9, 21175–21185
produced an intermediate and then continued to produce
toluene (k1), methylcyclohexane (k2) and phenol (k4), respec-
tively, and that there was interconversion between toluene and
methylcyclohexane (k3), showing (k1, k3) [ k2, k4 on fresh
catalyst. Kirby56 also speculated that the reaction pathway of
dibutylmethyl phenol hydrodeoxygenation on a novel organo-
metallic catalyst precursor included dealkylation, direct deoxy-
genation, hydrodeoxygenation, and alkyl isomerization. By
analyzing the product distributions at different reaction
temperatures and LHSVs, a reaction conversion pathway of p-
cresol on Ni–Ce/SiO2 is proposed in Scheme 1.

It can be seen from the HDO test that the addition of a small
amount of different binary metal M results in distinct reaction
path selectivity. Supported Ni, a group VIII metal, especially
when used for HDO on phenolic compounds, can adsorb the
This journal is © The Royal Society of Chemistry 2019
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aromatic ring at the bridge site and repel C–O bond adsorption
simultaneously, resulting in relatively strong hydrogenation
reactivity and saturation ability for aromatic rings or C]C
bonds.

Aer the addition of the binary metal M, the electron density
of the nickel atoms changes signicantly, which may cause
a change in the adsorption performance of the catalyst surface
for the groups of p-cresol and activate cleavage of the C–O
bonds; that is, the priority of the hydrogenation reactions
changes between the aromatic ring and C–O bond.57 The
increased electron density of the nickel atoms, which is related
to the transfer of electrons from the binary metal M to Ni, tends
to attack the C–O bonds and repel the electron-rich aromatic
rings. This results in a preference for the hydrogenation process
to involve direct deoxygenation aer cleavage of the C–O bond
rather than saturation of the aromatic ring.58,59 Moreover,
changes in the acidity of the catalyst also affect the selectivity of
HDO products on phenols. The low oxidation states of Co and
Ce (observed from XRD and TPD) added to Ni/SiO2 at lower
reduction temperatures leads to the formation of more Lewis
acid sites, resulting in optimization of hydrogenation perfor-
mance.29 In addition, the structural effects imparted by Ce and
Co may cause changes in selectivity. Yang et al.57 observed that
for monometallic Ni catalyst, the nickel atom arrangement is
continuous, so that the aromatic ring of phenol can be adsorbed
in a plane form but the C–O bond is rejected; therefore, the
cycloalkane is more favorable as the saturated product.
However, aer the binary metal entered the nickel alloy, the
above continuity was destroyed, resulting in surface rough-
ening. This created a rough atomic plane to prevent the
adsorption of the benzene ring; therefore, aromatic ring
hydrogenation was less likely to occur, and the adsorption
probability of the C–O bond greatly increased. Other factors
may exist in the effects of Fe on the increased selectivity of the
DDO path. We can speculate that the combination of Fe, an
oxophilic metal, with nickel not only enhanced the attraction of
the catalyst to Caromatic–O but also caused rejection of the p-
electron cloud of the aromatic ring.44 This resulted in an
increasing tendency of Caromatic–O bond cleavage and a weak-
ened tendency of aromatic ring hydrogenation during the
hydrogenation process.28,60 In contrast, Ni–Sn exhibited satu-
ration of the phenolic ring. Due to the strong interactions
between Sn and Ni, under the low load of Sn, an alloy state such
as Ni3Sn is formed, which was detected by XRD. Some previous
studies showed that the formation of Ni3Sn affects the hydro-
genation priority of different groups. Rodiansono61 et al. found
that the presence of Ni3Sn alloy in Ni–Sn alloy catalysts
increased the hydrogenation selectivity of C]O over that of
C]C groups in unsaturated compounds. Therefore, we can
speculate that Ni3Sn was more favorable for promoting the
hydrogenation of aromatic rings than the cleavage of C–O
bonds in the process of hydrodeoxygenation of oxygen-
containing phenolic compounds. Because the tin atoms are
likely to be located in the vicinity of the steps, the inuence on
the continuity of the atomic surface is weak; thus, the surface
readily adsorbs and is enriched by a large amount of hydrogen,
and the phenol ring is thus more inclined to be saturated.50,57,61
This journal is © The Royal Society of Chemistry 2019
4 Conclusions

A series of bimetallic catalysts, Ni–M/SiO2, were prepared and
evaluated in a reduced state by HDO with p-cresol as a model. In
the hydrodeoxygenation process, deoxygenation and trans-
alkylation mainly occur, yielding saturated products such as
methylcyclohexane and cyclohexane as well as unsaturated
products such as toluene and benzene along with small
amounts of phenol and xylene. The catalyst activity was as
follows: Ni–Ce > Ni–Sn > Ni–Co > Ni–Fe >monometallic Ni. Aer
the addition of the binary metal M, in comparison with the
monometallic nickel, the dispersibility of the metal was
observed to improve; meanwhile, the electron density also
changed, which may be a factor contributing to the improve-
ment of the activity.

Different binary metals exhibit great differences in the
distribution of reaction products; Ce, Co, and Fe effectively
increased the BTX selectivity and SBTX/Scycloparaffin, while Sn had
the opposite effect. The reason for the difference in selectivity
may be the joint effect of Lewis acid sites, the electron-rich
phenomenon of nickel and reconstruction of the surface
atomic arrangements. These changes may have a congenerous
effect which not only strengthens the adsorption and cleavage
of the polar C–O bond but also weakens the adsorption and
saturation of the aromatic ring.
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