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ABSTRACT

Ni P catalysts supported on different supports, such as SiO, from different
sources, Al,O3, TiO, and ZrO, were prepared for the hydrodeoxygenation of
p-cresol (monocyclic phenol model in coal tar). The reaction was carried out on a
fixed-bed reactor at a temperature of 330-390 °C under 2 MPa. The order of
conversion of p-cresol was as follows: Ni,P/SiO,-2 > NipP/S5i0,-3 > NipP/
Si02'1 > NIZP/A].203 > leP/ZI'Oz > ngP/TlOz NIQP/SIOZ':’) shown hlgher
DDO path selectivity, resulting in the conversion of p-cresol of 93% and a
selectivity of 72.6% for BTX products under the reaction temperature of 370 °C
with LHSV of 0.5 h™". This catalyst was also used for the hydrodeoxygenation of
the crude phenolic mixture extracted from coal tar, which shown that the phenol
deoxidation rate was 87.6% and the BTX product selectivity was 73.7% by GC—
MS.

Received: 8 May 2019
Accepted: 12 September 2019
Published online:

16 October 2019

© Springer Science+Business
Media, LLC, part of Springer
Nature 2019

hydrodeoxygenation of phenols in coal tar can not
only facilitate the production of downstream BTX

Introduction

The low-temperature fraction of low-temperature
coal tar is rich in phenolic compounds, especially
monocyclic phenols. The crude phenol product
obtained by the extraction of coal tar can be further
purified to obtain a high-purity phenol product, but
at the same time, a large amount of phenol-contain-
ing wastewater is also produced [1, 2]. Therefore, the
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products, but also improve the quality of processed
light fuels [3].

The research on hydrodeoxygenation technology
and related catalysts mainly focuses on the upgrad-
ing of bio-oil. The guaiacol selected as an oxygenate
model for hydrodeoxygenation studies has been
widely reported [4-8]. In the hydrotreating process of
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coal tar, in addition to the main removal of S and N
heteroatoms, the traditional CoMoS/Al,O5 is also
used to remove oxygen heteroatoms [5]. The widely
studied hydrodeoxygenation catalysts mainly
include monometallic catalysts with active metals of
Ni, Mo, Co [9-11] and noble metals Pt and Pd [12, 13],
bimetallic catalysts [14-16] and metal phosphide
catalysts including Ni,P, CoP and MoP [4, 17, 18] etc.
In previous studies, the type of support had a sig-
nificant effect on the reactivity in the catalytic pro-
cess, the selectivity of the product and the stability or
catalyst life. The inexpensive and readily available
alumina carrier can provide more acidic centers than
neutral supports which facilitates the activation and
cracking of C-O bonds during hydrogenation, but it
causes severe carbon deposition and is sensitive to a
large amount of water generated during
hydrodeoxygenation [19]. Therefore, ZrO,, TiO,, SiO,
and MgO [7, 20, 21], as well as zeolite [22-25] such as
SBA-15 and ZSM-5, are used for the loading of active
metals for hydrodeoxygenation. Complex oxide
supports, such as SiO-ZrO, and Al,Os-TiO,, also
have been studied on hydrodeoxygenation catalysts
[26].

Phenol hydrodeoxygenation involves two main
reaction pathways: The HYD path is first subjected to
hydrogenation of aromatic ring and then the C(sp®)-
O bond is cleaved by dehydration to obtain a
cycloalkane product, the DDO path is the direct
cleavage of the C(sp*)-O bond to obtain an aromatic
product [27]. Due to the different physical structures,
acidity and the combination of support and active
metal, the catalysts with different supports can
strengthen the DDO reaction path to different extent
in the process of phenol hydrodeoxygenation,
resulting in BTX predominating in the hydrogenation
product [6, 28]. Xu and Jiang [6] prepared a series of
Ni/Fe catalysts supported on different supports for
the hydrodeoxygenation of guaiacol. They found
that, under the similar conversion, the BTX selectivity
of Fe/Ni/HY zeolite was 14%, while Fe/Ni/HBeta
and Fe/Ni/ZSM-5 were only 5.5% and 6%, respec-
tively. Oyama et al. [29] studied that the final product
of guaiacol hydrodeoxygenation on Ni,P/SiO, had a
large amount of benzene in addition to phenol and
cathol, while Ni,P/ZSM-5 and Ni,P/FCC mainly get
cathol products, which had a great relationship with
the acidity of the support. The Ni,P/hierarchical
ZSM-5 prepared by Berenguer et al. [22] was com-
pared with conventional Ni,P/SiO, for the study of
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hydrodeoxygenation of p-cresol. This catalyst first
catalyzed the conversion of almost all p-cresol to
3-methylcyclohexanol and then rapidly deoxidizes to
cyclohexane, while Ni,P/SiO, catalyzed only about
60% conversion with a small amount of toluene
product.

In this work, a series of Ni,P catalysts supported on
different supports, such as SiO,-1, 5i0,-2, SiO,-3, y-
AL, Os, ZrO, and TiO,, were prepared to study the
selectivity of BTX product in the hydrodeoxygenation
product of p-cresol. Under the relatively low reaction
pressure (2 MPa) and the reaction temperature range
of 330-390 °C, we carried out hydrogenation experi-
ments on a fixed-bed reactor, and compare the reac-
tion performance and product distribution of
catalysts with different supports. In addition, we also
studied the conversion of BTX products obtained by
hydrodeoxygenation of crude phenol obtained by
extraction from coal tar.

Experimental
Preparation of catalysts

5i0,-1 is Type B silica gel purchased from a catalyst
plant in Qingdao. SiO,-2 was prepared from Nankai
University. SiO,-3 was model Q10 purchased from
Fuji Silysia (Japan). The y-Al,O; was prepared by
calcination of pseudo-boehmite at 550 °C for 3 h.
ZrO, and TiO, were obtained by precipitating the
sulfate and nitrate solutions at a pH of 10, respec-
tively [30, 31].

The supported NiP catalyst was prepared by
incipient wetness impregnation method with Ref.
[32], and the P/Ni molar ratio was selected to be 1.2
at a loading ratio of 20 wt% by Ni. Five sets of 14.86 g
Ni(NO3),-6H,O (> 8.0%, Aladdin) and 7.05g of
NH,H,PO, (99%, Aladdin) were respectively
weighed and dissolved in a certain amount of
deionized water (the amount of water was deter-
mined according to the water absorption rate of the
carrier) by ultrasound. After drying at 200 °C for 2 h,
the carrier was added dropwise to the nickel nitrate
solution, and then dried at 200 °C and then calcined
at 500 °C for 3 h. The precursor was then impreg-
nated with NH,H,PO, solution and dried at 200 °C.

These catalyst precursors should be subjected to a
reduction treatment before being used in the reaction.
The reduction conditions, except for the catalyst
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supported on y-Al,O3, were as follows: Hy/N, (10%
H,) mixed gas with the flow rate of 200 mL/min,
while the temperature was raised from 30 to 350 °C at
5 °C/min, maintained for 60 min at 350 °C, and then
raised again from 350 to 650 °C at 2 °C/min, and
maintained for 4 h. The sample was then passivated
in N for 10 h after cooled to room temperature in Hp.
Ni,P/Al,O5; was reduced at 700 °C, mainly based on
H2-TPD results.

Characterization of catalysts

The nitrogen adsorption—-desorption measurement
was performed on a Quantachrome SI at — 196 °C
after degassed under vacuum at 350 °C for 3 h. The
average pore diameter was calculated using the
desorption branch of the isotherm according to the
BJH method.

X-ray diffraction (XRD) was carried on Bruke D8
Advance with Cu Ka radiation (k = 1.5406 A) oper-
ated at 40 kV and 30 mA. Diffraction intensities were
collected within a 20 range from 10° to 80° at a rate of
10°/min.

H, temperature-programmed reduction(H,-TPR)
was measured on a self-built test instrument includ-
ing an U-tube reactor, heating jacket and a thermal
conductivity detector (TCD).The catalyst sample
(80 mg) was kept in the reactor, then dried and
degassed under N, flow (50 mL/min) at 200 °C for
2 h. Reduction was conducted at a heating rate of
10 °C/min from 200 to 950 °C in a 10 vol% H,/N,»
flow(50 mL/min).

NH;-TPD patterns were performed on the Auto-
Cheml II 2920(MICROMERITICS INSTRUMENT
CORP). Before TPD studies, catalyst was pre-treated
by flowing high-purity H, stream at 650 °C for
60 min, cooling to 100 °C. After pretreatment, the
catalyst was adsorbed at flowing (20 mL/min) 10%
NH; and He mixed gas at 40 °C for 2 h and then
removed the NHj of physical absorption by flowing
He. Finally, the sample was heated to 600 °C at a rate
of 5 °C/min under a He flow (30 mL/min), desorbed
NH; was detected with TCD.

X-ray photoelectron spectroscopy (XPS) was mea-
sured by using K-Alpha™ (Thermo fisher Scientific)
with Al Ko radiation (1486.6 eV).Binding energies
were referenced to the Cls at 284.8 eV.
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HDO test

The HDO experimental device was a fixed-bed
reactor (I.D. 17 mm, length 1200 mm) filled with
30 mL of catalysts which was in our previous study
[33].The catalysts were loaded in the middle of the
bed with quartz sands of 60-80 meshes. P-cresol
(= 98.0%, Aladdin) was injected through the feed-
stock pump and then was mixed with the H, before
entering the bed. Before the hydrogenation reaction,
catalysts were filled in the reactor and reduced at
450 °C for 2 h in a H, flow(100 mL/min), then the
reactor cooled to reaction temperature in H,
atmosphere.

Liquid products were analyzed by a GC-MS sys-
tem (Shimadzu QP2010 Plus) and a GC(Agilent
9790A) equipped with HP-INNOWax polar column
(30 m * 0.32 mm * 0.5 mm)and a FID detector. Dur-
ing the experiment, the main hydrogenation products
were quantitatively analyzed by external standard
method, and products in very little content like
biphenyls and olefin were not calculated.

The conversion, selectivity of main reaction pro-
duct and turnover frequency (TOF) were calculated
as follows:

Conversion [%] = N(p — cresol)in — N(p - cresol)out 100
N(p — cresol)in
Selectivity [%)] = Ni x 100
yrol= N(p — cresol)in — N(p — cresol)out

Qxp
TOF:( XC)/(me )
M M x D

N, Q, p, C, M, m, L and D are the content, volume
flow rate, density of feed, conversion, molecular
weight, the mass of catalyst, loadings of Ni and dis-
pertion, respectively [34].

Results and discussion
Characterization of the catalysts
Structural characterization

The specific surface area, pore volume and pore size
are listed in Table 1, and N, adsorption—-desorption
isotherms and pore size distribution are shown in
Fig. 1. The specific surface areas of Ni,P’/SiO, were
relatively large, but the pore size was quite different,
which followed the order: SiO,-3 (10.11 nm) > SiO,-1
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Table 1 Physical properties of catalysts with different supports
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Sper” (m?/g)  Pore volume® (m’/g)

Pore size® (nm)

Particle size® (nm)  Dispersion® (%) NH; uptake catalyst/

support (Lmol/g)

Ni,P/Si0,-1 281 0.61 6.98 20.6 4.4 230/11
Ni,P/Si0,-2 231 0.55 6.22 16.3 5.5 342/17
Ni,P/SiO,-3 259 0.62 13.11 25.1 3.6 336/12
Ni,P/Al,O; 188 0.67 6.15 18.7 4.8 419/376
Ni,P/ZrO, 109 0.43 5.21 17.6 5.1 168/146
Ni,P/TiO, 74 0.32 3.90 31.7 2.8 106/151
*BET surface areas determined by N, adsorption—desorption
®Particle size calculated by Scherrer Formula
“The dispersion (D) calculated with particle size (d) by equation D ~ 0.9/d
500
—m— Ni,P/SiO,-1 20 —=&— Ni,P/SiO,-1
400 4 | —®— NiP/SiO,-2 ) —®— Ni,P/SiO,-2
—A— NiP/Si0,3 4 —A— NiP/SiO,3
—v— Ni,P/AL,O, .: . 7 —v— Ni,P/ALO,
3007 | —e— NiP/ZiO, ,:‘.' —&— NiP/ZiO,
~<— Ni,P/ZrO, s —4— Ni,P/TiO,

200

100 - g-4-8
. vV
v’

. CM

T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/Po)

Adsorbed volume(cm3/ g STP)

dV/dlog(D)
P
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0.5
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Pore diameter(nm)

Figure 1 N, adsorption—desorption isotherms and pore size distributions for the catalysts with different supports.

(7.48 nm) > Si0,-2 (6.22 nm). In comparison, the
prepared ZrO, and TiO, supports had poor specific
surface area, and the pore volume and pore size were
also smaller.

N, adsorption—desorption isotherms for each of the
catalysts shown a typical type IV, and their pore size
distributions were concentrated at 0-50 nm, showing
the characteristics of a typical mesoporous material.
The curves of the three silica supports had obvious
saturated adsorption platforms, which belong to the
typical H2 type hysteresis loop, indicating that the
pore size distribution was wide and the pore struc-
ture was complicated. The isothermal of ZrO, and y-
AlL,O; was the H1 type hysteresis loop, showing a
relatively narrow pore size distribution. The curves
of TiO, belong to the H3 type hysteresis loop,

indicating that the pore size was relatively large and
uneven.

XRD characterization

Figure 2 shows the XRD patterns of the freshly pre-
pared Ni,P samples supported on the different sup-
ports. Obvious sharp peaks belonging to the nickel
phosphide diffraction peak were observed at
20 = 40.7° (111), 44.6° (201), 47.4° (210), 54.2° (300),
55.0° (201) (JCPDS 74-1385), which indicated that the
Ni,P active phase was obtained by the reduction. It is
not certain that the reduced metallic nickel over these
catalysts was absent because the diffraction peak of
the metallic nickel observed at 20 =44.5° (111)
(JCPDS 87-0712) may coincide with Ni,P [34]. How-
ever, from the analysis of the intensity of the
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Figure 2 X-ray diffraction patterns of catalyst with different
supports. a Ni,P/SiO,-1, b Ni,P/Si0,-2, ¢ Ni,P/SiO,-1, d Ni,P/
A1203, c NizP/ZI'Oz, lezP/TlOz

diffraction peak, Ni,P/SiO,-2 may contain metallic
nickel or nickel oxide. Further, the diffraction peak of
NijoPs at 20 = 38.6°, 49.4°, 58.5° and 60.1° (JCPDS
74-1381) was observed in the patterns of Ni,P/Al,O3
and Ni,P/ZrO, [35].

The diffraction peak at 20 = 40.7° was selected for
the Scherrer Formula to calculate the partical size of
different catalysts, and then the dispersion of the
active site was calculated by the relationship between
the dispersion D and the partical size [7]. The particle
size shown in Table 1 was as follows: Ni,P/TiO,
(31.7 nm) > Ni,P/SiO-2  (25.1 nm) > Ni,P/SiO,-1
(20.6 nm) > Ni,P/Al,O3 (18.7 nm) > Ni,P/ZrO,
(17.6 nm) > NiyP/SiO,-2 (16.3 nm). Therefore, the
dispersion degree was as follows: Ni,P/SiO,-2
(5.5%) > Nip,P/ZrO, (5.1%) > Ni,P/ALO; (4.8%) >
NiP/SiO5-1 (4.4%) > NipP/Si02-3 (3.6) > NiyP/TiO,
(2.8%).

H,-TPR characterization

Figure 3 shows the H,-TPR spectra of catalysts with
different supports dried at 200 °C. The peak below
700 °C was attributed to the reduction of the nickel
species, while the peak above 700 °C was attributed
to the reduction peak of the P-O bond [4, 36]. For the
three silica supports, the reduction temperature of
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Figure 3 H,-TPR profiles of catalysts with different supports. a
NizP/SiOz-l, b N12P/8102-2, C leP/SlOz-l, d NizP/Ale3, (5] leP/
Zr0,, f Ni,P/TiO,.

the P-O bond was 766 °C (Ni,P/SiO,-1), 777 °C
(NipP/Si0,-2) and 751 °C (NiP/Si0,-3), respec-
tively, showing that Ni and P had a stronger inter-
action in the oxidized precursor on the SiO,-2
support. Compared with the pattern of Ni,P/5iO,-1,
the reduction peak of nickel oxide in the pattern of
Ni,P/SiO,-3 first appeared at about 400 °C. The
reduced Ni promoted the formation of highly active
H, species, thereby promoting the reduction of P-O,
which ultimately leaded to a lower P-O bond
reduction peak temperature [17, 20, 37]. In the pro-
files of Ni,P/Al,O3 and Ni,P/ZrO,,the reduction
temperature of the P-O bond were 797 °C and
784 °C, respectively, which were higher than that of
the silica support, meaning a strong interaction
between the phosphate precursor and the support
[34]. This strong interaction prevented the precursor
Niy,P5 from being completely reduced to a pure Ni,P
phase, which can be reflected from the XRD pattern
[38]. In addition, comparing the hydrogen con-
sumption peak intensity of each catalyst, Ni,P/TiO,
and Ni,P/ZrO, showed a small hydrogen con-
sumption, which may mean that the number of Ni,P
active phases formed was small.

NH;3-TPD Characterization

Figure 4 shows the NH3;-TPD profiles of catalysts
with Ni;P supported on the SiO,-1, 5i0,-2, SiO,-3,
AlLOs, TiO, and ZrO,. The NH; adsorption amount
of each support and catalyst is listed in Table 1. The
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Figure 4 NH;-TPD profiles of catalysts with different supports. a
NizP/SiOz-l, b N12P/8102-2, C leP/SlOZ-l, d NizP/A1203, € leP/
ZrOZ, f leP/T102

silica support generally considered to be non-acidic
was detected to have almost no adsorption to NHj
before loading. However, after loading the Ni,P
active phase, it was observed that a obvious peak
centered at 150-200 °C was attributed to the weak
acid sites and a wide shoulder peak shown at
300-350 °C was attributed to a medium acid sites.
Oyama et al. [29] and Abu and Smith[39] concluded
that the Ni,P catalyst had both Brensted and Lewis
acids. Brensted acid sites were attributed to unre-
duced phosphorus species, mainly from PO-H
groups, while Lewis acids were derived from the
electron transfer of Ni in Ni,P. The order of adsorp-
tion of ammonia on the catalyst supported on three
silica supports is: SiO,-2 > 5iO,-3 > 5i0,-1. The
stronger acidity of Ni,P/SiO,-2 may be due to unre-
duced nickel oxide and nickel silicate species, which
corresponded to the TPR results. The y-Al,O; was
much more acidic than the silica support, mainly
because AI’* can provide more acid sites [38].
However, after loading, the acidity of Ni,P/Al,O3
was only slightly enhanced compared to the unsup-
ported carrier, indicating that Ni,P can supplement a
certain amount of acid sites, but it also covered the
original acid site of the carrier itself [29, 40]. The
acidity of the zirconia support was weaker than that
of y-Al,Oj3, but the change in acidity after loading was
similar. The acidity of the TiO, support after loading
was obviously decreased, which may be due to the
relatively small amount of Ni,P formed by the
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reduction process resulting in the accumulation of
phosphate on the surface.

XPS characterization

The surface distribution, oxidation state and inte-
gration of Ni and P are measured by XPS shown in
Fig. 5. The XPS binding energy and distribution are
listed in Table 2. The Ni 2p;,, spectrum can be
observed three contributions [32, 34, 41]. The first one
was located at 853 eV, which was attributed to the
Ni®* formed by the electron transfer from Ni to P in
Ni,P and also confirmed the formation of active
phase Ni,P. The second and third were located at
856.5 eV and 862 eV attributed to Ni* ion and sha-
keup satellite, respectively. Comparing the P spectra
of the catalysts with different supports, although the
peaks were slightly different, there were mainly three
contributions observed [32, 34, 41]. One is a peak at
129.6-129.9 eV, which is attributed to P°~ covalently
bound to Ni®" in the active phase Ni,P. The second is
the unreduced (HPOs;H)™ anion at 133.5 eV. The
third is attributed to the phosphate species P°* at
134.5 eV, possibly due to passivation or oxidation.

In spectra for Ni 2p, the peak intensity of the silica
support at 853 eV was large, indicating that the
neutral silica carrier favored the reduction of nickel
oxide and phosphorus oxide to form the active phase
Ni,P. However, the peak intensity on SiO,-2 was
relatively small compared to the other two, probably
because of the strong interaction between the pre-
cursors of Ni and P on the support, as can be seen
from the TPR, which hindered the formation of active
phase Ni,P. Comparing the P 2p spectra, the peak at
129 eV was not detected on the alumina and zirconia
supports, but the formation of the Ni,I’ active phase
in the bulk phase can be observed from the XRD
results. It may be that the acidic carrier readily
combined with excess phosphorus to form a phos-
phate form, such as AIPO, [37, 42, 43], which can be
confirmed from the XPS results that the proportion of
PO*" species was higher than others. The carrier
competed with Ni for the P species, resulting in the
resistance of the formation of Ni,P or other phase
Ni,P,. In addition, it was also possible that the acidity
of the support enhanced the surface oxidation phe-
nomenon, causing the reduced Ni,P to be oxidized to
phosphorus oxides [18, 34, 44]

The Ni/P molar ratio of each catalyst is lower than
the theoretical load of 0.83. Some authors [18]
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Figure 5 XPS spectra for catalysts with different supports A Ni 2p core level spectra and B P 2p core level spectra. a Ni,P/SiO,-1, b

NizP/SiOz-z, C leP/SlOz-l, d NizP/A1203, € NizP/ZTOz, lezP/TlOz

Table 2 The XPS spectra in the Ni 2p and P 2p regions for Ni,P with different supports

Ni P Ni/P
Ni,P Nizt Sat. Ni,P HPO;H™ PO~
Ni,P/SiO,-1 853.1 (11.1) 856.8 (58.6) 861.9 (30.3) 129.6 (25.5) 133.8 (56.3) 134.6 (18.2) 0.38
Ni,P/Si0,-2 853.3 (19.8) 856.8 (47.7) 861.6 (32.5) 129.9 (5.3) 133.3 (83.2) 134.5 (11.5) 0.31
Ni,P/Si0,-3 852.7 (19.3) 856.8 (61.5) 861.8 (19.2) 129.9 (16.3) 133.7 (67.5) 134.6 (16.1) 0.35
Ni,P/ALOs 853.1 (5.5) 856.5 (64.4) 861.7 (30.2) - 133.7 (73.5) 134.7 (26.5) 0.51
Ni,P/ZrO, 852.9 (5.1) 856.3 (78.2) 862.0 (16.8) - 133.7 (84.7) 134.7 (15.3) 0.29
Ni,P/TiO, 853.0 (2.6) 856.7 (74.0) 862.7 (23.4) 129.9 (4.4) 133.5 (72.0) 134.6 (23.6) 0.18

concluded that part of P was lost in the form of PHj
during high temperature reduction. The Ni/P of the
silica support was slightly lower than the alumina
support, indicating that the loss of phosphorus may
be related to the strength of the interaction between
the support and phosphorus.

HDC tests
HDO performance of NiyP supported on different supports

HDO of p-cresol was tested over the Ni,P supported
on different supports at 370 °C under 2 MPa, and the
product distribution results are shown in the Table 3.
Through the DDO and HYD reaction paths, the main
hydrodeoxygenation products of p-cresol were the

@ Springer

aromatic product—toluene and the aromatic satu-
rated product—methylcyclohexane [42, 45]. Benzene
and cyclohexane formed by the dealkylation reaction
were also detected. In addition, the transalkylation
reaction products—phenol and xylene—were also
found, which were neglected due to their small con-
tent. The order of p-cresol conversion is: Ni,P/SiO,-
2> leP/ 5102-3 > leP/ 8102-1 > leP/ A1203 > leP/
ZrO, > NipP/TiO,. The Ni,P catalysts with three silica
supports had a higher conversion for p-cresol, proba-
bly because they had larger specific surface area and
pore size, and were all detected to form pure Ni,P
phase. Moreover, the formed acid center will had
synergistic hydrogenation with the Ni,P active center,
50 Ni,P/SiO,-2 with a higher ammonia adsorption had
a stronger hydrogenation activity among the three
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Table 3 Effects of different catalysts on the products distribution from HDO (370 °C)

Ni,P/SiO,-1 Ni,P/Si0,-2 Ni,P/Si0,-3 Ni,P/Al,05 Ni,P/ZrO, Ni,P/TiO,
Conversion 91.9 94.6 93.0 88.5 83.7 77.7
Product distribution
Cyclohexane 1.0 2.7 0.5 3.7 2.5 0.6
Benzene 0.3 2.3 1.4 2.6 1.4 1.2
Methylcyclohexane 38.1 38.7 21.5 354 44.6 21.2
Toluene 49.7 432 66.1 27.2 30.9 493
p-cresol 8.1 5.4 7.0 7.9 16.3 22.3
SBTX 544 48.1 72.6 324 38.6 65.0

catalysts with silica supports [25, 46]. Although the
NiP/y-Al,O3 also had a good surface state, the
transformation of Ni;,Ps5 to Ni,P phase was hindered
due to the strong interaction between the alumina and
the phosphorus precursor. Studies had shown that the
hydrogenation activity of Ni;,P5s was lower than that of
the Ni,P phase, thus causing the reactivity of Ni,P /-
Al,O; to be lower than that of the Ni,P/SiO,
[32, 42, 43]. The conversion of p-cresol on ZrO, and
TiO, supported Ni,P catalysts was lower, probably
because the specific surface area and pore size were
relatively small, which was detrimental to the diffu-
sion of the reactants and the contact of the reactants
with the active center.

The selectivity of the BTX product is as follows: NiyP/
5i0,-3 > Ni,P/TiO; > NipP/5i0,-1 > NiyP/Si0,-
2 > Ni,P/ZrO; > NipyP/Al;,O3. Oyama and Lee [47]
and Seo et al. [48] concluded that the active phase
Ni,P exhibited two crystal structures: The Ni(1) site
was quasi tetrahedral surrounded by four nearest-
neighbor P atoms, and Ni(2) site was square pyra-
midal surrounded by five nearest-neighbor P
atoms. It indicated that the smaller particle size of
Ni,P depended on the larger number of Ni(2) sites;
conversely, the larger particle size of Ni,P depen-
ded on the larger number of Ni(1) sites. Moreover,
the study also found that the Ni(1) site was prone to
Caromatic—S bond cleavage, while the Ni(2) site was
prone to hydrogenation saturation of aromatic ring
in HDS of 4,6-dimethyldibenzothiophene.

Wu et al. [7] also obtained the similar rule in the
study of hydrodeoxygenation of guaiacol in NiP
catalysts supported on different supports. Since
Ni,P/5i0, had smaller grain size than Ni,P/ZrO,
and Ni,P/ALO;, the DDO and DMO reaction paths
dominated during the hydrodeoxygenation process
of guaiacol. Comparing the particle size of the Ni,P

catalyst on each support in Table 1, the order of the
number of Ni(2) active sites is Ni,P/TiO, > Ni,P/
SiOZ-Z > NIzP/SlOz-l > leP/A1203 > leP/ZI‘Oz
> Ni,P/Si0O,-2. Therefore, under the catalysis of
Ni,P/TiO;, and Ni,P/SiO,-3, the tendency of C-O
bond cleavage during the hydrogenation of p-cresol
was enhanced, and the selectivity of DDO reaction
path is increased, resulting in high selectivity of
BTX products in the products. Ni,P/SiO,-2 with a
smaller grain size had a larger number of Ni(1) sites,
and it was also detected to have the active center of
metallic nickel (XRD and TPR results), which toge-
ther promote the HYD path, resulting in a saturated
product predominating. Although the conversion
of Ni,P/Al,O3 was high, the content of toluene and
methylcyclohexane in the product is less, which
may be due to the strong acidity of the carrier to
produce by-products such as phenol, benzylben-
zene and the like.

The fresh Ni,P catalyst supported on six different
supports was used to carry out the hydrodeoxy-
genation of p-cresol at a reaction temperature of
330-390 °C, a reaction pressure of 2 MPa, an LHSV of
0.5h™! and a hydrogen-to-oil ratio of 600:1. The
conversion and TOF are calculated and presented in
Fig. 6. As the temperature increasing, the conversion
rate on each catalyst increased, and the highest
reaction conversion rate was exhibited at 390 °C.
Compared with Ni,P/SiO,-3, TOF value calculated
by the distribution of nickel over Ni,P/SiO,-2 was
lower at each temperature, probably because of the
active center of metallic nickel whose intrinsic
hydrogenation activity was weaker than that of Ni,P.
However, its conversion of p-cresol over Ni,P/SiO,-2
was higher, indicating that the dispersion of the
active center had a significant effect on the specific
activity [34]. The same performance also occurs
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Figure 6 Conversion and TOF on catalysts with different supports (pressure = 2 MPa, LHSV = 0.5 h™).

between TiO, and ZrO,: ZrO, has a lower TOF but a
higher reaction conversion effect.

The selectivity of the main products about toluene
and methylcyclohexane is shown in Fig. 7. As the
reaction temperature increased from 330 to 390 °C,
the conversion of toluene almost increased slightly.
However, the conversion of methylcyclohexane on
catalysts supported on SiO,-1 and ZrO, increased,
but in particular, the conversion on Ni,P/SiO,-2 with
the reaction temperature above 350 °C and Ni,P/
Al,O5; with the reaction temperature above 370 °C
had a great decrease from 39.8 to 36.6% and 35.4%
and 33.1%, respectively, which may be mainly due to
the fact that the more acidic catalyst promoted the
side reactions such as dealkylation at high tempera-
tures. The selectivity of toluene over Ni,P on SiO,-2,
Si0,-2, Si0,-2, Al,O3, ZrO, and TiO, increased from
50.6 to 55.1%, 45.2 to 46.4%, 66.6 to 71.8%, 27.0 to
28.3%, 32.5 to 38.1% and 61.1 to 64.7%,respectively. In
contrast, the selectivity of methylcyclohexane
decreased with increasing temperature. DDO and
HYD are simultaneously competitive mechanisms, so
the distribution of the reaction product has a great
influence on the reaction temperature as well as the
catalyst. In fact, the result of theoretical calculations is
that the bond strength of C,omaic—H bond is
84 kJ/mol higher than that of the Cgjiphatic—OH [46].

@ Springer

Although the high reaction temperature allowed both
DDO and HYD paths to be enhanced at the same
time, it is more favorable to the selectivity of the DDO
reaction path. Thus, as the temperature increased, the
conversion of cyclohexane increased first, possibly
due to a obvious increase in the conversion of the
reactants. However, the selectivity of cyclohexane
continued to decrease, indicating that the high reac-
tion temperature enhanced the competitiveness of the
DDO pathway.

Performance of hydrodeoxygenation on crude phenol
extracted from coal tar

The components of the crude phenol mixture
extracted from coal tar are mainly phenol and 2-,4-
methylphenol, as well as a small amount of
dimethylphenol and ethylphenol and very tiny
amount of trimethylphenol. The specific composition
was analyzed by GC-MS, and the results are shown
in Table 4.

Hydrogenation experiments were carried out with
Ni,P/5i0,-3 under 370 °C, and gas and liquid reac-
tion products were collected after 6 h. The feedstock
oil was hydrogenated to obtain about 62 mL oily
organic product and about 8 mL water. The amount
of gaseous product was less than 2% with very little
methane and ethane, mainly due to the fact that the
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Figure 7 Selectivity of main products toluene and methylcyclohexane on catalysts with different supports.

acidity of this catalyst was very weak. As seen from
Table 5, after the hydrogenation reaction, the phenol
content and oxygen content of the raw materials were
decreased from 98.8 to 12.4% and 12.9 to 1.48%,
respectively, indicating that the catalyst had an
obvious effect of oxygen removal. Comparing the
content of phenol, benzene and cyclohexane before
and after the reaction, it indicated that dealkylation
and alkylation reactions occur in addition to the
removal of oxygen atoms in the hydrogenation pro-
cess. The total selectivity of the BTX product was
77.3%, confirming that the catalyst also had high
selectivity of BTX product for real phenol-containing
oils.

Concluding remarks

In this paper, we investigated the effect of five dif-
ferent supports on the selectivity of the
hydrodeoxygenation pathway for p-cresol over sup-
ported nickel phosphide catalyst. Each -catalyst
formed a Ni,P active phase through the reduction
process, but the Al,O; and ZrO, catalysts also had a
Ni;,P5 phase which was not completely converted.
Compared with S5i0,-2, 5i0,-3 and SiO,-1 performed
higher intrinsic activity at a reaction temperature of
370 °C with LHSV of 0.5 h™", but SiO,-2 was detected
to have a smaller grain size and a higher degree of
active phase dispersion, resulting in a higher specific
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Table 4 Main components of crude phenol and products of
hydrodeoxygenation determined by GC-MS

Feed Product

Phenol 17.75 3.21
o-cresol 17.39 2.17
p-cresol 35.41 4.00
2,6-Xylenol 3.32 0.75
o-Ethylphenol 3.94 0.53
3,4-Xylenol 8.84 0.76
2,3-Xylenol 7.68 0.66
p-Ethylphenol 1.93 0.11
2,5-Xylenol 1.63 0.20
Trimethylphenol 0.87

Cyclohexane 5.58
Benzene 14.81
Methylcyclohexane 11.36
Toluene 34.34
Ethylcyclohexane 1.62
Ethylbenzene 4.12
Xylene 10.83
Dimethylcyclohexane 4.11
Trimethylbenzene 0.44

Table 5 Properties of materials before and after hydrogenation

Raw material Product
The amount of material (mL) 60 67.6
Oxygen content (%) 12.9 1.48
Phenol content (%) 98.8 12.4
Phenol conversion (%) 87.6
Selectivity of BTX (%) 73.7

activity. The active phase of nickel phosphide in
Al,O3 and ZrO, contained Ni;,P5 which shown lower
hydrodeoxygenation activity in addition to Ni,P,
resulting in a lower conversion of p-cresol than that
of silica support. The hydrodeoxygenation process
followed the competitive DDO and HYD reaction
pathways, and the corresponding products were
toluene and methylcyclohexane, respectively. The
selectivity of toluene in the products of S5iO,-2 and
TiO, catalysts was higher, probably because the
formed Ni,P was mainly in Ni(1) form with larger
particle size, which was beneficial to the DDO reac-
tion path. The SiO,-2 catalyst used for hydrodeoxy-
genation of crude phenol mixture extracted by coal
tar obtained a high yield of BTX product.

@ Springer
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