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Hydrodeoxygenation of Phenol as a Model Compound
by Ni.P/HBeta-SBA-15

Jiao Jiang,? Shurong Wang,? Jin Li,** Yang Cao,” Shiyun Zhou,? Mingyuan Gao,?and
Boheng Tang?

The stable silica sieve-based HBeta-SBA-15 catalyst-carrier was
successfully prepared by a hydrothermal synthesis method, and then
Ni2P/HBeta-SBA-15 new hydrodeoxygenation catalyst was successfully
loaded by the equal volume impregnation method. It was characterized by
X-ray diffraction (XRD), N2 adsorption-desorption, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and
pyrolysis-infrared (Py-IR) methods. The results showed that SBA-15 was
successfully immobilized on HBeta to form a microporous and
mesoporous composite carrier. The introduction of SBA-15 not only
increased the specific surface area of HBeta-SBA-15, but also reduced its
acidity. After loading the active metal component NizP, the structure of the
catalyst has not changed much. Hydrodeoxygenation (HDO) of phenol
model compounds over Ni-P/HBeta-SBA-15 catalyst was studied in water.
The response surface analysis showed that the conversion of phenol was
84.4% and the selectivity of cyclohexane was 94.2% at a lower
temperature of 240 °C. The effect of reaction conditions on the yield of
cyclohexane was as follows: the reaction temperature > the amount of
hydrogen > the amount of catalyst > the reaction time. This study provides
theoretical guidance for upgrading biomass pyrolysis oil to green fuel
through hydrodeoxygenation.
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INTRODUCTION

With the rapid development of the economy, the global energy demand is also
increasing, and the shortage of oil resources has become an inevitable problem. The
development of alternative fuels has always been the focus of attention, and biofuel
produced from renewable lignocellulose biomass is a promising alternative energy source
(Xiu and Shahbazi 2012; Yogalakshmi et al. 2022). Biomass pyrolysis oil is a liquid
product obtained after catalytic pyrolysis of biomass; however, the quality of the pyrolysis
oil is greatly affected because of its complex composition of oxygen-containing
compounds, such as phenols, ketones, acids, etc., with a total oxygen content of about 50%
(Wang et al. 2013). Therefore, the study of deoxidation of pyrolysis oil to obtain higher
quality liquid fuel is important. Using a hydrogenation catalyst to eliminate the oxygen
content in pyrolysis oil under high hydrogen pressure has been widely studied, and
hydrodeoxygenation (HDO) is considered as the most efficient method to improve the
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quality of biomass pyrolysis oil (Zhang and Zhang 2019; Qu et al. 2021; Geng and Li 2022;
Wei et al. 2022).

In recent years, bifunctional catalysts, especially those supported by non-noble
metals, have been widely used in hydrodeoxygenation of biomass oil. Molecular sieve-
based solid acid is often used as a carrier because of its good pore structure and adjustable
acidity. Phenols are one of the main reasons for the instability of bio-oil, and they are also
the most difficult compounds to handle in bio-oil upgrading, so they have been widely
studied. Shafaghat et al. (2016) used a bifunctional metal/acid catalyst NiFe/HBeta to
hydrodeoxygenate a simulated phenolic bio oil composed of phenol, o-cresol, and guaiacol.
The maximum catalytic activity and hydrocarbon selectivity were observed at 300 °C, and
its selectivity for oxygen free products was 53.6 wt%. Oh et al. (2017) concluded that for
HDO of heavy oil, Ni supported on mesoporous silica supports (SBA-15 and Al-SBA-15)
showed higher activity than that supported on activated carbon. Yu et al. (2021) prepared
different Ni/P molar ratios to study the overall kinetics of phenol HDO and found that Ni2P
can lower the activation energy of phenol hydrogenation reaction. When HDO of m-cresol
as a model compound was studied, the results showed that Ni2P/SiO2 catalyst was more
favorable to the hydrogenolysis of C-OH bond than the metallic Ni/SiOz catalyst. At 250
°C for 4 h, the selectivity of Ni2P/SiO2 to methylcyclohexane was 96.3%, and m-cresol was
completely converted (Zhu et al. 2023).

Therefore, this study investigated the HDO experiment of phenol as a model
compound with Ni2P/HBeta-SBA-15 new catalyst in high-pressure reactor using water as
solvent. With cyclohexane yield as response value Y, the reaction conditions of phenol
HDO were optimized by response surface methodology, and the reaction path was
analyzed. The purpose is to provide theoretical reference for the upgrading of biomass
pyrolysis oil.

EXPERIMENTAL

Materials

Nickel nitrate hexahydrate [Ni(NOs)2-6H20] (98%, Reagent Plus), ammonium
phosphate dibasic [HoN204P] (99%), tetraethyl orthosilicate [CBH2004Si] (98%) were
obtained from Guangzhou chemical reagent factory (China). Polyether P123 was
purchased from Aladdin, Shanghai, China. The HBeta zeolite (Si:Al = 25:1) was purchased
from the catalyst factory of Nankai University (Tianjin, China). Phenol [CsHsO] and
muriatic acid [HCI] (99.7%) were brought from Shanghai Macklin Biochemical
Technology Co., Ltd., China. Nitric acid [HNOs] (68%) and dichloromethane [CH2Cl2]
(99.5%) were purchased from Long Science Co., Ltd. The H2 gas and N2 used were
99.999% pure from Haikou Jiateng Chemical Gas Co., Ltd.

Synthesis of the Bifunctional Catalyst

The triblock copolymer P123 was first dissolved in a mixed solution of
hydrochloric acid and water and stirred at 38 °C for 2 h. HBeta was then added and
continued stirring for 2 h. Then, tetraethyl orthosilicate (TEOS) was added dropwise, and
stirred for 24 h. The reaction mixture was transferred to crystallization kettle and allowed
to crystallize at 100 °C for 48 h. HBeta-SBA-15 composite molecular sieve carrier was
prepared by drying at 100 °C overnight and calcining at 550 °C in a muffle furnace for 8
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h. In addition to adding HBeta, the preparation of SBA-15 was achieved following the
same steps as before.

An appropriate amount of (NH4)HPO4 and Ni(NO3)2-6H20 with a Ni/P molar ratio of
1:1 was dissolved in water, and HNOs solution was added dropwise. The impregnation
solution was then added dropwise onto the carrier HBeta-SBA-15, stirred at 38 °C for 12
h, and dried at 100 °C for 12 h. It was then calcined in a muffle furnace at 500 °C for 4 h
followed by reduction at 600 °C under Hz atmosphere for 2 h. The new catalyst
Ni2P/HBeta-SBA-15 was thus prepared.

Catalyst Characterization

The diffractometer (D8 Advance, Bruker, Karlsruhe, Germany) was used for the
X-ray diffraction (XRD) measurement at 40 KV, 30 mA, large angle of 5° to 60°, and test
speed of 8 (°)/min. Scanning electron microscope (JSM7601F) was used to determine the
morphology and structure of the catalyst. Transmission electron microscope (Tecnai G2
F20 S-Twin, Hillsboro, OR, USA), whose accelerating voltage is 200 KV. The Brunauer—
Emmett-Teller (BET) surface area was measured by nitrogen adsorption-desorption
isotherm at 473 K via specific surface area and pore analyzer (ASAP248, Micromeritics,
Atlanta, GA, USA). The catalyst was vacuum-treated at 350 °C for 2 h using pyridine in
an infrared absorption tester (PE FT-IR Frontier, Waltham, MA, USA), and the saturated
vapor of pyridine was adsorbed at room temperature for 30 min. The temperature was
programmed to 200 °C to desorb pyridine, and then to 350 °C to complete the desorption
of pyridine.

Catalytic HDO and Product Analysis

The experiment was conducted in a high-pressure hydrogenation reactor with an
internal volume of 150 mL. A total of 2 g phenol, Ni2P/HBeta-SBA-15 new catalyst, and
30 g water were taken in the reactor. After the reaction mixture was cooled, the liquid was
removed by centrifugation, and the liquid product was collected and sampled. All
experiments are repeated thrice to ensure the reliability of the experimental data. The data
shown in this paper is the average of the three times measurements.

The Design-Expert 8.0.6.1 (Stat-Ease, Minneapolis, MN, USA) program was used
to optimize the reaction conditions of phenol hydrodeoxygenation. Gas chromatography-
mass spectrometry (GC789A/MS5975; Agilent Technologies, Santa Clara, CA, USA) was
used to determine the composition and relative content of hydrodeoxygenation liquid. The
chromatographic conditions used were as follows: HP-5 chromatographic column (30 m x
0.25 mm x 0.25 pm), inlet temperature 525 K, programmed temperature to 323 K,
residence time 5 min, temperature reduced to 373 K at 10 K/min, and residence time 20
min. The split ratio used was 20:1, and the flow rate of carrier gas (nitrogen) was 1 mL/min.
The transmission line temperature was 543 K, the mass scanning range was 20 to 500 m/s,
the detection voltage was 0.9 KV, and the data acquisition time was 4 to 47 min. The phenol
conversion (C), product selectivity (Sproduct), and cyclohexane yield (Yo) were analyzed
from the experimental results of the liquid product after the reaction as follows:

Moles of reactants
c)=(1- ) x 1009 1
( A)) Moles of reactants loaded initially % ( )
Moles of product
S %)= ) ¥1009 2
product ( A)) Moles of reactants converted /o ( )

YO (%):(CXScyclohexane) x100% (3)
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RESULTS AND DISCUSSION

Effect of Different Ni2P Loadings on Phenol Hydrodeoxygenation

Figure 1 shows the effect of catalysts with different Ni2P loadings on phenol
catalytic reaction, in which the main hydrocarbon product was cyclohexane. Therefore, the
deoxidation effect of catalyst on phenol can be studied from the yield of cyclohexane.
Figure 1 shows that the selectivity of cyclohexane decreased from 94.3% to 82.2% with
the increase of loading. Although the conversion rate of phenol was the highest at 30%
loading, a considerable part of it was converted into cyclohexanone, and the deoxidation
effect decreased. Considering the conversion rate of cyclohexane, the yield of cyclohexane
decreased with increased loading. Therefore, because 15% Ni2P/HBeta-SBA-15 gave rise
to excellent catalytic performance for phenol, this level was selected for the subsequent
characterization of this catalyst and the optimization of the experimental conditions for
hydrogenation and deoxidation.
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(Reaction conditions: phenol 2 g, water 30 g, catalyst 0.2 g, reaction temperature 220 °C, reaction
time 4 h, and Hz pressure 2 MPa)

Fig. 1. Catalytic effects with different loads of Ni2P on phenol

Characterization Results of Catalyst
XRD analysis

Figure 2a shows the small angle XRD pattern for the HBeta-SBA-15 catalyst. The
plot mainly shows the diffraction peak of (100) crystal plane of SBA-15 mesoporous
material (Phan et al. 2014), indicating that the mesoporous SBA-15 was successfully
loaded onto HBeta to form a composite structure of HBeta-SBA-15 catalyst. According to
Fig. 2b, the characteristic diffraction peaks of HBeta and HBeta-SBA-15 catalyst appeared
at260=17.9°,21.6°,22.8°,27.2°, and 29.6° (Wan et al. 2009), and these characteristic peaks
were sharp and strong, while the characteristic diffraction peak signal of HBeta-SBA-15
catalyst was higher than that of HBeta. There are obvious and sharp Ni2P standard
diffraction peaks at 26 = 40.8°, 44.6°, 47.3°, 54.2°, and 54.9° in Fig. 2c (PDF#03-0953),
which shows that Ni2P active components were successfully loaded and dispersed in
HBeta-SBA-15 carrier to form a good Ni2P crystal.
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Fig. 2. (a): Small-angle XRD pattern of HBeta-SBA-15; (b): Large-angle XRD patterns of HBeta-
SBA-15 and HBeta; (c): Large-angle XRD patterns of NizP/HBeta-SBA-15

BET analysis

Figure 3 shows that SBA-15 mesoporous material had been successfully
synthesized, and its isotherm adsorption and desorption curves are typical type 1V, with
H1 hysteresis ring. However, the isothermal adsorption curve of HBeta material with 3D
twelve-ring pore structure shows type Il, which indicates that it was a microporous
material. The isothermal adsorption curve of the synthesized composite carrier HBeta-
SBA-15 shows the characteristics of type IV mesoporous material and type Il microporous
material. Combined with the corresponding pore sizes of Table 1, this material was classed
as a mesoporous and microporous material with a few micropores. Further, Table 1 shows
that when HBeta material was introduced into SBA-15 on the surface, the specific surface
area, pore volume, and pore size of the composite carrier relative to HBeta were greatly
increased. The isotherm adsorption curves of Ni2P/HBeta-SBA-15 were type Il and H3
type hysteresis loops. After loading Ni2P, the overall parameters of the catalyst decreased

slightly.

Table 1. BET Data of Different Catalysts

Catalyst Sget (M?/g) Ve (cm3/g) DgJ+ (NmM)
HBeta 246.162 0.376 1.911
SBA-15 684.466 1.229 8.944
HBeta-SBA-15 555.134 0.584 7.878
Ni.P/HBeta-SBA-15 544.300 0.435 7.400
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Fig. 3. N2 adsorption-desorption isotherms of different catalysts: (a) SBA-15; (b) HBeta; (c)HBeta-
SBA-15; and (d) Ni2P/HBeta-SBA-15

SEM analysis

Figure 4a shows the SEM micrographs of HBeta-SBA-15, and SBA-15. The
particles appeared bar-shaped under SEM (Usami et al. 2012). Figure 4a shows that HBeta-
SBA-15 samples had many worm-like domains and had aggregated into wheat-like macro
structures (Zhang et al. 2011). Therefore, SBA-15 had been successfully loaded on HBeta,
and had become HBeta-SBA-15 catalyst, which is consistent with XRD and BET results.
Figure 4b shows Ni2P/HBeta-SBA-15. The morphology of the catalyst does not change
obviously after the active component is loaded. Ni2P has good dispersion on the carrier.

o6

Fig. 4. SEM images of HBeta-SBA-15 (a); and NizP/HBeta-SBA-15 (b)
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TEM analysis

Figure 5a shows the TEM diagram of SBA-15, where SBA-15 has an ordered and
uniform mesoporous structure, and it is also a 2D hexagonal mesoporous structure (Zhang
et al. 2011; Usami et al. 2012). HBeta is a high-silicon HBeta catalyst with a 3D twelve-
membered cubic ring structure (Zhu et al. 2011; Berenguer et al. 2019). Figure 5b is the
TEM picture of HBeta-SBA-15. It can be seen from the picture that there was a two-
dimensional hexagonal pore structure on the surface of the carrier, which was the same as
SBA-15, indicating that HBeta successfully introduced SBA-15, which is consistent with
XRD and SEM characterizations. Figure 5c is the TEM picture of Ni2P/HBeta-SBA-15. It
can be seen from the picture that Ni2P was basically highly and uniformly dispersed on the
surface of HBeta-SBA-15. This is because the aggregation of Ni2P nanoparticles loaded on
HBeta-SBA-15 was inhibited, which made it better dispersed on HBeta-SBA-15 (Chen et
al. 2017). It is also apparent that the structure of Ni2P was not damaged during the loading
process.

Fig. 5. TEM images of SBA-15(a), HBeta-SBA-15(b), and NiP/HBeta-SBA-15(c)

Py-IR analysis

It can be seen from Table 2 that the acid values of Bronsted acid and Lewis acid of
HBeta catalyst were very high no matter at 150 °C or 350 °C, indicating its strong acidity.
As mesoporous SBA-15 is not acidic in itself, the acid values of Bronsted acid and Lewis
acid of HBeta-SBA-15 and Ni2P/HBeta-SBA-15 catalysts were much lower than those of
HBeta molecular sieve catalysts. However, when Niz2P was supported on HBeta-SBA-15,
the dispersed metal phosphide changed the overall acidity of the catalyst, and its Bronsted
acid value decreased slightly at 150 and 350 °C, while its Lewis acid value increased.
According to the literature, this is due to the transfer of electrons from nickel to phosphorus,
resulting in the reduction of P-OH groups and the formation of electron-deficient Ni sites
(Ni®") (Lee and Oyama 2006; Cecilia et al. 2013; Berenguer et al. 2018; Gutiérrez-Rubio
et al. 2020).
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Table 2. Lewis Acid and Bronsted Acid Values of the Different Catalysts at 150
and 350 °C

. . o . Acid Density at 350 °C
Catalyst Acid Density at 150 °C (umol-g?) (pmc?ll-g'l)
Bronsted acid Lewis acid Brénsted acid Lewis acid
HBeta 0.29040 0.31803 0.20040 0.15065
SBA-15 0.00000 0.00000 0.00000 0.00000
HBeta-SBA-15 0.10938 0.09077 0.06648 0.03732
Ni2P/HBeta-SBA-15 0.03948 0.17921 0.02788 0.07265

Response Surface Optimization Analysis of Hydrodeoxygenation Process
of Phenol Model Compounds
Response surface experimental design

In this paper, using phenol as model compound, distilled water as solvent, and
Ni2P/HBeta-SBA-15 as catalyst, the response surface methodology was used to optimize
the hydrodeoxygenation conditions of phenol. According to the design principle of Box-
Behnken, the Design-Expert 8.0.6.1 was used to determine the maximum vyield of
cyclohexane, a product of phenol hydrodeoxygenation. The variables used were reaction
temperature (A), reaction time (B), hydrogen dosage (C), and catalyst dosage (D), and the
cyclohexane yield was the response value Y. There were 29 groups in all experiments,
including 24 analysis groups and 5 error groups. Table 3 lists the test levels and codes of
the respective variables. The reaction temperature, reaction time, hydrogen dosage, and
catalyst dosage were further optimized, and the experimental sequence was randomized.
The experimental design and results are shown in Table 4.

Table 3. Experimental Factors and Levels

Factor
Code A: Temperature (°C) | B: Reaction Time (h) | C: H2 (MPa) | D: Amount of Catalyst (g)
-1 200 4 2 0.2
220 6 4 0.4
1 240 8 6 0.6

Quadratic multiple regression equation and parameter analysis

According to the Box-Behnken design mechanism, the experimental data obtained
from Table 4 were used to make multiple regression fitting between cyclohexane yield (Y)
and variables (reaction time, reaction temperature, hydrogen dosage, catalyst dosage) using
Design-Expert 8.0.6.1 software (Abdulgader et al. 2019), and a quadratic multinomial
model regression equation was obtained. The sign of each coefficient before the variable
of the equation indicated synergistic effect and antagonistic correspondence respectively,
Eq. 4 as follows:

Y =61.23+3.01A +1.23B - 2.30C + 1.51D + 0.89AB + 0.25AC + 0.033AD -
0.83BC - 0.013BD - 0.64CD + 1.43A%- 0.15B2- 1.38C?- 1.51D? 4)
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Table 4. Design and Results of Experiment

Factor Coding Value
Number Cyclohexane Yield Y (%)
A B C D
1 -1 -1 0 59.23
2 1 -1 0 0 63.56
3 -1 1 0 0 60.15
4 1 1 0 0 68.04
5 0 0 -1 -1 61.37
6 0 0 1 -1 58.33
7 0 0 -1 1 65.61
8 0 0 1 1 60.02
9 -1 0 0 -1 56.62
10 1 0 0 -1 62.82
11 -1 0 0 1 59.57
12 1 0 0 1 65.74
13 0 -1 -1 0 63.07
14 0 1 -1 0 66.79
15 0 -1 1 0 59.85
16 0 1 1 0 60.27
17 -1 0 -1 0 63.47
18 1 0 -1 0 68.72
19 -1 0 1 0 58.35
20 1 0 1 0 64.61
21 0 -1 0 -1 56.41
22 0 1 0 -1 59.04
23 0 -1 0 1 59.59
24 0 1 0 1 62.17
25 0 0 0 0 61.25
26 0 0 0 0 60.84
27 0 0 0 0 61.51
28 0 0 0 0 61.78
29 0 0 0 0 60.79

Figure 6 indicates the experimental value and predicted value of cyclohexane yield
optimizations of phenol hydrodeoxygenation product under different parameter variables.
It can be seen that the actual cyclohexane yield was close to the predicted value, which was
judged to be suitable for the further exploration of optimization experiment.

R analysis of model variance

As shown in Table 5, the coefficient of variation (CV%) of cyclohexane yield in
this experiment was 0.65% < 10%, which indicates that the model achieved good accuracy
and reliability. Because CV% reflects credibility, a lower value results in a higher
credibility. The R? value of cyclohexane yield was 0.9919, and the closer R? value to 1,
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further indicates better fitting degree of the model. The signal-to-noise ratio can show the
average prediction error (Hosseinpour et al. 2020), with its lower limit of 4, while the
experimental value was 29.572, which shows that the designed range of the model fit well.
In summary, the model established in this experiment had good reliability and accuracy
and can be used to optimize the cyclohexane yield of phenol hydrodeoxygenation product.

T —

6400 —

Pradicted

Actual

Fig. 6. Actual and predicted values of the result for the cyclohexane yield optimization experiment

Table 5. Analysis of R? for Response Surface Mathematical Model

CV% R? AdjR? Pred R? Adeq Precision
0.65 0.9919 0.9838 0.9645 43.429

In the variance analysis of cyclohexane yield, the significance is determined by F-
value and P-value tests, as shown in Table 6. The smaller the value of P, the higher is the
significance of the corresponding variables. When P < 0.05, it is significant, and the P-
value of the Lack-of-Fit > 0.05 means insignificant, which indicates that the model can be
used for the optimal fitting of the experiment (Choudhary and Phillips 2011). The F-value
of the model was 122.79, with P < 0.0001, indicating that it had very high significance,
while the P-value of the Lack-of-Fit was 0.6329 (> 0.05), which indicates that the
corresponding variables of the model have extremely significant effects on the yield of
cyclohexane, and the difference is not significant, so the model can be used for optimal
fitting. The primary terms (A, B, C, D), the secondary terms (A?, C? D?), and the
interaction terms (AB, BC, CD) of each factor in the regression equation had a significant
influence on the yield of cyclohexane in liquid products (P < 0.05), while the interaction
terms AC, AD, BD (P > 0.05) had a significant effect on cyclohexane, which indicates that
the relationship between the four factors and the yield of cyclohexane was not a simple
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linear relationship, but displayed a nonlinear relationship. Through the above analysis and
data display, it can be concluded that the order of the four factors affecting the yield of
cyclohexane in phenol hydrodeoxygenation products is: the reaction temperature > the
amount of hydrogen > the amount of catalyst > the reaction time.

Table 6. Analysis of ANOVA for Response Surface Mathematical Model

Source Sum of Squares df Mean square F-value P-value
Model 274.32 14 19.59 122.79 < 0.0001
A 108.60 1 108.60 680.54 < 0.0001
B 18.13 1 18.13 113.61 < 0.0001
C 63.48 1 63.48 397.79 < 0.0001
D 27.33 1 27.33 171.27 < 0.0001
AB 3.17 1 3.17 19.85 0.0005
AC 0.26 1 0.26 1.60 0.2268
AD 0.0002 1 0.0002 0.0014 0.9706
BC 2.72 1 2.72 17.06 0.0010
BD 0.0006 1 0.0006 0.0039 0.9510
CD 1.63 1 1.63 10.19 0.0065
A2 13.35 1 13.35 83.66 < 0.0001
B2 0.15 1 0.15 0.97 0.3426
c? 12.39 1 12.39 77.65 < 0.0001
D? 14.87 1 14.87 93.18 < 0.0001
Residual 2.23 14 0.16
Lack of Fit 151 10 0.15 0.83 0.6329
Pure Error 0.73 4 0.18
Cor. Total 276.55 28

3D graph analysis of response surface

A three-dimensional response surface graph is a curved surface graph composed of
response value and various influencing factors, which can intuitively judge the influence
trend and change range of response value of interactions of different influencing factors
(Kadlimatti et al. 2019). It can be used in this experiment to study the influence of
interaction of various influencing factors (reaction time, reaction temperature, hydrogen
dosage, and catalyst dosage) on the yield of phenol hydrodeoxygenation cyclohexane
(Mohammed et al. 2020). Figure 7 shows the response surface of hydrodeoxygenation
parameter interaction to cyclohexane yield.

When the surface of the response surface is downward, convex and steep, or when
the surface of the response surface is upward, concave, and steep, the contour line is
elliptical, which indicates that there is a significant interaction between the two parameters,
and the yield of cyclohexane has a maximum value. Figure 7 shows that AB and BC are
concave surfaces, while the CD response surface is downward convex and steep, which
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indicates that the interaction between the two factors is significant and has great influence
on the yield of cyclohexane, and the yield of cyclohexane has an optimal value. The above
analysis is consistent with the significance presented by Table 8.
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Fig. 7. Response surface diagrams of cyclohexane yield
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Optimum phenol hydrodeoxygenation process parameters and their verification

According to 29 groups of experimental data analyzed by Design-Expert 8.0.6.1
software, the optimum technological parameters of cyclohexane yield of phenol
hydrodeoxygenation product were obtained as follows: reaction temperature 240 °C,
reaction time 8 h, hydrogen dosage 2 MPa, and catalyst dosage 0.53 g. For those conditions,
the predicted best theoretical value of cyclohexane yield was 72.64%. According to the
above optimal conditions, the average yield of cyclohexane obtained by three parallel
demonstration experiments was 71.74%, which has a small error with the theoretical
prediction optimal value, indicating that the model was accurate and reliable.

Table 7 gives the distribution of hydrodeoxygenation products of phenol under the
optimum reaction conditions. It can be seen from the table that the percent conversion of
phenol was 84.4%, the conversion of cyclohexane was 76.2%, and the selectivity was
94.15%. This excellent catalytic performance can be attributed to the high electron defect
caused by the electron transfer of Ni**(0 < a < 1) species from Ni to P and the synergistic
effect between different acidic sites in the catalyst (Berenguer et al. 2016). The new catalyst
Ni2P/HBeta-SBA-15 has a strong acid center, such that it can undergo an alkylation
reaction (Zhao et al. 2012). Therefore, phenol can undergo alkylation with the intermediate
cyclohexanol to produce bicyclic product (cyclohexylphenol). However, the higher
specific surface area and mesoporous channels are beneficial to the diffusion of the
product, which can effectively reduce the alkylation reaction between phenol and
cyclohexanol to form cyclohexylphenol, thus increasing the selectivity of cyclohexane in
the product.

Table 7. Hydrodeoxidation Products of Phenol Under Optimum Reaction
Conditions

Catalyst Product
Ni.P/HBeta- Phenol | Hexamethylene | Cyclohexanol | Cyclohexanone |Cyclohexylphenol
SBA-15 (area%) (area%) (area%) (area%) (area%)
15.6 76.2 6.21 1.67 0.3

(Reaction conditions: phenol 2 g, water 30 g, catalyst 0.53 g, reaction temperature 240 °C,
reaction time 8 h, and H2 pressure 2 MPa)

Possible reaction path of phenol hydrodeoxygenation

Generally speaking, there are two reaction paths for phenol hydrodeoxygenation:
hydrogenation-hydrogenolysis (HYD) and direct deoxygenation (DDO), and the reaction
path is shown in Fig. 8 (Massoth et al. 2006). The DDO pathway is to directly break the
C-0O bond to produce water and benzene molecules. Under certain conditions, benzene after
hydrogenation may further produce cyclohexane. When following the HYD route, the
aromatic ring in phenol is hydrogenated to cyclohexanone or cyclohexanol at first, and the
final product cyclohexane is produced by dehydration and hydrogenation.

The P species in Niz2P can combine with -OH and produce acidity, thus improving
the hydrogenation reaction of C-OH bond (Gongalves et al. 2017). Jia et al. (2022) reported
that P species also significantly enhanced the adsorption and dissociation processes of Hz,
and H* was easier to combine with P>, thus improving the interaction between active H
species (H" and H’) and C-O bond and accelerating the formation of hydrocarbons. Table
7 shows that the product produced by hydrodeoxygenation of a single phenol reactant
catalyzed by Ni2P/HBeta-SBA-15 catalyst contained 1.67% cyclohexanone and 6.21%
cyclohexanol. Therefore, the reaction path of phenol hydrodeoxygenation may be as
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follows. First, the adsorbed hydrogen dissociates at metal sites (Moon et al. 2014; Xu et
al. 2021), and then phenol is quickly hydrogenated to cyclohexanol. Then, the O atom in
C-OH is connected with the acid site, which leads to the activation of the C-OH bond, and
finally the target product cyclohexane is dehydrated at the acid site through the C-OH bond
and hydrogenated to produce cyclohexane. The HDO activity of Ni-P/HBeta-SBA-15 can
be explained as the highly dispersed active species and the acid sites of the carrier itself
enhance the hydrogenolysis ability of C-OH. Therefore, the hydrodeoxygenation reaction
path of phenol is mainly HYD path, and a small number of intermediates of phenol cannot
be completely converted during the reaction.

—Hg g

OH +H, +H,

@ +H1N—Hzn
N 0 OH

HYD
+H, +H,

Fig. 8. Main reaction paths of phenol HDO

CONCLUSIONS

1.

HBeta-SBA-15 catalyst carrier was successfully prepared by hydrothermal synthesis.
Without affecting the crystallinity of HBeta, the introduction of non-acidic SBA-15
increased the surface area and pore size of the carrier. The composite carrier, which
was mainly mesoporous and had a specific surface area of 555 m?/g, provided a
suitable space for the dispersion of the active component Ni2P, which promoted the
synergistic reaction between the active metal and the acidity.

Using phenol as substrate, the optimum conditions of cyclohexane yield of phenol
hydrodeoxygenation were determined by response surface methodology at a low
reaction temperature range of 200 to 240 °C. At a reaction temperature of 240 °C,
reaction time of 8 h, hydrogen dosage of 2 MPa, and catalyst dosage of 0.53 g, the
yield of cyclohexane was 71.74%. According to the results of experimental design and
response surface analysis, among the four factors, the reaction temperature had the
greatest influence on the yield of cyclohexane in phenol hydrodeoxygenation products.
Through the analysis of the product composition, it was concluded that the
hydrodeoxygenation reaction path of Ni2P/HBeta-SBA-15 to phenol was mainly the
HYD path. This provides a reference for the conditions required for biomass pyrolysis
oil to produce biofuel by hydrodeoxygenation.
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