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Abstract: The in-situ hydrodeoxygenation of bio-derived phenol is an attractive routine for upgrading
bio-oils. Herein, an active trimetallic Ni-Cu-Co/Al,O3 catalyst was prepared and applied in the
in-situ hydrodeoxygenation of bio-derived phenol. Comparison with the monometallic Ni/Al,O3
catalyst and the bimetallic Ni-Co/Al,O3 and Ni-Cu/Al,O5 catalysts, the Ni-Cu-Co/Al,O3 catalyst
exhibited the highest catalytic activity because of the formation of Ni-Cu-Co alloy on the catalyst
characterized by using X-ray powder diffraction (XRD), temperature programmed reduction (TPR),
N, physisorption, scanning electron microscope (SEM), and transmission electron microscope (TEM).
The phenol conversion of 100% and the cyclohexane yield of 98.3% could be achieved in the in-situ
hydrodeoxygenation of phenol at 240 °C and 4 MPa N, for 6 h. The synergistic effects of Ni
with Cu and Co of the trimetallic Ni-Cu-Co/Al,Oj3 catalyst played a significant role in the in-situ
hydrodeoxygenation process of phenol, which not only had a positive effect on the production
of hydrogen but also owned an excellent hydrogenolysis activity to accelerate the conversion of
cyclohexanol to cyclohexane. Furthermore, the catalyst also exhibited excellent recyclability and good
potential for the upgrading of bio-oils.
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1. Introduction

Biomass is one of the most abundant renewable resources on the earth. Bio-oil, produced from
biomass, is recognized as a green feedstock for the production of chemicals and fuels [1,2]. Bio-oil has
the advantages of a higher energy density than the original biomass, secure storage and transportation,
and flexible use. However, the much higher oxygen content in bio-oils results in lower heating value
and poorer stability compared to crude oil, which makes it difficult to use directly as engine fuels or
even oil additives without further upgrading [3,4]. Therefore, the study of upgrading bio-oils has
attracted much attention in recent years due to environmental and sustainable concerns. One of the
promising routines to upgrading bio-oils is catalytic hydrodeoxygenation (HDO) [4,5]. However,
the conventional HDO process needs excessive hydrogen to maintain high hydrogen pressure of
7-20 MPa [6,7], which inevitably increases the storage and transportation costs and safety risks of
hydrogen. Although the HDO process is useful, it is unfavorable for the production of fuels [8-10]
and estimated to need approximately 0.11 kg Hy/L o0il [9] by a techno-economic analyses. Therefore,
reducing external hydrogen supply, such as using in-situ generated hydrogen, might be one of the
augmented approaches for improving the economic feasibility [11]. More importantly, compared with
the conventional HDO process, the in-situ hydrodeoxygenation (in-situ HDO) process is more flexible
without the complicated equipment and suited for the distributed upgrading of bio-oils [12], which
helps to expand its industrial application.
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In recent years, the in-situ HDO has become a trend in the bio-oil upgrading research [12-15]. Fisk
et al. [12] reported that the Pt/Al,O3 catalyst had high activity for the in-situ HDO of a model bio-oil,
and after upgrading the oxygen content of the model oil decreased from 41.4 wt% to 2.8 wt%. Other
noble metal catalysts such as Pd/AC [13], RuMCM-41 [16] and Pd/C [11] also showed high activity for
the in-situ HDO of some model components in bio-oils. Feng et al. [17] reported that the in-situ HDO
process could not only reduce the usage of external hydrogen but also significantly improve the yield
of target products in the bio-oil upgrading. Xiang et al. [18] used Raney Ni and a Pd/Al,O3 catalyst in
the in-situ hydrogenation of phenol, o-cresol, and p-tert-butylphenol. They found that the activity of
the in-situ generated hydrogen from aqueous-phase reforming (APR) was different from that of H, gas
used in the hydrogenation of bio-oil. For example, the hydrogen generated from APR favored the
production of cyclohexanone, while the hydrogen from H; gas favored the generation of cyclohexanol
in the hydrogenation reaction of phenol.

Ni-based catalysts also showed excellent catalytic activity for the upgrading of bio-oils [14,19-21].
Putra et al. [14] reported phenol conversion could increase to 86.75% when in-situ glycerol aqueous
reforming and phenol hydrogenation over Raney Ni catalyst. Xu et al. [19] used Raney Ni for the
in-situ HDO of phenol and found more than 64% phenol could be converted to cyclohexanol at 220 °C.
However, they had low selectivity for some oxygen-free products. The combination with acidic sites
could help to increase its deoxygenation ratio of bio-oil. Wang et al. [22] found the total deoxygenation
ratio of bio-o0il could reach 99.6% over the ZrNi/Ir-ZSM-5 and Pd/C catalysts through in-situ HDO
by using methanol as a liquid hydrogen donor. When using Raney Ni and Nafion/SiO2 catalysts in
the in-situ hydrodeoxygenation of bio-derived phenol, the phenol conversion and the total yield of
cyclohexane can reach respectively 100% and 87%, respectively [23]. Feng et al. [15] reported that the
catalysts of Raney Ni and HZSM-5 also yielded 70-90% cyclohexanes and hydrocarbons in the in-situ
hydrodeoxygenation of biomass-derived phenolic compounds. Besides, the production of hydrogen
obtained from aqueous-phase reforming of liquid hydrogen donors also had a significant effect on the
in-situ HDO of bio-oils. Zeng et al. [16] observed that although methanol, ethanol, formicacid, and acetic
acid could generate hydrogen, the product distributions of bio-oils after upgrading were very different
due to their different productivity of hydrogen. Hence, another important strategy is to improve the
productivity of hydrogen in the in-situ HDO of bio-oils. Many researchers have focused on the effect of
liquid hydrogen donors [11,16,18] or the ratio of the hydrogen donors to phenols [13,14,22-24] on the
hydrogen availability. Unfortunately, few works have reported the effect of the multifunctional catalysts
on hydrogen production in this process. Raney Ni [14] and the monometallic Ni catalyst [24] have
an excellent hydrogen yield for the oxygenates aqueous-phase reforming. However, a considerable
amount of work [25-30] has demonstrated that the bimetallic or trimetallic catalysts have positive
effects on hydrogen production in the oxygenates reforming and inhibit the sintering of the active
phase due to their excellent dispersion and electronic properties. Also, bimetallic catalysts such
as Ni-Cu/AlI203 [31], Ni-Fe/Al203 [32,33], Ni-Fe/MCSs [34], and Ni-Co/HZSM-5 [35] had excellent
catalytic activity for converting bio-derived phenols into hydrocarbons by the conventional HDO
with external hydrogen gas. Recently, Zhang et al. [36] prepared the Cu-Ni/ZrO2 catalysts for in-situ
HDO of oleic acid to heptadecane and found the bimetallic catalysts had higher activities compared
with the monometallic Ni catalysts because of the synergistic effect between Ni and Cu alloy. These
results indicated that the use of the bimetallic or trimetallic catalysts could improve both the hydrogen
availability and the deoxygenation ratio of bio-oil in the in-situ HDO process.

In this study, a trimetallic Ni-Cu-Co/Al,O3 catalyst was prepared and applied in the in-situ
hydrodeoxygenation of phenol. Phenol derivatives comprise up 30 wt% of bio-oil [37], and therefore,
phenol is suitable as a probe molecular to understand the primary pathways of in-situ HDO reaction.
The various reaction conditions such as temperature, N, pressure, reaction time, the molar ratio
of water/methanol, and liquid hydrogen donors on the in-situ HDO reaction were studied. The
recyclability of the Ni-Cu-Co/Al,Oj3 catalyst was also tested. Furthermore, the relationships of the
structure and catalytic activity of the Ni-Cu-Co/Al,Oj3 catalyst were studied by X-ray powder diffraction
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(XRD), BET analysis, temperature programmed reduction (TPR), scanning electron microscope (SEM),
and transmission electron microscope (TEM), and the synergistic effects of Ni with Co and Cu on the
in-situ hydrodeoxygenation of phenol was discovered.

2. Results and Discussion

2.1. Structural Characterization

The XRD pattern of the fresh catalysts is presented in Figure 1. A nickel phase at 20 = 44.5,
51.8 and 76.4° (JCPDS #04-0850), and a copper phase at 20 = 43.4, 50.6 and 74.3° (JCPDS #65-9743)
were observed in 20Ni/Al and 5Cu/Al, respectively. The 5Co/Al catalyst showed a very tiny diffraction
peak attributed to Co, indicating that the Co species were highly dispersed on the surface of the Al,O3
support. In Figure 1, it is noted that the prepared 20Ni-5Co/Al catalyst exhibits a diffraction peak
similar to that of the fresh 20Ni/Al at around 20 = 44.4. However, detailed studies of the diffraction
peaks of the sample showed that it shifted towards a higher angle, indicating that a bimetallic alloy
was formed due to the incorporation of cobalt, which was different from the diffraction peaks of the
physically mixed metal samples [38]. Besides, in the 20Ni-5Cu-5Co/Al sample, the sight shift of the
diffraction peak of Ni-Cu-Co at 44.26 (111) was also noticeable, indicating the formation of trimetallic
alloy nanoparticles. A similar observation was also made by Singh et al. [39]. The diffraction peak at
44.26° corresponding to a nickel fcc phase was attributed to the Ni-Cu-Co solid solution caused by the
incorporation of cobalt and copper [40,41].
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Figure 1. X-ray powder diffraction (XRD) patterns of the fresh catalysts.

The textural properties of the fresh catalysts are summarized in Table 1. The surface area of the
Al,O3 support was 221 m?/g. After the incorporation of metal, the impregnated catalysts owned a
lower surface area due to pore blockage during metal deposition. N, adsorption-desorption isotherms
and pore size distributions are conducted to determine the structure of the samples, which is presented
in Figure 2. All the isotherms obtained for these catalysts exhibit a type IV isotherm shape. The BJH
pore size distribution (Figure 2b) indicates that the majority of pores were mesopores with pore sizes
smaller than 10 nm.

Table 1. The textural properties of the fresh catalysts.

Catalyst Surface Area Pore Volume Pore Size
m?/g cm’/g nm
ALO; 221 033 9.96
20Ni/Al 82 0.20 9.54
20Ni-5Cu/Al 80 0.18 8.71
20Ni-5Co/Al 82 0.18 8.63

20Ni-5Cu-5Co/Al 78 0.18 9.19
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Figure 2. (a) N, adsorption-desorption isotherms and (b) pore size distribution calculated from the
BJH desorption branch.

Figure 3 shows the TPR results of the fresh samples. The 20Ni/Al catalyst clearly showed multi
broad peaks at 350 °C, 550 °C, and 700 °C. The first peak was associated with the reduction of NiZ*
to Ni’, showing a weak interaction between NiO and Al,O3 support [29]. The other two peaks were
broader reduction peaks from 480 °C to 800 °C. The wideness of the peaks suggested a stronger
interaction between NiO and Al;Os3. As reported by Shi et al. [42], there were octahedrally and
tetrahedrally coordinated Ni?* in the Ni supported catalysts, and the high temperature peak at 700 °C
corresponded to the reduction of tetrahedrally coordinated Ni?* since it was less reducible than the
former. The 20Ni-5Co/Al catalyst clearly showed three distinct peaks. The reduction of Ni** to Ni’
and Co’" to Co?" were responsible for the peaks at 300-410 °C, and the second weak peak at 500 °C
corresponded to the complete reduction of cobalt [30]. For 20Ni-5Cu-5Co/Al the area of the peak
related to the reduction of tetrahedrally coordinated Ni** decreased, indicating that, for this sample,
the amount of NiAl,Oy species was decreased [42]. The TPR results implied that the addition of cobalt
and copper improved the reducibility of NiO, and hence more metallic Ni could be exposed in the
trimetallic 20Ni-5Cu-5Co/Al catalyst.
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Figure 3. Spectra of the fresh catalysts.

The SEM images of the fresh samples are presented in Figure 4 and they displayed similar
morphologies, i.e., rough surfaces and small grains. When compared with the 20Ni/Al catalysts, the
bimetallic and trimetallic catalysts showed smaller particle sizes, which showed that the addition of
Co or Cu could restrain agglomeration and promote the dispersion of the nickel species on the Al,O3

support surface.

i‘a.f’x(kd) :

——5.0pm—

Figure 4. Scanning electron microscope (SEM) images of the fresh catalysts. 20Ni/Al (a), 20Ni-5Cu/Al
(b), 20Ni-5Co/Al (c), 20Ni-5Cu-5Co/Al (d).

The TEM images and the particle size distribution for the fresh catalysts are presented in Figure 5.
The particle distribution of the 20Ni/Al catalyst was 20-40 nm. When adding Co and Cu in 20Ni/Al, the
particle distribution results indicated that it had a higher portion of smaller size in the 20Ni-5Cu-5Co/Al
catalyst, which was attributed to the geometric and stabilizing effect of these metals [43]. The addition
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of cobalt or copper may show a “dilution effect” [44] or act as an inert spacer [45] on the surface of Ni
species, forming much smaller metal alloy particles. The microstructure of 20Ni-5Cu-5Co/Al was also
characterized by high-resolution transmission electron microscopy (HRTEM) and the crystalline fringe
was measured to be 0.205 nm, which corresponds to the (111) interplanar spacing of the fcc structure
of Ni-Cu-Co [46]. These images further confirmed the formation of the Ni-Cu-Co alloy, which was
consistent with the XRD results.

Figure 5. Images of the fresh catalysts. 20Ni/Al (a), 20Ni-5Cu-5Co/Al (b—d).

2.2. Performance of Ni-Based Catalysts in the in-situ Hydrodeoxygenation (HDO) of Phenol

According to the previous studies, the in-situ HDO process of phenol includes two main reactions:
Hydrogen generation from the aqueous-phase reforming (APR) of methanol, and hydrodeoxygenation
of phenol. Ni-based catalysts had been reported of excellent activities in both methanol aqueous-phase
reforming and hydrodeoxygenation of phenols.

2.2.1. Hydrogen Production from Methanol Aqueous-Phase Reforming over Ni-Based Catalysts

The hydrogen used in the in-situ HDO, obtained from methanol aqueous-phase reforming, had
an important effect on the HDO of phenol. For the over-all methanol aqueous-phase reforming, the
hydrogen production is always accompanied by several side reactions, such as methanol decomposition,
water gas shift reaction, methanation, and F-T reactions [29]. Therefore, the hydrogen yield is highly
related to the performance of the catalysts. In order to further improve the catalytic activity and product
selectivity, the second metal such as Co or Cu was often used to add into the Ni-based catalysts to tune
surface active Ni by changing metal particle sizes or strengthen metal-support interaction. They could
help to enhance water gas shift reaction or inhibit methanation reaction for higher hydrogen yield in the
reforming reactions [26,27,29,30]. Table 2 shows the conversion and yield of gas products during the
APR of methanol over the different Ni-based catalysts. From it, for all these catalysts, only Hy, CO,, CO,
and CHjy could be detected in significant concentrations in the gas products. For the 20Ni/Al catalyst,
the hydrogen yield was about 1.05 mol/mol CH3OH and the water/methanol consumption was only
0.37, indicating that the methanol APR was part of the reaction. Besides, the amount of CO formed over
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this catalyst was more than CO,, which confirmed that it was favorable for the decomposition reaction
of methanol rather than the APR reaction itself and the decomposition reaction on Ni species was in
charge of generating more CO. After adding a small amount of Co or Cu into the 20Ni/Al catalyst, the
hydrogen yield rapidly increased to 1.31 and 1.75 mol/mol CH3OH, respectively. It was also observed
that with the 20Ni-5Cu/Al and 20Ni-5Co/Al catalyst, the water/methanol consumption increased and
the amounts of CO decreased, which implied both Cu and Co could promote the methanol reforming
and water gas shift reaction and produce more H; and CO;. Notably, CH4 due to CO or/and CO,
hydrogenation over the 20Ni/Al catalyst in the reforming was not observed in the 20Ni-5Cu/Al and
20Ni-5Co/Al catalyst, indicating that the Ni-Cu or Ni-Co alloy phase may be responsible for reducing
the effects of the methanation reaction. On the 20Ni-5Cu-5Co/Al catalyst, the H; yield was 2.15 mol/mol
CH3O0H. Such a high amount of hydrogen showed the APR reaction and water gas shift reaction may
dominate over the 20Ni-5Cu-5Co/Al catalyst, evidenced by an increase in both CO, production and
water/methanol consumption. Indeed, for the 20Ni-5Cu-5Co/Al catalyst, the adding of Co and Cu
in the Ni/Al catalyst affected in a positive way for the production of hydrogen due to the synergistic
effects of Ni-Cu-CO alloy.

Table 2. The conversion and yield of gas products during the aqueous-phase reforming of methanol
over the different Ni-based catalysts.

Sample Conversion (%) Water/Methanol Consumption Yield (mol/mol CH30H)
CH3;0OH H,O H, CcO CH,4 CO,
20Ni/Al 52 5.55 0.37 1.05 0.34 0.09 0.09
20Ni-5Co/Al 53.4 6.9 0.45 1.31 0.26 0.27
20Ni-5Cu/Al 64.1 13.5 0.74 1.75 0.17 0.47
20Ni-5Cu-5Co/Al 754 18.3 0.85 2.15 0.13 0.62

Reaction conditions: 30 g deionized water, 15 g methanol, and 0.5 g catalyst, 240 °C, 4 MPa Ny, 6 h.

2.2.2. In-situ HDO of Phenol over Ni-based Catalysts

The performances of the prepared catalysts in the HDO of phenol with H; and the in-situ HDO
of phenol with methanol are shown in Figure 6a,b, respectively. From Figure 6a, all of the Ni-based
catalysts exhibited pretty high activity in the phenol conversion. At high initial pressure of 4 MPa
H;, more than 50% phenol could yield the deep hydrogenated component of cyclohexane over these
catalysts. Especially for the 20Ni-5Cu-5Co/Al catalyst, it could produce nearly 99% cyclohexane,
showing its excellent activity for the conventional HDO of phenol. Interestingly, when the H, initial
pressure decreased to 0.5 MPa, less than 2% cyclohexane could be yielded and benzene, cyclohexanone
and cyclohexanol were the main productions. Obviously, the changes might be related to the amount
of hydrogen. The low hydrogen pressure of 0.5 MPa led to a decrease of H; solubility in the liquid
phase and stabilized the formation of cyclohexanone and cyclohexanol.

Figure 6b is the result of the performances of the prepared catalysts in the in-situ HDO of phenol
with methanol as the liquid hydrogen donor. Among the catalysts, 20Ni-5Cu-5Co/Al was the most
active and the phenol conversion was nearly 100%. In contrast, monometallic 20Ni/Al and bimetallic
20Ni-5Cu/Al and 20Ni-5Co/Al exhibited approximately the same conversions of less than 80% at the
conditions of this work. Regarding product distribution, cyclohexanol and cyclohexane were the
main products. Cyclohexanone was also detected in low amounts on some catalysts. It is important
to highlight that no benzene was formed, which showed that the direct deoxygenation of phenol to
benzene hardly occurs in the in-situ HDO process of phenol in these conditions. For the monometallic
20Ni/Al catalysts, cyclohexanol mainly formed on it and its selectivity reached 78%. However, when
adding a small amount of Co or Cu into 20Ni/Al, the selectivity of cyclohexanol decreased significantly
and more than 60% phenol was converted to cyclohexane. After both Cu and Co was added into
20Ni/Al, the phenol conversion and cyclohexane selectivity further increased and reached 100% and
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95% on 20Ni-5Cu-5Co/Al, respectively, which means the addition of Co and Cu had an essential
effect on the product distribution in the in-situ HDO of phenol. In general, there were two main
pathways of the hydrogenation of phenol [16]: One is the direct deoxygenation to benzene; the other
one is the consecutive hydrogenation to cyclohexanone, cyclohexanol, cyclohexene, and cyclohexane,
successively. Mortensen et al. [47] and Han et al. [34] quantified the rates of these steps over Ni/ZrO2
and Ni-Fe/MCSs, respectively, and found that the hydrogenation rate of cyclohexanone to cyclohexanol
was much higher than the hydrogenolysis rate of cyclohexanol to cyclohexane over these Ni-based
catalysts. Therefore, the high selectivity for cyclohexane might imply a high activity of the catalyst
in the conversion of cyclohexanol. It is worth noting that the 20Ni-5Co/Al catalyst yielded more
cyclohexane than the 20Ni-5Cu/Al catalyst, indicating Co had a higher hydrogenolysis activity.
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Figure 6. Catalytic performance of the Ni-based catalysts in the hydrodeoxygenation (HDO) of phenol
with Hj (a) and the in-situ HDO of phenol with methanol (b). Reaction conditions: (a) 3 g phenol and
0.5 g catalyst, 240 °C, 4 MPa Hj, 6 h; (b) 30 g deionized water, 15 g methanol, 3 g phenol and 0.5 g
catalyst, 240 °C, 4 MPa Ny, 6 h.

To further clarify it, the hydrogenolysis of cyclohexanol to cyclohexane on the 20Ni-5Cu-5Co/Al
catalyst was evaluated under 240 °C and 4 MPa H; and the results are summarized in Table 3.
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Table 3. The hydrogenolysis of cyclohexanol over Ni-based catalysts.

Catalysts Solvent Conversion (%) Selectivity (%)
Cyclohexene Cyclohexane

20Ni/Al None 72.4 - >99.9
20Ni/Al H,0O 48.7 - >99.9
5Cu/Al None 23.6 - >99.9
5Cu/Al H,0 14.5 - >99.9
5Co/Al None 99.1 3.7 96.3
5Co/Al H,O 90.2 22.6 77.4
20Ni-5Cu/Al H,O 53.1 - >99.9
20Ni-5Co/Al H,0 98.7 - >99.9
20Ni-5Cu-5Co/Al H,O 99.3 - >99.9

Reaction conditions: Solvent (30 g), 3 g cyclohexanol and 0.5 g catalyst, 240 °C, 4 MPa Hj, 6 h.

From Table 3, the conversion of cyclohexanol over 5Co/Al was more than 90% even in water.
However, it seemed the hydrogenation rate of cyclohexene over monometallic Co metal sites was
slower than the dehydration rate of cyclohexanol, which led to the accumulation of cyclohexene even
after 6 h. For the 5Cu/Al and 20Ni/Al catalysts, they showed much lower cyclohexanol conversion,
while both of them had higher selectivity of cyclohexane. These results implied that the hydrogenation
rates of cyclohexene in water over Ni and Cu metal sites were much faster than the dehydration rate
of cyclohexanol. Zhao [48] had investigated the detailed kinetics of cyclohexanol dehydration and
cyclohexene hydrogenation over Ni/Al,O3-HZSM-5 and they found that the hydrogenation rate of the
latter showed up nearly four times higher than the dehydration rate of the former. As a consequence,
only cyclohexane formed during the cyclohexanol hydrogenolysis reaction over the Ni or Cu catalysts.
It must be mentioned that though Cu had a weak activity for the hydrogenolysis of cyclohexanol,
once it was added to the 20Ni/Al catalyst, the yield of cyclohexane could be increased. Furthermore,
when both Cu and Co were added into the 20Ni/Al catalyst, nearly 100% cyclohexane was obtained
from cyclohexanol.

Therefore, the main reason for the high selectivity to cyclohexane on the 20Ni-5Cu-5Co/Al catalyst
in the phenol in-situ HDO could be summarized as follows: (1) The 20Ni-5Cu-5Co/Al catalyst had
a substantial effect on the amount of producing hydrogen due to the different selectivity towards
methanol decomposition reaction and the water gas shift reaction. The monometallic Ni catalyst
was favorable for methanol decomposition reaction and it also promoted CH4 formation. The
20Ni-5Cu-5Co/Al catalyst produced more hydrogen because of its excellent activity for the water gas
shift reaction. Cu and Co alloying in Ni catalyst also had a negative effect on methanation reaction
compared to 20Ni/Al Since the 20Ni-5Cu-5Co/Al catalyst had the highest amount of hydrogen among
all prepared Ni-based catalysts, it could make the converted phenol yield more cyclohexane than
the other catalysts. (2) The 20Ni-5Cu-5Co/Al catalyst had an excellent hydrogenolysis activity to
accelerate the conversion of cyclohexanol to cyclohexane because of the synergistic effect of Ni-Cu-Co.
The monometallic Co catalyst had a good activity for the hydrogenolysis of cyclohexanol. After Co
was added into 20Ni-5Cu/Al catalysts, both cyclohexanol conversion and cyclohexane yield were
significantly increased even in water. Therefore, the formation of Ni-Co-Cu alloy on 20Ni-5Cu-5Co/Al
was responsible for its high selectivity to cyclohexane in the in-situ HDO of phenol. (3) Nickel particle
size also had an essential influence on the HDO of phenol. The relatively small Ni particles were active
for a high yield of cyclohexane by increasing the deoxygenation rate [49]. For the 20Ni-5Cu-5Co/Al
catalyst, the formation of Cu-Co-Ni alloy showed a dilution effect on Ni species, resulted in smaller
particle sizes, evidenced by XRD and TEM. As a consequent, a higher yield of cyclohexane would be
achieved on this trimetallic 20Ni-5Cu-5Co/Al catalyst.
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2.2.3. Effect of Reaction Temperature and Initial N2 Pressure

The effect of temperature (120-260 °C) on the in-situ HDO of phenol at different initial N, pressure
of 1-4 MPa over the 20Ni-5Cu-5Co/Al catalyst was also investigated. As displayed in Figure 7, when
temperature increased from 120 °C to 260 °C, the phenol conversion increased and reached 52% and
100% at 1 and 4 MPa, respectively. At the lower temperature, it is unfavorable for the hydrogen
production from methanol reforming due to an endothermic reaction, resulting in insufficient hydrogen,
a lower conversion and a slower hydrogenation rate. The increase in temperature has not only an
advantage to the conversion of phenol but also the selectivity of cyclohexane. When the temperature
was lower than 180 °C, no cyclohexane could be detected in the products even in high initial pressure
of 4 MPa. However, it showed a rapidly increasing trend with the temperature increasing from 180 °C
to 260 °C, reaching 96.2% and 97.4% at 3 and 4 MPa, respectively. As mentioned previously, the
formation of cyclohexane in the hydrogenation of phenol was originally from the hydrogenolysis
reaction of cyclohexanol. Higher temperatures not only contributed to cyclohexanol transforming
into cyclohexane [34,48] but also helped the production of more hydrogen, which could promote the
hydrogenation of cyclohexene to cyclohexane. It must be mentioned that at low initial pressure, the
highest selectivity of cyclohexane was less than 25% even at the high temperature, which means that
the initial pressure is also one of the critical factors in the production distribution. High initial pressure
increased the solubility of Hj in the liquid phase, rendering more H; accessible the deep hydrogenation
reaction, ultimately achieving high selectivity of cyclohexane.
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Figure 7. Effect of temperature on the in-situ HDO of phenol at different initial N2 pressure over the
20Ni-5Cu-5Co/Al catalyst. Reaction conditions: 30 g deionized water, 15 g methanol, 3 g phenol and 0.5
g catalyst, 4 h. (a) 1 MPa initial N, pressure, (b) 2 MPa initial N, pressure, (c¢) 3 MPa initial N, pressure,
(d) 4 MPa initial N, pressure.

2.2.4. Effect of Reaction Time

The effect of the reaction time on the in-situ HDO of phenol over the 20Ni-5Cu-5Co/Al catalyst
was investigated at 240 °C and 4 MPa N, over the 20Ni-5Cu-5Co/Al catalyst. From Figure 8, the
conversion of phenol increased rapidly from 55.1% (1 h) to 99.2% (4 h) at the beginning and then slightly
increased to 100% (5 h). Moreover, the selectivity of cyclohexane improved at the cost of the selectivity
of cyclohexanol with increased reaction time. More than 95% of cyclohexane could be achieved by
increasing the reaction time to 4 h. These results indicated that cyclohexanol, as an intermediate,
would be converted to cyclohexane with prolonged reaction time. The hydrogenation rate of phenol to
cyclohexanol might be faster than the hydrogenolysis rate of cyclohexanol to cyclohexane over the
20Ni-5Co-5Cu/Al catalyst. The hydrogenolysis of cyclohexanol was the rate-determining step of the
overall reaction of phenol HDO over the catalyst with high activity for hydrogenation [34], which,
as a consequence, would lead to the high selectivity of cyclohexanol in the initial phenol conversion
process. After prolonging the reaction time, cyclohexane dominated the product distribution (95%) at
100% conversions, and cyclohexanol decreased to less than 5% selectivity eventually.
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Figure 8. Effect of reaction time on the in-situ HDO of phenol over the 20Ni-5Cu-5Co/Al catalyst.

Reaction conditions: 30 g deionized water, 15 g methanol, 3 g phenol and 0.5 g catalyst, 240 °C, 4 MPa
initial N, pressure.

2.2.5. Effect of the Molar Ratio of Water/Methanol

Figure 9 presents the effect of the different molar ratios of water/methanol on the in-situ HDO of
phenol over the 20Ni-5Co-5Cu/Al catalyst at 240 °C and 4 MPa initial N, pressure. Since the hydrogen
of the in-situ hydrogenation reaction was obtained from methanol APR, the H,O/methanol ratio had
an essential effect on the hydrogenation reaction. From Figure 9, the conversion of phenol increased
from 40.1% to 100%, with the increasing water/methanol ratio of 10:1 to 2.5:1. After further increasing
the water/methanol ratio to 1.8:1, the conversion of phenol decreased slightly. These results showed
that higher methanol concentration favored hydrogen production, thus leading to higher conversion
of phenol. However, when the methanol concentration in the reactants was too high, it effectively

competed for the active sites of the catalyst to block the access of reacted phenol, resulting in a decrease
in phenol conversion [16,22].

[ CeH. = CeH, 0 [ CeH,,0 ——CH0
100 |- -{ 100
- - ~
80 80 e
—~ A
xR c
~ 60 | 460
= o
S >
5 s
@ L 4
T 40 40 O
w
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10:1 5:1 3.5:1 2.5:1 2:1

Molar ratio of water/methanol

Figure 9. Effect of molar ratio of water/methanol on the in-situ HDO of phenol over the 20Ni-5Cu-5Co/Al

catalyst. Reaction conditions: 30 g deionized water, 3 g phenol and 0.5 g catalyst, 240 °C, 4 MPa initial
N pressure, 4 h.
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2.2.6. Effect of Liquid Hydrogen Donors

Methanol, ethanol, propanol and acetic acid were chosen as the liquid hydrogen donors and
their effects on the in-situ HDO of phenol was evaluated over the 20Ni-5Co-5Cu/Al catalyst, as
presented in Table 4. When ethanol was the liquid hydrogen donor, more than 90% conversion of
phenol and selectivity of cyclohexane were achieved. However, when acetic acid was the liquid
hydrogen donor, phenol conversion decreased to 39% under the same conditions. Meanwhile, the
selectivity of cyclohexane was less than 5% and the main products of phenol in the in-situ HDO
over the 20Ni-5Co-5Cu/Al catalyst were cyclohexanol and cyclohexanone. These results proved that
methanol and ethanol were better than acetic acid for the in-situ HDO of phenol to cyclohexane over
the 20Ni-5Co-5Cu/Al catalyst. It could be explained that the hydrogen produced by the APR of acetic
acid was insufficient, and the low hydrogen pressure stabilized the formation of cyclohexanol and
cyclohexanone intermediates, which was consistent with Tan et al.’s work [11]. Therefore, methanol is
the best liquid hydrogen donor in the in-situ HDO process of phenol under these conditions.

Table 4. Effect of liquid hydrogen donors on the in-situ HDO of phenol.

Liquid Hydrogen Donors Conversion (%) Selectivity (%)
Cyclohexane Cyclohexanone Cyclohexanol
Methanol 100 98.6 - 1.4
Ethanol 92 93.8 - 6.2
Propanol 44 11.3 15.7 73
Acetic acid 39 2.6 21.8 75.6

Reaction conditions: 30 g deionized water, 15 g liquid hydrogen donor, 3 g phenol and 0.5 g catalyst, 240 °C, 4 MPa
initial N, pressure, 4 h.

2.2.7. Recyclability

The recyclability of the sample is vital for practical industrial applications. The catalytic
maintenance of the 20Ni-5Co-5Cu/Al catalyst was also evaluated at 240 °C, 4 MPa initial N pressure
for 4 h. After the reaction, the catalyst was then separated with the assistance of a magnet, washed
with methanol several times and dried for the next cycle. Reaction results shown in Figure 10 revealed
that the 20Ni-5Co-5Cu/Al catalyst could be used at least 10 times without significant decreases in
catalytic conversion and selectivity, which indicated that the 20Ni-5Co-5Cu/Al catalyst exhibited
excellent recyclability.

80 -

:\o | —#— phenol conversion
~ —@— Cyclohexane
Z 60 |- —A— Cyclohexanol
8 f kL
[} ———— g —
2w}
kel
E - .
5 |
> ——
S 20|
o
0 " 1 n L 1
2 4 6 8 10
Number of cycles

Figure 10. The recyclability of the 20Ni-5Co-5Cu/Al sample for in-situ HDO of phenol. Reaction

conditions: 30 g deionized water, 15 g methanol, 3 g phenol and 0.5 g catalyst, 240 °C, 4 MPa initial N,
pressure, 4 h.
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3. Experimental

3.1. Catalyst Synthesis

A series of Ni-based catalysts were synthesized using an impregnation method. The monometallic
catalysts (20 wt% Ni/Al,O3, 5 wt% Cu/Al,O3 and 5 wt% Co/Al,O3), bimetallic catalysts (20 wt% Ni-5
wt% Cu/Al,O3 and 20 wt% Ni-5 wt% Co/Al,O3) and trimetallic catalyst (20 wt% Ni-5 wt% Cu-5
wt% Co/Al,O3) were prepared. Briefly, the Al,O3; support was obtained through the calcination of
pseudoboehmite precursor in the air at 550 °C for 4 h. The required amount of Ni(NO3),-6H,0,
u(NO3),-3H,0 and Co(NOs3)3-6H;0, obtained from Aladdin Industrial Corporation (Shanghai, China),
were dissolved in distilled water under ultrasound for 30 min. Then 5 g Al,O3 support was added
and mixed for 3 h using an ultrasonic mixer at 35 °C. The mixture was then dried at 100 °C for 12 h.
Next, the sample was heated for calcination from 20 °C to 600 °C in a furnace at a rate of 1 °C/min,
held at 600 °C for 5 h, then finally cooled to room temperature. Before the experiments, the catalyst
was reduced in a 5% H/95% Nj mixed gas with a flow rate of 50 mL/min at 500 °C for 5 h. The
prepared Ni-based catalysts are denoted as 20Ni/Al, 5Cu/Al, 5Co/Al, 20Ni-5Co/Al, 20Ni-5Cu/Al, and
20Ni-5Cu-5Co/Al for brevity.

3.2. Catalyst Characterization

X-ray powder diffraction (XRD) patterns of these catalysts were measured by a Rigaku
D/max2550VB3+/PC diffractometer (Rigaku International Corporation, Tokyo, Japan) using Cu K
radiation at 40 KV and 40 mA. BET surface areas and average pore size of the catalysts were carried
out by N adsorption at 77 K with a Micrometric ASAP 2020 apparatus (Micromeritics GmbH, Aachen,
Germany). Before measurements, the samples were degassed at 150 for 12 h. Temperature programmed
reduction (TPR) of the samples was done in a Micromeritics AutoChem 112920 apparatus equipped with
TCD (Micromeritics GmbH, Aachen, Germany). A 50 mg sample was heated from room temperature
to 800 °C in 10% H2/90%N2. Scanning electron microscope (SEM) images were recorded using an
FEI Quanta 200 instrument (FEI, Eindhoven, Netherlands). High-resolution transmission electron
microscopy (HRTEM) images were recorded using a JEM-2100 TEM Field Emission Electron Microscope
(JEOL GmbH, Freising, Germany).

3.3. Activity Tests

The experiments were performed in a 100 mL high-pressure autoclave. The typical experimental
conditions are as follows: 30 g deionized water, 15 g methanol, 3 g phenol, and 0.5 g catalyst were added
to the autoclave. Before the reaction, the autoclave was washed five times with 5 MPa of N, to remove
air. The autoclave was then heated to 130-250 °C and kept for 1-4 h with the stirring speed of 600 rpm.
After finishing the experiment, the autoclave was cooled to room temperature. All the gas and liquid
products were collected and analyzed by using a gas chromatography (Jingketianmei Instrument,
Shanghai, China) equipped with thermal conductivity detector (TCD) and gas chromatography
equipped with flame ionization detector (FID), respectively. The conversion of reactants, the selectivity
to liquid products, the yield of gas products were defined as follows:

(moles of reactants);, — (moles of reactants)

Conversion = out . 100%

(moles of reactants);,,
Selectivity of liquid duct. — moles of product; % 100%
electuvity orliquid product; = (moles of phenol);, — (moles of phenol) °
X moles of gas product;
Yield of gas prOduCti = Tmolesof rnethsnolin1
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4. Conclusions

In this study, we prepared a series of Ni-based catalysts for the in-situ HDO process of
biomass-derived phenol to cyclohexane. The trimetallic 20Ni-5Co-5Cu/Al catalyst presented the
highest activity compared to the other monometallic catalysts or bimetallic catalysts. The phenol
conversion of 100% and the cyclohexane yield of 98.3% could be obtained in the in-situ HDO of phenol
at 240 °C and 4 MPa initial N; pressure. The high catalytic activity of the 20Ni-5Co-5Cu/Al catalyst
could be attributed to the formation of Ni-Cu-Co alloy, which had the strong positive synergistic effects
on the generation of hydrogen from the methanol aqueous-phase reforming and hydrodeoxygenation
of phenol. The catalyst also showed excellent recyclability and exhibited good potential for upgrading
the bio-oil to reduce the oxygen content by the in-situ hydrodeoxygenation.
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