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Abstract

The Ni-Nb2Os nanocatalysts have been prepared by the sol-gel method, and the catalytic
hydrodeoxygenation (HDO) performance of anisole as model compound is studied. The
results show that Nb exists as amorphous Nb20Os species, which can promote Ni
dispersion. The addition of Nb2Os increases the acidity of the catalyst. However, when
the content of niobium is high, there is an inactive Nb-Ni-O mixed phase. The size and
morphology of Ni grains in catalysts are different due to the difference of Nb/Ni molar
ratio. The NiogNbo1 sample has the largest surface area of 170.8 m?-g”' among the
catalysts prepared in different Nb/Ni molar ratios, which is mainly composed of spherical
nanoparticles and crack pores. The HDO of anisole follows the reaction route of the
hydrogenation HYD route. The NiogNbo.1 catalyst displayed a higher HDO performance
for anisole than Ni catalyst. The selectivity to cyclohexane over the NiggNbo 1 sample is
about 10 times that of Ni catalyst at 220 °C and 3 MPa H.. The selectivity of cyclohexane
is increased with the increase of reaction temperature. The anisole is almost completely
transformed into cyclohexane at 240°C, 3 MPa H2 and 4 h.

Keywords: Hydrodeoxygenation (HDO) - catalysts - Ni-Nb2Os - sol-gel method - Anisole

1. Introduction

Under the dual pressure of energy shortage [1-13] and environmental deterioration
[14-29], the safe environmentally friendly and renewable fuels like hydrogen [30,32],
biofuel, et al. are pursued [32-35]. Exploiting nature's abundant renewable carbon
resources in nature can reduce society's dependence on non-renewable fossil fuel
reserves [36-38]. Biomass is a rich renewable carbon resource [39-40]. Biomass can be
used in many ways, such as direct combustion, straw returning to the field, compression
molding, composting to produce biogas fertilizer, etc. [41-44]. However, these forms of
utilization are low efficiency and one-dimensional. Researchers have found that bio-oil
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produced by pyrolysis can be used as an alternative fuel for gasoline and diesel for the
past few years, and can also reduce carbon dioxide emissions and promote carbon
neutrality [43,45]. Bio-oil has a great development potential and will become an
important part of energy in the future [46]. But bio-oil contains high oxygen content (40%
~ 50% by mass fraction), and is composed of phenols, esters, furans, ketones and other
compounds. Compared with traditional fossil energy, bio-oil has many problems, such as
very complex chemical composition, high oxygen content, unstable properties, low acid
value, low calorific value, corrosive to equipment and so on [47-48]. So it should not be

used directly (e.g. as fuel) before its quality upgrade is further improved [49].

Hydrodeoxidation (HDO) is one of the important methods to improve the quality of
bio-oil, and includes two aspects: hydrogenation and deoxygenation. The calorific value
of bio-oil is increased by reducing oxygen content and saturating most aromatic
compounds and alkenes [50]. Catalytic hydrodeoxidation (CHDO) is to remove oxygen
selectively from bio-oil under mild reaction conditions by adding efficient catalysts, so as
to obtain higher purity fuels or chemicals. Recently, CHDO has become a hot topic in the
field of biomass energy, especially the mechanism of CHDO and the preparation of the
efficient catalyst. The mechanism of CHDO was studied mainly through model
compounds of bio-oil, including the relationship between the structure of catalyst and
hydrodeoxidation performance of model compounds, and the reaction pathway of model
compounds were discussed. Frequently, selected model compounds contain aldehydes
(-CO), methoxyl (-OCHs) and phenolic hydroxyl (-OH) groups such as phenol, anisole,
cresol, guaiphenol, vanillin and so on. Related studies show that the main ways of
hydrodeoxidation of model compounds are HYD (hydrogenation), DDO (direct
deoxidation), TMA (methyl transfer) and so on [51-53].

Many kinds of catalysts have been researched for CHDO, including precious metals
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[54,55], transition metal [56-58],metal carbide [59], metal phosphates [60] and
bifunctional catalysts [53]. Bifunction catalysts contain two types of catalytic active
centers: metal center and acid center. The metal center is the active center for
hydrogenation sites, while the acid center is the active center for deoxygenation sites.
They can convert oxygenated compounds directly into alkanes. Among hydrogenated
metals, Ni is relatively cheap compared with precious metals, and is considered to be a
very effective species, with high activity, no pollution, not easy to be deactivated and
other advantages [61]. The effective combination of acidic site with hydrogenated metals
can enhance HDO activity. Acidic materials are used to provide acidic sites, such as
acidic molecular sieve, ZrO., Al203, TiO2 and other acidic materials have been widely
used to construct dual-function deoxidation catalysts [62-63]. However, the water
generated by hydrodeoxygenation will poison the surface acidity of the solid acid and

lead to the deactivation of the catalyst.

Niobium containing materials with both Bronsted and Lewis acid sites have attracted
extensive attention in the solid acid catalyst field because of their good water resistance
and thermal stability [64], and can easily catalyzed esterification, hydrolysis and other
important reactions, so they are widely used in organic synthesis [65]. In addition,
bifunctional catalysts constructed from niobium materials have been successfully applied
in field of biomass catalytic conversion. For example, Nb20Os is used for the deoxidation
of fatty acids, and sorbitol is converted into hexane by NbOPO4, achieving better
deoxidation effects [66]. Although, in previous work, there were many reports on the
advantages of bifunctional catalysts constructed by niobium-based materials and
precious metals for bio-oil, such as good catalytic performance, stability and high
selectivity [67], there were few reports on the efficient hydrocarbon production of

bifunctional catalysts constructed by niobium based materials and transition metals
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instead of precious metals in bio-oil system.

In this study, a kind of bifunctional Ni-Nb2Os catalyst was designed by sol-gel
method for the hydrodeoxidation of anisole. The morphology and structure of the catalyst
were analyzed, and the effects of reaction conditions on hydrodeoxidation performance
were investigated. Nb/Ni ratios had a greater influence on the structure and catalytic
activity of catalysts. After this, the stability of Ni-Nb2Os was further studied, and the

catalytic reaction pathway of anisole was proposed.

2. Experimental
2.1 Catalyst Preparation

Unsupported NiINbO composite oxide precursor was prepared by the sol-gel method
and then Ni-Nb catalyst was obtained by hydrogen reduction. The process can be briefly
stated as follows: 10 mmol citric acid (1.92 g) and a certain amount of Ni(NO3)2:6H>0
was dissolved in 20 mL of 80% ethanol solution, denoted as solution 1. A certain amount
of niobium (V) oxalate hydrate was dissolved in 10 mL water, denoted as solution II.
Then solution T and solution I were mixed evenly, denoted as solution I, where the
molar mass of (Ni+Nb) was 10 mmol, of which Nb was 0.05 mmol, 0.1 mmol, 0.2 mmol
and 0.3 mmol, respectively. The mixture was heated and evaporated in a water bath at
80°C, and the complex was polymerized to form viscous colloid. Then, the wet gel was
obtained by ultrasound for 15 min. The xerogel was obtained by drying wet gel at 110 °C
for one hour, and programmed calcine (heating procedure: 2°C-min-' to 180°C for 2h, and
then 5 °C-min”' to 500°C for 5h) to obtain the unsupported Ni-Nb-O composite oxide
precursor, which is expressed as Ni1.xNbxO (x=0.05,0.1,0.2,0.3). Finally, it was placed in
the tube furnace for reduction under 450°C for 5 h in 10 %(vol) Ha/Ar atmosphere, to get

the Ni-Nb catalyst, denoted as Nii- xNbx.
2.2 Characterization of Catalysts
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The X-ray powder diffraction (XRD), transmission electron microscopy (TEM),
scanning electron microscope (SEM), NH3-TPD, X-ray photoelectron spectroscopy (XPS)
and N2 adsorption-desorption analysis were used to characterize the powdered catalysts.
A JEOL JE-2100 electron microscope at 200 kV acceleration voltage was used to obtain
TEM images. The N2 physical adsorption-desorption measurement was conducted with
Kanta nova1200e instrument. The BET surface, pore volume and pore size distribution
were estimated through Barrett-Joyner-Halenda (BJH) models. XPS analysis were
investigated by employing an ESCALAB250XL (Thermo VG, USA) spectrometer.
NH3-TPD analysis and H2-TPR analysis were performed on an AutoChem1 I 2920
analyzer. The SEM (Nova450 from FEI Co.) and energy dispersive X-ray (EDX) analyzer
were used to analyze and characterize the morphology and structural composition of the
catalysts.

2.3 Catalytic Activity Tests

Using anisole, a typical oxygen-containing compound of bio-oil, as raw material, the
catalytic hydrodeoxygenation reactions were carried out in a 50 mL stainless steel
reactor (Beijing Shiji Senlang Experimental Instrument Co., Ltd). Typically, catalyst (0.1 g)
and anisole (13.9 mmol) were loaded into an autoclave reactor with n-dodecane (15 mL)
as the solvent. First, Ar gas was passed into the reactor to replace the air three times to
exhaust the air in the kettle. Then, hydrogen was introduced to replace the argon gas in
the reactor twice. Subsequently, hydrogen was filled with the set pressure (1-3 MPa), the
stirring speed was adjusted to 700 RPM, the reaction temperature was set in the range
of 200-250°C, and the reaction temperature was maintained for a period of time (1-6 h).
After the reaction was completed according to the set time, the reactor was cooled down
to room temperature, and the products were removed and filtered through a 0.22um

nylon filter, and then analyzed.
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2.4 Product Analysis

GC/MS (Agilent 7890A/5975C) was used for qualitative analysis of the product, with
HP-5 MS column (50 m x 0. 25 mm x 0.25 ym). The temperatures of the injection port
and detector were 260°C and 280 °C, respectively. The heating program was that the
initial column temperature was set at 40°C for 2 min, and then heated to 240°C at a rate of
20 ‘C-min" for 5 min. The quantitative analysis of the products was implemented by gas
chromatography (GC, Agilent 7890, FID), and the chromatographic column was HP-5

column. The conversion of reactant, the selectivity and yield of products were calculated

by Egs. (1-3):
Conversion(%) = (anisole'™ — anisole®*t)/anisole™ x 100 (1)
.. __ produced moles of specific component
Selectlvlty(%) - consumed moles of anisole X100 (2)
Yield(%) = Conversion(%) X Selectivity(%)/100 (3)

3. Results and Discussion
3.1 Catalyst characterization
(1) XRD

Fig.1(a) shows the XRD patterns of NixNb1xO mixed oxide precursor after
calcination. All the NixNb1xO oxide samples showed the (111), (200), (220), (311) and
(222) typical reflections of NiO (JCPDS 89-7130), close to 26 =37.2°, 43.2°, 63.0°,
75.2°and 79.2°. As the amount of Nb in the sample is increased, a low-intensity and
wide-range background peak (local magnification) at around 26° is ascribed to the
amorphous niobium oxides [68]. Nio.7Nbo.3O sample shows the peaks at 20 of 35.2°,
40.8°, and 53.5°, which are attributed to the mixed phase of Ni-Nb-O [69]. It was reported
that when Nb in the sample is low, niobium is mainly in the form of amorphous Nb2Os
phase, but when Nb in the sample is high, it will form the mixed phase of Ni-Nb-O (e.g.
NiNb2Os, NisNb2Os, etc.).The presence of the mixed phase results in a reduced catalytic

activity [70,71].In addition, the hydrated niobic acid (Nb2Os-H2>O) only showed
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amorphous broad peaks and did not transform into crystalline Nb>Os after calcination at
500°C.

According to Fig.1(b), all Ni-Nb samples showed the characteristic peaks of Ni
crystal phase after hydrogenation (PDF04-0850). The diffraction peaks at 44.5°, 51.8°
and 76.5° correspond to the (111), (200) and (220) crystal faces of Ni, respectively.
However, there is also the mixed phase of Ni-Nb-O in the sample of Nio.7Nbo 3, indicating

that the mixing is relatively stable and not easy to be reduced.

(@) A ANIO (b a A Ni
" # Ni-Nb-O mixed phase # Ni-Nb-O mixed phase
A
‘- a
A
. b A > A
‘E NiO Nl '.w'h E Ni
5 [Niy 0sNby 10 A 5
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0
20/(%) 20/C)

Fig. 1 (a) XRD patterns of NixNb1xO mixed oxide precursor after calcination. (b) XRD patterns of NixNb.x catalyst after

reduction.

(2) N2 adsorption-desorption analysis
The suitable pore structure is one of the important factors for the bulk catalysts to
provide a catalytic reaction activity. The total pore volume (PV), average pore size (PS),
crystallite size (CS) and specific surface area (SA) of the Ni1.xNbyx catalysts with different

proportions are shown in Table 1.

Table 1. Physicochemical performances of Ni1xNbx
8
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Catalyst sur/fac;(%A)a size(PS)? Pore /‘::?L‘%%PV)& Crystallit/irsrjze(CS)b
m4-g /nm

Ni 67.9 6.3 0.11 23.7
Nio.95sNbo.os 161.3 3.1 0.24 15.3
Nio.oNbo.1 170.8 4.7 0.37 13.2
Nio.sNbo.2 93.1 8.6 0.15 16.1
Nio.7Nbo 3 70.8 9.2 0.12 18.8
Nb2Os-H20 102.4 5.1 0.20 -

@ From N2 adsorption measurements (BJH method), Pore size= the average diameter of pore.

b Determined considering the Ni(111) peak higher intensity

It is seen that in catalysts with a low niobium content, the non-crystal phase of
Nb2Os can promote the dispersion of Ni to increase the specific surface area. When the
Ni/Nb molar ratio was 0.9/0.1, the SA and PV reached 170.8 m?-g"' and 0.37 cm?-g”’,
respectively. With the increase of niobium in sample, the SA and PV of catalyst are
gradually decreased, which may be due to the increase of niobium content and nickel
reaction to generate the inactive Ni-Nb-O mixture phase, and easy to reunite the catalyst
grains and the grain size becomes larger. In addition, the nickel crystallite size of
different proportional Ni1.xNbx samples calculated by Scherrer formula is displayed in
Table 1. It indicates an inverse relationship between the nickel crystallite size and the
corresponding surface area.

(3) XPS

Three more typical samples of NiO, Nio.sNbo.1O, and Nio.7Nbo.3O were selected for
x-ray photoelectron spectroscopy (XPS) tests, as shown in Fig.2. The two main peaks of
Ni 2ps2 close to 854.2 and 856.0 eV belong to Ni?* and Ni®* species, respectively [72].
When the niobium content is added in the sample, the peak area ratio of Ni%*/Ni3*
increases, possibly because that the Ni* species is gradually consumed by Nb to form

the Ni-Nb-O mixing phase [69]. On the other hand, the main peak Nb 3ds. of the XPS
spectrum Nb 3d (Fig.2(b)) is 206.7 ev, and the binding energy of niobium species
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matches well with that of Nb®* [73], indicating that Nb in the sample is in the highest

oxidation state (i.e. +5 valence).

(@) Ni 2p,, (b)
Satellite N1(3T) - _Ni(2H)
Nij ;Nby 30
g =
E '% Nip;Nby ;0
E Ni“‘}NbU \() E
NiyoNby ;O
NiO
870 865 860 855 850 214 212 210 208 206 204 202
Binding energy (E,)/eV Binding energy (E )/eV

Fig.2 XPS spectra of NiO, Nip.gNbo 1O and Nip.7Nbg 30 samples (a) Ni 2p3/2 and (b) Nb 3d.

The Ni 2p3/2 spectra of the reduced samples (Ni, Nio9Nbo.1, and Nig.7Nbo.3) were
examined by XPS with the profiles presented in Fig.3. As shown in Fig.3 (a), the Ni 2p3/2
region has three peaks at about 852.4, 855.5 and 860.7 eV respectively, which are
related to Ni®, Ni?* and Ni?* shakeup satellite peaks [56,57]. Meanwhile, we noticed that
the binding energy of Ni® species is decreased with the introduction of Nb, from 852.4 eV
to 852.2 eV, indicating that the addition of Nb would increase the density of Ni® electron
cloud. In addition, there were a large number of Ni>* species on the surface of each
reduction sample, and the surface fraction of Ni° species in the total Ni species is
decreased with the introduction of Nb. On the other hand, the binding energy of niobium
species after reduction (206.7eV) matches that of Nb>*, which is consistent with that of
Nb species before reduction, indicating that Nb species is still in the highest oxidation

state (i.e. +5 valence).
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Fig.3 XPS spectra of Ni, NiooNbo 1 and Nio.sNbo 3 samples (a) Ni 2p3/2 and (b) Nb 3d

(4) NHs-TPD
The acidity of the samples was measured by the thermo-programmed desorption of
ammonia (TPD-NHs). The profiles of Ni, NiosNbo.1and Nio7Nbo 3 catalysts are presented
in Fig.4. According to the desorption peak temperature, the solid surface acid strength
can be segmented into strong acid (above 450 °C), medium strong acid (250-350 °C) and
weak acid (150-250 °C) [74]. Two main desorption peaks of NH3 are observed for
Ni0.9NDbO0.1, located at 205 °C and 444 °C, respectively, with the former representing the
weak acid site and the latter representing the medium strong acid site [75]. According to
relevant studies, the acid concentration of catalyst can be reflected by the area of the
peak [76]. The area of desorption peak (total acid content) follows: Nio.9Nbo.1>Nig.7Nbo 3
>Ni, which indicates that the addition of niobium species enhances the acidity of the
sample. Nio7Nbo3 may be due to the existence of the inert mixed phase (Ni-Nb-O),

resulting in a weak acid strength.

11
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Fig.4 NH3-TPD profiles of Ni, NiosNbo 1 and Nio7Nbo 3 catalysts.
(5) H2-TPR

The H2-TPR profiles of three typical NixNb1-xO mixed oxide samples (NiO,
Nio.aNbo.1O and Nio7Nbo 30) are displayed in Fig.5. The TPR curve of bulk nickel oxide
shows a reduction peak at around 450 °C, which is caused by the Ni?*—Ni° reduction
step. With the increase of niobium content, the reduction peak moves towards a high

temperature, indicating that the interaction between nickel and niobium oxide is

enhanced.
NiO
4
B
IN
Ni0.9Nh0.lO
Nig.7Nb0.30
200 400 600 800 1000
Temperature (7)/°C
Fig.5 H>-TPR profiles of NiO, NiggNbg 1O and Nig7Nbg 30 catalysts.
(6) SEM

The surface morphology of the prepared catalyst was detected by scanning electron
microscope (SEM). The micrographs of NiogNbo.1, Nio.7Nbo.3 and pure Ni are shown in

Fig.6(A). It shows that the pure Ni catalyst surface layer of the bulk phase is relatively

12
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dense with an irregular porous structure. The surface layer of NipoNbo1 sample is
relatively loose, showing uniform spherical nanoparticles and crack holes, with regular
arrangement. The arrangement of loose surface particles facilitates the diffusion of
reactants to the active center, thus improving the catalytic activity. The morphology
changed obviously with the increasement of Nb, the spherical nanoparticles and pore
structure were found in the Nig7Nbo 3 sample.

The distribution of niobium species in the bulk phase Ni catalyst was obtained by the
X-ray maps and the Nb/Ni mole ratio of the catalyst surface was tested by the EDX, as
shown in Fig.6(B). It is obvious that niobium species in the sample are evenly distributed,
indicating that a homogeneous Ni-Nb catalyst can be prepared by the sol-gel method.
Besides, the Nb/Ni mole ratio on the surface of Nip.9Nbo.1 sample was 0.12/0.9 according
to the EDX test, slightly above the calculated values of 0.1/0.9, which demonstrates that
the Nio9gNbo.1 sample was enriched with niobium on the surface.

-
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Fig. 6 (A) SEM images of Ni-Nb and Ni, (B)X-ray maps of Ni, Nb and EDX results of Nip9gNbo.1 sample.
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(6) TEM

A high-resolution transmission electron (TEM) image of the reduced Nio.oNbo 1
catalyst sample is displayed in Fig.7. It indicates that metal nickel nanoparticles are
evenly distributed, and there are a few amorphous structures probably because of the
non-crystal niobium oxides. The lattice fringe of the Ni crystal phase is observed in
Fig.5(c), and the lattice spacing of the metallic Ni calculated by two-dimensional Fast
Fourier transform (FFT) is 0.204 nm, corresponding to the (111) plane of Ni. The particle
size distribution of nanosphere composites is shown in Figure 5(d). It can be seen that
the particle size of NigoNbo 1 is in the range of 10-14 nm, and the average particle size is

12.9 nm, which is close to the grain size calculated by XRD data (13.2 nm).

e

Distribution/%
(W ted =
=3 =) =)

=

4 8 10 12 14
Particle size/nm

Fig.7. (a-c) TEM images and (d) the particle size distribution histogram of NigoNbo 1.
3.2 Catalytic hydroconversion of anisole

To initially discuss the hydrodeoxygenation performance of the NixNb+.x catalysts
with different Ni/Nb molar ratios, the hydrodeoxidation (HDO) test of anisol, a model

compound of biological oil, was carried out in a high pressure reactor at 220 °C and 3
14
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MPa H: pressure. The conversion of reactants and selectivity of products over NixNb1.x
samples with different Nb/Ni molar ratios are shown in Table 2. Methoxy cyclohexane
(MCH), cyclohexane (CHN) and cyclohexanol (CHL) were the main products from CHDO

of anisole, which were tested by GC-MS.

Table 2. Hydrodeoxygenation of anisole over NixNb+.x catalysts

Selectivity/% Conversion/ 306

Catalyst cyclohexane cyclohexanol methoxyclohexane % Rratea/mmol-g::f

Ni 8.1 41.1 50.8 72.3 25.1 v

Nio.o5Nbo.o0s 76.8 3.1 20.1 97.8 34.0 308
Nio.oNDbo.1 79.2 1.8 19.0 99.6 34.6

Nio.sNbo.2 52.1 10.7 37.2 84.6 29.4 309
Nio.7Nbo.3 48 18.5 33.5 79.8 27.7

Nb,0Os-H>0 - - - 0 - 310

Reaction conditions: 0.1g NixNb+ catalyst, 13.9mmol anisole,15mLC+,,220°C, 3MPa,4h,700rpm
2Rrate=mmol(converted anisole/[g(catalyst amount)xh(time)].

311

The conversion of anisole is 72.3% and the selectivity of methoxycyclohexane is 50.8%
after 4-hour hydrogenation on bulk Ni catalyst. However, the selectivity of cyclohexane is
only 8.1%, and the poor deoxidation performance of bulk Ni as a catalyst may be due to
the weak acidity of nickel [77]. The conversion of reactant and the deoxidization
performance of the catalyst were significantly improved after the addition of niobium,
which may be related to the fact that amorphous Nb2Os can provide acid active sites for
hydrodeoxidation [70,78]. Among them, the NiooNbo1 sample showed the highest
hydrodeoxygenation, with a conversion rate of 99.6% and a selectivity of cyclohexane of
79.2%. The conversion rate (Rrate) (34.6 mmol-g™'-h-') of the NiogNbo. 1 catalyst was 1.4
times that of the ordinary Ni catalyst, and the selectivity of deoxidation product was about
10 times that of ordinary Ni catalyst. However, when the content of Nb in the catalyst was
high (e.g., Nio.7Nbo.3), the deoxidation activity was decreased due to the formation of the
inert Nb-Ni-O mixture phase [79]. In addition, the Nb,0Os-H,O was also used for the HDO
of anisole, but it did not show any reactivity. Therefore, it can be concluded that the good
hydrogenation and deoxidation performance of bifunctional Ni1.xNbx catalysts is due to
the synergistic effect of metal and acid sites.

Considering that NigoNbo 1 catalyst has the best hydrodeoxidation performance
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compared with other three catalysts in different proportions, thus it was used to discuss
the distribution of the products from HDO of anisole under different reaction conditions,
which is shown in Fig.8 and Fig.9.

The bar chart shows the selectivity of product and the line chart shows the
conversion of anisole in Fig.8. From Fig.8(a), under different reaction pressures, the
conversion of reactants and the selectivity of products changed obviously. The
conversion rate from HDO of anisole was increased from 65.8% to 99.0% with the
increase of reaction pressure from 1 to 3 MPa. The hydrogenation and subsequent
deoxidation of aromatic ring in anisole occur more easily at 3.0 MPa, and the selectivity
of cyclohexane is increased from 36.8 to 79.2%. According to Fig.8(b), the raw material
anisole can be completely transformed in the range of 200-240 °C, and the conversion
rate is over 92%. Hydrogenation of aromatic ring is a fast reaction step, and the principal
products of the reaction do not contain aromatic ring structure, and the degree of
deoxidation depends on the reaction temperature. The reaction product is mainly
methoxylcyclohexane, and the selectivity of cyclohexane is only 20.3% at 200 °C.It was
found that the selectivity of cyclohexane increases gradually as the reaction temperature
rises. The major products are almost all saturated alkanes without oxygen, and the
selectivity of cyclohexane reaches 100% with a temperature of 240 °C

100 () = 1100 100 F(y . —— 100
= -
/ 190 =
80 / 80 - 4190
= y 1% s g =
< I =5, ] exane X
2 60 Methoxyclohexane £ 5 60r l\jlcthoxyclohuxam 180 =
£ e 4170 £ 2 [ Cyclohexanol 7
3 [ Cyclohexanol g 5 [ Cyclohexane g
G [ Cyclohexane g 3 g
“ 40 160 S 7 40t J0 ©
450
201 200 60
140
0 T T T 30 0 T T T T T 50
1 2 3 200 210 220 230 240

Pressure (P)/MPa Temperature (T)/°C

Fig.8. (a)Effect of reaction temperature on HDO of anisole .(b)Effect of reaction pressure on HDO of anisole.

(Reaction conditions: (a) 0.1 g Nio.oNboq 1 catalyst, 13.9 mmol anisole,15 mLC12, 4h, 700 rpm 220°C, (b) 0.1 g
Nio.9Nbo.1 catalyst,13.9mmol anisole, 15 mLC+,, 3 MPa, 4 h, 700 rpm.)

In order to further understand the variation of reaction products with time, three
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different temperatures (200, 220 and 240 °C) were selected to investigate the variation of
reaction products with reaction time from 1 to 6 hours (see Fig.9). At the reaction
temperature of 200 °C, the reaction product was mainly methoxy-cyclohexane. The
selectivity of methoxy-cyclohexane increased along with the prolonging of reaction time,
while the selectivity of cyclohexane was low, indicating that the hydrogenation of anisole
mainly occurred at a lower temperature. When the reaction temperature was 220 °C, the
selectivity of methoxy-cyclohexane rose at the beginning and then declines with
increasing the reaction time, and the selectivity of cyclohexane was gradually increased.
The demethylation and dehydration of methoxy-cyclohexane were accelerated with
rising the reaction temperature [80]. The selectivity of cyclohexane reached 80% at 240 °C
and 1 h, and no cyclohexanol was detected. Anisole was almost complete to
cyclohexane when the reaction time reached 4 h. It shows that at a higher temperature,
the deoxidation reaction rate was faster, that is, the hydrogenation of anisol into

methoxycyclohexane, immediately deoxidation to cyclohexane.
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Fig.9. Effect of reaction time on HDO of anisole over Nio.sNby 1 catalyst (a.200, b.220, and c.240°C)
(Reaction conditions: 0.1 g NigoNbo 1 catalyst, 13.9 mmol anisole, 15 mLCiz, 4 h, and 700 rpm).

The amount of catalyst is also an important factor to be considered [81-84]. The
influence of NiooNbo.1 catalyst dosage on the reaction process was studied through
varying the dosage from 0.04 to 0.12 g. Fig.10 displays the comparison of the conversion
of anisole and selectivity of cyclohexane data. The result indicates that the conversion
rate of anisole and selectivity of cyclohexane were increased observably (from less than
40% to more than 99%) with the increase of amount of catalyst. When the amount of
Nio.oNbo.1 catalyst was increased to 0.12 g, the reactant conversion rate and selectivity of
products selectivity did not increase. Therefore, the optimal amount of catalyst was 0.10

g.
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390 Fig.10. Effect of dosage on HDO of anisole by NipsNby 1 catalyst.

391 (Reaction conditions: 13.9 mmol anisole, 15 mLC1z, 240°C,4 h, 3 MPa and 700 rpm)

392 Nanocatalyst must be recyclable and stable in the industrial applications [85-86].

393  Therefore, the reusability of the catalyst should also be considered. The reusability
394  performance of the NipoNbo 1 catalyst was tested under optimum reaction conditions, as
395 shown in Fig.11. The catalyst was regenerated by centrifugation, ethanol washing and
396 drying after the reaction, and used in the next test under the same reaction conditions.
397 The data listed revealed that the conversion rate of anisole remained almost unchanged
398  during six successive runs, and the selectivity of cyclohexane was gradually decreased
399 from 99.8 to 76%, indicating that the activity of the catalyst decreased slightly but not
400  significantly. Therefore, the nanosphere Ni-Nb2Os composite prepared by sol-gel method
401 is considered to be a promising multiphase catalyst with reusability.

1004
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E‘ 301 B I Conversion of anisole
g B sclectivity of cyclohexane
E 60 -
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g
£ 404
£
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20
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403 Fig.11. Reusability performance (Reaction conditions:0.1 g NigoNbg 1 catalyst, 13.9 mmol anisole, 15 mLC2, 240°C,
404 3 MPa, 4h,700 rpm.
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In order to find out the reasons for the decrease in activity, XRD and TG analyses
were performed on the used catalysts, as shown in Fig.12. It can be seen from Fig.12(a)
that the diffraction pattern of NigoNbo 1 catalyst after four cycles is similar to that of fresh
nano-catalyst, but the diffraction peaks of Ni and NiO appear after 6 cycles, indicating
that part of nickel is oxidized, which may lead to the decrease of catalyst activity. In
addition, the mass loss rate of catalyst after 6 cycles was 1.8% higher than that of fresh
catalyst (0.9%) according to the TG curve (Fig.12(b)).It may be that a small amount of
carbon may be deposited on the surface of the catalyst, which also leads to the decrease
of catalyst activity.
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Fig.12. (a)X-ray diffraction (XRD) pattern and (b) TG curveof NipoNbg 1 catalyst
(fresh (0), after the second (2), fourth (4), and sixth run reuse (6)).

The possible reaction mechanism of hydrodeoxidation of anisole is proposed as follows
according to the experimental data, mainly through three steps:(1) hydrogenation and
saturation of aromatic ring in anisole to form methoxycyclohexane; (2) the O-CHs bond in
methoxy-cyclohexane was hydrogen-dissociated and cyclohexanol was generated after
methyl was removed; and (3) through intramolecular dehydration, cyclohexanol
deoxidation to produce the final target product cyclohexane. These indicate that the
HDO of anisole follows the HYD route [50,87], as shown in Fig.13.

OH

S
OCH, ocH, s

an,
Tog,
e,
Mty
Hydrogenation Demethoxylation and Hydrogenation a0 O

Fig.13. Reaction path of anisole over Ni-Nb2Os catalyst.
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4. Conclusion

The nanomaterials with uniform particle size, high dispersibility and high activity
were synthesized by the sol-gel method. The Ni-Nb2Os nano-catalysts with different
Ni/Nb molar ratios were successfully prepared in this study. The results show that Nb
exists as amorphous Nb2Os specie, which can promote the dispersion of Ni components.
However, when the content of niobium was high, the Nb-Ni-O mixed phase existed,
which reduced the catalytic activity. The size and morphology of Ni grains in catalysts
were different due to the difference of Nb/Ni molar ratio. When the molar ratio of Ni/Nb
was 0.9/0.1, the surface layer of the sample was porous, with uniform spherical
nanoparticles and cracked pores. The specific surface area (170.8 m?-g™") and pore
volume (0.37 cm?-g™") reached the maximum, the average pore size was 4.7 nm, and the
catalytic activity was the highest. The NiooNbo.1 catalyst displayed a higher HDO
performance for anisole than other catalysts. The selectivity of cyclohexane over the
Nio.oNbo.1 catalyst was about 10 times that of bulk nickel catalyst at 220 °C, which was
mainly attributed to the synergistic effect of metal Ni sites and acid sites provided by the
Nb2Os species. The selectivity of cyclohexane increased gradually as the reaction
temperature rose. The anisole was almost completely transformed into cyclohexane with
a condition of 240 °C, 3 MPa and 4 h. The catalyst has stable structure and catalytic
activity. Based on the liquid products obtained in experiments, the reaction route of
anisole HDO following HYD route was proposed.
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