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Abstract: Bimetallic NixCu(10−x)/γ-Al2O3 catalysts (where x is the mass fraction of Ni) with different
Ni/Cu mass ratios were prepared. The catalysts were characterized by X-ray diffractometry,
N2 adsorption–desorption, inductively coupled plasma mass spectrometry, X-ray photoelectron
spectroscopy, H2-temperature programmed reduction, and transmission electron microscopy. The
effect of Ni/Cu mass ratio on benzofuran hydrodeoxygenation was investigated in a fixed-flow reactor.
Cu addition improved the NiO reducibility. The strong interaction of Ni and Cu led to the formation
of smaller and highly dispersed CuO and NiO species over γ-Al2O3, which favors an improvement
in catalytic activity. Among the as-prepared catalysts, the Ni5Cu5/γ-Al2O3 showed the highest
deoxygenated product yield (79.9%) with an acceptable benzofuran conversion of 95.2%, which
increased by 18.3% and 16.9% compared with that of the monometallic Ni/γ-Al2O3 catalyst. A possible
reaction network was proposed, which would provide insight into benzofuran hydrodeoxygenation
over the Ni5Cu5/γ-Al2O3 catalyst.
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1. Introduction

In recent years, the increasing combustion of fossil fuels has led to a global energy crisis and
environmental issues. Renewable and sustainable energy sources have been explored to resolve the
problem. Bio-oil appears to be a possible replacement for fossil fuels, which can be derived from
biomass via rapid pyrolysis [1]. However, bio-oil that was produced by rapid pyrolysis contains
a mass of oxygenated compounds, such as acids, phenolic, esters, alcohols, and furans [2]. The
oxygen-containing compounds of bio-oil yield a higher viscosity, thermal instability, and a poor caloric
value, which is undesired for further use in internal combustion engines [3]. Various methods for the
removal of oxygenated compounds from oxygen-containing compounds have been trialed to improve
the bio-oil pyrolysis properties. Catalytic hydrodeoxygenation (HDO) is considered the most efficient
and promising technology to upgrade bio-oil [4,5].

The challenge of bio-oil HDO is to obtain a suitable catalyst with an acceptable activity. Extensive
effort has been expended to design feasible HDO catalysts. Numerous investigations have focused on
sulfide metals [6–9] and noble metal catalysts [10–12]. Despite the high HDO activity, sulfide catalysts
will produce undesirable sulfur-containing compounds in the final products. Noble metal catalysts
often show a high activity in oxygen-atom removal. Unfortunately, their commercial applications are
limited by their high cost. Alternatively, non-noble metal catalysts, and especially transition metals
have been investigated extensively and the bimetallic catalysts show acceptable HDO activity.

Zhou et al. [13] reported that the introduction of Co to Ni/γ-Al2O3 could improve the guaiacol
HDO activity, which can be attributed to the synergistic effects of Ni and/or Co with γ-Al2O3. Co
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introduction contributed to a decrease in reduction temperature of the metal oxides and better particle
dispersion. Leng et al. [14] synthesized a NiFe/γ-Al2O3 catalyst via incipient wetness co-impregnation;
the catalyst exhibited an excellent HDO property and the bio-oil heating value was improved from
37.8 to 43.9 MJ/kg after the catalytic HDO process. Cheng et al. [15] investigated the effect of bimetallic
Fe-Co/SiO2 catalysts on the HDO of pine sawdust bio-oil, which demonstrated that the bimetallic
catalysts had a better HDO performance compared with monometallic Fe/SiO2 or Co/SiO2 catalysts
because of the synergistic effect of Fe and Co. The effect of transition-metal Cu on monometallic
catalysts, such as Ni/SBA-15, was also studied because it can decrease the metal-oxide reduction
temperature and contribute to the formation of small crystallites of Ni sites in the Ni/SBA-15 catalyst [16].
Tuan et al. [17] found that Cu addition improved the Ni dispersion and contributed to a decrease in
Ni reduction temperature. Thus, the Cu provided the Ni-Cu/Al2O3 catalyst with a more desirable
catalytic performance in the steam reforming of gasoline than the Ni/Al2O3 catalyst. The non-noble
bimetallic Ni-Cu/γ-Al2O3 catalyst may be an alternative catalyst for the HDO of bio-oil. However, to
the best of our knowledge, no studies have been reported concerning the use of Ni-Cu/γ-Al2O3 as a
catalyst for the HDO of benzofuran (BF).

In this work, bimetallic Ni-Cu/γ-Al2O3 catalysts with different Ni/Cu mass ratios were prepared
by co-impregnation and the as-prepared catalysts during the HDO of BF were investigated. BF was
a suitable model compound because bio-oil obtained by fast pyrolysis contained mainly phenolic
and furanic compounds [18–20]. Interestingly, BF has a similar structure to the organosulfur and
organonitrogen compounds for hydrodesulfurization and hydrodenitrogenation reactions, which
provides a contrast of HDO to hydrogenation [21]. The as-prepared samples were characterized
by X-ray diffractometry (XRD), N2 adsorption–desorption, H2-temperature programmed reduction
(H2-TPR), inductively coupled plasma mass spectrometry (ICP-MS), X-ray photoelectron spectroscopy
(XPS), and transmission electron microscopy (TEM) analysis. Cu addition could improve the HDO
performance extensively.

2. Results and Discussion

2.1. X-ray Diffractometry (XRD)

Figure 1 shows the XRD patterns of the fresh and spent NixCu(10−x)/γ-Al2O3 catalysts. For all
samples (Figure 1a,b), the broad peaks at 36.7◦, 46.5◦, and 66.3◦ can be attributed to the γ-Al2O3 support
according to JCPDS file No. 50-0741. Figure 1a shows that for fresh monometallic Ni/γ-Al2O3, the
peaks at 2θ = 37.2◦, 43.3◦, and 62.9◦ can be attributed to the NiO phase according to JCPDS No. 47-1049.
For fresh monometallic Cu/γ-Al2O3, the peaks at 2θ = 35.2◦, 38.5◦, and 48.6◦ can be attributed to the
CuO phase according to JCPDS No. 44-0706. For fresh bimetallic NixCu(10−x)/γ-Al2O3 catalysts, no
obvious peaks that were related to NiO and CuO species were detected, which indicates that the metal
oxides were small and beyond the XRD detection limit. Therefore, the NiO and CuO species were
dispersed homogenously on the catalyst surface. In Figure 1b, for the spent monometallic Ni/γ-Al2O3,
weak peaks that belong to NiO species were detected, which was similar to the fresh sample, and
showed no significant changes in active phase of the catalyst during reaction. However, for the spent
monometallic Cu/γ-Al2O3, the CuO peaks disappeared and metal Cu peaks were visible at 43.3◦,
50.4◦, and 74.1◦, which shows that CuO was reduced to metal Cu during the reaction in hydrogen.
The broad peak at 43.3◦, which can be attributed to metal Cu, was detected for the spent bimetallic
NixCu(10−x)/γ-Al2O3 catalysts and shows that a reduction of CuO to metal Cu occurred during the
reaction. Compared with the spent monometallic Cu/γ-Al2O3, the peak of metal Cu at 43.3◦ of the
bimetallic NixCu10−x/γ-Al2O3 catalyst was broader, which indicates that the particle size of metal
Cu that formed on the bimetallic NixCu10−x/γ-Al2O3 catalyst surface was much smaller. Among the
bimetallic NixCu10−x/γ-Al2O3 catalysts, the Ni5Cu5/γ-Al2O3 showed the highest peak intensity at 43.3◦,
which indicates the best reducibility of the Ni5Cu5/γ-Al2O3 catalyst.
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Figure 1. X-ray diffractometry (XRD) patterns of (a) fresh and (b) spent NixCu(10-x)/γ-Al2O3 catalysts. 
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Figure 2 shows the N2 adsorption–desorption isotherms and pore size distributions of the 
supported NixCu(10-x)/γ-Al2O3 catalysts. Figure 2(a) shows that all as-prepared samples displayed a 
type-IV isotherm with an H1-type hysteresis loop [22], which indicates that all samples maintained 
the mesoporous structure of the γ-Al2O3 support. The sample pore size distribution (Figure 2(b)) 
with different Ni/Cu mass ratios showed no obvious differences and the average pore diameters 
were ~10.0 nm. 

Table 1 lists the textural properties of the NixCu(10-x)/γ-Al2O3 catalysts. The Ni and Cu sample 
loading was obtained by ICP analysis and is listed in Table 1. The metal loading of various catalysts 
was close to the nominal values. As shown in Table 1, the specific surface area of the blank γ-Al2O3 
support was 257 m2·g−1, with an average pore diameter of 10.9 nm and a pore volume of 0.70 cm3·g−1, 
respectively. Upon active metal Ni or/and Cu addition into γ-Al2O3, the γ-Al2O3 specific surface area 
and volume decreased remarkably. This may result from the blocking of γ-Al2O3 channels with 
metal oxides. The specific surface areas of monometallic Ni/γ-Al2O3 and Cu/γ-Al2O3 were 130 m2·g−1 
and 139 m2·g−1, respectively. Compared with the monometallic Ni/γ-Al2O3 sample, the Cu-doped 
bimetallic catalysts had a higher specific surface area, especially for Ni5Cu5/γ-Al2O3 (153 m2·g−1) and 
Ni3Cu7/γ-Al2O3 (151 m2·g−1). The specific surface area of Ni5Cu5/γ-Al2O3 and Ni3Cu7/γ-Al2O3 is higher 
than that of Cu/γ-Al2O3, which may be explained by the lower pore occlusion from smaller particles. 
This phenomenon agrees with the subsequent TEM analysis. 
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Figure 1. X-ray diffractometry (XRD) patterns of (a) fresh and (b) spent NixCu(10−x)/γ-Al2O3 catalysts.

2.2. Brunauer–Emmett–Teller Analysis

Figure 2 shows the N2 adsorption–desorption isotherms and pore size distributions of the
supported NixCu(10−x)/γ-Al2O3 catalysts. Figure 2a shows that all as-prepared samples displayed a
type-IV isotherm with an H1-type hysteresis loop [22], which indicates that all samples maintained
the mesoporous structure of the γ-Al2O3 support. The sample pore size distribution (Figure 2b) with
different Ni/Cu mass ratios showed no obvious differences and the average pore diameters were
~10.0 nm.
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Figure 2. N2 adsorption–desorption isotherms (a) and pore size distributions (b) of the NixCu(10−x)/

γ-Al2O3 catalysts.

Table 1 lists the textural properties of the NixCu(10−x)/γ-Al2O3 catalysts. The Ni and Cu sample
loading was obtained by ICP analysis and is listed in Table 1. The metal loading of various catalysts
was close to the nominal values. As shown in Table 1, the specific surface area of the blank γ-Al2O3

support was 257 m2
·g−1, with an average pore diameter of 10.9 nm and a pore volume of 0.70 cm3

·g−1,
respectively. Upon active metal Ni or/and Cu addition into γ-Al2O3, the γ-Al2O3 specific surface
area and volume decreased remarkably. This may result from the blocking of γ-Al2O3 channels with
metal oxides. The specific surface areas of monometallic Ni/γ-Al2O3 and Cu/γ-Al2O3 were 130 m2

·g−1

and 139 m2
·g−1, respectively. Compared with the monometallic Ni/γ-Al2O3 sample, the Cu-doped

bimetallic catalysts had a higher specific surface area, especially for Ni5Cu5/γ-Al2O3 (153 m2
·g−1) and

Ni3Cu7/γ-Al2O3 (151 m2
·g−1). The specific surface area of Ni5Cu5/γ-Al2O3 and Ni3Cu7/γ-Al2O3 is

higher than that of Cu/γ-Al2O3, which may be explained by the lower pore occlusion from smaller
particles. This phenomenon agrees with the subsequent TEM analysis.
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Table 1. Chemical composition and textural properties of fresh NixCu(10−x)/γ-Al2O3 catalysts.

Samples
Actual Loading a (wt.%) BET Surface

Area (m2
·g−1)

Pore Volume
(cm3

·g−1)
Pore Diameter

(nm)Ni Cu

γ-Al2O3 - - 257 0.70 10.9
Ni/γ-Al2O3 8.3 - 130 0.32 8.0

Ni7Cu3/γ-Al2O3 5.2 2.9 136 0.33 8.5
Ni5Cu5/γ-Al2O3 3.3 4.8 153 0.35 8.2
Ni3Cu7/γ-Al2O3 2.4 5.9 151 0.36 8.3

Cu/γ-Al2O3 - 8.7 139 0.35 9.0
a Determined by inductively coupled plasma (ICP) analysis.

2.3. H2-Temperature Programmed Reduction (H2-TPR)

The sample reducibility was investigated by H2-TPR, and the spectrum is shown in Figure 3.
As shown in Figure 3, the monometallic Ni/γ-Al2O3 showed a broad peak at ~400–750 ◦C, which
was assigned to a reduction of bulk NiO species in the pore structure and NiAl2O4 species from
the strong interaction between Ni and Al in high-temperature calcination [13,22]. For Cu/γ-Al2O3,
the main peak centered at 220 ◦C was attributed to the reduction of CuO to Cu, and a shoulder at
~300 ◦C was observed, which was assigned to the strong interaction of Cu particles and defective Al3+

sites [23]. Compared with the monometallic catalysts, two reduction peaks were observed for bimetallic
NixCu(10−x)/γ-Al2O3; the former that was centered at 230–260 ◦C was assigned to CuO reduction and
the latter centered at 550–580 ◦C was attributed to a reduction of bulk NiO. The reduction peak shifted
to a low temperature with an increase in Cu loading, which indicates that Cu addition could decrease
the interaction of the NiO with the support and improve the NiO reducibility [24].
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2.4. X-ray Photoelectron Spectroscopy (XPS)

The chemical states of the fresh and spent catalysts were measured by XPS analysis. For the fresh
catalyst, as shown in Figure 4a, the peak of fresh Ni/γ-Al2O3 and bimetallic Ni5Cu5/γ-Al2O3 catalyst at
855.2–855.5 eV is ascribed to the strong reaction of NiO with γ-Al2O3. A satellite peak was present
at ~862.0 eV [25]. For spent Ni/γ-Al2O3 and bimetallic NixCu(10−x)/γ-Al2O3 catalysts (Figure 4c), the
peak at 856.1–856.3 eV can be ascribed to the strong reaction of NiO with γ-Al2O3, and a satellite peak
appeared at 862.2 eV [26]. Therefore, the Ni species existed mainly as the NiO phase for the fresh and
spent Ni/γ-Al2O3 and bimetallic NixCu(10−x)/γ-Al2O3 catalysts, which agrees with the XRD analysis.
For the spent Ni5Cu5/γ-Al2O3 catalyst, a peak appeared at 856.3 eV, which can be assigned to NiO, and
which was slightly higher than that of the monometallic Ni/γ-Al2O3 catalyst (856.1 eV). Hou et al. [25]
found that the binding energy was related to the metal particle size, and small particles often displayed
higher binding energy values. In our case, the Ni5Cu5/γ-Al2O3 catalyst possessed the highest binding
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energy among the as-prepared samples, which means that the Ni5Cu5/γ-Al2O3 catalyst provided a
better NiO dispersion.
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In Figure 4b, the two characteristic peaks for fresh Cu/γ-Al2O3 and bimetallic Ni5Cu5/γ-Al2O3 at
931.7–931.8 eV and 934.1–934.4 eV were assigned to Cu+ and Cu2+, respectively [27]. In Figure 4d, the
spent Cu-based catalysts showed two characteristic peaks, the former at 932.5–932.9 eV was attributed
to Cu0 or/and Cu+ and the latter at 934.3–935.6 eV was assigned to Cu2+ species [27]. The existence of
Cu0 was confirmed by XRD analysis, therefore the peak at 932.5–932.9 eV is probably Cu0. For the
typical bimetallic Ni5Cu5/γ-Al2O3, the Cu 2p3/2 bonding energy (BE) values (932.6 eV) were lower than
those of the monometallic Cu/γ-Al2O3 catalyst (932.8 eV). This may result from electron transfer from
Ni to Cu that is caused by the interaction between Cu and Ni. Xin et al. [28] demonstrated that the
addition of a second metal, namely, Co, contributed to electron transfer from Ni to Co, which increased
the BE value of the Ni species. Similar results have been reported by Liu et al., [27] who found that
the BE value of Ni shifted to a higher value and the Cu shifted to a lower value, because Cu addition
contributed to electron transfer from Ni to Cu. This phenomenon demonstrated the interaction of Ni
and Cu.

2.5. Transmission Electron Microscopy (TEM)

The dispersion of monometallic catalysts (Ni/γ-Al2O3 and Cu/γ-Al2O3) and bimetallic catalysts
was measured by TEM. Figure 5a shows that the active site for the monometallic Ni/γ-Al2O3 aggregated
and formed large particles (dark zone) with a size up to 26 nm. The particle distribution of Ni/γ-Al2O3

is shown in Figure 5f. The mean diameter was ~7.90 nm. With Cu addition, the sizes of active metal
sites decreased and their dispersion became more uniform, which shows that the Cu contributed to
the formation of small particles with a better dispersion. The Ni5Cu5/γ-Al2O3 catalyst had a mean
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diameter of 4.85 nm, which was much smaller than that of the monometallic Ni/γ-Al2O3,and indicates
the positive effect of Cu addition on the dispersion of metal species. Similar results have been reported
by Cai [24]. This behavior may result because Cu addition improves the reducibility of nickel oxide
(Figure 3, H2-TPR analysis), which led to the formation of smaller active particles. The smaller size
and uniformly dispersed metal particles improve the catalytic activity, which will be discussed later.
For Cu/γ-Al2O3, the active metal particle size reached 11 nm, but the dominant size (5.98 nm) was
smaller than that of Ni/γ-Al2O3.
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2.6. Hydrodeoxygenation (HDO) Performance of Bimetallic NixCu(10-x)/γ-Al2O3 Catalysts

The HDO performance of BF over the as-prepared catalysts was tested at 300 ◦C and 3.0 MPa
of total H2 pressure for 8 h time on stream. As shown in Figure 6, the initial conversion of BF over
Ni/γ-Al2O3 was ~78.3%, although the maximum conversion reached 84.5%. All Cu-doped catalysts,
including monometallic Cu/γ-Al2O3 and bimetallic Ni-Cu/γ-Al2O3 showed excellent catalytic activities
(> 94.5%), which were higher than that of Ni/γ-Al2O3, and indicate that Cu addition can increase the BF
HDO activity. The lower HDO activity of Ni/γ-Al2O3 may result from Ni species aggregation, which
led to a decrease in exposed active Ni sites. Cu addition favored the reduction of NiO to Ni (H2-TPR
analysis), which would promote the formation of more Ni sites. Electron transfer from Ni to Cu (XPS
analysis) in the Ni-Cu/γ-Al2O3 catalysts accelerated the C–O bond cleavage, which contributed to the
HDO of BF [29].

To investigate the reaction mechanism of the HDO of BF over the catalysts, the product distributions
(8 h) were analyzed and the results are shown in Figure 7. The oxygen-containing chemicals were
2,3-dihydrobenzofuran (2,3-DHBF), 2-ethylphenol (2-EtPh), and phenol (Ph), and the O-free compounds
included benzene (B), methylbenzene (MB), ethylbenzene (EB), methylcyclohexane (MCH), and
ethylcyclohexane (ECH). For the Ni/γ-Al2O3 catalyst, the selectivity to Ph was 30.7%, followed by ECH
(26.3%), which is much higher than that of other products. The high selectivity to Ph indicates the
massive cleavage of C–C bonds. Compared with Ni/γ-Al2O3, the selectivity to Ph over Cu/γ-Al2O3 and
NixCu(10−x)/γ-Al2O3 catalysts decreased, whereas the selectivity to O-free ECH increased significantly.
Thus, the desired ECH was the only dominant product. Typically, for Ni5Cu5/γ-Al2O3, the selectivity
to ECH was 72.3%, which was 46% higher than that of monometallic Ni/γ-Al2O3. As shown in the
TEM analysis, the Ni5Cu5/γ-Al2O3 had the smallest particle size of 4.85 nm, which indicates a uniform
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dispersion of active sites. As a result, the better dispersion and decreased particle size contributed to
an improved HDO performance, which implied increased hydrogenation and deoxygenation. Yang
et al. [30] certified that smaller metal particles improved hydrogenation and deoxygenation. The
selectivity to the oxygenated intermediate product Ph decreased to 2.7%. A high selectivity to ECH was
desired, because more ECH implies a reservation of high calories for raw materials with a high carbon
content [31]. For all as-prepared catalysts, the selectivity to EB was ~10.0%, whereas the selectivity to
MB and 2-EtPh was low (<1.5%) and can be neglected.Catalysts 2020, 10, 274 8 of 14 
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Figure 7. Production distribution of NixCu(10−x)/γ-Al2O3 (x = 0, 3, 5, 7, 10) catalysts at 8 h (1#-Ni/γ-Al2O3;
2#-Ni7Cu3/γ-Al2O3; 3#-Ni5Cu5/γ-Al2O3; 4#-Ni3Cu7/γ-Al2O3; 5#-Cu/γ-Al2O3). (Reaction conditions: T
= 300 ◦C, p = 3.0 MPa, WHSV = 4.0 h−1, and H2/oil = 500(V/V)).

Based on our previous study [32,33], the proposed reaction network in the HDO of BF over
Ni5Cu5/γ-Al2O3 catalyst is shown in Scheme 1. The 2,3-DHBF was formed initially by hydrogenation
and followed by ring opening via C–O bonding cleavage, which was reported to be the key step [34].
Two reaction routes existed for ring-opening of 2-MTHF via the C–O bond cleavage. For BF, it was
difficult to break the C–O bond that was linked to the benzene ring owing to the high dissociation energy.
Therefore, 2,3-DHBF was converted to 2-EtPh through C–O bond cleavage followed by dehydroxylation
and hydrogenation in sequence. The content of decarbonylated products (Ph, B, MB, MCH) was
neglected because their selectivities were low, which indicates the slow rate of correlative reactions.
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Scheme 1. Proposed reaction network for the benzofuran hydrodeoxygenation (BF HDO) over
Ni5Cu5/γ-Al2O3 catalyst [32]. (Reaction conditions: T = 300 ◦C, p = 3.0 MPa, WHSV = 4.0 h−1, and
H2/oil = 500 (V/V)).

The deoxygenated product yield of bimetallic NixCu(10−x)/γ-Al2O3 catalysts is shown in Figure S1.
The HDO product yield of the monometallic Ni/γ-Al2O3 catalyst was only 61.6%, which was caused
by a massive formation of oxygenated compound Ph (shown in Figure 7). With a decrease in Ni/Cu
mass ratio, the oxygen-free product yield increased initially, decreased, and reached a maximum of
79.9% at a Ni/Cu mass ratio of 1. Compared with monometallic Ni/γ-Al2O3 (61.6%) and Cu/γ-Al2O3

catalysts (74.2%), the yield of oxygen-free compounds of typical Ni5Cu5/γ-Al2O3 catalysts increased
by 18.3% and 5.7%, respectively, which indicates that the bimetallic Ni5Cu5/γ-Al2O3 catalyst showed a
better oxygen removal performance than those of the monometallic catalysts, which favor high-quality
bio-oil production (i.e., a high H/C ratio). A low selectivity to ECH meant carbon atom loss via cleavage
of the C–C bond during the HDO process. This led to an undesired decrease in heat value of the
bio-oil. However, carbon atom retention was desired to maximize the bio-oil quality. Fortunately, a
high selectivity to ECH with a high oxygen removal was achieved for bimetallic NixCu(10−x)/γ-Al2O3

catalysts. For Ni5Cu5/γ-Al2O3, the maximum ECH selectivity reached 72.3% with an HDO yield of
79.9%, which was much higher than that of monometallic Ni/γ-Al2O3 (an ECH selectivity of 26.3%
with an HDO yield of 61.6%). A comparison of the typical catalytic activity of BF HDO from literature
with our results is summarized in Table 2, and has been reported in our previous study [35]. The BF
HDO activity of Ni5Cu5/γ-Al2O3 is higher than that of most reported catalysts.

Table 2. Comparison of the typical results of BF HDO from literatures with our present results.

Samples Temperature (K) Pressure (MPa) Conversion (%) Ref. no.

Sulfided NiMo/Al2O3
a 553 2.0 74.6 43

Sulfided NiMo/Al2O3
a 553 5.0 82.5 43

NiMoP/Al2O3
a 613 7.0 80.7 44

Pt/SiO2-Al2O3 553 3.0 80 45
Pd/SiO2-Al2O3 553 3.0 97 45

W2C(Ar-2-1023 K-1 h) 613 4.0 41 46
Ni2P-N/MCM-41 493 3.0 31 40
Ni2P-O/MCM-41 493 3.0 57 40

Ni2P/Al2O3 573 3.0 78 47
Ni2P/TiO2 573 3.0 85 47

Ni2P/Al2O3@TiO2 573 3.0 95 47
Ni5Cu5/γ-Al2O3 573 3.0 95 This work

a With H2S in the feed.



Catalysts 2020, 10, 274 10 of 14

The effect of reaction temperature on HDO performance over a Ni5Cu5/γ-Al2O3 catalyst has
also been investigated. As shown in Figure 8, BF conversion over the Ni5Cu5/γ-Al2O3 catalyst was
78.0% at 260 ◦C. The conversion increased to ~95.0% at a higher reaction temperature and was nearly
independent of temperature. For the product distribution, the deoxygenated ECH was the predominant
product (>65%) for 260–320 ◦C. The selectivity to EB decreased from 14.9% to 4.4%, which showed that
the hydrogenation of EB to ECH was accelerated with an increase in reaction temperature.
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(Reaction conditions: T = 260~320 ◦C, p = 3.0 MPa, WHSV = 4.0 h−1, and hydrogen/oil ratio = 500
(V/V)).

The product distribution of the Ni5Cu5/γ-Al2O3 catalyst with time on stream is shown in Figure
S2. ECH was the main product and the selectivity to ECH increased and reached 72.3% at 8 h. With
an extended reaction time, the selectivity to 2,3-DHBF increased initially, reached a maximum, and
decreased to 11.2%, whereas the selectivity to EB (which ranged from 7.8%–11.0%) showed little change
with reaction time. The selectivity to Ph decreased gradually from ~10% and tended to zero at 8 h. The
content of decarbonylated products (B, MB, MCH) could be neglected because of their low selectivities.

3. Experimental

3.1. Materials and Preparation of Catalysts

A series of Ni-Cu/γ-Al2O3 catalysts with different Ni/Cu mass ratios were prepared by
impregnation with Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 98%) and Copper nitrate trihydrate
(Cu(NO3)2·3H2O, 99.5%). Prior to impregnation, the Al2O3 support was obtained via calcination of
AlOOH at 550 ◦C for 3 h and the AlOOH was purchased from Zibo Jiarun Chemical Co., Ltd (Zibo,
Shandong, China). The calculated amounts of Ni(NO3)2·6H2O and Cu(NO3)2·3H2O were dissolved in
distilled water, then the treated γ-Al2O3 support was added into the homogeneous solution. After
stirring for 30 min, the suspension was aged for 12 h at room temperature and subsequently dried at
90 ◦C overnight before being calcined at 500 ◦C for 3 h. The as-prepared catalysts were donated as
NixCu(10−x)/γ-Al2O3 (x = 0, 3, 5, 7, 10), where x is the mass fraction of Ni and the total metal (both Ni
and Cu) loading was fixed at 10 wt.%.

3.2. Characterization

The X-ray diffraction (XRD) analyses were carried out on a D/max-2200PC-X-ray diffractomerter
(Rigaku, Tokyo, Japan) using Cukα radiation under the setting conditions of 40 kV, 30mA, scan range
from 10 to 80◦ at a rate of 10◦/min.

The typical physico-chemical properties of supports and catalysts were analyzed by BET method
using Micromeritics (Norcross, GA, USA) adsorption equipment of Tristar II 3020. All samples were
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outgassed at 200 ◦C until the vacuum pressure was 6 mm Hg. The adsorption isotherms for nitrogen
were measured at −196 ◦C.

The reducibility of precursors was characterized by the H2 temperature-programmed reduction
(H2-TPR) using a quartz U tube reactor (inner diameter of 6 mm), in which 100 mg of samples were
loaded in the thermostatic zone. Reduction was conducted from 50 to 800 ◦C at a heating rate of 10 ◦C
min−1 in a 10 vol.% H2/Ar flow (30 mL min−1). The TPR spectrum was determined using a thermal
conductivity detector (TCD) to monitor hydrogen consumption.

The X-ray photoelectron spectroscopy (XPS) spectra were acquired using ESCALAB MKII
spectrometer (VG, Waltham, MA, USA) under vacuum. XPS measurements have been performed
for Mg radiation (E = 1253.6 eV) and equipped with a hemi-spherical analyzer operating at fixed
pass energy of 40 eV. The recorded photoelectron binding energies were referenced against the C 1s
contamination line at 284.8 eV.

Transmission electron microscope (TEM) examinations were performed using the JEM-1010
instrument supplied by JEOL (Tokyo, Japan). The samples were dispersed in ethanol and placed on a
carbon grid before TEM examinations.

The Ni and Cu content was measured by inductively coupled plasma mass spectrometry (ICP-MS)
using a Perkin Elmer Nexion 300 instrument (Waltham, MA, USA). Prior to analysis, the sample was
digested with nitric acid using microwave heating system.

3.3. HDO Performance test

Catalyst testing was conducted in a continuous fixed-bed reactor (8 mm in diameter, 400 mm in
length), using a feed of decalin solution of BF (2 wt.%). The conditions of the HDO reaction were
300 ◦C, 3.0 MPa, WHSV = 4h−1, and hydrogen/oil ratio of 500 (V/V). The activities of each catalyst
were measured at different time on stream. The feed and reaction product was analyzed by FID gas
chromatography (Shimadzu GC-14C, Tokyo, Japan) with a HP–5MS capillary column (length: 30 m,
inside diameter: 0.25 mm, film thickness: 0.25 µm).

The BF conversion was calculated from the ratio of converted BF to initial BF using Equation (1):

XBF =
nBF,0 − nBF,1

nBF,0
× 100% (1)

The selectivity to product i was calculated from the ratio of mole amount of product i to total
product amount and identified as Equation (2):

Si =
ni∑

ni
× 100% (2)

The total deoxygenated product yield was defined as the content of all the hydrocarbons via
Equation (3):

YHDO = XBF ×

∑
nhydrocarbon∑

ni
× 100% (3)

where nBF,0 and nBF,1 mean the moles of BF in the feed and product, respectively, ni is the mole of
product i, and nhydrocarbon expresses the moles of all the hydrocarbons in the product.

4. Conclusions

A series of bimetallic NixCu(10−x)/γ-Al2O3 catalysts with different Ni/Cu mass ratios was prepared
and the effect of the Ni/Cu mass ratio on the BF HDO performance of as-prepared NixCu(10−x)/γ-Al2O3

catalysts was studied. The interaction between CuO and NiO species over NixCu(10−x)/γ-Al2O3

catalysts led to smaller and highly dispersed CuO and NiO species over γ-Al2O3. Compared with
monometallic Ni/γ-Al2O3 (130 m2

·g−1) and Cu/γ-Al2O3 (139 m2
·g−1), the Cu-doped bimetallic catalysts

showed a higher specific surface area, especially for Ni5Cu5/γ-Al2O3 (153 m2
·g−1) and Ni3Cu7/γ-Al2O3
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(151 m2
·g−1). All Cu-doped catalysts (monometallic Cu/γ-Al2O3 and bimetallic Ni-Cu/γ-Al2O3) showed

excellent catalytic activities (> 94.5%), which were higher than that of Ni/γ-Al2O3 and indicates that
Cu addition can increase the BF HDO activity. Among the as-prepared catalysts, the Ni5Cu5/γ-Al2O3

showed the highest deoxygenated product yield (79.9%) with an acceptable BF conversion of 95.2%,
which increased by 18.3% and 16.9% compared with those of the monometallic Ni/γ-Al2O3 catalyst. The
excellent HDO performance of the Ni5Cu5/γ-Al2O3 catalyst can be attributed to the strong interaction
of Ni and Cu. Cu introduction promoted the reduction of nickel oxides and metal-particle dispersion,
which improved the catalytic activity. The XPS analysis revealed the electron transfer from Ni to Cu in
the bimetallic Ni-Cu/γ-Al2O3 catalysts, which accelerated the C–O bond cleavage, and contributed to
oxygen removal. A possible reaction network was proposed, which could provide insight into the BF
HDO over a Ni5Cu5/γ-Al2O3 catalyst.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/3/274/s1,
Figure S1: Total deoxygenated product yield of NixCu(10−x)/γ-Al2O3 catalysts at 8 h; Figure S2: Production
distribution of Ni5Cu5/γ-Al2O3 catalyst with the reaction time on stream.
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