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ABSTRACT: An efficient and robust bimetallic catalyst has
been developed for the transfer hydrogenation of biomass
derived ethyl levulinate to y-valerolactone with 2-butanol as
the hydrogen donor. Several bimetallic catalysts were prepared
and characterized by Brunauer—Emmett—Teller, transmission
electron microscopy, X-ray power diffraction and X-ray
photoelectron spectrometry. They exhibited different catalytic
activities in the catalytic transfer hydrogenation (CTH)
reaction. Results showed that 10Cu-SNi/Al,O; had the highest
activity, providing a 97% yield of GVL product in 12 h at 150
°C. The reaction temperature, reaction time and catalyst
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loading were also investigated and found to affect the product yield. The catalyst was also successfully applied to the CTH of
various levulinate esters with different secondary alcohols. Comparing experiments between Cu—Ni and Cu catalysts and the
poisoning experiments revealed that the introduction of Ni to Cu remarkably enhanced the catalyst’s activity and stability,
showing an outstanding recycling ability in the 10 runs recycling experiments without notable loss in the activity.
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B INTRODUCTION

The utilization of renewable biomass to produce energy has
been considered as a promising solution to the energy crisis and
the pollution caused by fast and huge consumption of fossil
resources.”> The biorefinery industry can produce carbon-
containing molecules for drugs or liquid fuels, which are
beyond the scope of other renewable energies (e.g., solar,
wind).? Among various biomass feedstocks, lignocellulose is
getting more attention due to its abundance and low cost. It can
be easily converted to a variety of molecules including alkanes/
alkenes,*™° poly ols, ™! acids,"*™!° esters'®™!® and alde-
hydes.'”” For example, hydrolysis/alcoholysis of cellulose in
aqueous/alcoholic solutions provide the 1mportant platform
chemicals levulinic acid (LA)/levulinate esters.'®™"® Through
the downstream processing, they can be easily converted to
several useful products such as y-valerolactone (GVL),*"**
valerate esters”>* and 1,4-pentanediol.”>*® Of all these
compounds, GVL is the most widely studied molecule with
numerous applications such as a fuel additive, solvent, precursor
for the production of other chemicals.*"

To date, many processes have been developed for the
production of GVL from LA through hydrogenation reaction.””
These reactions were mainly conducted in the presence of
hydrogen with various metal catalysts such as Ir,”® Rh,*® Pd,”**°
Ry’ ™ Pt,** Co,*® Cu®® and Ni.*’™* In the past few years,
formic acid (FA), an in situ hydrogen source, was also applied
for the conversion of LA to GVL instead of an external H, gas.
It was demonstrated as an effective and economical method
when the upstream carbohydrate hydrolysate (LA and FA
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aqueous solution) was used as the raw material."' Apart from
LA, levulinate esters were also an appealing substrate for
preparing GVL. They could be produced from cellulose in
alcoholic solutions with high yield under mild conditions.
Meanwhile, they are much easier and more energy-efficient to
be separated from the alcoholic mixture than the separation of
LA from water.”>* Therefore, it is attractive to develop more
efficient systems for the catalytic hydrogenation of levulinate
esters to GVL.

At the same time, the catalytic transfer hydrogenation
(CTH) reaction has emerged as an alternative hydrogenating
method to the conventional H, method for the reduction of
carbonyl compounds,™** which is the key step to convert LA
or levulinate esters to GVL. For example, Dumesic et al.*’
reported the CTH of ethyl levulinate (EL) to GVL over ZrO,
catalyst in the presence of isopropyl alcohol, H-donor solvent,
at 150 °C. Lin et al."” found that zirconia based hydroxide
ZrO(OH), could effectively catalyze the CTH of EL to GVL in
a supercritical ethanol solution. Song and Han et al." used Zr-
HBA as the CTH reaction catalyst and achieved 94.4% yield of
GVL in isopropyl alcohol. Kuwahara et al.* demonstrated that
ruthenium hydroxides supported on basic oxides could exhibit
high catalytic activity in the CTH of EL to GVL. Our group has
also reported the CTH of EL over Raney Ni catalyst with an
almost quantitative yield at room temperature.”® Several other
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new systems were also reported as effective for the CTH
conversion.”' ™% Nevertheless, there still exist some limitations
of the above systems such as harsh reaction conditions, low
catalyst stability and long reaction time, etc. Therefore, further
improvement of the reaction efficiency of the CTH of
levulinate esters to GVL with more robust catalyst is highly
desired.

Previous research demonstrated that copper catalysts
exhibited excellent catalytic activities in the CTH reactions
for the production of various organic chemicals.’® However, the
low stability and easily oxidized nature of these catalysts
severely restrict their applications in other areas. Therefore, a
second metal was introduced to the copper catalyst to form a
bimetallic catalyst in this study, which can not only stabilize the
copper metal particle sites but also enhance the activity of the
catalyst.””>" Herein, we reported a bimetallic Cu—Ni catalyst
for the CTH of levulinate esters to GVL in the presence of 2-
buthanol as the H-donor (Scheme 1). Several other bimetallic

Scheme 1. Routes for the Production of GVL from Levulinic
Acid/Esters
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catalysts were also prepared, characterized and tested for the
CTH reaction. The influences of the metal ratio, reaction
conditions, as well as the stability and recyclability of the
catalysts were investigated.

B EXPERIMENTAL SECTION

Materials. Levulinate esters and y-valerolactone were purchased
from TCI Chemical Reagent Company (Shanghai, China). Ni(NO;),-
6H,0, Cu(NO;),-6H,0 and solvents were purchased from Sinopharm
Chemical Reagent Company (Shanghai, China). The metal oxide
supports were purchased from Saint-Gobain NorPro Company
(America). The other chemicals were purchased from local companies
and used without further purification.

Preparation of the Catalysts. The catalysts were prepared by
incipient impregnation method. In a typical procedure for preparing
the 10%Cu-5%Ni/Al,O;, 1.7 g of Al,O; was first impregnated with a
aqueous solution containing 0.753 g of Cu(NO;),-3H,0 and 0.495 g
of Ni(NOs;),-6H,0. Then the mixture was vigorously stirred for 12 h
and dried at 110 °C for another 12 h. The resulted powder was
grinded and calcined at 500 °C for 4 h. The catalyst was then reduced
in a flow of 5% H,/N, from room temperature to 500 °C at 10 °C/
min, then kept at 500 °C for another 2 h. After cooling to room
temperature, the catalyst was collected and weighed. This catalyst was
denoted as 10%Cu-5%Ni/Al,0; (10Cu-5Ni/ALO;). Other catalysts
were prepared with a similar procedure as that for 10Cu-5SNi/AlL,O3.

Catalytic Reactions. Transfer hydrogenation of EL was carried
out in a thick-wall pressured tube. For the model reaction with 10Cu-
5Ni/Al,O3: EL 1.0 mmol, catalyst 10Cu-5Ni/Al,O; 100 mg and
solvent 2-butanol 3 mL were charged into the reaction tube with a
magnetic stirrer. The tube was then purged with nitrogen to remove
air. The reaction was allowed to react in a 150 °C oil bath for 12 h at a
stirring speed of 600 rpm. Upon the end of the reaction, the tube was
removed from oil bath and cooled down to room temperature, and the
reaction mixture was sampled and subjected to product analysis.

To recycle the catalyst, the catalyst was centrifuged after the
reaction and washed with 2-BuOH for 3 times. All the liquid was
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collected, combined and subjected to GC analysis. The solid catalyst
was directly added to the reaction tube for the next run.

Characterization Methods. The Brunauer—Emmett—Teller
(BET) surface area, pore size and pore volume of the catalyst were
measured by an Automatic Surface Area and Pore Analyzer (Tristar II
3020 M, Micromeritics). X-ray power diffraction (XRD) of the
catalysts were recorded on the Rigaku D MAX III VC diffraction
system. Transmission electron microscopy (TEM) were acquired on a
JEOL-2010 electron microscope. X-ray photoelectron spectra were
recorded on the Scientific Escalab 250-X-ray photoelectron spectrom-
etry (XPS) instrument.

The reaction mixture was analyzed with gas chromatography—mass
spectroscopy (GC—MS, Agilent 78904, Agilent 5975C MSD) and GC
(Agilent 7890A) with a DB-S capillary column (30 m X 0.25 mm X
0.25 pm, Agilent). The temperature of column increased from 160 to
250 °C at a 15 °C/min rate. Naphthalene was used as the internal
standard.

B RESULTS AND DISCUSSION

Characterization of Catalysts. Figure 1 shows the XRD
patterns of the Cu—Ni catalysts and the support Al,O;. Al,O;
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Figure 1. XRD analysis of the catalysts.

showed four typical reflection peaks at 26 = 37.4°, 39.5°, 46.1°
and 66.7°. These peaks can also be easily found in the as-
prepared catalysts, indicating a well-dispersed alumina phase in
these catalysts during the preparation process. Three new
diffraction peaks were observed in the 10Cu-1Ni/Al,O;
catalyst, which can be divided into two groups (partially
overlapped, see amplification picture). One group was assigned
to the metallic Cu phase (located at 43.3°, 50.4° and 74.1°),
whereas the other was assigned to Cu—Ni alloy species
(shoulder peaks located at 43.4°, 50.6° and 74.2°). These
results were consistent with the results from the previously
reported work.>”*® No obvious diffraction peaks of metal
oxides species (e.g., Cu,O, or NixOy) were observed in the
XRD patterns, possibly attributed to their amorphous state or
smaller size (<4 nm) that cannot be identified by XRD analysis.
As the weight ratio of Ni increased in the catalysts, the
diffraction peaks of Cu and Cu—Ni alloys became stronger.
This change suggested that the increase in the Ni loading may
result in more bimetallic Cu—Ni alloy species.

To explore further the chemical state of the metal sites, XPS
analysis of the representative catalyst 10Cu-5SNi/AL,O; was
carried out, and the results are present in Figure 2. For Cu
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Figure 2. XPS analysis of the 10Cu-5Ni/AlL,O; catalyst: survey, Cu 2p, Cu LMM and Ni 2p.
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Figure 3. TEM analysis of the fresh 10Cu-5Ni/ALO; catalyst.

particle diameter (nm)

2p5», the main peak at 932.3 eV corresponded to the Cu’/Cu”
species in the catalyst. Another peak at 934.2 eV, together with
its satellite peak around 944 eV, was assigned to the CuO
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species. Because the binding energies of Cu’ and Cu" in Cu
2p;/, were very close, the Cu LMM Auger spectra were also
recorded to distinguish these two species. The broad peak was
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Table 1. Textural Properties of the Catalysts

entry catalyst Sper (m*/g)*  V, (em®/ g)” D, (nm)“

1 Al O, 222.4 0.72 129

2 10Cu-1Ni/AL O, 166.9 0.53 12.8

3 10Cu-3Ni/AlL, O, 214.5 0.64 12.0

4 10Cu-5Ni/AL O, 1913 0.53 10.9

S 10Cu-5Ni/Al,O;(used) 143.5 0.36 10.1
“BET surface area. “Total pore volume. “Average pore size.
Table 2. Screening of the Catalysts for Transfer
Hydrogenation of EL”

)OK/YO - catalyst f.):o
o hydrogen-donor
EL GVL

entry catalyst conv. (%) GVL (%)

1 10Cu-1Ni/AlLO, 98 90

2 10Cu-3Ni/AL O, 98 92

3 10Cu-5Ni/AlL O, 100 97

4 15Cu-5Ni/ALO, 90 84

5 10Cu-5Ni/TiO, 6 2

6 10Cu-5Ni/SiO, 0 0

7 10Cu-5Ni/SiO,-ALO, 93 91

8 10Cu-5Ni/ZrO, 95 92

9 10Cu/AL0O, 92 86

10 SNi/ALO, 30 26

11 10Cu/ALO5+5Ni/ALO, 80 70

12° 10Cu-5Ni/Al,O; 92 87

134 10Cu-5Ni/ALO, 91 86

14 ALO, 23 18

“Conditions: EL 1.0 mmol, catalyst 100 mg, 2-BuOH 3 mL, 150 °C,
12 h. *GC yield. “S wt % H,O was added. “conducted in the air.

deconvoluted into five peaks, among which the peaks at 568.1
and 570.0 eV were assigned to the Cu’ and Cu’ species,
respectively, whereas the peak at $68.9 eV was the Cu®'
species.” This result clearly highlighted the presence of three
oxidation states of the Cu species. The determination of their
concentrations by the deconvolution of the Auger peak was
about 1:2.2:4.3 for Cu’, Cu®" and Cu". For Ni species, only a
small peak of Ni® (Iocated at 852.3 eV) was observed in the Ni
2p3, XPS spectrum, implied that most of the Ni species

Table 3. Influence of the Catalyst Loading on the CTH of
EL“

entry catalyst loading/mg (wt %) conv. (%) GVL (%)"
1 60 (6.25) 74 71
2 80 (8.33) 94 89
3 100 (10.42) 100 97
4 120 (12.50) 100 95
5¢ 60 (6.25) 100 96

“Conditions: EL 1.0 mmol, 10Cu-5Ni/ALO;, 2-BuOH 3 mL, 150 °C,
12 h. *GC yield. 24 h. The data in parentheses was the total weight
ratio of metals to EL.

Table 4. CTH of Different Levulinate Esters in Different H-
Donor Solvent”

entry substrate alcohol conv. (%) GVL (%)
1 EL MeOH 7 S
2 EL EtOH 9 8
3¢ EL 2-PrOH 79 (92) 75(87)
4 EL 3-pentanol 100 97
S EL CyOH 89 81
6 ML 2-BuOH 100 94
7 BL 2-BuOH 100 95
8 LA 2-BuOH 10 6

“Conditions: levulinate ester 1.0 mmol, catalyst 100 mg, solvent 3 mL,
150 °C, 12 h. °GC yield. “reaction time was 24h (in the parentheses).

remained in the oxidative state in the as-prepared catalyst and.
The dominate peak at 855.6 eV was assigned to the NiO
crystallite species, which was further confirmed by its satellite
peak at 862.5 eV. Another smaller peak located at 857.2 eV was
assigned to the NiAl,O, crystallite species,”’ which was
reluctant to be reduced under the reduction condition.
Combined with the earlier XRD analysis, it could be seen
that both metallic and oxidized Cu and Ni crystallite species
were present in the as-prepared 10Cu-5Ni/Al,O; catalyst.

A typical TEM spectrum of the as-prepared catalyst 10Cu-
5Ni/AL,O; and the corresponding particle size distribution
curve are present in Figure 3. The reduced catalyst showed a
good dispersion of the metal sites on the Al,O; supports, with
an average particle size of 6—7 nm. This may be attributed to
the interaction between the two metal sites, which helped to
stabilize and disperse the metals into small particles during the
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Figure 4. Influences of (a) reaction temperature and (b) reaction time on the reaction conversion and yield. Condition: EL 1.0 mmol, catalyst 100

mg, 2-BuOH 3 mL. (a) 12 h; (b) 150 °C.
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Figure 7. XRD analysis of the spent 10Cu-5Ni/Al,O; catalyst.

reduction process. It would also help to enhance the reactivity
of the resulting catalysts. For the monometallic Cu catalyst,
however, the metal particles were easily aggregated after the
reduction and resulted in larger particle sizes (Figure S1). The
alloy phase of the CuNi particles as indicated in the XRD
analysis was further confirmed by HRTEM as shown in Figure
S2. The lattice fringe of the selected domain was measured to
be 0.205 nm, which was just right between the pure Ni(111)
and Cu(111) planes (0.202 and 0.210 nm, respectively). Apart
from that, the metallic Cu phase was also found in another
HRTEM picture, showing a lattice fringe of ~0.210 nm. These
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results corresponded well to the XRD results that both metallic
Cu and CuNi alloy phases were existed in the as-prepared
catalysts.

The textural properties of the Cu—Ni catalysts are
summarized in Table 1. Al,O; had a moderate BET surface
area of 222.4 m?*/g, and the total pore volume was 0.72 cm?®/g
with an average pore size of 12.9 nm. After it was immobilized
with Cu and Ni metals, the BET surface area decreased slightly
(Table 1, entries 2—4). Noteworthy, the pore volume/size
continually decreased as the Ni loading increased, which might
be resulted from the block of the pores as more metals were
incorporated into the Al,O; structure.

Initial Catalyst Screening. The screening of the catalysts
for the conversion of EL to GVL was carried out by using 2-
BuOH as the hydrogen donor. It was a commonly used agent
in the CTH reaction.”® When 10Cu-1Ni/AL,O; was subjected
to the model reaction at 150 °C, the reaction gave a 90% yield
of GVL at 98% conversion of EL in 12 h (Table 2, entry 1). As
the weight percentage of Ni increased in the Cu—Ni catalyst,
higher GVL yields were obtained, 92% and 97% for 10Cu-3Ni/
ALO; and 10Cu-SNi/Al,O;, respectively (Table 2, entries 2
and 3). The increase of Ni loading may bring two advantages:
(1) more hydrogenating sites from Ni particles would formed
and enhanced the hydrogenation ability of the catalysts; (2)
more Ni would interacted with Cu to form alloys or geometry
metal cluster size, which could inhibit the metal sintering
processes and result in metal particles with smaller sizes
(particles with smaller size are postulated to have higher
reactivity).”” However, further increasing the Cu weight
percentage from 10 to 15 wt % led to a lower GVL yield of
84% at 90% EL conversion (Table 2, entry 4). It was probably
caused by excessive loading of Cu that led to larger particle
sizes and thereby decreased the catalyst’s reactivity. Therefore, a
10:5 weight ratio of Cu—Ni was the optimal ratio for the
catalyst supported on Al,O;. Other Cu—Ni catalysts supported
on a variety of metal oxides were also investigated in the CTH
reaction. Cu—Ni catalysts supported on TiO, or SiO, provided
much lower yields of GVL (Table 2, entries S and 6). And
those catalysts supported on SiO,—Al,O; and ZrO, provided
comparable GVL yields to that from 10Cu-SNi/Al,O; catalyst
(Table 2, entries 7 and 8). The acid—base nature of these
supports may be responsible for different performances of these
catalysts. Previous research revealed that the supports with
more acid—base sites were favored for the CTH reaction,”’
which could assist the dehydrogenation of the alcohols by
forming alkoxide on the catalyst’s surface and then facilitate the
migration of H to unsaturation over metal sites. Zirconium
oxide and aluminum oxide are such type of supports that are
rich in acid—base sites in the structure, therefore exhibiting
better performances in the CTH reactions. These results
further highlighted the important roles of the supports on the
reactivity of the catalyst

To explore further the catalytic role of Cu and Ni in the
CTH reaction, monometallic Cu and Ni catalysts supported on
Al,O; were also prepared and used in the CTH reaction to
compare their reactivities. For 10Cu/Al,O; catalyst, 86% yield
of GVL was obtained at 92% conversion of EL (Table 2, entry
9). However, for SNi/Al, O, it only provided 26% yield of GVL
with 30% conversion of EL (Table 2, entry 10). Previous work
reported that Ni possessed high react1v1ty for the CTH reaction
when at its zerovalent state.’’ However, the current
monometallic Ni catalyst was reluctant to be reduced when it
was immobilized on Al,O; support due to its strong interaction
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Figure 8. TEM analysis of the spent 10Cu-5Ni/Al,O; catalyst.
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Figure 9. XPS analysis of the spent 10Cu-SNi/Al,O; catalyst: survey, Cu 2p, Cu LMM and Ni 2p.

with the support (Figure S3). The presence of Cu could lower
the reduction temperature of Ni species in the bimetallic Cu—
Ni catalyst and provided more reduced Ni sites.”” Physical
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mixing of the two catalysts and subjecting them to the reaction
led to a lower GVL yield (70%) than those from either of the
single monometallic catalysts (Table 2, entry 11). This result
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implied that the mixed phases the Cu and Ni metals or alloys
were key to the high activity of the bimetallic Cu—Ni catalyst.
To exam whether the system was tolerant to moisture and air, S
wt % of water was added to the reaction system, and a slightly
decreased GVL yield of 87% was obtained (Table 2, entry 12).
Even when the reaction was performed in the atmosphere
condition, it could still provide 86% yield of GVL at 91%
conversion of EL (Table 2, entry 13). A blank experiment was
also carried out with AL, O; as catalyst; the reaction only
provided 18% yield of GVL under the standard reaction
condition, further conforming the significance of metal sites in
the catalysis. These results further demonstrated that the 10Cu-
3Ni/ALO; catalyst had a good tolerance to the environmental
condition in the conversion of EL to GVL.

Effect of Reaction Temperature and Time. The reaction
temperature has a profound effect on the reaction rate. Thus,
the CTH of EL was carried out at different reaction
temperatures, ranging from 120 to 160 °C (Figure 4a). When
the reaction proceeded at a milder condition (120 °C), 79%
yield of GVL was achieved. With the increase of the reaction
temperature, the EL conversion and GVL yield continuously
increased until a maximum GVL yield of 97% was obtained at
150 °C. This was possibly attributed to the increase of the
reaction rate at higher reaction temperature. Further increasing
the reaction temperature to 160 °C led to a slight decrease of
GVL yield. It was likely that the product might undergo some
side reactions and generate unknown products at higher
reaction temperature. Accordingly, the reaction temperature
was kept at 150 °C for the following reaction. Meanwhile, the
reaction was also traced to investigate the influence of the
reaction time on the CTH reaction (Figure 4b). The reaction
reached 60% yield of GVL in 2 h and the product yield
gradually increased as the reaction proceeded. The maximum
yield occurred at 12 h. Further prolonging the reaction time
resulted in a slight decrease of the product yield. Based on the
above experiments, the optimal reaction temperature of 150 °C
and reaction time of 12 h were sufficient for the CTH reaction
to achieve high produce yield.

Effect of Catalyst Loading. The influence of catalyst
loading on the efficiency of the CTH reaction was also
investigated by varying the 10Cu-5Ni/Al,O; loading from 60 to
120 mg while other reaction conditions remained unchanged.
As shown in Table 3, only 74% EL conversion was obtained
when the catalyst loading was 60 mg, yielding 71% yield of
GVL (Table 3, entry 1). With the increase of the catalyst
loading, the reaction showed higher GVL yields until 97% yield
of GVL was provided at 100 mg of catalyst loading (Table 3,
entries 2 and 3). A further increase of the catalyst loading to
120 mg led to a slight decrease in the GVL yield, possibly
attributed to some side reactions over excess metallic catalyst
sites. Noteworthy, the reaction can also proceed well at a lower
loading of catalyst by extending the reaction time. For example,
the CTH of EL with 60 mg of catalyst provided 96% yield of
GVL when prolonging the reaction time to 24 h. This result
suggested that the Cu—Ni catalysts exhibited high reactivity
toward the CTH of EL to GVL.

Substrate and Solvent Scope. With the optimized
reaction condition in hand, we next turn to the substrate and
solvent scope of the CTH reaction, as shown in Table 4. The
CTH reaction with primary alcohols as the H-donors provided
low GVL product yields, which was consistent with many
previously reported works. The primary alcohols were poor H-
donors in the CTH reaction due to the difficult fS-hydride
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elimination after it formed alkoxy species on the surface of the
catalyst (Table 4, entries 1 and 2).* For secondary alcohols,
the reaction with i-PrOH provides 75% yield of GVL whereas
that with 3-pentanol afforded 97% yield of GVL (Table 4,
entries 3 and 4). Further prolonging the reaction time to 24 h
provided a higher GVL yield of 87%. Besides, cyclohexanol
(CyOH) was also an effective H-donor for the CTH of EL to
GVL and a moderate yield of 81% was obtained with 89% EL
conversion (Table 4, entry S). 2-Butanol was selected as the H-
donor for the CTH of EL to produce GVL in our system in
terms of its reactivity as well as the practical point of view.
These results further highlighted the traditional transfer
hydrogenation reaction mechanism of our system: secondary
alcohol was first absorbed on the surface of the catalyst and
formed alkoxide species by dissociation its O—H bond. The
alkoxide species subsequently underwent f-hydride elimination
to form metal hydride species and release the side product (e.g.,
acetone if using 2-PrOH). The unsaturated C=0 bond of EL
was then hydrogenated by the active metal hydride species to
yield ethyl 4-hydroxypentanoate, which finally underwent
intramolecular cyclization and formed GVL.

Other levulinate esters were also applied to the CTH
reaction for the production of GVL. Methyl- and butyl
levulinate were successfully converted to GVL at 94% and
95% yield, respectively (Table 4, entries 6 and 7). Noteworthy,
when levulinic acid was subjected to the CTH reaction, only a
small amount of GVL was obtained (<10%) and the reaction
solution turned blue (Table 4, entry 8). This might be resulted
from the acidic nature of LA that could react with the weak
basic support Al,O3, leading to the collapse of the support and
the leach of metal sites into the reaction solution. Overall, the
10Cu-5Ni/Al,O; catalyst showed excellent performance in the
CTH of various levulinate esters to GVL with different
secondary alcohols.

Stability of Catalyst. To investigate the stability of the
Cu—Ni catalyst, the monometallic Cu catalyst was also selected
as the benchmark catalyst for the CTH reaction under the
optimized reaction condition, as shown in Figure 5. For the
freshly prepared catalysts, 10Cu/Al,O; provided 86% yield of
GVL whereas 10Cu-SNi/AL,O; afforded 97% vyield of GVL.
When both of the catalysts were exposed in air for 1 week and
then subjected to the model reaction, 10Cu/Al,O; provided
only 3% yield of GVL, suggesting the severe deactivation the
catalyst through gradual oxidation in the air. In contrast, 10Cu-
5Ni/ALO; provided 87% vyield of GVL, only a slight decrease
compared to the fresh ones. 10Cu-5Ni/Al,O; was very stable
and resistant against the oxidation in the air. As reported in
many previous works,””*® the use of a bimetallic catalyst had
several advantages over their monometallic counterparts
including stabilizing effects and ligand effect. The addition of
a metal promoter could inhibit the sintering of metal particles
or suppress the formation of carbonaceous deposits on the
surface of catalyst. Besides, the metal could also act as a ligand
that alters the electron properties of the actives sites, resulting
in a more robust catalyst. Therefore, a bimetallic one may
exhibit good stability toward air oxidation. In addition, when
these two catalysts were recycled from the reaction mixture and
subjected to the next run, they exhibited better performances,
yielding 10% and 96% yield of GVL, respectively, even higher
than those of their first runs. This catalyst underwent an in situ
reduction during the first catalytic run and more oxidized metal
particles were further reduced and became more reactive
(discussed later). Based on these results, it can be concluded
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that the 10Cu-SNi/Al,O; was a very stable catalyst in the air
and maintain a high reactivity in the CTH reaction. Moreover,
the CTH reaction system was a reductive system that could
prevent the catalyst from being easily oxidized.

Catalyst Recycling and Characterization. To investigate
further the recyclability of the 10Cu-5Ni/Al,O; catalyst,
catalyst recycle tests for the CTH of EL to GVL were
performed under the optimized reaction condition. After each
run, the catalyst was separated by centrifuge, washed with the
fresh solvent and then directly subjected to the next run. The
results are presented in Figure 6. The catalyst was used for 10
catalytic runs with only a slight decrease in the EL conversion
and the GVL yield, yielding 93% yield of GVL in the tenth run.

To figure out the change of the catalyst during the reaction,
the spent catalyst was collected and characterized. Figure 7
shows the XRD analysis of the fresh and spent catalysts. The
two patterns showed similar diffraction peaks, which indicated
that the active metal sites on the surface of the catalyst were
almost unchanged during the CTH reaction. TEM character-
ization of the spent catalyst showed that no obvious change in
the surface morphology of the catalyst, and the metal particles
still well dispersed after the reaction (Figure 8). However, the
average sizes of the metal particles became a little larger (12—
13 nm). This might be caused by the aggregation of the metal
sites in thermal solutions, which might be unavoidable for most
supported monometallic catalyst under such reaction condition.
However, the reactivity of the catalyst still remained at a high
level in spite of the larger particle sizes. This result further
confirmed that 10Cu-5Ni/Al,O; catalyst had an excellent
stability under the CTH reaction condition.

XPS analysis of the spent catalyst showed major changes of
the oxidation state of the metal species (Figure 9). For Cu
2ps, the peak located at 932.3 eV, corresponded to Cu’/Cu”
crystallite species, became stronger compared to the fresh
catalyst whereas the peak at 934.2 eV (Cu’*) became weaker, as
well as its satellite peak round 944 eV. This result apparently
showed that more Cu’* crystallite species were reduced to Cu’/
Cu" species during the CTH reaction. The Cu LMM spectrum
of the spent catalyst further confirmed this result in which the
Cu’* peak became weaker compared to the fresh catalyst and
the area ratio of Cu’, Cu** and Cu" was 1:0.46:1.08. Comparing
with the fresh catalyst, more of Cu®* and Cu" species were
reduced during the reaction. Moreover, high-valent Ni**
crystallite species were also partially reduced during the
reaction and more Ni’ was formed. These reduced metal
sites may provide more hydrogenating sites and increased the
reactivity of the recycled catalyst in the CTH reaction, which
was in line with the excellent activity of Cu—Ni catalyst in the
recycling experiments. This was also an appealing advantage of
the CTH reaction in that it can protect the metallic catalyst
from losing reactivity by oxidation.

Bl CONCLUSION

In this study, we reported a robust and efficient Cu—Ni
bimetallic catalyst for the transfer hydrogenation of biomass
derived levulinate esters to y-valerolactone. An optimal 10:5
weight ratio of Cu to Ni was found to have the highest catalytic
activity in the CTH reaction, providing the highest GVL yield
of 97% by using 2-butanol as the H-donor at 150 °C for 12 h.
Characterization of the fresh and spent catalyst showed that the
synergy between Cu and Ni particles were responsible for the
high stability and reactivity of the bimetallic catalyst, which
enabled a 10 times of catalyst recycling. Besides, the CTH
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system also provided an effective in situ reduction environment
for keeping the Cu—Ni catalyst in high reactivity. This new
robust and efficient catalyst may also find other important
applications in the CTH of other biomass derived raw materials
to produce more value-added compounds.
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