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The catalytic transfer hydrogenation (CTH) of levulinate ester to y-valerolactone is one of the important reactions
for production of renewable fuels from biomass. An efficient and robust bimetallic Cu-Ru catalyst were devel-
oped for the hydrogenation of biomass-derived ethyl levulinate to y-valerolactone. A series of bimetallic catalysts
were prepared and characterized in detail. Subsequently, the as-prepared catalysts were evaluated in the hy-
drogenation system of ethyl levulinate. The results showed that Cu—Ru/ZrO2-SO3-SiO2-450 catalyst provided
100 % GVL yield in 12 h at 180 °C. Meanwhile, it also exhibited high catalytic hydrogenation activity for the
various biomass-derived carbonyl compounds. The structure-reactivity relationship of catalysts was investigated
in detail, and the results show the interaction between support and metal sites played an important role in the
hydrogenation activity. The sulfur species could tune the electronic states of metallic sites to gain optimal ac-
tivity. Besides, the Cu-Ru/ZrO,-SO3-Si02-450 catalyst performed excellent recyclability in five reaction runs

without an obvious loss of activity.

1. Introduction

The exploration and utilization of renewable energy resources to
produce sustainable chemicals and biofuels have drawn increasing
attention owing to the ever depletion of fossil resources and environ-
mental issues [1,2]. Biomass is one of the sustainable organic carbon
resource and represents the largest potential volume for biofuels and
biochemical production, including polyols [3], acids [4], esters [5], and
aldehydes [6]. For instance, ethyl levulinate, a carbonyl compound
derived from lignocellulose biomass, can be converted to y-valer-
olactone (GVL) via hydrogenation reaction. GVL has a versatile appli-
cation in many areas including liquid fuel, food additive, or solvent for
organic synthesis [7,8]. Especially, GVL could be blended with gasoline
diesel fuel owing to its high heating value and energy density [9].

Heterogeneous catalysts perform a crucial role in the hydrogenation
process of biomass-derived compounds into valuable chemicals, which
is due to easy separation and recyclable. The metal loaded heteroge-
neous catalysts, including Pd [10], Pt [11], Ru [12], Cu, Co, and Ni [13],
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were often used for the hydrogenation of biomass-derived compounds
into valuable chemicals in the presence of hydrogen, because of the high
catalytic activity, low-cost, stability and recyclability. When Hy was
applied as the H donor, required high pressure in the reaction system
brings some issues such as high cost and inconvenient operation con-
ditions. The catalytic transfer hydrogenation (CTH) reaction could use
the alcohol as the in-situ H-donor for the hydrogenation of the unsatu-
rated bonds, which could replace the high pressures Hy [14]. For
example, Huang et al. reported a trifunctional Hf-bagasse coordination
complex-derived catalyst that could provide 99.1 % GVL yield with
isopropanol as the solvent and H-donor under a mild reaction condition
[15]. Han et al. prepared a support-free mesoporous Ni catalyst for the
conversion of ethyl levulinate (EL) to GVL via CTH reaction, and the EL
conversion of 100 % and GVL selectivity of 99.1 % were obtained at
180 °C [9]. Tabanelli investigated the conversion of methyl and ethyl
levulinates to GVL via CTH reaction under both bath and gas-flow
conditions, and their results suggested the hydrogenation of EL could
provide the highest GVL yield when 2-propanol was used as the H-donor
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solvent [16].

The catalyst support plays an important role in the catalytic activity
of hydrogenation catalyst during CTH reaction process. The catalyst
support could affect the catalytic activity of metal sites via the electron
effect, steric effect, and microenvironments effect [17,18]. Our group
has also reported the CTH of levulinic acid to GVL over the Ru/g-C3N4
catalyst. The results indicated that the N sites of the g-C3N4 support
could tune the electron state of the active metal sites (Ruo), thus
endowing the excellent catalytic activity of this catalyst in the CTH re-
action [19]. Besides, Lu et al. suggested that the synergistic effect in a
bimetallic oxide usually affects the behavior of supported-metal cata-
lyst. Specifically, the unique synergy in the SnyMn;Oy oxide can boost
the hydrogenation catalysis of supported Pt nanoparticles for the se-
lective conversion of LA to GVL [20]. Therefore, it can be seen that the
support could enhance the catalytic hydrogenation activity and stability
of catalyst.

The reaction condition is an important evaluation criterion in the
application process. Previous study demonstrated that the monometallic
catalysts presented the excellent catalytic performance in the CTH re-
actions for the upgradation of biomass platform compounds [21].
However, the low stability and easily oxidized nature of the catalysts
severely limited their application in CTH reactions. Hence, the bime-
tallic catalyst strategy had been developed, which not only improve the
stability of catalyst but also enhance the catalytic activity of catalysts
[22,23]. The Aly03-based Ni-Cu bimetallic catalysts were studied for the
hydrogenation of levulinic acid, which achieved the high yield of
y-valerolactone (96 %) at the reaction condition of 250 °C and 6.5 MPa
hydrogen [24]. Besides, Li et al. reported that activated carbon sup-
ported bimetallic Ni and Fe catalysts for the hydrogenation of
biomass-derived ethyl levulinate into the y-valerolactone, which could
achieve 99.3 % conversion of EL and 99.0 % yield of GVL at the mild
reaction condition (100 °C, 4 MPa H,, 6 h) [25]. However, the harsh
reaction (high reaction temperature and hydrogen pressure) and low
reaction efficiency in the hydrogenation process of EL limited the pro-
duction of GVL, as shown in Table 1. Therefore, it is highly desirable to
develop economically feasible catalysts for the hydrogenation of EL into
GVL.

In this study, the bimetallic Cu-Ru catalyst was prepared for the
conversion of biomass-derived platform compounds into the valuable
chemicals. The influences of reaction conditions (e.g., temperature,
time, catalyst dosage, and medium) on the CTH reaction of EL to GVL
over the as prepared catalysts were investigated. Subsequently, the
relationship of the structure and activity was investigated by various
characterization techniques of X-ray power diffraction (XRD), trans-
mission electron microscopy (TEM/HRTEM), X-ray photoelectron
spectroscopy (XPS), Hy temperature-programmed reduction (Hy-TPR)
and the temperature-programmed desorption of ammonia (NH3-TPD).
Besides, the recyclability and stability of the bimetallic Cu-Ru catalyst
were evaluated. Finally, the Cu-Ru bimetallic catalyst also was

Table 1
The lists of conversion of EL into GVL over different catalyst.

o
)WO \/ Catalyst 0,
[H]-donor o
o

EL GVL
Entry Catalyst H- T [°C] t [h] GVL yield Ref.
donor [%]
1 3Pd-10Nb-500- H, 100 5 81 [26]
AC
2 20%Co/SBA-15 H, 220 - 96.4 [27]
3 DUT-52(Hf) 2-PrOH 160 5 86 [28]
4 ZrO(OH),-xH,0 2-PrOH 200 1 88.5 [29]
5 Pt/TiO, 2-PrOH 110 24 91 [30]
6 Ru/UiO-66 H, 80 1 50 [31]
7 MoS,/AC H, 230 1.5 88.7 [32]
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performed in the hydrogenation of other biomass derived compounds
into value-added chemicals. The results could provide a new insight for
the design of the catalyst in selective hydrogenation process via the
regulating the interaction between carriers and active metals.

2. Experimental
2.1. Materials

Zr02-S03-Si0,, ZrO,, and SiO, supports were purchased from Saint-
Gobain NorPro Company (USA). Cu(NOs3)2-6H50 and all the alcohol
solvents (i.e., methanol, ethanol, 2-propanol (2-PrOH), 2-butanol (2-
BuOH), and 3-pentanol) were purchased from Sinopharm Chemical
Reagent Company (Shanghai, China). RuCls (Ru, 37 %) was purchased
from Aladdin Chemical Company (Shanghai, China). Levulinic acid,
levulinate esters, and y-valerolactone were purchased from Energy
Chemical Reagent Company (Shanghai, China). Furfural, benzaldehyde,
phenylacetaldehyde, and acetophenone were purchased from TCI
Chemical Reagent Company (Shanghai, China). All chemicals were of
reagent grade and used without further purification.

2.2. Preparation of the catalysts

The catalysts were synthesized by the impregnation method as fol-
lows: 1.90 g ZrO,-S03-SiO, was dispersed into 50 mL deionized water.
Subsequently, 0.3780 g Cu(NO3)2-3H20 and 0.2054 g RuCl3 were added
to the above suspension. The mixture was stirred for 12 h and then dried
at 100 °C overnight. The dried powder was ground and annealed in the
muffle furnace at 400 °C for 4 h. Then, the obtained catalyst precursor
was reduced under a flow of 5%H,/N> at 450 °C for 2 h with a staged
heating method. The detailed steps are as follows: the temperature was
heated to 350 °C within 90 min, then raised to 450 °C within 60 min, and
kept at 450 °C for 2 h. After cooling down to room temperature, the
catalyst was collected. The catalysts also were reduced at three different
temperatures (350, 450, and 550 °C) and the catalysts were named as
Cu-Ru/Zr0,-S03-Si02-350, Cu-Ru/ZrO-S03-Si03-450, Cu-Ru/
Zr02-S03-Si0»-550, corresponding to the reduction temperatures. For
the purpose of comparison, catalysts Cu—-Ru/ZrO5 and Cu-Ru/SiO, were
also prepared using a similar method as that of Cu-Ru/ZrO,-S03-SiO»-
450 catalyst.

2.3. Hydrogenation reactions with the prepared catalysts

Hydrogenation of EL to GVL was conducted in a thick-wall pressured
tube. For a model hydrogenation reaction: EL 1.0 mmol, Cu-Ru/
Zr02-S03-Si0-450 100 mg and 2-propanol 5 mL were charged into the
reaction tube and mixed well with a magnetic stirrer. The tube was
purged with the Ny to remove air. Then, the reaction tube was allowed to
react at 180 °C for 12 h. Upon the end of the reaction, the tube was
cooled down to room temperature, and the solution was separated by
centrifugation and subjected to analysis. For the recycling experiment of
the catalyst, the catalyst was recovered by centrifugation after hydro-
genation reaction and washed with 2-PrOH for three times. The recov-
ered catalyst was directly applied for the next run. The products were
analyzed by chromatography-mass spectroscopy (GC-MS, Agilent 7890
A, Agilent 5975CMSD) and gas chromatography (GC, Agilent 7890 A)
with a DB-5 capillary column (30 m x 0.25 mm X 0.25 mm, Agilent).
The temperature of the column increased from160 to 250 °C at a 15 °C/
min rate. Naphthalene was used as the internal standard.

2.4. Characterizations of the catalysts

The XRD analysis of the catalysts were performed on an X-ray
diffractometer (Rigaku D MAX III VC, Rigaku, Japan). TEM and HRTEM
images were acquired on a transmission electron microscopy (JEOL-
2010, Japan). The Brunauer-Emmett-Teller (BET) surface area and
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porosity of the catalysts were analyzed by N5 sorption (Tristar II 3020 M,
Micromeritics). X-ray photoelectron spectra (XPS) were recorded on the
Scientific Escalab 250-X-ray photoelectron spectrometry instrument
(SHIMADZU, Japan) using Al Ka X-ray as the excitation source (hv =
1486.6 eV). The NH3-TPD and H,-TPR were recorded on a multifunc-
tional atomic adsorption instrument (xianquan, TP-5080, China)
equipped with TCD.

3. Results and discussion
3.1. Characterization of as-synthesized catalysts

The XRD patterns of the catalysts were shown in Fig. 1 and S1. Five
characteristic peaks at 28.08°, 30.28°, 35.18°, 50.38°, 59.96° presented
in the XRD spectrum of pristine ZrO,-SO3-SiO, support (Fig. 1), cor-
responding to the ZrO, (JCPDS#17-0923) and SiO2 (JCPDS#47-1144),
thus confirming the bimetallic oxides in the support. Notably, two new
peaks appeared at the 20 of 24.04°, 40.84° in the calcined
Zr0,-S03-SiO5 pattern (Fig. 1a), which should be attributed to the Si-Zr
species (JCPDS#10-0267). This result manifested that the interaction
between Si and Zr atoms could be enhanced after the calcination pro-
cess. Besides, the intensity of the characteristic diffraction peaks of SiO5
at 28.08° and 55.42° increased compared to that of the pristine support,
indicated the increase of SiO; crystallinity at the high temperature.
Notably, there is no obvious diffraction peaks in the XRD pattern of
Cu-Ru/Zr0O,-S03-Si0y (Fig. 1a), which is due to well dispersion or
small particle size of metallic particles [33]. Fig. 1b show that the in-
tensity of peaks at 24.04°, and 28.08° gradually increased with the in-
crease of reduced temperature, indicated the increase of the interaction
between SiO; and ZrO2 and the crystallinity of SiO5 at higher temper-
ature. Fig. S1 shows the XRD patterns of the monometallic oxide sup-
ports (SiO5 and ZrO5) and Cu-Ru/SiO, and Cu-Ru/ZrO; catalyst. Three
obvious diffraction peaks at 36.72°, 42.36% and 44.2°, indexed to the
Cuy0 and Ru species, can be observed in the SiO, supported catalyst.
Meanwhile, no obvious Cu or Ru diffraction peaks presented in the XRD
pattern of Cu-Ru/ZrO catalyst, indicating that loaded metal species
dispersed better on the ZrO, support than SiO» support. Compared to
Cu-Ru/SiO; and Cu-Ru/ZrO,, the active metal particles (Cu and Ru) of
Cu-Ru/Zr0,-S03-SiO, dispersed better, which may provide the more
excellent catalytic hydrogenation activity.

The morphology of as-prepared catalysts was characterized by TEM
and the images are shown in Fig. 2. The dark spotted areas presented on
all catalysts corresponding to the loaded metallic nanoparticles and their
size distributions are inserted in the corresponding TEM images. The
average particles sizes were around 5.0 nm for both monometallic

Cu/Zr0 -SO -SiO 450

Rw7r0,-SO _-Si() 450

Cu-Rw/Zr0 S0 -5i0,-450|

7r0 S0 -Si0 400

Zr0 S0 -Si0 |

| T II : 2rQ, JCPDS#17 0923

Intensity (a.u.)

SiZr JCPDS#10-0267|
L |1 el [ | . . f

10 20 30 40 50 60 70 8 90
2 Theta (degree)
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catalysts Cu/ZrO»-S0O3-Si02-450 and Ru/ZrO»-S03-Si02-450 (Fig. 2a
and b) and the average particles sizes were around 7.0 £ 0.5 nm in
Fig. 2c and d (Cu-Ru/SiOy and Cu-Ru/ZrOs). Compared to the above
two types of catalysts, the bimetallic catalysts on the bimetallic oxides
support Cu-Ru/ZrO»-S03-Si0,-450 presented the lowest particle size of
about 3.5 nm (Fig. 2f). As displayed in Fig. 2e, f, and 2h, it can be found
that the nanoparticles of Cu—Ru/ZrO2-SO3-Si02-350 aggregated and the
average particles size was about 5.0 nm. When the reduction tempera-
ture increased to 450 °C, the average particles size of the catalyst
(Cu-Ru/Zr0,-S03-Si02-450) decreased to around 3.5 nm and the
nanoparticles exhibited better dispersion, which is beneficial for the
hydrogenation reaction [34]. With the reduced temperature further
increased to 550 °C, obvious aggregation was observed and the average
size of the nanoparticles increased to about 7.5 nm, which might be due
to the sintering of metal particle at higher temperatures [35]. Therefore,
the reduction temperature would affect the particle size of the catalysts,
further affecting the catalytic activity of the catalysts. Based on the
above results, three important pieces of information could be suggested:
1) the bimetallic oxides support ZrOo—-S0O3-SiO; is more conducive to the
dispersion of active metals than monometallic support ZrO5 and SiOo; 2)
The synergy of the copper-ruthenium bimetal is favor in the dispersion
of active sites on the support; 3) The reduction temperature would
significantly effect the dispersity and particle size of the active metals.
Besides, the HRTEM images of Cu-Ru/ZrO-S03-Si0-450 (Fig. 2g)
presented that the lattice space of 0.206 nm assigned to the Ru (101)
plane and the lattice spaces of 0.207 and 0.200 nm, corresponding to the
Cu (111) and Cu0 (111) plane, respectively [5,36]. These results
further indicated that the metal sites were reduced during the prepa-
ration process.

The Nj adsorption-desorption isotherms and pore size distribution
curves of the catalysts were exhibited in Fig. 3. All the samples display a
type-1V isotherm with H3 hysteresis loop (Fig. 3a and c), suggesting the
mesoporous structure of the catalysts [37]. The textural properties of the
catalysts are summarized in Table 2. The specific surface area, the pore
volume and average pore size of the pristine ZrOo—-SO3-SiO; support are
128.4 m?/g, 0.13 cm®/g, 3.99 nm, respectively. The parameters of
Zr0,-S03-Si0,-400 support slightly increased (140.3 m?/g, 0.14 cm®/g,
and 4.09 nm, respectively), which should be attributed to the removal of
impurity in pore. The specific surface area of the catalysts decreased
after the metal Cu and Ru loaded, indicating the successfully anchoring
of metallic particles. It is worthwhile pointing out that the catalyst also
exhibited mesoporous structures (Fig. 3b), which could be conducive to
the mass transfer of the reactants during the hydrogenation reaction
process [38]. Besides, Cu-Ru/SiO, and Cu-Ru/ZrO, also exhibited
mesoporous structures, while porous structure of these was tanglesome.

b

Cu-RwZr0 -S0 -SiO -550

Intensity (a.u.)

2 Theta (degree)

Fig. 1. XRD patterns of as-synthesized catalysts.
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X

Fig. 2. TEM images and particle size distributions of the as-synthesized catalysts. a: Cu/ZrO>-SO3-Si05-450; b: Ru/ZrO;-S03-Si05-450; c¢: Cu-Ru/SiOy; d: Cu-Ru/
ZrOy; e: Cu-Ru/Zr0O,-S03-Si0,-350; f: Cu-Ru/ZrO-S03-Si05-450; g: HRTEM of Cu-Ru/ZrO2-SO3-Si02-450; h: Cu-Ru/ZrO2-SO3-Si02-550.
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Fig. 3. N, ad/desorption isotherm ((a), (c)) and pore diameter distribution ((b), (d)) of the as-synthesized catalysts.
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Table 2
Textural Properties of the as-synthesized Catalysts.

Renewable Energy 222 (2024) 119833

Entry Catalysts Sper (m%/g)” Vp (cm®/g)° D, (nm)* Acidity (pmol/g)

weak medium total
1 Zr0,-503-Si0, 128.4 0.13 3.99 0.46 0.41 0.87
2 Zr0-503-5i04-400 140.3 0.14 4.09 0.45 0.34 0.79
3 Cu/Zr03-S05-Si05-450 89.8 0.10 4.35 - - -
4 Ru/ZrO,-SO5-Si0,-450 119.0 0.12 417 - - -
5 Cu-Ru/Zr0,-S03-5i0,-350 102.8 0.10 3.79 0.65 0.39 1.04
6 Cu-Ru/ZrOy-S035-5i05-450 103.3 0.11 417 0.45 0.36 0.81
7 Cu-Ru/Zr0,-S03-Si0,-550 71.2 0.09 5.14 0.46 0.37 0.83
8 Zr0, 119.2 0.22 7.38 - - -
9 Si0, 196.1 0.73 8.68 - - -
10 Cu-Ru/ZrO, 103.7 0.18 6.99 - - -
11 Cu-Ru/SiO, 179.0 0.38 8.39 - - -

2 BET surface area.
b Total pore volume.
¢ Average pore size.

The XPS analysis was conducted to further investigate the chemical
state of the metallic sites and interaction between the active sites and
support, as shown in Fig. 4 and Fig. S2. The Si 2p spectra of
Zr02-S03-Si0O7 and Cu-Ru/ZrO2-S03-Si0O; catalysts (Fig. S2a) showed
the chemical state no change during the calcination process. Notably,
when the metal loaded on the ZrO,-SO3-SiO; support, the binding en-
ergy of Si shifted toward to low field, attributed to the strong interaction
between metal particles and support [39]. The binding energy of Zr 3d

(a)

Zr 3d
CWZr0,-5S0,-5i0,-450

RwZr0,-80,-Si0,-450

Cu-RWZr0,-50,-Si0 -550

Cu-RwZr0,-50,-5i0,-450

Cu-RWZr0,-S0,-Si0,-350

Intensity (a.u.)

Zr0,-S0.-Si0,-400

710,-S0 -Si0,

150 155
Binding Energy (eV)

T
175 190

C 1s+Ru 3d

RwZrO,-S0,-Si0,-450

Cu-RWZr0,-S0-8i0,-550

Cu-RWZr0 -S0,-Si0,-450

Intensity (a.u.)

Cu-RwZr0,-80,-Si0,-350|

278 280 282 284 286 288
Binding Energy (eV)

—T T
274 276 290

Intensity (a.u.)

(Fig. 4a) shifted to a low field after calcination, which may be due to the
removal of oxygen in the structure of support. Notably, the binding
energy of Zr 3d further shifted to a low field when the Ru particles
loaded, which indicated that the Zr atoms may interact with the Ru sites.
In Fig. 4a, it can be seen that the binding energy of Zr 3d shifted to high
filed, comparison with the Ru/ZrO,-SO3-Si02-450 catalyst, which may
be due to Cu atoms provided the electron to the support and Ru sites. In a
word, all bimetallic Cu-Ru catalysts showed the change of binding

(b)

Intensity (a.u.)

710,-S0 -Si0,
R P
SATAV AR

T T T T
164 166 168 170

Binding Energy (eV)

T
162 172

9ZI’:5 94I|0 ' 94'15
Binding Energy (eV)

Fig. 4. XPS spectra of as-synthesized catalysts. a: Zr 3d, b: S 2p, c: C 1s and Ru 3d, d: Cu 2p.
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energy of Si and Zr atoms, which verified the introduction of secondary
metal could enhance the interaction of metallic particles with support.
Additionally, the S 2p spectra of samples were analyzed, as shown in
Fig. 4b. It can be seen that the binding energy of S 2p shifted to the low
field after calcination, due to the removal of oxygen. The binding energy
S species shifted toward to high field when the Cu, Ru metal loaded,
which suggested the electron transferred from S atoms to the metal sites,
promoting the formation of electron-rich active metal sites. The
electron-rich active metal sites could enhance the hydrogenation ac-
tivity of the bimetallic catalyst [40].

The XPS spectra of C 1s and Ru 3d were displayed in Fig. 4c. The
binding energy of Ru® of the bimetallic Cu-Ru/ZrO»-SO3-SiO catalyst
shifted to a high field, suggesting the electron transferred from Ru to Cu
atoms, which verified interaction of the Cu and Ru sites. Despite this, the
S species in the ZrO,-S03-SiO, support could donated electron to the
metal sites, which could facilitate the dissociation of active hydrogen
from hydrogen donors, thus promoting the hydrogenation activity of the
catalyst. The XPS spectra of Cu 2p (Fig. 4d) could deconvoluted into five
individual peaks around 930.0 eV, 932.0 eV, 939.1 eV, 950.4 eV and
952.3 eV. It can be seen that a doublet Cu 2p3,, peaks presented at 930.0
and 932.0 eV and a doublet Cu 2p; 2 observed at 950.4 eV and 952.3 eV
with a binding energy difference between the Cu 2ps3/ and Cu 2p;,2
doublets of approximately 20.4 eV [41]. This result indicated the part of
Cu®" species was reduced to Cu’/Cu’ species during the reduction
process [42]. In a word, the heteroatoms of support and bimetal effect
could tune the electron distribution of catalytic sites, which would
provide the excellent activity.

The acidic property of catalysts could affect the activation of the
C=O0 and C-O of the reactants. Hence, the ZrO,-SO3-SiO, support and
as-prepared catalysts were subjected by NH3-TPD analysis (Fig. 5a and
Table 2). All samples displayed two adsorption peaks at about 140 and
380 °C, indexing to the weak and medium acidic sites of the catalysts,
respectively. In addition, the Cu—Ru/ZrO5-SO3-SiO; catalysts exhibited
similar acidity with that of the ZrOo-S03-SiO; (Table 2), suggesting that
the acidity of the metal loaded catalysts was mainly originated from the
Zr03-SO3-SiOy support.

The temperature-programmed reduction of hydrogen (Hy-TPR)
curves of as-prepared catalysts were displayed in Fig. 5b. Two distinct
peaks at around 305 and 642 °C were observed in the Ru/
Zr0,-S03-SiO, catalyst, whose were higher than these of literatures
reported [43,44]. This result may be due to the stronger interaction with
Zr0,-S03-SiO, support. When the secondary Cu species was intro-
duced, the reduction temperature of the bimetallic catalysts decreased,

(a)
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compared with the monometallic Ru catalyst, indicated that more Ru
metal sites were activated by the introducing of the secondary metal Cu.
Besides, the Cu-Ru/ZrO5-S03-Si0,-450 catalyst showed lower reduc-
tion temperature than that of Cu-Ru/ZrO2-S03-Si02-350, which indi-
cated that more metal sites were reduced at the higher reduction
temperature. However, the reduction peaks of -catalyst
Cu-Ru/Zr02-S03-Si02-550 in the Hy-TPR profile shifted to a higher
temperature field, which might be attributed to the formation of larger
nanoparticles at higher temperature [45].

3.2. Catalytic transfer hydrogenation of EL to GVL

The catalytic activity of as-prepared catalysts was evaluated in the
CTH reaction of EL using 2-PrOH as the reaction solvent as well as the
hydrogen donor (Table 3). The pristine ZrO2-S03-SiO; support showed
limited activity of only 1.8 % GVL yield and 6.5 % EL conversion
(Table 3, entry 1). The monometallic catalyst Ru/ZrO,-SO3-SiOq
exhibited higher hydrogenation activity than Cu/ZrO,-SO03-SiO5
(Table 3, entries 2 and 3), suggesting that the metal sites of the catalysts
played a crucial role, meanwhile, the effect of Ru sites on the catalytic
activity of the catalyst is greater than that of Cu sites in the EL hydro-
genation reaction. The Cu-Ru/ZrO; provided much higher EL conver-
sion and GVL yield than Cu-Ru/SiOy (Table 3, entries 4 and 5),

Table 3

The conversion of EL and GVL yield over different catalysts.
Entry  Substrate  Catalyst GVL Conv.

(%) (%)
1 EL ZrO,-S03-Si04 1.8 6.5
2 EL Cu/Zr0,-S03-Si05-450 63.8 69.6
3 EL Ru/ZrO,-S03-Si0,-450 83.4 90.2
4 EL Cu-Ru/SiO, 0.3 0.9
5 EL Cu-Ru/ZrO, 83.2 98.4
6 EL Cu-Ru/Zr0,-SiOy 16.4 21.5
7 EL Cu-Ru/Zr0O,-S03-Si0,-350 72.6 74.7
8 EL Cu-Ru/Zr0O,-S03-Si0,-450 100 100
9 EL Cu-Ru/Zr0,-S03-Si0,-550 83.5 87.5
10 EL Cu/Zr0O,-S03-Si02-450+Ru/ 46.2 52.6
Zr0,-S03-Si05-450

11° EL Cu-Ru/Zr0,-S03-Si0,-450 96.0 96.9
12¢ EL Cu-Ru/Zr0,-S03-Si0,-450 96.9 97.8
134 EL Cu-Ru/Zr0O,-S03-Si02-450 95.7 100

Reaction conditions: EL 1 mmol, catalyst 100 mg, 2-PrOH 5 mL, 180 °C, 12 h, N,.
2mixture of Ru/Zr0O,-S03-Si0,-450 and Cu/Zr0,-S03-Si0,-450, b5 wt % H,0
added, ‘conducted in the air, dcatalyst 60 mg 24 h.

(b)

——— Cu-RwZr0 -SO -SiO,-550

Cu-RwZr0O_-S0O _-SiO _-450
—— Cu-RwZr0 -SO -SiO -350
—— CwZr0-S0 - 450

— RWZr0,-50,-Si0,-450
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Fig. 5. NH3-TPD (a) and H,-TPR (b) spectrum of the as-synthesized catalysts.
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indicating that ZrO, showed a more active role than SiO; in this hy-
drogenation system. This result could be attributed to the stronger
electronic effect and interaction between the metallic sites and the ZrO,
support, which was confirmed by results of XRD and XPS characteriza-
tion. Meanwhile, the Cu—Ru/ZrO»-SiO, catalyst exhibited the 21.5 % EL
conversion and 16.4 % GVL yield (Table 3, entry 6). Notably, the
bimetallic Cu-Ru catalysts prepared at the different reduction temper-
ature exhibited different catalytic activity, the Cu-Ru/ZrO,-S03-SiO2-
350 catalyst provided 74.7 % EL conversion and 72.6 % GVL yield
(Table 3, entry 7), while the reduction temperature increased to 450 °C,
the catalyst achieved a full EL conversion and a theoretical GVL yield
(100 %) (Table 3, entry 8). This result corresponded to a more sufficient
reduction of metal sites, higher metal dispersion, and smaller metal
particle size [46,47]. With the reduction temperature further increased
to 550 °C, the catalytic hydrogenation activity of
Cu-Ru/Zr0,-S03-Si0-550 decreased down to 83.5 % of GVL yield
(Table 3, entry 9), which was due to the aggregation of metal particles at
high treatment temperature [48]. It can be seen that the ZrO>-SO3-SiO»
support showed the excellent performance than that of the SiOj, ZrO,,
and ZrO»-SiO» supports, which indicated that the S played an important
role in the hydrogenation reaction.

Besides, to verify the synergy effect of Cu and Ru sites on Cu-Ru/
ZrOz—SOg—SiOg, the CU/ZI'OQ—SOg—SiOZ and Ru/Zr02—303—8102 were
physically mixed and subjected to the hydrogenation reaction, which
showed a lower GVL yield (Table 3, entry 10) than bimetallic Cu-Ru/
ZrO2-SO3-SiOy catalyst. This result suggested that the synergy of
bimetallic Cu-Ru sites could effectively enhance the hydrogenation ac-
tivity of the catalyst. In addition, the HyO and air would affect the cat-
alytic efficiency in the hydrogenation system. Subsequently, the effect of
the H,0 and air was investigated in hydrogenation reaction of EL. The
96.0 % and 96.9 % of GVL yield was achieved over the Cu-Ru/
Zr02-S03-Si02-450 catalyst, when the hydrogenation reaction was
conducted in the 5 wt% H3O system and air condition, respectively,
(Table 3, entry 11 and 12). Based on the above experimental results, the
Cu-Ru/Zr0,-S03-Si0,-450 exhibited the high catalytic activity and
stability in the hydrogenation system.

The reaction temperature has a profound effect on the reaction rate.
Hence, the hydrogenation of EL was performed at a range from 120 to
200 °C (Fig. 6a). When the reaction proceeded at a milder condition
(120 °Q), only 20.3 % GVL yield was achieved with 20.6 % EL conver-
sion. With the increase of reaction temperature, the EL conversion and
GVL yield gradually increased until a maximum GVL yield of 100 %
obtained at 180 °C, which was attributed to the fact that higher tem-
perature promotes the dissociation of active hydrogen ([H]), thus
enhancing the reaction efficiency of EL hydrogenation reaction [19].
While the reaction temperature further increased to 200 °C, the GVL
yield slightly decreased to 91.7 %, which may be due to the polymeri-
zation of reactant, intermediates, and products at high reaction tem-
perature [49]. Furthermore, the influence of reaction time was explored

I 1GVLyield - - EL Conv. @ Carbon balance I
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in Fig. 6b. The EL conversion and GVL yield increased apparently with
the extension of reaction time, and the maximum GVL yield was ach-
ieved at 12 h. While the reaction time further prolonged, the GVL yield
decreased slightly, which might be owing to the side-reactions. Addi-
tionally, the influence of catalyst dosage in the hydrogenation system
was evaluated (Fig. 6¢). Only 42.7 % EL conversion and 40.7 % GVL
yield were achieved with 40 mg Cu—Ru/ZrO2-SO3-Si02-450 catalyst. As
the catalyst dosage gradually increased, both EL conversion and GVL
yield increased and the maximum GVL yield was obtained at 100 mg of
Cu-Ru/Zr02-S03-Si0,-450 catalyst. When the catalyst dosage further
increased to 120 mg, the EL conversion remained, while the GVL yield
decreased slightly, which may be due to the side-reactions suffered on
excessive active metal sites of the catalyst [50]. Noteworthy, the con-
version of EL to GVL reaction could conduct well with a lower catalyst
dosage by prolonging the reaction time. For instance, the hydrogenation
of EL to GVL with 60 mg of catalyst dosage provided 95.7 % GVL yield
when the reaction time extending the reaction time to 24 h (Table 3,
entry 13), which further indicated the high hydrogenation activity (EL
to GVL) of Cu-Ru/ZrO,-S03-Si02-450 catalyst.

The effect of different H-donor solvent on the hydrogenation reaction
was investigated at the optimal reaction conditions (Table 4). The
experimental results presented that primary alcohols (methanol and
ethanol) provided poor performance as H-donor solvent in the hydro-
genation reaction (Table 4, entries 1 and 2), which was ascribed to the
more difficult p-hydride elimination when primary alcohol formed
alkoxy species on the surface of the catalyst [19,51]. The secondary
alcohols (including 2-PrOH, 2-BuOH, and 3-Pentanol) provided excel-
lent performance in the reaction. Specifically, 100 %, 91.7 % and 87.0 %
GVL yield was obtained in the 2-PrOH, 2-BuOH and 3-Pentanol solvent,
respectively. The difference on the hydrogenation performance of three
secondary solvents could be attributed to difference of the reduction
potential of the reductive alcohols [29]. In a word, the secondary al-
cohols exhibited the more outstanding performance than that of primary
alcohols.

As we know, the adsorption and desorption of reactants and products
on the surface of catalysts could affect the reaction rate in heterogeneous
catalytic system [52]. Thus, the adsorption experiments were conducted
and the test results of different catalysts in the hydrogenation system

Table 4
CTH reaction of EL in Different H-Donor Solvent®.
Entry Substrate Solvent GVL (%) Conv. (%)
1 EL MeOH 32.9 34.1
2 EL EtOH 11.2 12.1
3 EL 2-PrOH 100 100
5 EL 2-BuOH 91.4 94.6
6 EL 3-Pentanol 87.0 90.5

@ Reaction conditions:
No.

EL 1 mmol, catalyst 100 mg, 2-PrOH 5mL, 180 C, 12 h,
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Fig. 7. Adsorption test of reaction substrates EL, product GVL on the different
catalysts in the reaction system.

were displayed in Fig. 7. Cu/ZrO,-SO3-SiOy and Ru/ZrO-SO3-SiOy
were favorable to adsorb the product GVL, compared to reactant EL,
which would be not beneficial for desorption of GVL product and release
of active sites, thus inhibiting the reaction rate. Cu-Ru/ZrO; catalyst
shows a similar result with that of Cu/ZrO,-SO3-SiO; catalyst.
Cu-Ru/SiO5 performed poor adsorption capacity of EL and GVL, thus
this catalyst presented a poor hydrogenation performance (0.3 % of GVL
yield, 0.9 % of EL conversion). Notably, the Cu—Ru/ZrO-S03-Si02-450
exhibited the excellent absorption performance of EL and desorption
performance of GVL. This result supported it the excellent performance
on the conversion of EL and yield of GVL. Meanwhile, GVL could effi-
ciently desorb from the surface of Cu-Ru/ZrO2-SO3-Si02-450, thus
releasing the catalytic active sites for sequential reactions. The adsorp-
tion experimental results indicated the excellent affinity between the
substrate EL and the Cu-Ru/ZrO,-S03-Si0,-450, which could enhance
the hydrogenation reaction.

To further estimate the catalytic activity of Cu—Ru/ZrO2-SO3-SiO5-
450 catalyst in the hydrogenation system, the kinetics of conversion of
EL to GVL was investigated. EL conversion at the different temperatures
over the bimetallic Cu-Ru catalyst were traced, as shown in Fig. 8. The
apparent activation energy (E,) of EL hydrogenation to GVL was
calculated by the Arrhenius equation k = AeCFRD The apparent
activation energy for EL conversion was determined to be 67.8 kJ/mol.
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3.3. Stability of Cu—Ru/ZrO2-S03-Si02-450 catalyst

The reusability of catalyst is a crucial factor of heterogeneous cata-
lysts, determining the economy and sustainability of the reaction sys-
tem. Thus, the Cu-Ru/Zr0O,-S03-Si0»-450 catalyst was evaluated by
performing consecutive runs using the recovered catalyst. Specifically,
the Cu-Ru/ZrO2-SO3-Si02-450 catalyst was separated by centrifugation
after the hydrogenation reaction and washed with 2-PrOH for three
times, then directly subjected to the next run. The EL conversion and
GVL yield decreased slightly to 96.5 % and 95.4 % in the fourth run
(Fig. 9), while the carbon balance of the reaction remained unchanged.
There may be due to the mass loss of catalyst during the recycling
process. Besides, the hydrogenation reaction over Cu-Ru/
Zr02-S03-Si02-450 catalyst was carried out at 160 °C to further test its
reusability (Fig. S3). The results presented that the EL conversion and
GVL yield remained during the recycling experiment, suggesting the
Cu-Ru/Zr0,-S03-Si0,-450 could keep high activity and stability in the
EL hydrogenation reaction.

To further investigate the stability of Cu-Ru/ZrO;-SO3-Si02-450,
the catalyst after the fifth run was collected and directly characterized
(Fig. 10). The XRD spectra of fresh and recovered catalyst presented
similar diffraction peaks (Fig. 10a), suggested the metallic sites on the
surface of catalyst were stable during the hydrogenation reaction. The
TEM image of the recovered Cu-Ru/ZrO2-SO3-Si02-450 -catalyst
(Fig. 10b) displayed no obvious aggregation of metallic particles, which
is consistent with the XRD result. Besides, the XPS analysis (C 1s + Ru 3d
and Cu 2p) of recovered catalysts were conducted to analyze the change
of active sites (Fig. 10c and d). It can be seen that the reduced Ru® and
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Fig. 10. XRD characterization (a), TEM image (b), XPS analysis (c) of recovered Cu-Ru/ZrO,-S03-Si0,-450 catalyst after 5th cycle.

Cu® were detected, which could provide hydrogenation sites for the EL
conversion. The above characterization results further demonstrated the
outstanding stability and recyclability of Cu-Ru bimetallic catalyst in
the CTH reaction system.

Table 5
Substrate scope of Cu-Ru/ZrO,-SO3-Si0,-450 catalyzed hydrogenation
reaction®.

Entry Substrate Product GVL (%) Conv. (%)
1 LYOH o 46.3 71.4
Y \_J o
2 \LO)’: o 99.9 100
o
3 )OW OH 83.3 87.6
o ©)\
o
4 o o) 94.1 100
\E/Eo |
5 o >99 100
Ao @” OH
o
6 \Eo% _0 >99 100
o ©/\/
7 o) OH >99 100
\ o ©/\/

@ Reaction conditions: substrate 1 mmol, Cu-Ru/ZrO,-S03-SiO> 100 mg, 2-
PrOH 5 mL, 180 C, 12 h, N.

3.4. Hydrogenation of different biomass-derived substrate

Finally, the Cu-Ru/ZrO2-SO3-Si02-450 catalyst was tested for hy-
drogenation of several typical biomass-derived platform compounds
including levulinic acid (LA), levulinate esters, furfural, benzaldehyde,
phenylacetaldehyde and acetophenone (Table 5). For levulinic acid,
only 46.3 % GVL yield and 71.4 % LA conversion were achieved
(Table 5, entry 1), which may be due to the metal sites of the catalyst
would be etched in the acidic medium [22]. It can be seen that 99.9 %
and 83.3 % GVL yields were obtained, corresponding to methyl levuli-
nate and butyl levulinate as the substrate, respectively (Table 5, entries
2 and 3), indicating the catalyst exhibited excellent hydrogenation ac-
tivity of levulinate esters. The different catalytic performance of this
catalyst on the different levulinate esters might be attributed to the
steric hindrance of the alkyl groups [29]. Furfural, a typical
hemicellulose-derived compound, could be selectively converted to
furfural alcohol over the Cu-Ru/ZrO,-SO3-Si02-450 catalyst, and 94.1
% yield of furfural alcohol was obtained (Table 5, entry 4). Additionally,
the hydrogenation activity of the bimetallic Cu-Ru catalyst was also
evaluated on the lignin-derived compounds including benzaldehyde,
phenylacetaldehyde and acetophenone. The experimental results pre-
sented the high catalytic activity for the selective hydrogenation of C=0
bonds (yield of products >99 %). Notably, these results indicated the
Cu-Ru/Zr0,-S03-Si02-450 catalyst could selectively convert the C=0
bond, while ignoring carbon-carbon unsaturated bonds. Thus, it can be
widely applied to the selective hydrogenation of biomass-derived sub-
strates with C=0 bond.

4. Conclusion

In this study, a series of bimetallic Cu-Ru catalysts were prepared
and applied to the selective hydrogenation reaction of the biomass-
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derived carbonyl compounds. The characterization results of as-
prepared bimetallic catalysts showed that the particle size, dispersion,
and electron states of metal sites could be affected by the support.
Notably, the electrons could transfer from S heteroatom to the metal
sites to form the electron-rich Cu and Ru species, which could provide
high hydrogenation activity in the CTH reaction system. Besides, the
reduction temperature performed an important effect for the physico-
chemical properties of catalyst. And the experimental results indicated
that Cu-Ru/ZrO5-SO3-Si02-450 presented higher hydrogenation ac-
tivity toward the CTH reaction of EL to GVL with a theoretical yield at
the optimal reaction conditions. Meanwhile, the Cu-Ru bimetallic
catalyst exhibited high stability and reusability, and could provide more
than 95 % GVL yield after 5 reaction runs. Besides, the Cu-Ru/
Zr03-S03-Si02-450 catalyst exhibited high catalytic hydrogenation
activity for a variety of biomass-derived carbonyl compounds to produce
corresponding alcohols. In a word, the bimetallic Cu-Ru/
Zr0,-S03-Si02-450 was efficient catalyst for the selective hydrogena-
tion of biomass-derived platform compounds unsaturation C—=0 bond.
This work could provide a new insight for design the efficient catalyst
using the interaction between the active sites and the support.
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