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The tandem hydrolysis and hydrogenation of saccharides into sorbitol is an especially attractive reaction in the conversion of
biomass. Here, an economical and efficient bimetallic catalyst for the transformation of glucose and cellobiose into sorbitol is
reported. Non-precious metal based catalysts such as NiCo, Ni, and Co, were prepared via modified impregnation method, and
NiCo/HZSM-5 showed superior performance for the synthesis of sorbitol (86.9% from cellobiose, 98.6% from D-glucose).
Various characterizations, such as Brunner-Emmet-Teler (BET), X-ray diffraction (XRD), transmission electron microscopy
(TEM) and X-ray photoelectron spectroscopy (XPS), confirmed that NiCo alloy formed and highly dispersed in NiCo/HZSM-5
catalyst. The high performance of fabricated catalyst would be attributed to the formation of nickel-cobalt alloy over HZSM-5
zeolite surface. High temperature and H2 pressure were favorable for the tandem hydrolysis and hydrogenation reaction. Besides,
the reaction pathway was also proposed based on the kinetics study. Cellobitol was detected as the intermediate in the reaction
mixture. Furthermore, in the catalytic stability study, it was found that active metal species of NiCo/HZSM-5 were stable. The
deactivation of catalyst would be due to the covering of acidic sites over NiCo/HZSM-5.
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1 Introduction

Global resources crisis is a serious problem for today’s hu-
man society. Replacing the traditional fossil resources with
renewable biomass is a commonly acknowledged guideline
for the future liquid fuel productions. What’s more, the uti-
lization of renewable resources would have a positive impact
on the environment [1]. Lignocellulose, as one of the most
abundant biomass, has been converted to chemicals and li-
quid fuels by various techniques, such as fast pyrolysis,

thermal gasification, enzymatic fermentation and chemical
catalysis [2–5]. Sugar alcohols are type of representative
products, which would be synthesized from lignocelluloses
via tandem hydrolysis and hydrogenation [6]. Sorbitol, the
main product of cellulose tandem hydrolysis and hydro-
genation, is one of the most important industrial chemicals,
which has been listed as one of the top 12 biomass-derived
platform chemicals by U.S department of energy [7]. It is
widely used for many applications such as food additive,
cosmetic industries, medicines and fuel synthesis [7,8].
Currently, the production of sorbitol is mostly carried out by
directly hydrogenation of glucose, and the substrates is
mainly obtained by hydrolysis of various starches such as
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rice, potato and corn. [9]. However, it would be more ap-
propriate to use non-edible precursors such as cellulose and
di-saccharides for the synthesis of sorbitol [9,10]. In this
regard, the non-edible cellobiose, which could produce with
high yield from cellulose [11,12], becomes an ideal substrate
for the synthesis of sorbitol.
Since cellobiose molecule is comprised of two glucose

monomers via 1,4-β-glycoside bond, the synthesis of sorbitol
from cellobiose has to go through the tandem hydrolysis and
hydrogenation processes. Hence, bifunctional catalysts and
catalytic systems were continuously developed for this
conversion [12–16]. In 2006, Liu et al. [12] found that Ru
nanoparticles dispersed in an acidic aqueous medium (pH
2.0) could efficiently catalyzed converting the cellobiose into
sorbitol. Noteworthily, the authors found that acidic reaction
environment was a necessary condition. New carbon-based
materials, such as carbon-nanotubes (CNTs) and modified
activated carbon have been widely applied in the catalyst
fabrications, since their high hydrothermal stability and
surface paintability [13]. Wang et al. [4] reported the acidic
groups modified CNTs supported Ru nanoparticles catalyst
for the conversion of cellobiose. 87% yield of sorbitol was
obtained at 150 °C and 2 MPa H2 within 30 min. Cellobitol
was confirmed as the key intermediate in this transformation.
Heeres et al. [11] developed mesoporous carbon supported
Ru catalyst (Ru/CMK-3) for the conversion of cellobiose.
91.1% yield of sorbitol was given at 180 °C and 5 MPa H2

over Ru/CMK-3 catalyst in aqueous phase. The excellent
catalytic activity was due to abundant strong acid sites in the
Ru/CMK-3 catalyst. Recently, Lopez-Sanchez et al. [14]
synthesized a bi-functional Ru catalyst with strong acidic
resin A-15 (Amberlyst-15) for the same conversion. 81%
yield of sorbitol was formed over 3% RuNps/A15 within 5 h.
Pereira et al. [15] discovered that introducing Ni into the Ru
based catalysts would obviously improve the catalytic ac-
tivity. Similarly, Alonso et al. [16] found that the catalytic
activity of Ni/MCM-48 was remarkably improved with in-
troducing trace Ru metal. However, non-noble metal based
catalysts were barely reported for the conversion of cello-
biose. Considering the high cost of noble metal based cata-
lysts, non-noble metal based catalysts are more attractive for
the large-scale application.
In this work, various HZSM-5 supported non-precious

metal based catalysts (i.e. NiCo/HZSM-5, Ni/HZSM-5, and
Co/HZSM-5) were prepared through step impregnation
method and tested for the synthesis of sorbitol. The reaction
temperature and H2 pressure both showed an obvious impact
on the catalytic performance and the highest catalytic activity
was observed over the NiCo/HZSM-5 catalyst. The forma-
tion of NiCo alloy was confirmed by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), energy
dispersive X-ray spectroscopy (EDX) and transmission
electron microscopy (TEM) characterizations. Compared

with the mono-metallic catalysts, the superior performance
was possibly due to the alloy species. In the kinetic studies,
cellobitol was detected as the key intermediate. Furthermore,
NiCo/HZSM-5 showed a well stability for the catalyzed
conversion.

2 Experimental

2.1 Materials

Cellobiose, glucose, and sorbitol were purchased from J&K
Scientific Ltd. (China). Ni(NO3)2·6H2O and Co(NO3)2·6H2O
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(China). HZSM-5 zeolite (Si/Al=25), HY, and MOR were
purchased from Nankai University Catalyst Co., Ltd. (Chi-
na). Cellobitol was prepared by using previously reported
method [17] and analyzed by using liquid chromatography
mass spectrometry (LC-MS) and high performance liquid
chromatography (HPLC).

2.2 Catalyst preparation

HZSM-5 supported catalysts were prepared via a step im-
pregnation method. 5.0 g HZSM-5 zeolite was impregnated
with 1.45 g Co(NO3)2. The mixture was stirred for 12 h at
25 °C and dried at 105 °C over night. The dried sample were
re-dissolved with 2.91 g Ni(NO3)2 in water and stirred for
another 12 h under room temperature. After that, the water
was evaporated from the solution and the solids were dried at
105 °C. The catalysts were calcined at 400 °C in N2 and
reduced at 500 °C in the presence of N2/H2 as reported in our
previous work [18]. The loadings of Ni and Co were re-
spectively 10% and 5%. Other supported catalysts were also
fabricated in the same way. Experimental details of char-
acterization are described in the Supporting Information
online.

2.3 Conversion of glucose and cellobiose

The catalyzed conversions of glucose and cellobiose were
carried out in 25 mL Parr reactor equipped with a manganic
stirrer. In a typical experiment, a solution containing sub-
strate (1 M glucose or 0.5 M cellobiose), 100 mg catalyst and
12 mL deionised water was injected into the reactor. The
reactor was flushed five times with H2 to remove air and
maintained at specifies hydrogen pressure (1–6 MPa). The
sealed reactor was heated to desired temperature with a
heating rate of 10 °C/min at 1000 r/min. The reaction tem-
perature was maintained at a certain value, i.e. in a range of
100 to 200 °C for 1–6 h. After the reaction, the reactor was
cooled to room temperature and the product mixture was
collected and analyzed by HPLC.
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3 Results and discussion

3.1 Catalyst characterizations

The physicochemical properties of catalysts were shown in
Table 1. After the introduction of metal, the surface area of
HZSM-5 was obviously decreased. With Ni loading, the
Brunauer-Emmett-Teller surface area (SBET) of HZSM-5
decreased from 208.17 to 55.24 m2/g. Interestingly, the SBET
of Co/HZSM-5 was 16.57 m2/g that reduced more obviously
than the parameter of Ni/HZSM-5. Similarly, the surface area
of bimetallic NiCo/HZSM-5 catalyst further decreased to
13.64 m2/g. The pore volumes and sizes of HZSM-5 and
supported catalysts changed in the similar rule. With the
introduction of metal, the pore parameters of HZSM-5 re-
duced gradually. Similar results were also reported in pre-
vious works [19,20].
To confirm the formation of Ni and Co metal nano-

particles, all the materials were characterized through XRD,
as shown in Figure 1. All the characterized peaks of HZSM-5
would be found in the XRD results of catalysts. Meanwhile,
the characterized peaks of Ni metal were found at 2θ=44.6°,
51.9° and 75.4° in the results of Ni/HZSM-5 catalysts, re-
flecting the formation of Ni nanoparticles. However, no
characteristic peaks of Co species were observed in Co/
HZSM-5 that would possibly be due to the relatively low
loading of Co and its high dispersion. Noteworthily, slight
shifts of metallic characterized peaks (indicated by dotted
lines) were detected in the XRD patterns of NiCo/HZSM-5
and reused NiCo/HZSM-5 catalysts, that may reflect the
formation of NiCo alloy [21]. In order to confirm this hy-
pothesis, all catalysts were analyzed through XPS char-
acterizations.
As shown in Figure 2(a), XPS spectra for Ni2p of Ni/

HZSM-5 catalyst at 852.8±0.1 and 869.9±0.1 eV are as-
cribed to metallic nickel (Ni0) in the Ni02p3/2 and Ni02p1/2
level, respectively [22]. While the binding energies for
Ni02p3/2 and Ni

02p1/2 level of NiCo/HZSM-5 were observed
at 853.0±0.1 and 870.3±0.1 eV respectively. The peaks at
856.0±0.1 and 873.6±0.1 eV are assigned to oxidized nickel
(Ni2+) in the Ni2+2p3/2/Ni

2+2p1/2 level, along with two satellite
peaks around 861.1±0.1 and 880.8±0.2 eV, respectively. The
oxidized Ni might be formed by the contact with air before
measurement. The binding energies for NiCo/HZSM-5 at
778.14±0.1 and 793.4±0.1 eV are ascribed to metallic cobalt
(Co0) in the Co02p3/2/Co

0 2p1/2 level, respectively. The oxi-
dized cobalt (Co2+) in the Co2+2p3/2/Co

2+2p1/2 level is also
observed corresponding to the binding energy of 781.4±0.1
and 797.1±0.1 eV [22]. Since the samples were exposed in
air, the contents of oxidized phases (Ni2+, Co2+ species) might
be increased. However, for Co/HZSM-5 only oxidized
Co02p3/2, Co

02p1/2 and satellite peaks were observed. The
binding energy results reflected that the Ni shifted from low
oxidation to high oxidation state, and the Co shifted to low

Table 1 Physio-chemical properties of catalysts

Catalyst SBET (m2/g) Vp (cm
3/g) a) Dp (nm)

b)

HZSM-5 208.17 0.097 1.95

Ni/HZSM-5 55.24 0.061 1.43

Co/HZSM-5 16.57 0.018 1.93

NiCo/HZSM-5 13.64 0.015 1.42

a) Vp is single point adsorption total pore volume of pores; b) Dp is
adsorption average pore width.

Figure 1 XRD patterns of HZSM-5, Ni/HZSM-5, Co/HZSM-5, NiCo/
HZSM-5 and used NiCo/HZSM-5 catalysts (color online).

Figure 2 XPS spectra of (a) Ni2p and (b) Co2p of Ni/HZSM-5, Co/
HZSM-5 and NiCo/HZSM-5 catalysts (color online).
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oxidation state, indicating the partial electronic transfer be-
tween Ni and Co in NiCo alloy catalyst. The surface valance
bond spectra also support the respective electronic interac-
tion between Ni and Co species (Figure S3, Supporting In-
formation online) [23,24]. The electron transformation in
NiCo/HZSM-5 catalyst would protect metallic sites from
oxidation during the reaction, as reported in previous refer-
ences [25,26]. Meanwhile, the interaction between Ni and Co
on the surface of catalyst confirmed the formation of Ni–Co
alloy during reduction operation [22,23,27,28].
To find the morphologies of catalysts, TEM characteriza-

tions were conducted. As shown in Figure 3(a), highly dis-
persed Co nanoparticles were observed in the TEM image of
Co/HZSM-5. The EDS results confirmed the existing of Co
species. The above phenomena reflected that, the cobalt
species were highly dispersed over the surface of Co/HZSM-
5 catalyst. Obvious Ni nanoparticles were observed in the
TEM images of Ni/HZM-5 and NiCo/HZM-5 catalysts. The
average sizes of Ni nanoparticles over Ni/HZM-5 and NiCo/

HZM-5 catalysts were 5.0 and 4.8 nm respectively. Fur-
thermore, as shown in Figure 3(g), the EDX mapping results
for Ni and Co elemental distribution of bimetallic NiCo/
HZSM-5 catalyst showed approximately homogeneous Ni
and Co species in metallic nanoparticles of catalyst, con-
firming the formation of NiCo alloy [21].

3.2 Conversion of glucose and cellobiose into sorbitol

Conversion of glucose into sorbitol via catalyzed hydro-
genation was employed as model reaction to study the cat-
alytic activities of HZSM-5 supported catalysts. The Ni/
HZSM-5 and Co/HZSM-5 catalysts gave 67% and 22%
yields for sorbitol with 80% and 27% conversions of glucose
respectively, as shown in entry 1 and 2 of Table 2. For-
tunately, the yield of sorbitol was remarkably elevated to
98% over the NiCo/HZSM-5 catalyst (entry 3). To compare
the results, the physical mixture of Ni/HZSM-5 and Co/
HZSM-5 was also tested in this catalytic system. As ex-

Figure 3 TEM images of (a) Co/HZSM-5, (b) Ni/HZSM-5, (c) NiCo/HZSM-5, and EDX patterns of (d) Co/HZSM-5, (e) Ni/HZSM-5, (f) NiCo/HZSM-5
catalysts. (g) Scanning electron microscope (SEM)-EDX mapping image of the NiCo/HZSM-5 (color online).
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pected, the physical mixture of catalysts gave lower yield of
sorbitol than the result of NiCo/HZSM-5 catalyst, 90%
conversion of glucose and 86% yield sorbitol were obtained
in the test (entry 4). Hence, the excellent performances
would be mainly due to the formation of NiCo alloy in NiCo/
HZSM-5 catalyst. The results were also compared to HYand
MOR zeolites supported catalysts and shown in entry 5, 6.
89% and 81% yields of sorbitol were observed respectively,
indicating that HZSM-5 was the best support for NiCo alloy
catalyst. Besides, the transformation of cellobiose into sor-
bitol was also carried out to investigate the catalytic activity
for the cleavage of 1,4-β-glucoside C–O bond. As shown in
entry 7, after operating at 180 °C for 5 h, full conversion of
cellobiose was gave over NiCo/HZSM-5 catalyst with 86%
yield of sorbitol. The catalytic activities for monometallic
Co/HZSM-5 and Ni/HZSM-5 catalysts were found less ef-
fective than the bimetallic catalyst with 8% and 72% yields
of sorbitol, respectively. Besides, NiCo alloy catalysts which
were supported by AC, HY and MOR, also showed lower
yield of sorbitol than NiCo/ZHSM-5 for the conversion of
cellobiose. Meanwhile, it would be found that acidic sup-
ports (HZSM-5, HY and MOR) were beneficial to the clea-
vage of 1,4-β-glucoside C–O bond and the formation of
sorbitol product. The stability of product was also studied.
92% of sorbitol was reconverted under reaction conditions,
reflecting that sorbitol was stable in this system.

3.3 Effects of temperature

With the optimal NiCo/HZSM-5 catalyst, the influence of
reaction temperature for the hydrogenation of glucose was
also studied. As shown in Figure 4(a), when this conversion
was conducted at 100 °C, 63% conversion of glucose was

observed with 60% yield of sorbitol. Raising the temperature
to 110 °C, the conversion of substrate increased to 80%,
while the yield of sorbitol elevated to 72%. 98% yield of
sorbitol was achieved at 120 °C with the full conversion of
the substrate. However, when the reaction temperature raised
to 180 °C, the yield of sorbitol decreased to 94%. The for-
mation of by-product in the mixture may be the main reason
for the decreasing of sorbitol. Due to presence of half
hemiacetal group in cellobiose, the reactivity of cellobiose
was lower than that of D-glucose [29]. As shown in Figure
4(b), only 55% of cellobiose was converted at 120 °C with
less than 1% yield of sorbitol. Noteworthily, most of the
cellobiose converted to cellobitol with 54% yield, which was
the reaction intermediate. Raising the temperature to 140 °C,
full conversion of cellobiose was observed with 97% yield of
cellobitol and <2% yield of sorbitol. Further elevating the
temperature to 160 °C gave 5% yield of glucose, while the
yield of intermediate cellobitol decreased to 27%. When the
reaction was conducted at 180 °C, the intermediate cellobitol
was fully converted to sorbitol with 86% yield.

3.4 Effect of H2 pressure

Hydrogen pressure played another key role in the synthesis
of sorbitol. The effect of hydrogen pressure on conversion of
glucose and cellobiose was shown in Figure 5. It can be seen
that the conversion of glucose was closely dependent on H2

pressure. However, the conversion of cellobiose was not
obviously affected by H2 pressure. As shown in Figure 5(a),
when the H2 pressure was 1 MPa, the conversion of glucose
reached to 77% with 74% yield of sorbitol. Increasing H2

pressure to 2 MPa, the yield of sorbitol increased up to 90%
accordingly. Further increasing H2 pressure to 3 MPa,

Table 2 Catalysts screening for the conversion of glucose and cellobiose into sorbitol a)

Entry Catalyst Substrate Conversion (%) Yield (%)

1 Ni/HZSM-5 Glucose 80 67

2 Co/HZSM-5 Glucose 27 22

3 NiCo/HZSM-5 Glucose 100 98

4 Ni/HZSM-5+
Co/HZSM-5 Glucose 90 86

5 NiCo/HY Glucose 94 89

6 NiCo/MOR Glucose 86 81

7 NiCo/HZSM-5 Cellobiose 100 86

8 Ni/HZSM-5 Cellobiose 100 72

9 Co/HZSM-5 Cellobiose 17 8

10 NiCo/AC Cellobiose 80 32

11 NiCo/HY Cellobiose 92 73

12 NiCo/MOR Cellobiose 84 42

13 NiCo/HZSM-5 Sorbitol − 92

a) Conditions: 1 mmol glucose with 100 mg catalyst was set in 12 mL H2O under 120 °C and 3.0 MPa, H2 for 5 h; 0.5 mmol cellobiose or sorbitol and
100 mg catalyst was operated in 12 mL H2O under 180 °C and 5.0 MPa H2 for 5 h. Metal loadings: 10 wt% Ni, 5 wt% Co.
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glucose was fully converted with 98% yield of sorbitol.
When cellobiose was set as the substrate, 98% conversion

of cellobiose was obstained under 1 MPa H2 with 50% yield
of cellobitol, 5% yield of glucose and 31% yield of sorbitol,
respectively. Increasing H2 pressure to 2 MPa, the yield of
intermediate cellobitol was regularly decreased to 31% with
54% yield of sorbitol and 7% yield of glucose. At 3 MPa H2

pressure, the yield of cellobitol further decreased to 19%
with 69% yield of sorbitol and 3% yield of glucose. A full
conversion of cellobitol was conducted under 5 MPa H2

producing 86% yield of sorbitol. Further elevating the H2

pressure to 6 MPa did not give a higher yield of sorbitol.

3.5 Kinetic studies and reaction pathway

To investigate the kinetic studies, the effect of reaction time
on catalytic conversion of glucose and cellobiose over NiCo/
HZSM-5 catalysts was also studied. As shown in Figure 6,
the conversion of glucose and the yield of sorbitol were both
dependent on reaction time. After 1 h, only 33% conversion
of glucose was observed with 30% yield of sorbitol. The
conversion of glucose reached to 91% with 88% yield of
sorbitol, when the reaction time increased to 4 h. Full con-
version of glucose was obtained with 98% yield of sorbitol
when the reaction time increased to 5 h.
To investigate the reaction processes of 1,4-β-glucoside

C–O bond cleavage, several reactions were done using cel-
lobiose as substrate in the kinetics studies. As shown in
Figure 6(b), after 0.5 h operation, 79% yield of cellobitol was
obtained with 7% yield of sorbitol. When the reaction time
increased to 1 h, cellobiose was completely converted with
57% yield of cellobitol, 6% yield of glucose and 30% yield
of sorbitol respectively. The yield of cellobitol decreased to
43% after elevating the reaction time to 2 h, while the 5%
yield of glucose was given with 49% yield of sorbitol. After
3 h reaction, the yield of cellobitol decreased to 30%, while
the yields of glucose and sorbitol increased to 6% and 63%,
respectively. After 4 h operation, only 13% yield of inter-
mediate cellobitol was remained with 5% yield of glucose
and 78% yield of sorbitol, respectively. When the reaction
time prolonged to 5 h, cellobitol was completely converted
with 86% yield of sorbitol.
Based on above results, intermediate cellobitol draw our

attentions. Although, several studies have been made on the
conversion of cellobiose to sorbitol for monitoring the
cleavage of 1,4-β-glycoside bond via tandem hydrolysis and
hydrogenation [17,30]. Only few studies discussed the route
of reaction via cellobitol intermediate [17]. Wang et al. [4]
observed that the formation of intermediate cellobitol was
followed by the hydrogenation of cellobiose over Ru/CNT

Figure 4 Effect of different temperatures on (a) conversion of D-glucose
and (b) conversion of cellobiose to D-sorbitol. Reaction conditions: (a)
1.0 mmol of D-glucose, 100 mg NiCo/HZSM-5, 3.0 MPa H2 pressure, 5 h,
12 mL H2O; (b) 0.5 mmol of cellobiose, 100 mg NiCo/HZSM-5, 5.0 MPa
H2 pressure, 5 h,12 mL H2O (color online).

Figure 5 Effect of H2 pressure on (a) conversion of glucose and (b)
conversion of cellobiose to D-sorbitol. Reaction conditions: (a) 1.0 mmol
of D-glucose, 100 mg NiCo/HZSM-5, 120 °C, 5 h, 12 mL H2O; (b)
0.5 mmol of cellobiose, 100 mg NiCo/HZSM-5, 180 °C, 5 h, 12 mL H2O
(color online).

Figure 6 (a) Effects of reaction time on (a) conversion of glucose to
sorbitol and (b) conversion of cellobiose to D-sorbitol. Reaction conditions:
(a) 1.0 mmol of D-glucose, 100 mg NiCo/HZSM-5, 120 °C, 3.0 MPa H2

pressure, 12 mL H2O; (b) 0.5 mmol of cellobiose, 100 mg NiCo/HZSM-5,
180 °C, 5 MPa H2 press (color online).
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catalyst in aqueous phase. The kinetic studies made by
Palkovits et al. [17]. further reported the initial hydrogena-
tion cellobiose to give cellobitol followed by hydrolysis to
sorbitol as a major pathway over Ru/C in combination with
heteropoly acid. Similar findings were also reported by
Heeres et al. [11] over Ru/CMK-3 catalyst.
Based on experimental results and previous reports, a

possible reaction route for the conversion of cellobiose over
NiCo/HZSM-5 catalysts was proposed in Scheme 1. At first
step, the cellobiose (1) was converted to cellobitol (2) over
bimetallic NiCo/HZSM-5 catalyst via hydrogenation of C–O
bond of pyranose ring. Then, the subsequent transformation
of cellobitol (2) to sorbitol (4) was conducted over NiCo/
HZSM-5 catalyst via hydrolysis. Meanwhile, glucose (3)
formed during the 1,4-β-glycoside bond hydrolysis of cel-
lobitol (2). At the end, formed glucose (3) was converted to
sorbitol (4) through catalyzed hydrogenation process.

3.6 Stability of NiCo/HZSM-5 catalyst

The catalytic stability is another important parameter in the
catalyst estimation. To conduct recycle tests of catalyst, the
NiCo/HZSM-5 catalyst was separated and collected after
each reaction. As shown in Figure 7, the catalytic conversion
of cellobiose was constant in 100% after three recycle op-
erations. However, the yield of sorbitol gradually decreased
from 86% to 64%.With the reducing of sorbitol, the yields of
glucose and cellobitol got slightly increased. In the first run,
no yield of cellobitol intermediate was observed. However,
after second and third runs, 13% and 21% yields of cellobitol
were present, respectively. Based on above investigations, it
would be known that the catalytic hydrogenation activity
was mainly due to the metal species, while the acidic sites
were responsible for the catalytic hydrolysis. Since full
conversions of cellobiose were obtained in each recycle test,

it would be inferred that the catalytic activity of metal spe-
cies was basically remained during the recycle. However, the
reducing of sorbitol and the increasing of cellobitol proved
the deactivation of acidic sites, which were the key for the
cleavage of 1,4-β-glycoside bond. The deactivation of acidic
sites would be due to the polymerization of by-products
which formed over the catalyst during the transformation of
cellobiose.

4 Conclusions

In summary, an efficient NiCo/HZSM-5 was fabricated
through step impregnation, and the synthesis of sorbitol from
cellobiose was achieved under mild conditions. 86% yield of
sorbitol was observed from full conversion of cellobiose
over NiCo/HZSM-5 under 180 °C, 5 MPa H2 within 5 h,
which were hard to realize in non-noble mono-metallic cat-
alysts reports. The excellent performance would be attributed
to the formation of NiCo alloy and highly dispersed metal
nanoparticles. In the kinetic studies, cellobbitol was detected
as an intermediate in the reaction mixture. Meanwhile, a few
amount of glucose was observed. It was confirmed that the
hydrogenation of cellobiose was faster than the hydrolysis
process. Additionally, in the recycle test, NiCo/HZSM-5
catalyst also showed a well catalytic stability. NiCo alloy
was relatively stable. The deactivation of catalyst was mainly
due to the cover of acidic sites.
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