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a b s t r a c t
A series of Ni catalysts were prepared with various supports (ZSM-5, Al2O3, SiO2, bentonite, TiO2, and
kieselguhr) and their catalytic properties were investigated for the hydrogenation of cellobiose and glucose, the reaction intermediates of cellulose hydrolysis in hot-compressed water, in order to elucidate the
key factors to control the hexitols selectivity in the hydrolytic hydrogenation of cellulose. For the hydrogenation of cellobiose, hexitols were produced with a selectivity above 82% over Ni/ZSM-5, but the other
checked Ni catalysts produced large amount of glycerol, ethylene glycol, and propanediol, and the product distribution strikingly depended on the catalysts used. On the basis of kinetic experiments, it was the
hydrogenation/dehydrogenation ability of Ni catalyst that played a critical role in controlling hexitols
selectivity. High hydrogenation and inferior dehydrogenation activity of Ni catalysts were essential for
obtaining high yield of hexitols in the hydrolytic hydrogenation of cellulose. The synergistic effect of
Ni active species and acid–base sites was proposed to accelerate the dehydrogenation of sorbitol and thus
reducing the yield of hexitols.
Ó 2013 Elsevier Inc. All rights reserved.

1. Introduction
Cellulose is one of the most abundant forms of biomass on the
earth, and the transformation of cellulose to fuels and chemicals
has triggered more and more intense worldwide research interest.
The efﬁcient conversion of cellulose into target products through
various catalytic processes has been regarded as one viable way
to reduce the CO2 emission and alleviate the energy crisis [1].
Chemical processes such as hydrolysis, gasiﬁcation, and pyrolysis
have been investigated for converting cellulosic biomass into
chemicals. Speciﬁcally, one-pot catalytic conversion of cellulose
into chemicals of polyols, ethylene glycol, and alkyl glycosides
was developed, which is considered to be one of the most efﬁcient
methods [2–4]. So far, the hydrolytic hydrogenation of cellulose
into polyols via one-pot method in hot-compressed water is a
promising approach for its greenness and energy efﬁciency compared to other primary conversion processes. Fukuoka et al. ﬁrstly
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investigated the conversion of cellulose into sugar alcohols over
supported noble metal catalysts and about 31% yield of hexitols
(sorbitol and mannitol) was obtained by using Pt/Al2O3 catalyst
within 24 h at 190 °C [5]. Liu et al. demonstrated that about 30%
yield of sorbitol was obtained at 85.5% conversion of cellulose on
supported Ru clusters within 30 min at 245 °C [6]. Various subsequent studies showed that Ru catalysts were highly efﬁcient
hydrogenation catalysts on cellulose conversion [6–10]. For example, Palkovits et al. demonstrated the introduction of dilute mineral
acids could effectively promote the catalytic performance of supported Pt, Pd, and Ru catalysts on cellulose conversion, and their
further research showed that the yield of sugar alcohols increased
with combining heteropoly acids and Ru/C [9,11]. Sels et al. presented the combination of Ru-loaded zeolites and trace amounts
of mineral acid could produce >90% yield of hexitols with complete
cellulose conversion at mild conditions [8,12,13]. Wang et al. demonstrated the abundant acidic groups and lager Ru particles on Ru/
CNTs could favor high yield of hexitols [7,14]. In our previous
study, isosorbide could be obtained with a 50% yield from hydrogenation of microcrystalline cellulose over Ru/C catalyst with dilute
hydrochloric acid at 215 °C and 6.0 MPa H2 for 6 h [15]. Very
recently, Sels et al. reported a more efﬁcient way in isosorbide
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production by using H4SiW12O40 and Ru/C, and 63% yield of isosorbide could be obtained from the ﬁbrillar cellulose within 1 h [16].
All the above results are really promising; nevertheless, the
selective hydrolytic hydrogenation of cellulose into polyols is still
a big challenge. One signiﬁcant disadvantage is the use of large
amount of noble metal catalyst, making those approaches too
expensive for the large-scale application in industry. Recently,
attention is drawn to the non-noble metal catalysts, including Ni,
Cu, and tungsten carbide catalysts because of the fast turnover
rates, availability, and low cost. Zhang et al. studied the catalytic
performance of Ni-promoted tungsten catalysts on cellulose
hydrogenation; notably, ethylene glycol (EG) was obtained with
61% yield at 245 °C [17]. In their following research, tungsten carbide on mesoporous carbon (MC) and Ni-W/SBA-15 were demonstrated to be also effective for catalyzing cellulose and produced
EG with the highest yield of 72.9% [18,19]. Conventional Ni-based
catalysts have always been used as effective catalysts for aqueousphase hydrogenolysis of sorbitol to produce glycerol, ethylene glycol, and propanediol. Unfortunately, supported Ni catalysts exhibited inferior performance in the transformation of cellulose into
sorbitol. The attempts to increase activity and selectivity of Nibased catalysts for the cellulose hydrogenation still encounter
great difﬁculties. Therefore, the modiﬁed Ni-based catalysts are designed to promote the yield of sorbitol by suppressing the subsequent hydrogenolysis reaction. Sels et al. obtained 50% yield of
sorbitol at 92% conversion of cellulose over the reshaped Ni particles on carbon nanoﬁbers [20], their further study indicated that
the metal active sites and the acidic functional group on Ni/CNFs
should be properly balanced, and the 7.5 wt% Ni/CNFs with a rela1
tively high amount of Ni surface atoms (26:9 mmol gcat:
) and low
density of Brønsted acid sites (0.02 mmolH+ g 1) gave 76% yield
of hexitols at a cellulose conversion of 93% [21]. Zhang et al.
reported that nickel phosphides supported on activated carbon
and SiO2 were effective for conversion of cellulose to sorbitol,
and about 48% yield of sorbitol was reached at complete conversion [22]. Moreover, they developed various Ni-based bimetallic
catalysts using mesoporous carbon (MC) as support; more recently,
nearly 60% yield of sorbitol was obtained over the Ir–Ni/MC
catalyst [23]. In addition, they also developed a binary catalyst
system composed of tungstic acid and Raney Ni which produced
65% of ethylene glycol [24]. 20% Ni/ZnO was reported to be one
of the most effective catalysts among a series of the supported Ni
catalysts, with it 70% yield of glycols (1,2-propanediol, ethylene
glycol, 1,2-butanediol, and 1,2-hexanediol), which was obtained
at complete cellulose conversion [25]. The above studies suggested
that the support has a signiﬁcant effect on the product selectivity
in cellulose hydrogenation over the Ni based catalysts. However,
the real role of Ni particles on the hydrolytic hydrogenation was
still unclear as the whole process involved hydrolysis, hydrogenation, and hydrogenolysis steps was rarely studied. Specially, the
relationship between the activity and the nature of hydrogenation
catalysts in conversion of cellulose was still elusive.
For production of hexitols, a desired Ni catalyst should promote
the hydrogenation of C@O bond in aldose or polysaccharide, but
retard the further hydrogenolysis of hexitols or parallel reactions
including aqueous phase reforming of polyols. We previously
reported that Ni/ZSM-5 could efﬁciently catalyze cellulose into
hexitol with about 91% selectivity at 48.6% conversion at 230 °C
[26]. We demonstrated the Ni/ZSM-5 catalyst with petaloid-like
nickel particles could not only favor the hydrogenation of the
glucose formed, but also suppress the further hydrogenolysis of
sorbitol, leading to a high yield of sorbitol. However, there is still
little knowledge about the effect of the Ni catalysts on the conversion of cellulose to sorbitol. Therefore, it is essential to ﬁgure out
the key factors that determine the production of hexitol. In this
paper, the basic reaction steps in the hydrolytic hydrogenation of
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microcrystalline cellulose over Ni catalysts, including the hydrogenation of cellobiose and glucose, as well as the dehydrogenation of
sorbitol, were discussed in order to ﬁgure out the correlation
between the catalytic performance and the nature of the catalyst.
The kinetic study demonstrated that the hydrogenation/
dehydrogenation ability of Ni catalysts had signiﬁcant inﬂuence
on the catalytic activity and selectivity of Ni catalysts in converting
cellulose into hexitols.

2. Experimental
2.1. Materials
Microcrystalline cellulose (relative crystallinity of about 74.6%,
Alfa Aesar) was dried at 70 °C for 24 h before use. Ni(NO3)29H2O
(AR) was purchased from Sinopharm Chemical Reagent, SiO2
(Sigma–Aldrich), TiO2 (Sigma–Aldrich), c-Al2O3, bentonite, and
kieselguhr (Sinopharm Chemical Reagent) were used as received.
ZSM-5 (NKF-5, H type, Si/Al = 25, 38, 50), HY, and USHY were
purchased from the Catalyst Plant of Nankai University. Nano
CuO was obtained from Aladdin.
2.2. Catalyst preparation
The supported Ni catalysts were prepared by a modiﬁed incipient impregnation method. In detail, a series of supports (Al2O3,
SiO2, ZSM-5, bentonite, kieselguhr, and TiO2) were immersed in
an aqueous Ni(NO3)2 solution with a certain concentration at room
temperature. The mixture was treated under ultrasonic condition
for 0.5 h and the solid suspension was formed. Then, the solid suspension was dried at 70 °C with stirring. During this process, the
solvent was evaporated slowly until the solid suspension was dried
to powder again. This process will take about 3 h; after that, the
mixture was vacuum dried at 60 °C for 12 h, followed by calcinations under Ar atmosphere at 450 °C for 2 h with heating rate of
5 °C min 1. Prior to reaction or characterization, all the catalysts
were reduced under H2 atmosphere for 2 h at appropriate temperatures with a heating rate of 5 °C min 1.
2.3. Catalyst characterization
Powder X-ray diffraction of the samples was recorded on a
Bruker D8 Advance X-ray diffractometer with a Cu Ka source
(k = 0.154 nm) in the 2h range 10–80° with a scan speed of
10° min 1.
H2-temperature-programmed reduction (H2-TPR), H2-temperature-programmed desorption (H2-TPD), and NH3-temperatureprogrammed desorption (NH3-TPD) were conducted on a Tianjin
XQ TP-5080 chemisorption instrument with a thermal conductivity detector (TCD). As for H2-TPR, 30 mg of fresh catalyst was
loaded into a quartz reactor. Before H2-TPR, the catalysts were
heated at 150 °C for 30 min in nitrogen and then cooled to room
temperature. The sample was reduced in a 10% H2/N2 ﬂow with a
heating rate of 10 K min 1. The efﬂuent gas was analyzed with a
thermal conduction detector (TCD). As for the H2-temperatureprogrammed desorption, 100 mg of each catalyst was loaded into
a quartz reactor and then reduced with a H2 ﬂow at appropriate
temperature. After reduction, the reactor was cooled down to room
temperature and then the catalyst sample was maintained under
H2 ﬂow for 30 min. Following the desorption step, the reactor
was ﬂushed with N2 for 2 h to reach a stable background. At last,
H2-TPD was carried out with N2 at a ﬂow rate of 30 mL min 1
and a temperature ramp rate of 10 °C min 1. The process of NH3TPD was same as that of H2-TPD.
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2.4. Catalytic experiments
All the catalysts were pre-reduced by H2 for 2 h at appropriate
temperatures with heating rate of 5 °C min 1 before reaction. In a
standard experiment, the reduced catalyst was transferred from
the quartz tube to a 30 mL Teﬂon-lined stainless steel autoclave
(30 i.d  45 mm) with 10 mL water by a glass catheter, and then,
the substrate was loaded into the reactor. The reactor was ﬂushed
with H2 for three times and then pressurized with 4 MPa H2 (RT).
After being heated to the desired temperature with stirring at a
low agitating rate, the reaction was started with stirring at a rate
of 1200 rpm. After reaction, the products were centrifuged to separate the solid. The solid was dried at 70 °C overnight and
weighted. The cellulose conversion was calculated by weight difference in the solid substrates before and after reaction.
2.5. Product analysis
The products were analyzed by GC/MS after the liquid products
being acetylated, and more than 15 polyols were detected, among
which sorbitol (or mannitol, GC/MS could not identify these two
isomers), glycerol, ethylene glycol, and propanediol are the main
products, with companied by minor byproducts including sorbitan
C4 and C5 polyols, etc. All those minor byproducts have complex
isomers and most of them are with peak determination quality less
than 50%, so it is really difﬁcult to identify the structure for each of
the minor byproducts.
The products in the aqueous solution were ﬁrstly identiﬁed by
GC/MS
(Agilent
5975/6890N)
with
a
HP-5
column
(30 m  0.25 lm  0.25 mm i.d) after acetylation. Quantiﬁcation
of the each polyol was conducted by using HPLC with external
standard method. The products were analyzed by a HPLC system
(Shimadzu LC-20AB) equipped with RI detector (Shimadzu RID10A) and a Aminex HPX-87H column (Bio-Rad, 300  7.8 mm),
using 5 mM H2SO4 as eluent with a ﬂow rate of 0.7 mL min 1 at
60 °C. The H2 produced in the dehydrogenation of sorbitol was
quantiﬁed by GC (Shimadzu GC-14C) equipped with packed column with a TCD detector.
The HPLC analysis also showed that sorbitol (mannitol), glycerol, ethylene glycol, and propanediol were the main liquid products. The quantiﬁcation of the liquid products was conducted by
a HPLC system based on calibration curves of the stand
compounds.
The yield of the product is calculated by the moles of carbon in
product divided by the moles of carbon in cellulose. The conversion
of cellulose was calculated with the initial weight of cellulose, and
the catalyst divided by the residual solid weight after reaction. The
carbon efﬁciency was calculated by the ratio of moles of carbon in
the polyols to those in the substrate.
3. Results and discussion
3.1. Ni catalysts and their physical properties
The hydrolytic hydrogenation of cellulose is starting with the
hydrolysis to produce glucose and then the glucose hydrogenates
directly to hexitols (sorbitol and mannitol) over the catalyst. From
this point of view, the hydrogenation activity of the catalyst is
important for obtaining high yield of hexitols. The speciﬁc surface
area of metal particles, metal dispersion, and crystallite sizes is always considered to be the key inﬂuencing factor for hydrogenation
activity [13–16]. In order to ﬁgure out the key factors for determining the production of hexitol over Ni catalysts in hydrolytic hydrogenation of cellulose, the above parameters of several Ni catalysts
have been examined by H2-TPD, NH3-TPD, and XRD analysis, and

the results are summarized in Table 1 (The patterns are shown in
Supplementary information.). The most catalysts presented comparable speciﬁc surface area and nickel dispersion except for Ni/
bentonite, and it has much lower speciﬁc surface area due to the
large Ni particles.
The acidity is always related to the hydrolysis rate of cellulose
and the selectivity for the hexitols in hydrolytic hydrogenation of
cellulose. Herein, the NH3-TPD was examined for all the catalysts
(Fig. S2), and the peak area at 95 °C on Ni/Al2O3 was assigned as
1.0, based on which the values of surface acidity for other samples
were calculated. The peaks at a temperature range of 50–250 °C
and 400–650 °C were assigned to the weak and strong acid sites,
respectively. The surface acidity of the Ni catalysts was originated
from the acidity of the support, which was quite different from
each other. Ni/ZSM-5 had the highest amount of strong acidic sites
among the Ni catalysts, and Ni/TiO2 gave two kinds of weak acid
sites at low temperatures. One single kind of acidic site was shown
for Ni/SiO2, while no acidic site was observed on Ni/kieselguhr.
3.2. The factors effect on hexitols productivity
3.2.1. Surface acidity
Fukuoka and Dhepe ﬁrstly reported the direct conversion of cellulose into sugar alcohols (sorbitol and mannitol) in water with a
series of bifunctional supported metal catalysts, wherein the support acted as acidic sites for hydrolysis and the metal center
worked as active sites for hydrogenation [5]. The ‘‘bifunctional
catalysis’’ concept was widely accepted, and many promising results are reported by combining metal active sites with solid acids.
It should be noted that all these studies were conducted at low
temperatures (150–200 °C), wherein the hydrolysis rate was quite
low. Moreover, the hydrolysis rate did not correspond well with
the strength of the acid [5]. Herein, we revealed a very different
hydrolysis behavior. Fig. 1 shows the conversion of cellulose as a
function of time over Ru/C and Ni/ZSM-5 at 240 °C. ZSM-5 is
known as an acidic support with large amount of strong acidic
sites, while activated carbon is an inert support with few acidic
function groups. Even though both the catalysts of Ru/C and Ni/
ZSM-5 have totally different metal active sites or supports, they
presented the similar trend in cellulose conversion. In our preliminary research, we found that all the Ni catalysts with various
supports gave similar conversion at the identical reaction conditions [26]. Therefore, we can conclude that the surface acidity of
supports did not affect on the hydrolysis step at elevated temperatures. The acidic sites of the support indeed promoted the hydrolysis of cellulose in some extent at low temperatures (150–200 °C)
at which the hydrolysis rate was quite slow; it is in agreement to
the literature [5,28]. However, such promotion was negligible at
the high temperatures when the hydrolysis rate was fast.
3.2.2. Temperature
Table 2 summarizes the hydrogenation of microcrystalline cellulose in neutral water, in which the results based on ball-milled
cellulose or with addition of acids are excluded. We could ﬁnd that
the hydrolysis rate was sensitive to temperature, and it was quite
slow at the temperatures below 200 °C, but increased greatly with
increasing temperature for all the catalysts reported, which could
be explained by the large activation energy for hydrolysis. It has
been proven that the activation energy for cellulose hydrolysis is
around 172–189 kJ mol 1 in batch reactors with acids [29], indicating that the hydrolysis rate could be accelerated greatly by increasing reaction temperature. The hydrolysis rate (34.2 mg mL 1 h 1)
at 245 °C (Table 2, line 8) was at least 170 times larger than those
(0.15–0.2 mg mL 1 h 1) at 190 °C (Table 2, line 3 and 4), which was
independent of the catalysts used. Therefore, the elevated temperature was very essential for the fast hydrolysis of cellulose.
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Table 1
Some properties of the supported nickel catalysts.
Catalyst

Ni/ZSM-5
Ni/Al2O3
Ni/SiO2
Ni/bentonite
Ni/TiO2
Ni/kieselguhr
a
b
c
d
e
f

Acid sites distribution based on NH3-TPD dataa

SANid (m2 g

Nickel particle size (nm)
b

Weak

Strong

Total

XRD

H2-TPD

0.84
1.00
0.58
0.24
0.31
NA

1.13
0.26
0.05
0.43
0.14
NA

1.97
1.26
0.63
0.67
0.45
NA

21.0
24.6
12.7
26.1
14.8
17.0

16.9
19.2
15.6
35.9
17.8
NAf

1

)

Dispersione (%)

c

39.89
35.06
42.91
18.75
37.71
NA

5.9
5.2
6.4
2.8
5.6
NA

The data were calculated by the peak area based on a standard sample of Ni/Al2O3, in which the peak area at 95 °C is assigned as 1.0.
The data were obtained according to Scherrer–Warren equation.
The instrument was calibrated by nano CuO.
Ni metal-speciﬁc surface area (SANi) was calculated based on the amount of hydrogen desorption from H2-TPD [24].
Based on H2-TPD data.
NA: the data were not available.

Fig. 1. The cellulose conversion over Ni/ZSM-5 and Ru/C as a function of time.
Reaction conditions: 240 °C, 10 mL H2O, 4.0 MPa H2, microcrystalline cellulose
0.2 g, Ni/ZSM-5 (17 wt% Ni) 100 mg, Ru/C (5 wt% Ru) 10 mg.

On the other hand, the hydrolytic hydrogenation of cellulose is
an integrated process including depolymerization, hydrolysis, and
hydrogenation. These steps are always accompanied with several
side reactions (Fig. 2), such as glucose degradation, hydrogenolysis,
aqueous phase reforming, and water–gas shift reaction. These side
reactions are usually negligible at low temperature (<200 °C), but
became obvious at high temperature (>230 °C), resulting in a complex product distribution. For example, more than 90% yield of
hexitols was readily obtained over Ru/C at low temperature
(<200 °C) in previous reports [8,12,13], when the temperature increased to 245 °C, the hexitols yield declined to about 40% [6].
Overall, the yield of hexitols at elevated temperature was related
to the following two aspects (1) over the inferior-activity nickel

catalyst, the glucose decomposed seriously to complex products
via degradation and condensation before it was hydrogenated to
hexitols; (2) Over the high-activity nickel catalyst, glucose was
hydrogenated to hexitols immediately before decomposition, and
the formed hexitols might subsequently suffer serious hydrogenolysis to yield smaller molecular polyols. The possible reaction pathway for the hydrolytic hydrogenation of cellulose over Ni catalysts
at elevated temperatures is shown in Fig. 2, which is quite different
from that at low temperatures. The hydrogenation activity of the
catalyst was the primary factor for obtaining hexitols at low temperature. However, the hexitols production at evaluated temperature is not only related to the hydrogenation activity, several side
reactions catalyzed by hydrogenation catalysts are involved in controlling the hexitols yield. So it is unreasonable to evaluate the
hydrogenation activity of a catalyst by the yield of hexitols only
at high temperature. Therefore, the hexitols productivity is listed
in Table 2 to evaluate the efﬁciency of the individual catalytic system. By comparison of the hexitols productivity at different temperatures, we deduced that both the fast hydrolysis rate and high
hexitols selectivity are required for high productivity of hexitols.
3.2.3. Feedstock
Cellobiose, a glucose dimer connected by 1,4-b-glycosidic bond,
is considered to be the simplest model molecule of cellulose, and
glucose is the ﬁnal product of cellulose hydrolysis. To investigate
the hydrogenation of these two key intermediates is of great
importance in elucidating the reaction pathway and the different
hydrogenation activities of Ni catalysts. In the previous studies,
the supported nickel catalysts showed excellent activity on the
hydrogenation of monosaccharides, oligo- and polysaccharides
(sucrose and starch), over which hexitols were obtained as major
products with high selectivity at mild reaction condition
(<150 °C) [33–35]. In the case of cellulose hydrogenation, elevated

Table 2
The results for the hydrolytic hydrogenation of microcrystalline cellulose in neutral water in literature.

a
b
c

Catalyst

Conditions

Ru/CNT
Pt/c-Al2O3
Pt/c-Al2O3
2.0% Pt/BP2000
16% Ni2P/AC
3.0% Ni/CNF
Ni/ZSM-5
Ru/C
Ni/W/SiO2–Al2O3

458 K,
463 K,
463 K,
463 K,
498 K,
503 K,
513 K,
518 K,
518 K,

5.0 MPa
5.0 MPa
5.0 MPa
5.0 MPa
6.0 MPa
4.0 MPa
4.0 MPa
6.0 MPa
6.0 MPa

H2, 24 h
H2, 24 h
H2, 24 h
H2, 24 h
H2, 1.5 h
H2, 4 h
H2, 4 h
H2 0.5 h
H2, 2 h

Conversion (%)

Hexitols yield (%)

Hydrolysis ratea (mg mL

NA
NA
60
66
100
93.9
85.5
85.5
92

40
31.1
15
42
53
27.6
58.2
39.3
28.4c

–
–
0.2
0.15
6.7
4.7
5.0
34.2
7.7

The hydrolysis rate is calculated by the weight of reacted cellulose per mL per hour.
Hexitols productivity is calculated by the weight of hexitol produced per mL per hour.
The products were EG and PDO.

1

h

1

)

Hexitols productivityb (mg mL
0.13
0.10
0.07
0.09
3.55
1.38
2.48
13.4
2.38

1

h

1

)

Ref.
[14]
[5]
[30]
[31]
[22]
[21]
[27]
[6]
[32]
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Fig. 2. The proposed reaction pathways for the transformation of cellulose over Ni catalysts.

temperature (>230 °C) was required for the fast hydrolysis of cellulose. The hexitols yield decreased accompanied by the formation of
large amount of C3–C2 polyols at the elevated temperature [26]. In
this work, the hydrogenation of cellobiose and glucose over Ni catalysts were conducted at the identical conditions to that in cellulose hydrogenation in order to ﬁgure out the real controlling
factors for the product distribution in the conversion of cellulose
over Ni catalysts, and the results are summarized in Tables 3 and
4. All the catalysts gave higher carbon efﬁciency and hexitols yield
in the hydrogenation of cellobiose and glucose compared to that
for microcrystalline cellulose. The product distribution in the
hydrogenation of cellobiose and glucose was similar to that in
the conversion of microcrystalline cellulose over all the Ni catalysts
[26]. Ni/ZSM-5 showed both high carbon efﬁciency and hexitols
yield in the hydrogenation of cellobiose and glucose, while the
other Ni catalysts gave the hydrogenolysis products of glycerol,
ethylene glycol, and propanediol with a low carbon efﬁciency. This
phenomenon indicated that the nature of Ni catalysts played a critical role in the product distribution irrespective of molecular structure of the feedstock. The relation of the polyols selectivity and the
nature of the support have also been discussed in the previous
studies [25], but there was still no direct evidence for the correlation between surface acid–basicity of supports and the selectivity
to hexitols. In general, the hydrogenation reaction occurred on
the surface of nickel particles, and the reaction rate and product

selectivity depended on the nature of nickel particles and supports,
so that the interaction or synergistic effect between the Ni particles
and the supports should have a large effect on the catalytic
performance.
3.3. Reaction mechanism for hexitol hydrogenolysis
3.3.1. Sorbitol dehydrogenation
In our previous study, it was demonstrated that the hydrogenolysis of hexitol affected the ﬁnal yield of hexitols [26]. However,
the underlying mechanism for the hydrogenolysis was still indeterminate. It was often claimed that sorbitol hydrogenolysis was
related to hydrogenolysis of C–C and C–O bonds, that is, direct
cleavage of C–C and C–O bands by hydrogen. However, no evidence
for that process has been given. According to the study reported by
Liu et al., the cleavage of C–C bond was caused by retro-aldol condensation in the hydrogenolysis of xylitol [36]. If this assumption
was reasonable, the unsaturated aldose/ketose must be formed
by dehydrogenation of sorbitol prior to retro-aldol condensation.
In this work, we ﬁrst conducted the conversion of sorbitol over a
series of supported Ni catalysts under N2 at 250 °C for 2 h. As
shown in Table 5, glucose was found in the liquid products, which
was a proof for the occurrence of dehydrogenation of sorbitol. The
amount of H2 produced was determined by gas chromatography,
and the liquid products were analyzed by liquid chromatography.

Table 3
Results for the hydrogenation of cellobiose on supported Ni catalysts.a

a
b

Catalysts

Conversion (%)

Carbon efﬁciencyb (%)

Ni/ZSM-5
Ni/Al2O3
Ni/SiO2
Ni/bentonite
Ni/TiO2
Ni/kieselguhr

100
100
100
100
100
100

87.6
67.1
56.6
75.9
48.9
55.8

Yield (%)
Hexitols

Glycerol

EG

1,2-PDO

82.1
28.8
44.4
54.5
32.3
24.5

2.4
21.3
7.0
6.7
5.1
13.5

1.9
6.6
3.5
5.1
4.4
5.2

1.2
10.4
1.7
9.6
7.1
12.6

Reaction conditions: 240 °C, H2 4.0 MPa (RT), cellobiose 0.2 g, H2O 10 mL, 4 h, catalyst 100 mg, Ni loading is 40%.
Carbon efﬁciency was calculated through the yield of polyols divided by cellobiose conversion.
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Table 4
Results for the hydrogenation of glucose over supported Ni catalysts.a

a

Catalysts

Conversion (%)

Carbon efﬁciency (%)

Ni/ZSM-5
Ni/Al2O3
Ni/SiO2
Ni/bentonite
Ni/TiO2
Ni/kieselguhr

98.9
100
100
100
100
98.8

84.2
56.9
61.5
83.1
58.4
56.5

Yield (%)
Hexitols

Glycerol

EG

1,2-PDO

76.3
19.5
24.1
52.0
39.3
30.0

3.0
12.6
19.3
14.3
8.3
9.7

2.2
6.6
6.3
5.2
4.0
4.9

1.8
18.2
11.8
11.6
6.8
11.2

Reaction conditions was identical with that in cellobiose hydrogenation, glucose 0.2 g.

Table 5
Dehydrogenation of sorbitol over supported Ni catalysts.a
Catalysts

Ni/ZSM-5
Ni/Al2O3
Ni/SiO2
Ni/bentonite
Ni/TiO2
Ni/kieselguhr
a

Conversion (%)

22.3
42.0
26.3
29.2
18.6
2.3

H2 (mL)

4.0
2.2
8.1
5.3
2.5
5.4

Gas (mL)

20.8
45.8
23.4
17.2
16.8
17.3

Yield (%)
Glycerol

EG

1,2-PDO

Glucose

0.7
1.2
1.1
0.6
0.6
0.4

1.8
1.7
1.8
1.9
1.5
0.8

4.1
10.2
3.6
6.0
4.4
2.0

1.4
0.2
1.3
0.1
0.2
1.9

Reaction conditions: 250 °C, N2 0.1 MPa (RT), sorbitol 0.5 g, H2O 10 mL, 2 h, catalyst 100 mg, Ni loading is 40%.

A certain amount of hydrogenolysis products were obtained as the
major liquid products in the absence of extra H2, indicating that the
formed H2 directly participated in the subsequent hydrogenation
of the intermediates produced from retro-aldol condensation. On
the other hand, the effect of the acidity of the support may not
be excluded. If sorbitol was adsorbed on the supports, it might
undergo cyclodehydration reaction on the surface acid sites to
form sorbitan and isosorbide. In fact, these dehydration products
were produced with minor amount to be detected, indicating that
the dehydration of hexitols was inhibited on the surface of catalyst.
The adsorbed hexitols on the Ni catalysts were predominantly
dehydrogenated to unsaturated species, rather than cyclodehydrated into sorbitan or isosorbide.
Thus, the rate of dehydrogenation could be estimated by the
consumption rate of sorbitol. We compared the dehydrogenation
activity of the Ni catalysts in terms of the initial conversion rate
of sorbitol in N2 atmosphere, and the hydrogenolysis activity was
compared in terms of initial conversion rate of sorbitol in
4.0 MPa H2 (conversion <15%). As shown in Fig. 3, in the case of
Ni/Al2O3, Ni/SiO2, Ni/ZSM-5, and Ni/bentonite, the initial rate of
hydrogenolysis was slightly lower than that of dehydrogenation,
while Ni/kieselguhr and Ni/TiO2 showed a reverse trend. The initial
rate of sorbitol hydrogenolysis was in consistent with that of dehydrogenation for all Ni catalysts checked. For example, Ni/Al2O3
gave the highest activity in dehydrogenation and also presented
the highest activity in sorbitol hydrogenolysis correspondingly.
By comparison, Ni/ZSM-5 and Ni/kieselguhr presented lower activity in the both hydrogenolysis and dehydrogenation. According to
the above discussion, we found that the dehydrogenation step was
the crucial step for the hydrogenolysis of sorbitol. We proposed
that the sorbitol hydrogenolysis was started from dehydrogenation
followed by retro-aldol condensation and hydrogenation. The adsorbed hexitols on the catalyst surface ﬁrstly underwent dehydrogenation to form the unsaturated adsorbed species, wherein H2
was produced by the cleavage of C–H bonds. The unsaturated adsorbed species might be desorbed from the Ni metal surface to
form glucose. On the other hand, it is more likely to undergo retro-aldol condensation catalyzed by the acid–base of the support
and H+/OH dissociate by hot-compressed water to give glycolaldehyde
and
glyceraldehyde.
The
glycolaldehyde
and

Fig. 3. Comparison of the initial rate for hydrogenolysis and dehydrogenation of
sorbitol over various supported Ni catalysts. Reaction conditions: 240 °C, 10 mL
H2O, 4.0 MPa H2 (hydrogenolysis reaction, RT) or 0.1 MPa N2 (dehydrogenation
reaction, RT), sorbitol 0.5 g, Ni catalyst (40 wt% Ni) 100 mg, 2 h.

glyceraldehydes then were re-adsorbed on the metal surface and
hydrogenated to form ethylene glycol and glycerol. The further
dehydration and hydrogenation of glycerol produced propylene
glycol. This deduction was further supported by the existence of
C2–C3 polyols in the dehydrogenation of sorbitol.

3.3.2. The hydrogenation/dehydrogenation activity
In the previous studies, too much attention was focused on
designing the catalyst with high hydrogenation activity for guaranteeing high yield of hexitols, wherein the parameters like metal
type, metal dispersion, and acidity/basicity of support are always
emphasized; meanwhile, the dehydrogenation activity of the catalyst has been largely overlooked.
A comparative study on Ni/ZSM-5 and Ni/Al2O3 was conducted.
Ni/ZSM-5 showed the highest yield of hexitols, while Ni/Al2O3 gave
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low yield of hexitols in hydrogenation of microcrystalline cellulose,
cellobiose, and glucose. In order to evaluate the effect of hydrogenation/dehydrogenation activity on the hexitols yield, the
activation energy for glucose hydrogenation was calculated. The
glucose hydrogenation was conducted at temperatures of
120–150 °C under 4.0 MPa H2. A pseudo-ﬁrst-order kinetic approximation was assumed for the glucose hydrogenation [29]. It was
conﬁrmed that external and internal diffusion was eliminated
under the reaction conditions. As summarized in Fig. 4, the
activation energy of the Ni/ZSM-5 and Ni/Al2O3 was higher than
the activation energy of diffusion in liquids (12–21 kJ mol 1)
[29], indicating that the reaction rate was controlled by surface
reactions. Surprisingly, the activation energy of Ni/Al2O3 was
46.4 kJ mol 1, which is lower than that of 54.7 kJ mol 1 on Ni/
ZSM-5. It is estimated that Ni/Al2O3 presented higher activity on
glucose hydrogenation than Ni/ZSM-5, which is at variance with
the fact that higher yield of hexitols was obtained over Ni/ZSM-5.
It indicated that the hydrogenation activity was not sole factor to
control the hexitols yield.
In addition, the activation energy of sorbitol dehydrogenation
was compared. The dehydrogenation reaction was performed at
220–250 °C under 0.1 MPa N2. As shown in Fig. 5, the activation energy on Ni/ZSM-5 and Ni/Al2O3 was 157.4 and 124.3 kJ mol 1,
respectively. They are much higher than those for hydrogenation,
indicating that the dehydrogenation activity was more sensitive
to reaction temperature and the rate of dehydrogenation could
be promoted greatly with increasing temperature. Additionally,
the activation energy on Ni/Al2O3 was about 33 kJ mol 1 lower
than that on Ni/ZSM-5, indicating that the dehydrogenation of hexitols was easier on Ni/Al2O3, so the yield of hexitols was lower than
that on Ni/ZSM-5.
Overall, the production of hexitols was determined by two basic
properties—hydrogenation/dehydrogenation activity. The formed
hexitols were dehydrogenated and subsequently converted to
smaller molecular polyols by retro-aldol condensation, hydrogenation, and dehydration, resulting in lower yield of hexitols; by contrast, higher yield could be obtained over the catalyst with lower
dehydrogenation activity. Based on this mechanism, the various
catalytic performances of the Ni catalysts could be reasonably explained by the different hydrogenation/dehydrogenation activities.
The reason for the yield loss of hexitols on Ni catalysts was proposed as the following two routes: (1) Over the catalyst with inferior hydrogenation activity, the formed glucose was seriously
decomposed to complex products by degradation and condensation before hydrogenation; (2) Over the catalyst with high hydrogenation activity, glucose was hydrogenated to hexitols

Fig. 4. Arrhenius plot for the hydrogenation of glucose over Ni/ZSM-5 and Ni/Al2O3.
Reaction conditions: 10 mL H2O, 4.0 MPa H2 (RT), glucose 0.5 g, Ni catalyst (17 wt%
Ni) 50 mg.

Fig. 5. Arrhenius plot for the dehydrogenation of sorbitol over Ni/ZSM-5 and Ni/
Al2O3. Reaction conditions: 10 mL H2O, 4.0 MPa H2 (RT), glucose 0.5 g, Ni catalyst
(17 wt% Ni) 50 mg.

immediately to form hexitols, and the formed hexitols were
dehydrogenated into unsaturated species with the catalyst with
high dehydrogenation activity either, and then, the subsequently
successive reactions, retro-aldol condensation, hydrogenation,
and dehydration occurred to yield smaller molecular polyols. For
the Ni/kieselguhr catalyst, the route (1) was predominant reaction
pathway, resulting in low yield of hexitols. The further hydrogenolysis of hexitols was the predominant reason for the poor yield
of hexitols over Ni/Al2O3, Ni/SiO2, Ni/bentonite, and Ni/TiO2 catalysts in the hydrolytic hydrogenation of cellobiose and glucose.
The Ni/ZSM-5 catalyst gave highest yield of hexitols for its high
hydrogenation activity and low activity in hexitols dehydrogenation. This implied that we could change the target products or enhance the yield of a speciﬁc polyol by turning the hydrogenation/
dehydrogenation activity of a catalyst.
3.3.3. Surface basicity/acidity and dehydrogenation activity
Very recently, Shimizu et al. reported that c-Al2O3 showed
higher dehydrogenation activity than basic or acidic supports in
the dehydrogenation of aliphatic secondary alcohols over
supported Pt catalysts, and they discussed the synergistic effect
between the Lewis acid–base pair site of alumina and metal site
on the dehydrogenation process [37]. Herein, dehydrogenation
activities of the catalysts with different surface acidities/basicities

Fig. 6. Effect of surface acidity/basicity of the Ni catalysts on the initial rate for
dehydrogenation of sorbitol over various supported Ni catalysts.
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Table 6
Results for the hydrogenation of microcrystalline cellulose on different zeolite-supported Ni catalysts.a
Catalystb

Ni/ZSM-5 (38)
Ni/ZSM-5 (50)
Ni/HY (5.6)
Ni/USHY (5.6)
a
b

Conversion (%)

83.7
85.1
82.4
81.5

Carbon efﬁciency (%)

Yield (%)

72.3
68.5
67.8
64.7

Hexitol

Glycerol

EG

1,2-PDO

53.3
51.6
46.9
44.7

3.1
2.9
3.3
2.9

2.4
1.8
2.1
1.7

1.7
2.0
3.6
3.4

Reaction conditions: 240 °C, H2 4.0 MPa (RT), microcrystalline cellulose 0.2 g, H2O 10 mL, 4 h, catalyst 100 mg.
Data in parenthesis are Si/Al atom ratio, and Ni loading is 17%.

are illustrated in Fig. 6. The acidity/basicity was estimated, respectively, from the peak area of NH3-TPD and CO2-TPD proﬁles (the
proﬁles are shown in Figs. S2 and S3). For CO2-TPD, the peak area
on Ni/Al2O3 was assigned as 1.0, based on which the surface basicity of other samples was calculated. As shown in Fig. 6, Ni/Al2O3
has stronger acidity and basicity and it gave higher dehydrogenation activity; while the Ni/kieselguhr without acid or base sites
gives the lowest dehydrogenation activity. In addition, Ni/ZSM-5
has less base sites among the checked catalysts, and it shows much
lower dehydrogenation activity. As well as, Ni/SiO2, Ni/bentonite
and Ni/TiO2 have moderate amount of base sites, and they are
moderately active in sorbitol dehydrogenation. Therefore, the
dehydrogenation is strongly dependence on the surface acidity/basicity of catalyst. This dehydrogenation step resulted in unsaturated adsorbed species, which could be desorbed into bulk
solution to form glucose. On the other hand, the unsaturated adsorbed species underwent retro-aldol condensation catalyzed by
the acid–base sites of the support or H+/OH dissociated by hotcompressed water.
In order to verify this hypothesis, several additional typical zeolites with strong acid sites and weak base sites were tested for the
hydrolytic hydrogenation of cellulose. Table 6 shows the catalytic
performance over Ni/ZSM-5 (H type, Si/Al 38), Ni/ZSM-5 (H type,
Si/Al 50), Ni/HY (Si/Al 5.6), and Ni/USHY (Si/Al 5.6). All the zeolite-supported Ni catalysts gave high carbon efﬁciency and hexitols
yield, which were comparable with that over Ni/ZSM-5 (H type, Si/
Al 25). It suggested that the high hydrogenation activity of the Ni
nanoparticles was maintained, and moreover, the dehydrogenation
of hexitols was still inhibited over these Ni catalysts. All the selected zeolites have large amount of acidic sites, but lack of acid–
base pair sites. Thus, the dehydrogenation of hexitol is unavailable
on these catalysts resulting in high yield of hexitols.
Based on the kinetic experiments of the dehydrogenation and
hydrogenation activity, more knowledge about conversion of cellulose to hexitols over Ni catalysts is gained. First of all, the
dehydrogenation of hexitols over Ni catalysts was the crucial
step for the hydrogenolysis of hexitols. Besides the excellent
hydrogenation activity, the catalyst should have an activation
barrier for the dehydrogenation of hexitols, which should be
higher than desorption energy of hexitols to favor hexitols
desorption rather than the further hydrogenolysis over it. It
has been conﬁrmed that the a-C–H dissociation was the ratelimiting step in dehydrogenation [37]. The activation and dissociation of the a-C–H of hexitols (sorbitol and mannitol) were related to the d-band center of the nickel particles which
depended on the surface nickel properties. The electronic state
of the Ni particles on various supports was different due to
the variation in the arrangement of surface atoms, the metal–
support interaction, or the morphology of Ni particles. The further insight over the correlation between the activation energy
of the dehydrogenation and the shift of the d-band center is under investigation.

4. Conclusion
The basic reaction steps in the hydrolytic hydrogenation of
cellulose, including hydrolysis, hydrogenation of cellobiose and
glucose, hydrogenolysis of sorbitol, and dehydrogenation of
sorbitol were discussed on a series of supported nickel catalysts.
At elevated temperature, the hydrogenolysis of hexitols was the
primary reason for the loss of hexitols yield over Ni catalysts. We
proposed that the hydrogenolysis was started from dehydrogenation followed by retro-aldol condensation and re-hydrogenation.
The hydrogenation/dehydrogenation activity of Ni catalysts had
crucial effect on hexitols yield. The dehydrogenation of sorbitol
was sensitive to temperature and became serious especially at
elevated temperatures. The synergistic effect of the Ni site and
acid–base site of the support on dehydrogenation of sorbitol was
proposed. It is conﬁrmed that the more acidic sites and the
relatively less active metal species for C–H dissociation could
suppress the dehydrogenation of hexitols and guarantee high yield
of hexitols that will be of great importance for designing novelsupported catalysts for the hydrolytic hydrogenation of cellulose
to produce high yield of hexitols.
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