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a  b  s  t  r  a  c  t

The  addition  of  cerium  into  Ni/Al2O3 catalysts  afforded  a remarkable  promoting  effect  on  catalytic
performance  of aqueous-phase  hydrogenolysis  of  sorbitol  to  produce  glycols  (e.g.,  1,2-propylene  gly-
col and  ethylene  glycol).  This  effect  was  observed  whether  the  catalysts  were  prepared  through
deposition–precipitation  (DP)  or co-precipitation  (CP)  methods.  However,  the  Ce–Ni/Al2O3-DP catalyst
went  through  rapid  deactivation  during  the  consecutive  recycles.  The  Ce–Ni/Al2O3-CP catalyst  was  recov-
ered  easily  by  magnetic  separation  and reused  over  ten times.  At a temperature  of  513  K and  pressure
of  7.0  MPa,  the  Ce–Ni/Al2O3-CP  catalyst  maintained  sorbitol  conversion  at above  90%  and  selectivity  to
erium
ydrogenolysis
orbitol
lycols
eactivation

glycols  at  55–60%  for 12 h. Characteristic  studies  indicate  that  the  addition  of cerium  to  the  Ni/Al2O3

catalysts  slightly  lowered  the  reduction  temperature  of nickel  oxide  but considerably  enhanced  the
H2-chemisorption  amount.  Furthermore,  the  co-precipitation  method  was  conducive  for  preparing  the
catalyst  with  high  thermal  stability,  which  was  shown  by 20%  Ni/Al2O3-CP  being  more  stable  in structure
than  20%  Ni/Al2O3-DP  under  higher  temperatures.  The  catalyst  deactivation  was  due to the  agglomeration

g  hyd
of  Ni  nanoparticles  durin

. Introduction

Sorbitol, which can be produced industrially in large amount by
he hydrogenation of glucose over Raney Ni catalyst, is an impor-
ant renewable carbon source and has been considered as one of
he 12 top building blocks of biorefinery [1–5]. Glycols like ethy-
ene glycol (EG), 1,2-propylene glycol (1,2-PG) and 1,3-propylene
lycol (1,3-PG) are important chemicals traditionally produced by
he petrochemical methods. Declining fossil fuel and increasing fos-
il fuel prices are pushing for the development of new economical
rocess for the production of glycols. Nowadays, sorbitol is not only
sed as a sweetener in diet foods but also as a potential raw mate-
ial for the synthesis of a variety of value-added chemicals, such as
sosorbide, fuels, glycols and even hydrogen [6–9]. Hydrogenolysis
f sorbitol may  be an alternative method for producing glycols.

So far, conventional hydrogenation catalysts such as Ni, Ru, Pd
nd Pt have been employed for the hydrogenolysis of sorbitol to gly-
ols. For example, the hydrogenolysis of a 5 wt% aqueous solution of
orbitol over a Pd/C catalyst can give 70% selectivity to glycols [10].

he Ru/C catalyst modified with tin obtains more than 60% selectiv-
ty to glycols at a high temperature using 32 wt%  aqueous solution
f sorbitol as feedstock [11]. Although the noble metal catalysts

∗ Corresponding author. Tel.: +86 592 2181659; fax: +86 592 2183047.
E-mail address: yzyuan@xmu.edu.cn (Y. Yuan).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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rogenolysis  process  in aqueous-phase.
© 2011 Elsevier B.V. All rights reserved.

usually exhibit good selectivity to glycols, the conversion of sorbitol
is moderate because they have weak capacity for C–C bond cleav-
age. In contrast, the Ni-based catalysts always reach full conversion,
although the selectivity to glycols is less than 50% [12–15].  Recently,
Banu et al. reported that 1,2-PG is the major product over Ni–NaY
catalyst, whereas glycerol is the major product over Pt–NaY [16].
The difference in selectivity may  be due to the modes of adsorp-
tion of sorbitol over the two metals. Mechanism studies on the
hydrogenolysis of sorbitol have focused on the pathway of bond
cleavage [17–19].  Wang et al. used 1,3-diols as model compounds
to demonstrate that the existence of �-H or �-H is the essential con-
dition for the dehydrogenation and dehydration steps [18]. Several
studies have focused on the recyclability and deactivation mech-
anism of catalysts for hydrogenolysis. Chao et al. found that the
deactivation of the supported Ni catalyst is due to the oxidation of
Ni species in a fixed bed reactor; it can be regenerated by wash-
ing with water–methanol solution and then reduced by flowing
hydrogen [20].

A number of previous reports show that cerium can work
as an excellent promoter for hydrogenation reactions [21–24].
However, no study on the performance–structure correlation of Ce-
promoted Ni catalysts has been published for the aqueous-phase

hydrogenolysis of sorbitol to glycols. The current study aims to
develop catalysts with improved catalytic activity and prolonged
lifespan for the aqueous-phase hydrogenolysis of sorbitol to glycols.
The supported nickel catalysts using cerium as a promoter were

dx.doi.org/10.1016/j.cattod.2011.08.006
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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repared by deposition–precipitation (DP) and co-precipitation
CP) methods. The performances of the catalysts were correlated
ith their textural and structural properties characterized by

arious measurements. Furthermore, the reason for the catalyst
eactivation was discussed.

. Experiments

.1. Catalyst preparation

All reagents were purchased from Sinopharm Chemical Regent
o., Ltd. and used without further purification. For the catalyst
f Ce–Ni/Al2O3-DP, �-Al2O3 was first suspended into the aque-
us solution containing definite amounts of Ni(NO3)2·6H2O and
e(NO3)3·6H2O. Then, 5.0 mol/L NH3·H2O was gradually added
ntil the pH value of the mixture reached 8.0; the mixture
as further aged for 1 h. After filtration and washing with hot
ater, the obtained green solid was dried at 393 K overnight and
nally calcined at 773 K for 2 h in air. The precursor was then
educed in 5% H2–95% N2 atmosphere at 773 K for 1 h. For the
atalyst of Ce–Ni/Al2O3-CP, definite amounts of Ni(NO3)2·6H2O,
e(NO3)3·6H2O, Al2(NO3)3·9H2O and urea were dissolved into
ater and heated up to 363 K for 24 h with vigorous stirring. After
ltration and washing with hot water, the obtained green solid was
ried at 393 K overnight and was finally calcined at 773 K for 2 h in
ir. The precursor was then reduced in 5% H2–95% N2 atmosphere
t 1073 K for 1 h.

Typically, the nominal Ni loading was controlled at 20 wt% and
.5 wt% for the Ce loading. The actual Ni content was  determined
y an inductively coupled plasma-atomic emission spectrometry
ICP-AES) using a Thermo Electron IRIS Intrepid II XSP.

.2. Catalytic testing

The catalytic performance was examined in a 100 mL  stainless
teel autoclave equipped with a mechanical stirrer. A definite quan-
ity of catalyst, Ca(OH)2 and 30 wt% sorbitol aqueous solution was
laced into the reactor. The autoclave was purged with hydro-
en three times and was heated up to the desired temperature.
fter the reaction, the reactor was cooled to room temperature and
ecompressed. The gas phase products were detected by a gas chro-
atograph (with hydrogen as carrier gas) equipped with a Porapak

 column (3 m × 3 mm)  and a thermal conductivity detector. The
iquid phase products were detected by high-performance liquid
hromatograph (Shimazu LC 20 AT, 5.0 mmol/L H2SO4 as flowing
hase) equipped with a Shodex SH 1011 column (8 mm × 300 mm)
nd a refractive index detector. The major products of the reaction
ere EG, 1,2-PG, 1,2-butylene glycol (1,2-BG), glycerol (GLY), CH4

nd CO2 (Scheme 1). Small amounts of other by-products, such as
actic acid and pentanediol, were detected. The products were veri-

ed using authentic samples and quantified by an external standard
ethod. The total carbon balance of the reaction was about 85–95%.

n this work, the glycols refer to the sum of EG, 1,2-PG and 1,2-BG.
n the recycling process, the catalyst was separated from the reac-

HO
OH

OH OH

OH OH

H2C

OHH2

Ni catalyst

H2C

OH 

Scheme 1. Reaction products of catalytic hydrogenolysis of so
y 183 (2012) 65– 71

tant by an aid of magnet and then washed with deionized water for
three times. After that the catalyst was  used for next run.

2.3. Transmission electron microscopy (TEM)

TEM images were obtained on a JEM-2100 electron microscope
operated at an acceleration voltage of 200 kV. Samples for TEM
measurements were ultrasonically dispersed in ethanol. Drops of
suspensions were deposited on a copper grid coated with carbon.

2.4. Scanning electron microscopy (SEM)

SEM images of the samples were obtained on a HITACHI S-4800
scanning microscope operated at an acceleration voltage of 200 kV.
Prior to analysis, all the samples were coated with platinum in a
sputter coating unit. The contents of surface elements were mea-
sured by energy dispersive spectrometer.

2.5. X-ray diffraction (XRD)

XRD patterns were performed using a PANAlytical X′pert Pro
diffractometer equipped with a graphite monochrometer and Cu
K� radiation. The operation voltage was 40 kV, and the current
was 30 mA.  For in situ XRD measurement, a catalyst precursor was
placed in a stainless steel holder and was covered with a beryllium
plate having a thickness of 0.1 mm.  Then a 5% H2–95% N2 mixture
was introduced at a flow rate of 50 mL/min when raising the tem-
perature at a rate of 10 K/min. The XRD patterns were collected
after the samples reached the preset temperatures for 5 min. The
diffraction pattern was  identified by matching it with the refer-
ence pattern included in the JCPDS data base. The full width at half
maximum of Ni(2 0 0) diffraction at 2� = 51.8◦ was used to calcu-
late the Ni crystallite size using the Scherrer equation to avoid the
overlapping diffraction lines between Ni and Al2O3. The average Ni
crystallite sizes of typical samples were further determined by TEM
micrograph counting.

2.6. H2-temperature-programmed reduction (H2-TPR)

H2-TPR profiles were measured in a fix bed continuous flow
reactor connected to a Hiden Qic-20 mass spectrometer. In a typ-
ical measurement, the as-dried sample (10 mg)  was  pretreated in
Ar atmosphere at 473 K for 1 h and then reduced in a mixture of 5%
H2–95% Ar at a flow rate of 30 mL/min and heating rate of 10 K/min.
The amount of H2 consumption was measured using the mass spec-
trometer.

2.7. Superconductivity quantum interference device

The magnetization curves for catalyst were measured at

300 K under a varying magnetic field of −1 to 1 T on a Quan-
tum Design MPMS-XL-7 superconductivity quantum interference
device (SQUID) magnetometer. The sample (20 mg)  was put into a
plastic tube for measurement.

H
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OH OH
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rbitol over supported Ni catalyst in the aqueous phase.
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Fig. 1. Hydrogenolysis of sorbitol over 20% Ni/Al2O3-DP as a function of
reaction time. Reaction conditions: sorbitol (30 wt% aqueous solution) = 20 mL;
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.8. Nitrogen adsorption–desorption

Nitrogen adsorption–desorption isotherms were measured by
tatic N2 physisorption at 77 K with a Micromeritics TriStar II
020 surface area and pore analyzer. Before the N2 physisorp-
ion measurement, all samples were outgassed at 393 K for 1 h
nd then evacuated at 573 K for 3 h to remove physically adsorbed
mpurities. The specific surface area (SBET) was  calculated by the
runauer–Emmett–Teller method. The total pore volume (Vp) was
erived from the adsorbed N2 volume at a relative pressure of
pproximately 0.99. The Barrett–Joyner–Halenda method was  used
o calculate the pore size distributions according to the desorption
ranch of the isotherms.

.9. Chemisorptions of CO and H2

Ni dispersion was calculated according to the chemisorption of
O. The chemisorption of CO was performed using a Micromeritics
SAP 2020C. The sample was purged with high purity H2 (99.999%)
t 723 K for 30 min  and then evacuated for 30 min. After cooling
o 308 K under vacuum, CO was introduced, and the first isotherm
total CO uptake) was measured. After the first isotherm, the sample
as evacuated for 10 min  before the second isotherm (reversible
O uptake) was measured. The amount of chemisorbed CO was the
ifference between the total and the reversibly adsorbed CO. The
hemisorption isotherms of H2 were measured by similar proce-
ures.

. Results and discussion

.1. Hydrogenolysis products of sorbitol over supported Ni
atalysts

A preliminary experimental result showed that sorbitol was
ainly converted into GLY, EG and 1,2-PG over several supported
i catalysts as illustrated in Scheme 1. The selectivity to glycols
an markedly be increased without decreasing sorbitol conversion
hen a base of Ca(OH)2 is added [13]. A yield of glycols about 50%
as obtained over the 20% Ni/Al2O3-DP catalyst with Ni nanopar-

icles (Ni NPs) of around 5 nm at 513 K, which is superior to other
upported Ni catalysts investigated (Table S1).

Fig. 1 shows the reaction profile of the 20% Ni/Al2O3-DP catalyst
s a function of reaction time at 493 K. The conversion increased
inearly up to 100% when the reaction time was  prolonged from 2
o 10 h. The selectivity to EG was constant throughout the reaction
ime investigated, whereas that to 1,2-PG increased and that to GLY

ecreased gradually. These results imply that the hydrogenolysis of
orbitol over the supported Ni catalyst was initiated most likely by
he cleavage of C2–C3 bond between the second and third carbon
toms to generate GLY and EG as the primary products, 1,2-PG is

able 1
romotion effect of cerium on the hydrogenolysis of sorbitol to glycols over Ni/Al2O3-DP 

Catalyst Conv. (%) Selec.a (%)

GLY EG 

20% Ni/Al2O3-DP 39.3 44.9 18.5
0.5%  Ce–20% Ni/Al2O3-DP 51.1 38.4 18.2
1%  Ce–20% Ni/Al2O3-DP 65.0 36.6 18.2
2%  Ce–20% Ni/Al2O3-DP 79.5 37.2 17.1
0.5%  Ce–20% Ni/Al2O3-DPb 95.6 25.0 17.7
2%  Ce–20% Ni/Al2O3-DPb 100.0 13.4 16.2
0.5%  Ce–20% Ni/Al2O3-DPc 98.5 10.7 18.4

eaction conditions:  sorbitol (30 wt% aqueous solution) = 20 mL;  temp. = 493 K; time = 2 h; 

a Others include lactic acid, pentanediol, several kinds of polyols and unknown compou
b Time = 8 h, others are the same as above.
c Temp. = 513 K, time = 8 h, others are the same as above.
temp. = 493 K; P(H2) = 7.0 MPa; catalyst weight = 0.80 g; Ca(OH)2 = 0.10 g; stirring
rate  = 500 rpm.

essentially derived from GLY by the cleavage of the C–O bond in the
first carbon atom.

3.2. Promotional effect of cerium

Table 1 lists the performance of cerium-promoted Ni/Al2O3-DP
catalysts, with the cerium content ranging from 0.5% to 2%. For
comparison, the reaction was  carried out under lower tempera-
ture and shorter time. The conversion improved significantly with
an increasing cerium loading. However, the product distributions
were less sensitive to the cerium concentration under mild reac-
tion conditions. When the reaction time was  prolonged from 2 to
8 h, the catalyst with 2% Ce content resulted in 100% conversion of
sorbitol. However, the outcome had lower selectivity to glycols and
contained a large amount of gas phase products, namely CH4 and
CO2. Since the catalysts can cause substantial reforming of sorbitol
to give CO and H2, and the CO undergoes shift to CO2 and hydro-
genation to CH4, the increase of Ce species in the catalysts brought
about not only the enhancement of activity but also the increase in
the formation of gases such as CH4 and CO. Nevertheless, the 0.5%
Ce–20% Ni/Al2O3-DP catalyst could obtain a yield to glycols from
53–62% under a higher temperature and longer reaction time for
the hydrogenolysis.

Table 2 compares the influences of Ni and Ce contents on the
performance of the catalysts prepared through co-precipitation

method. In agreement with the above results, the addition of
cerium sharply accelerated the reaction rate of the Ni/Al2O3-CP cat-
alysts at varying of Ni loadings. However, when the Ce-promoted

catalysts.

1,2-PG 1,2-BG CH4 CO2

 27.2 1.5 3.2 3.1
 26.9 2.1 3.5 3.0
 24.7 1.8 2.2 1.8
 24.9 1.8 4.2 4.3
 35.6 2.4 7.4 4.2
 25.2 2.2 10.7 12.4
 41.6 2.9 5.6 4.7

P(H2) = 7.0 MPa; catalyst weight = 0.80 g; Ca(OH)2 = 0.10 g; stirring rate = 500 rpm.
nds.
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Table 2
Promotion effect of cerium on the hydrogenolysis of sorbitol to glycols over Ni/Al2O3-CP catalysts.

Catalyst Conv. (%) Selec.a (%)

GLY EG 1,2-PG 1,2-BG CH4 CO2

10% Ni/Al2O3-CP 15.3 17.1 21.3 34.0 0 8.3 4.2
20%  Ni/Al2O3-CP 41.8 14.0 20.0 35.6 2.3 8.7 3.3
30%  Ni/Al2O3-CP 83.6 14.9 16.9 33.6 0.8 7.4 2.1
0.5%  Ce–10% Ni/Al2O3-CP 41.3 9.4 20.4 34.9 2.3 7.3 3.8
0.5%  Ce–20% Ni/Al2O3-CP 91.1 10.3 17.9 35.3 2.4 8.5 1.3
0.5%  Ce–30% Ni/Al O -CP 99.8 2.4 7.1 25.5 2.3 17.0 5.6

R  = 8 h;
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eaction conditions:  sorbitol (30 wt% aqueous solution) = 20 mL;  temp. = 513 K; time
a Others include lactic acid, pentanediol, several kinds of polyols and unknown c

atalyst had a Ni loading higher than 20 wt%, lower selectivity to
lycols and higher amounts of CH4 and CO2 were obtained.

.3. Catalyst recycling

Fig. 2 shows the recycling results of 0.5% Ce–20% Ni/Al2O3-DP
nd 0.5% Ce–20% Ni/Al2O3-CP catalysts. The 0.5% Ce–20% Ni/Al2O3-
P catalyst could give a conversion up to 98% with selectivity to
lycols of 62% in the first run. However, its catalytic activity and
electivity to glycols decreased rapidly after three runs. This finding
ndicates that the catalyst prepared by the deposition–precipitation

ethod showed unsatisfactory stability in the aqueous-phase
ydrogenolysis of sorbitol. In contrast, the 0.5% Ce–20% Ni/Al2O3-
P catalyst presented a promising result in the recycling process.
s shown in Fig. 2, the sorbitol conversion reached 94% when the
eaction time was prolonged to 12 h and the conversion was  main-
ained up to 90% in 10 runs of recycling. The overall selectivity to
lycols was also sustained at around 55–60%. Moreover, the catalyst
ould easily be recovered by magnetic separation in a few minutes
nd then be reused without significantly affecting their catalytic
erformance. After 11 runs, the conversion dropped to 86%, but

t recovered to the original level when the fresh catalyst in about
2.5% of catalyst weight was replenished.

The Ni content in the aqueous phase was checked after each
ecycling by ICP-AES measurement. The results show that less than
.06 wt% Ni was leach out from the fresh Ni catalyst in the first
un and lower than 0.02 wt% Ni was lost in the following consecu-

ive each recycling. Negligible conversion of sorbitol was obtained
ith such amount of Ni under the present reaction conditions.

herefore, the results imply that the different behaviors of 0.5%
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 P(H2) = 7.0 MPa; catalyst weight = 0.80 g; Ca(OH)2 = 0.10 g; stirring rate = 500 rpm.
unds.

Ce–20% Ni/Al2O3-DP and 0.5% Ce–20% Ni/Al2O3-CP catalysts during
the recycling periods were not related to the Ni leaching.

3.4. Characterization

Table S2 gives the BET surface area (SBET), pore volume (Vp) and
average pore diameter (Dp) of supported Ni catalysts. Based on the
results, the addition of cerium did not change the textual structure
of the catalyst. The SEM images in Fig. S1 show that the supported
Ni catalysts were porous materials. The surface Ni content in the
20% Ni/Al2O3-CP catalyst by energy dispersive X-ray spectroscopy
(EDX) was  less than the loading amount and was  lower than that in
the 20% Ni/Al2O3-DP one (Tables S2 and S3, and Fig. S2), suggesting
that Ni NPs embedded into the Al2O3 matrix by the co-precipitation
method. Data on Ni dispersion supported this viewpoint, i.e.,  the
20% Ni/Al2O3-DP showed a Ni dispersion of 20.1%, whereas 20%
Ni/Al2O3-CP showed a Ni dispersion of 2.9%. The magnetic curves of
Ni/Al2O3 catalysts were evaluated by SQUID measurement (Fig. S3).
The coercive force, which is symbolized as M, denotes the mag-
netism of materials. The M value of Ni/Al2O3-CP was  3.6 emu/g,
which is much stronger than that of Ni/Al2O3-DP. The differences in
magnetism may  be related to their different particle sizes. Nonethe-
less, an alternative method for the separation of solid catalyst
through the aid of a magnet was provided in the case of Ni/Al2O3-CP
catalyst system.

Fig. 3 displays the H2-TPR patterns of supported Ni catalyst pre-
cursors. The Ni content was  maintained at 20% in each catalyst.
The bulk NiO sample (Fig. 3A, curve a) produced two neighboring
peaks at about 600 K, which is probably due to the different Ni par-
ticle size in this sample [25]. The reduction temperature became
higher when the Ni species was  immobilized on Al2O3, indicat-
ing the interactions between Ni species and support. The reduction
behaviors between the samples with and without cerium were sim-
ilar to each other, but the temperature gradually decreased with
the increase in cerium amount from 0.5 to 2%. The H2-TPR pro-
files of 20% Ni/Al2O3-CP and 0.5% Ce–20% Ni/Al2O3-CP in Fig. 3B
show little differences between catalysts with or without a cerium
promoter. In comparison with 20% Ni/Al2O3-DP catalyst, the 20%
Ni/Al2O3-CP one presented a broad reduction peak ranging from
800 to 1100 K, suggesting that there were stronger interactions
between Ni species and Al2O3 compared with Ni/Al2O3-DP.

Fig. 4 illustrates the in situ XRD patterns of the above two  types
of catalysts as a function of reduction temperature under an atmo-
sphere of 5%H2–95%Ar. The diffraction lines at 44.5◦, 51.8◦, and
76.3◦ were attributed to the Ni(1 1 1), Ni(2 0 0) and Ni(2 2 0) crystal
planes, respectively. The Ni(2 0 0) diffraction line of 20% Ni/Al2O3-
DP appeared at 923 K. This diffraction line enhanced sharply when
reduction temperature was  further increased. The co-precipitation

method was conductive for preparing the catalyst with high ther-
mal  stability, which is shown by 20% Ni/Al2O3-CP being more stable
than 20% Ni/Al2O3-DP at higher temperatures. Figs. 5 and 6 show
the XRD patterns and the TEM images of the Ce-promoted catalysts
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Fig. 5. XRD patterns of (A) 0.5% Ce–20% Ni/Al2O3-DP and (B) 0.5% Ce–20% Ni/Al2O3-
CP before and after reaction. (a) As-reduced 0.5% Ce–20% Ni/Al2O3-DP; (b) 0.5%

Ce–20% Ni/Al2O3-DP after three recyclings; (c) as-reduced 0.5% Ce–20% Ni/Al2O3-CP
and (d) 0.5% Ce–20% Ni/Al2O3-CP after eighteen recyclings.

before and after the reaction. Without Ce, the average size of Ni NPs
was around 5.1 nm in the 20% Ni/Al2O3-DP catalyst (Table S1), but
if Ce was involved, it decreased to 2.9 nm in the 20% Ce–Ni/Al2O3-
DP one (Figs. 5A-a and 6a). The particle size increased drastically
to around 89.6 nm after the third run (Figs. 5A-b and 6b), indi-
cating that a significant agglomeration of Ni NPs occurred in the
case of 0.5% Ce–20% Ni/Al2O3-DP catalyst during the reaction. As
for the 0.5% Ce–20% Ni/Al2O3-CP catalyst, however, there were
slight differences in the XRD patterns (Fig. 5B) and TEM images
(Fig. 6, images c and d) between the fresh catalyst and the one after
eighteen runs, indicating that the Ni NPs mostly maintained their
sizes during the recycles. Therefore, the co-precipitation method
was beneficial because it could enhance the interaction between
Ni NPs and support. Given the results, the agglomeration of Ni NPs
was determined as the main reason for deactivation, it could be
depressed by enhancing the interaction between metal and sup-
port.

The function of Ce species for improving the catalytic activity
has mainly been ascribed to the electron effect of Ce-ions in lit-
erature [21–24]. That is, the presence of Ce4+/Ce3+ species in the
catalyst is beneficial for adjusting the electron density of metallic
Ni and thus improving the reaction activity. When the 2% Ce–20%
Ni/Al2O3-DP catalyst was  employed, it exhibited an improved

catalytic performance as compared with 20% Ni/Al2O3-DP under
identical conditions (Table 1). Nonetheless, the average size of Ni
NPs was decreased from 5.1 to 2.9 nm when Ce was introduced
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Fig. 6. TEM images of Ce–Ni/Al2O3 catalysts before and after reaction. (a) As-reduced
0.5% Ce–20% Ni/Al O -DP; (b) 0.5% Ce–20% Ni/Al O -DP after three recyclings; (c)
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s-reduced 0.5% Ce–20% Ni/Al2O3-CP; (d) 0.5% Ce–20% Ni/Al2O3-CP after eighteen
ecyclings.

Table S1).  A smaller Ni particle is believably able to provide more
ctive sites for the adsorption of H2, leading to a higher hydrogenol-
sis activity. To obtain an insight into the performance of cerium,
2-chemisorption was measured for the Ni/Al2O3 catalysts with
nd without cerium. Fig. 7 shows that the addition of cerium into
he Ni/Al2O3 catalysts greatly enhanced the chemisorption amount
f H2. These adsorbed hydrogen species may  be activated by Ni NPs
nd thus contribute to the hydrogenolysis of sorbitol. Thus, the elec-
ron effect of Ce-ions and the decreased size of Ni NPs could not be
xcluded to be responsible for the increase of H adsorption and the
2
nhancement of activity in the presence of Ce. However, a proper
mount of cerium additive was required for adjusting the activity
nd selectivity to achieve higher performance.
Fig. 7. H2-chemisorption isotherm profiles of as-reduced catalysts. (a) 20%
Ni/Al2O3-DP; (b) 0.5% Ce–20% Ni/Al2O3-DP; (c) 1% Ce–20% Ni/Al2O3-DP and (d) 2%
Ce–20% Ni/Al2O3-DP.

4. Conclusion

Cerium is an efficient promoter to improve the performance of
Ni/Al2O3 catalysts for the aqueous-phase hydrogenolysis of sorbitol
to glycols. The optimal loadings of Ni and Ce were about 20% and
0.5%, respectively. The enhanced effect was related to the increase
in chemisorption amount of H2 on the Ce-containing catalysts. The
catalyst deactivation was mainly attributed to the agglomeration
of Ni NPs during the reaction process. Methods that can enhance
the dispersion and improve the stability of Ni NPs can be beneficial
for the preparation of highly efficient catalysts.

The 0.5% Ce–20% Ni/Al2O3-CP catalyst with a mean particle size
of around 5 nm showed good activity, high selectivity to glycols
and superior recyclability. The catalyst was  easily separated from
the aqueous-phase reactant with the aid of magnet and was reused
many times with a negligible drop in its hydrogenolysis perfor-
mance. The sorbitol conversion reached above 90% and the overall
selectivity to glycols was  sustained at 55–60% during the eighteen
recyclings at 513 K under 7.0 MPa  for 12 h.
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