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a  b  s  t  r  a  c  t

Ni–WO3/SBA-15  catalysts  were  prepared  by  an  impregnation  way  and  applied  to the  hydrogenolysis  of
cellulose  in aqueous  solution.  The  effect  of  nickel  and  WO3 loading,  catalysts  reduction  temperature  and
time on  cellulose  conversion  were  investigated.  Up  to  70.7%  ethylene  glycol  yield  was  obtained  over
3%Ni–15%WO3/SBA-15  catalysts.  Several  physicochemical  methods  such  as  XRD,  Raman  spectroscopy,
eywords:
ellulose
thylene glycol
ydrogenolysis
i–WO3/SBA-15

NH3-TPD,  H2-TPR  and  XPS  were  used  to determine  the  character  of catalysts.  Based  on these  studies,  it
was  found  that  there  was  a  strong  electronic  interaction  between  NiO and WO3, which  not  only promoted
the  reduction  of  WO3, but  restrained  the  reduction  of  NiO.  Together  with  the  experimental  results,  it  can
be  concluded  that  the  WO3−X, which  may  be  the  active  species  for the  selective  cleavage  of C  C bond,  was
formed  after  catalysts  pretreatment  process.  Additionally,  a possible  catalytic  mechanism  was  proposed.
. Introduction

Biomass is a kind of renewable energy resource generated by
hotosynthesis and comes from a variety of sources. Cellulose is
he largest component of biomass and non-edible [1]. So the utiliza-
ion of cellulose as feedstock for chemical and energy industries has
ttracted considerable attention. Unfortunately, cellulose is resis-
ant to its depolymerization under mild conditions in conventional
olvents since the abundant intra- and inter-molecular hydrogen
onds protect the �-1,4-glycosidic bonds from being attacked by
oreign molecules [2].

Recently, series of heterogeneous catalysts were successfully
pplied to facilitate cellulose depolymerization in hydrothermal
onditions. For the one-step conversion of cellulose, there are two
ypes of desired products, sugar alcohols and ethylene glycol (EG).
hey are widely used in chemical industries, such as polymers, food,
oating, detergent, and pharmaceutical industries. Since Fukuoka
nd Dhepe [3] presented the conversion of cellulose into sugar
lcohols (sorbitol and mannitol) over a Pt/�-Al2O3, many groups
ave also reported the conversion of cellulose into sugar alcohols,

uch as Ru/C, Ru/CNT, Ni/carbon nanofibers and Ni2P/activated
arbon [4–7]. To boost the hydrolysis of cellulose, solid or liquid
cids were introduced into the reaction, such as heteropolyacids
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combined with Ru/C, mineral acid combined with Ru/C and min-
eral acid combined with Ru/USY [8–11]. Meanwhile, the selective
conversion of cellulose to EG was noticed and widely studied over
various catalyst systems. Among these catalysts, tungsten-based
ones, especially when combining with the hydrogenation compo-
nent, were proved to be a better choice due to the high catalytic
activity and selectivity. For example, Ni–W2C/activated carbon,
Ni–W/SBA-15, Ni–WxC/CMK-3, Ni–W/SiO2–Al2O3, Ru/C combined
with WO3 and Ru/C combined with H2WO4 [12–17].

Apparently, various tungsten-based catalysts are effective in
transforming cellulose into EG. However, few reports focus on the
Ni–WO3 system, or discuss the real active species for the high EG
selectivity in detail. In this paper, a series of Ni–WO3/SBA-15 cata-
lysts were prepared and applied to the direct conversion of cellulose
under hydrogen pressure in aqueous solution. The effect of Ni, WO3
loading and catalysts pretreatment conditions on cellulose con-
version were investigated. The interaction between NiO and WO3
was discussed based on the characterization results of XRD, Raman
spectroscopy, NH3-TPR, H2-TPR and XPS. Moreover, a possible reac-
tion mechanism of the selective catalytic conversion cellulose was
proposed.

2. Experimental
2.1. Materials

Cellulose (Aladdin Chemistry Co. Ltd, microcrystalline),
tungstophosphoric acid hydrate [H3O40PW12·xH2O] (Sinopharm

dx.doi.org/10.1016/j.molcata.2013.10.002
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2013.10.002&domain=pdf
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hemical Reagent Co. Ltd., analytic grade), nickel nitrate hexahy-
rate [Ni(NO3)2·6H2O] (Sinopharm Chemical Reagent Co. Ltd.,
nalytic grade), and SBA-15 zeolite (Shanghai Novel Chemical
echnology Co., Ltd.)

.2. Preparation of catalysts

All catalysts were prepared by a conventional incipient
mpregnation method. Firstly, the support, SBA-15, was  impreg-
ated with a aqueous solution containing tungstophosphoric
cid hydrate [H3O40PW12·xH2O] and nickel nitrate hexahydrate
Ni(NO3)2·6H2O]. The impregnation volume of metal solution was
alculated using the measured incipient wetness of the support. The
mpregnated catalysts were dried at 100 ◦C for 12 h and then cal-
ined at 500 ◦C for 3 h. The monometallic catalysts were prepared
y impregnation with the corresponding metal precursors men-
ioned above. Before the reaction, all of the catalysts were reduced
n a hydrogen flow. The catalysts are labeled as x% Ni/support,
%WO3/support or x%Ni–y%WO3/support, in which x and y stand
or the nominal weight loading of Ni and WO3, respectively.

.3. Characterization

The bulk crystalline structures of the catalysts were determined
sing the X-ray diffraction (XRD) technique. The XRD patterns were
btained with a D8 ADVANCE using Cu K� radiation.

Raman spectra were collected in ambient conditions with a res-
lution of 1.5 cm−1 on Renishaw 1000 micro-Raman spectroscopy
sing a 632.8 nm He–Ne laser. For the 3%Ni–15% WO3/SBA-15 cata-

yst (reduced), it was reduced at 500 ◦C for 1 h. After that, its Raman
pectrum was obtained without special protection.

The temperature-programmed desorption of ammonia (NH3-
PD) was conducted in an AutoChem 2910 unit (Micromeritics)

quipped with a thermal conductivity detector (TCD). Quartz U-
ube reactors were generally loaded with 0.10 g of the sample with

 size in the range of 60–80 mesh, and the unreduced catalysts
ere pretreated in He at 500 ◦C for 1 h, then cooled to 120 ◦C. The

harged sample was treated in 10 vol.% NH3/He at 120 ◦C for 10 min,
nd then the catalyst was flushed with He for 1 h. The NH3-TPD was
erformed using 30 ml/min of He by heating the sample from 120 ◦C
o 550 ◦C at a heating rate of 10 ◦C/min while monitoring the TCD
ignals.

TPR experiments were carried out in a ChemBet 3000 equipped
ith a thermal conductivity detector (TCD). In the TPR experiments,

he samples were pretreated in situ at 450 ◦C for 1 h under N2 flow
nd cooled to 40 ◦C in an N2 stream. The reduction step was  per-
ormed with an 10 vol.% H2/N2 mixture, with a heating rate of
0 ◦C/min, up to 700 ◦C. To investigate the effect of catalysts reduc-
ion temperature, all the 3%Ni–15% WO3/SBA-15 catalysts were
retreated in situ at different temperature (from 350 ◦C to 600 ◦C)
or 1 h with 10 vol.% H2/N2 flow. In the experiments of studying the
mpact of catalysts reduction time, all the 3%Ni–15% WO3/SBA-15
atalysts were pretreated in situ at 500 ◦C for different reduction
ime (from 10 min  to 90 min) with 10 vol.% H2/N2 flow.

The XPS spectra were obtained by using Al K� radiation
1486.6 eV) through an AXIS ULTRA DLD system at a base pressure
f 10−6 Pa equipped an electronic neutralization gun to eliminate

Conversion(%) = weight of cellulo
he charge effect on the sample surface. All the binding energies
ere calibrated by using contaminant carbon (C 1S = 284.6 eV) as

 reference. For the 3%Ni–15% WO3/SBA-15 catalyst (reduced), it
as reduced at 500 ◦C for 1 h. Without special protection, it was
sis A: Chemical 381 (2014) 46– 53 47

quickly transferred to the analysis chamber of the spectrometer
with a controlled-atmosphere transporter.

2.4. Catalytic experiments

All catalytic experiments were carried out in a 100 mL  stainless-
steel autoclave. Firstly, 1.0 g cellulose, 40 g deionized water, and
0.25 g catalysts were charged into the autoclave simultaneously,
then the reactor was  purged with hydrogen to remove air. Secondly,
the reactor was filled with 6 MPa  hydrogen pressure at room tem-
perature and finally heated to 230 ◦C with a strong stirring. After
the reaction, the autoclave was  cooled to room temperature with
water, and the solid residues were filtered from the liquid products.

2.5. Product analysis

Products were quantified by both gas chromatography (GC)
and high performance liquid chromatography (HPLC). The poly-
ols, including EG, 1,2 – propylene glycol (1,2-PG), 1,2 – butanediol
(1,2-BG), 1,2 – hexylene glycol (1,2-HG) and glycerol, were ana-
lyzed by a Shimadzu GC-2014, equipped with a flame ionization
detector (FID) and HW workstation. The samples were injected
(split ratio: 50) into a CBP20 (polar) column of 25 m × 0.22 mm and
0.25 �m film thickness. The temperature program was  as follows:
holding at 75 ◦C for 5.0 min, then increasing from 75 ◦C to 240 ◦C
at a rate of 30 ◦C/min, finally holding at 240 ◦C for 20 min. Injector
and detector temperatures were set as 250 ◦C and 280 ◦C, respec-
tively. The hexitols were determined by HPLC with Ca-NP capillary
chromatography column and evaporative light scattering detector.
The detection was performed under the conditions: detection tem-
perature of 70 ◦C, column temperature of 80 ◦C, mobile phase of
deionized water with a flow rate of 0.6 ml/min.

The cellulose conversion and the polyol yield were calculated
based on the following formulas [12]:

efore the reaction − weight of cellulose after the reaction
ight of cellulose of before the reaction

× 100%,

Yield(%) = weight of the products determined
weight of cellulose charged into the reactor

× 100%.

3. Results and discussion

3.1. Catalysts characterization

In order to characterize the bulk crystalline structures of var-
ious catalysts, the XRD analysis was conducted. Fig. 1 shows the
XRD patterns of different samples. According to the XRD patterns
of 15%Ni–WO3/SBA-15 with different WO3 loading (Fig. 1A), all
catalysts showed peaks at 2� (◦) = 44.3, 51.5 and 75.8 due to the for-
mation of metal Ni crystallites (ICDD: 65-0380). In contrast, when
WO3 loading was 5% and 10%, respectively, even up to 15%, there
were no manifest WO2 crystallite peaks. But further increasing
WO3 loading to 20%, two crystalline WO2 peaks appeared at 37.0◦

and 53.2◦ (ICDD: 32-1393), indicating the congregation of tung-
sten oxide with the increase of WO3 loading. More importantly, it
can prove that the existence of NiO promote the reduction of WO3,
which is in line with the H2-TPR results as discussed below.

Considering the higher Ni loadings covering the active sites of
WO3, which would weaken the ability of catalysts for the selective
cleavage of C C bond, the catalysts with 15% WO3 and various Ni

loading were prepared. Fig. 1B shows the XRD patterns of these
catalysts. For the 1%Ni–15%WO3/SBA-15 sample, the reflections
appeared at 25.9◦, 37.0◦ and 53.2◦ corresponding to the crys-
talline WO2. The congregation of WO2 may  be resulted from the
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broad peak of ammonia desorption at about 200 C was detected on
the surface of 15% WO3/SBA-15 catalyst, which indicated the pres-
ence of acidic sites on the surface as previous report [20]. Notably,
compared with 15% WO3/SBA-15, the ammonia desorption peak
ig. 1. Wide-angle XRD patterns of various catalysts. (a) 15%Ni–WO3/SBA-15 with
ifferent WO3 loading. (b) Ni–15%WO3/SBA-15 with different Ni loading.

nsufficient interaction between the NiO and WO3 since the low
i loading. When the Ni loading was 3% (molar ration of Ni to W
lose to 1), there was a strong interaction between them resulting in
he disappearing of crystalline WO2 peaks. This result is consistent
ith Raman result that the crystalline WO3 peaks disappeared due

o the introduction of NiO. When the Ni loading was up to 20%, the
ppearing again of one weak peak at 37.0◦ indicated the presence of
rystalline WO2, which might be due to the total loading (35%) was
oo high. From the discussion above, we can conclude that the low
alence state tungsten was formed after the pretreatment process
f catalysts.

Raman measurements were performed since this technology is
 very powerful tool for phase analysis of tungsten oxides. Fig. 2
hows the Raman spectra of various samples. For the 3%Ni/SBA-15
ample, there was no peak appeared, while a significant difference
as observed at sample of 15%WO3/SBA-15. The two  Raman peaks

t 715 and 807 cm−1 were assigned to the O W O modes and
he peaks at 270 and 330 cm−1 were due to the bending vibration
(O W O), which are the characteristic of monoclinic WO3 [18].
otably, the Raman spectrum of 15%WO3/SBA-15 sample showed
o peak at 952 cm−1, which associated with the vibration of the ter-
inal W O bonds. These results might suggest that the tungsten

xide in 15%WO3/SBA-15 sample was formed by O W O micro-

rystalline clusters connected to each other by W O W,  with little
erminal W O bonds at the surface of the clusters. Conversely,
he Raman spectrum of 3%Ni–15%WO3/SBA-15 showed only one
eak at 952 cm−1; however the vibration range between 200 and
Fig. 2. Raman spectra of different catalysts. (a) These samples were unreduced. (b)
3%Ni–15%WO3/SBA-15 (reduced) was pretreated at 500 ◦C for 1 h in H2 flow.

400 cm−1 and the high-frequency area between 600 and 900 cm−1

were disappeared. On the other hand, it was  reported [19] that the
ratio of the integrated Raman scattering intensities of the W O
band to that of the O W O band in the region of 600–900 cm−1

could be used to measure the relative cluster size of tungsten oxide.
The quantity of W O terminal bonds around the cluster is inversely
proportional to the cluster size. Based on above discussion, it can be
concluded that surface polytungstate species may transform into
monotungstate since the induction of NiO destroyed the crystal
structure of WO3. On the other hand, it might also result in an inter-
action between NiO and WO3 as mentioned above. For the Raman
spectrum of reduced 3%Ni–15%WO3/SBA-15 sample, its Raman
spectrum was  similar with the unreduced 3%Ni–15%WO3/SBA-15
sample’s, indicating there was still a strong interaction between
metal Ni and tungsten oxide since the process of reduction did not
break the structure of small tungsten oxide clusters.

NH3-TPD was carried out to study the surface acidity of differ-
ent catalysts. The results are shown in Fig. 3. It can be found that
the 3%Ni/SBA-15 catalyst almost had no acidity, and the very weak
peak might result from the signal fluctuations. On the contrary, a

◦

Fig. 3. NH3-TPD patterns of different catalysts (all of them were unreduced). (a)
3%Ni/SBA–15 (b) 15%WO3/SBA-15 (c) 3%Ni–15%WO3/SBA-15.
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Fig. 4. H2-TPR patterns of various samples. (a) 3%Ni/SBA–15(A), 15%WO3/SBA-
15(B), mechanical mixture of A and B, and 3%Ni–15%WO3/SBA-15. (b)
3%Ni–15%WO3/SBA-15 pretreated with different reduction temperature. (c)
3%Ni–15%WO3/SBA-15 pretreated with different reduction time.
Y. Cao et al. / Journal of Molecular

f 3%Ni–15% WO3/SBA-15 shifted to higher temperature, demon-
trating that the introduction of NiO may  contribute to increase the
cid strength of WO3.

More information through hydrogen consumption and shif-
ing of the reduction temperature could be obtained by TPR to
lucidate the interactions between metal and metal. The TPR
urves of various catalysts are presented in Fig. 4. As expected,
he H2-TPR pattern of mechanical mixture of 3%Ni/SBA-15 and
5% WO3/SBA-15 was almost the same as their respective
2-TPR patterns since there was no interaction between NiO
nd WO3. The 3%Ni–15%WO3/SBA-15 catalyst prepared by co-
mpregnation showed reduction behavior significantly different
rom the observed for the mechanical mixture one. For the
%Ni–15%WO3/SBA-15 catalysts, the initial reduction temperature
f NiO (350 ◦C) was higher than that of 3%Ni/SBA-15 (300 ◦C).
t is interesting to notice that the H2 consumption area of
%Ni–15%WO3/SBA-15 between 300 ◦C and 500 ◦C was far more
han the sum area of 3%Ni/SBA-15 and 15% WO3/SBA-15. In addi-
ion, it is known that the area under the curve represents the total
mount of H2 consumption, while the peaks on the H2-TPR pro-
le indicated the reducibility of the catalyst. Together with the
attern of 15% WO3/SBA-15, which almost had no hydrogen con-
umption before 500 ◦C, it can be inferred that part of WO3 may  be
educed at lower temperatures. This opposite trend in reduction
ehavior implied that there was a possible electronic interaction
etween NiO and WO3. These results were in line with XRD and
aman results that there were WO2 crystallite peaks in reduced
i–WO3/SBA-15 samples and the NiO was embedded in the crystal

attice of WO3.
In order to further explore the reduction behavior

f the Ni–WO3/SBA-15 catalyst, the H2-TPR results of
%Ni–15%WO3/SBA-15 with different pretreatment conditions
ere discussed. Fig. 4b gives the H2-TPR curves of catalysts pre-

reated at different temperatures. It can be found that the hydrogen
onsumption decreased with the pretreated temperature, revea-
ing that the higher the reduction temperature was used, the more

etallic oxides were reduced. Fig. 4c, the effect of pretreated time
n TPR curves of the catalyst, also displayed the same trend as
ig. 4b. Concerning the decreased hydrogen consumption with the
ncrease in pretreatment temperature or time, it is believed due to
he following reason. At first, metallic oxides on the surface were
educed, and further reduction was delayed for the underlayers
f catalysts until much higher temperature or longer time was
sed. Based on above description, it can be concluded that the
O3−X may  be formed after the catalyst being treated at 500 ◦C

or 1 h in a H2 atomsphere. Interestingly, the H2 desorption peak
ppeared at about 275 ◦C implied that H2 was adsorbed strongly
y reduced metallic Ni species on the catalyst surface. It can
romote the breakage of H H bond of H2 molecule and produce
ctive hydrogen atom. These atoms spill over on the WO3 and
igrate away from the Ni site, which is helpful to the formation of
3O+ and the hydrogenation of unsaturated intermediates during

eaction process [21,22].
To make an intensive study of the interaction between NiO and

O3 of the catalyst, XPS analysis was conducted. Fig. 5 shows the
PS spectra of Ni2p and W4f  of different catalysts. In compari-
on with the binding energy of Ni2p3/2 of 3%Ni/SBA-15 catalyst
855.1 eV), that of Ni2p3/2 in the 3%Ni–15%WO3/SBA-15 catalyst
856.7 eV) positively shifted about 1.6 eV. This result implied a pos-
ible electronic interaction occurring between these two  oxides.
pecifically, the nickel of NiO donated partial electrons to the tung-
ten of WO3, making the nickel electron-deficient and the tungsten

lectron-enriched. The above conclusion is consistent with the
esults of H2-TPR that compared with Ni/SBA-15 and WO3/SBA-15,
he reducibility of NiO in the Ni–WO3/SBA-15 catalysts lowered,
hile that of WO3 enhanced. The electron-deficient Ni active sites
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Table 1
Effect of WO3 loading on conversion of cellulose.a,b

WO3 loading (%) Conversion (%) Yield (%)

EG 1,2-PG 1,2-BG 1,2-HG Glycerol

5 100 14.6 8.1 2.2 Trace 6.8
10  100 29.2 7.9 1.9 Trace 6.9
15  100 40.3 8.9 2.6 Trace 8.8
20  100 40.9 6.6 2.1 Trace 3.3

a Reaction conditions: cellulose 1.0 g, catalyst 0.25 g, deionized water 40 g, tem-
Fig. 5. XPS spectra of different catalysts. (a) Ni2p3/2 and (b) W4f.

lso can explain why 3%Ni–15%WO3/SBA-15 catalysts had higher
ydrogenation activity than that of 3%Ni/SBA-15 catalysts. This is in

ine with previous report that the hydrogen dissociative chemisorp-
ion on the electron-deficient Ni centers is more favorable than that
n the electron-enriched ones [23]. However, the change of binding
nergy of W4f  was not manifest. This might be due to the following
actors. On the one hand, the WO3 loading is five times than nickel.
n the other hand, the atomic weight of tungsten is several times
ore than that of nickel. Thus, the change of the binding energy of

ungsten was not as sensitive as that of nickel.
More importantly, the XPS can be used to confirm the valance

tate of nickel and tungsten oxides. As shown in Fig. 5b, the W4f
oublets at 38.8 and 36.7 eV were attributed to W6+ atoms, and the

ower ones at 37.8 and 35.6 eV corresponded to W5+ atoms [24].
n this case, additional electrons are proposed to result from oxy-
en vacancies which are formed during the synthetic process as
recedent report [24]. After the induction of NiO, the area ratio of

5+ atoms to W6+ atoms increased, which indicated that more W
toms with low valence state generated due to the intercalation
f NiO into the WO3 crystalline structure resulting in more oxy-
en vacancies. It is worth to noting that after hydrogen reduction,
he peak of high valence of W was weakened, and a much weak
eak appeared at 31.5 eV, indicating that more tungsten oxide of
igh valence state was reduced and W4+ might be formed in the
educed sample [25]. This result was in line with the XRD result.

lthough the reduced 3%Ni–15%WO3/SBA-15 sample was not pro-

ected by the inert atmosphere, it might not be oxidized before the
PS analysis. It is well known that the oxidization of metal Ni is
asier than WO3−X. But from Fig. 5a, one still can see that metal
perature 230 ◦C, initial H2 pressure 6 MPa, time 6 h.
b EG—ethylene glycol; 1,2-PG—1,2-propylene glycol; 1,2-BG—1,2-butanediol;

1,2-HG—1,2-hexanediol.

Ni may  exist in the sample because there was  a peak at 853.6 eV,
which could be assigned to the metal Ni. On the other hand, it is
known that at room temperature, the oxidation of WOX (X < 3) is
comparatively slow [26]. It is thus suggested that the XPS results
of reduced sample without inert atmosphere protection might be
used to reflect the real state of sample surface. As discussion above,
it can be further confirmed that WO3−X was  formed after catalysts
pretreated with hydrogen.

3.2. Effect of different WO3 loading

In this reaction system, there are two crucial steps to trans-
form cellulose into EG: the C C bond cleavage on active sites of
tungsten oxide species and hydrogenation of intermediates on
hydrogenation active sites of Ni. Firstly, the effect of WO3 load-
ing on the catalytic conversion of cellulose over Ni–WO3/SBA-15
was evaluated. And the experimental results were summarized
in Table 1. For the WO3-free catalyst (as shown in Table S1), the
primary product was  hexitol with a yield of 13.7%, and only 6.0%
EG yield was  obtained. In contrast, with the introduction of WO3,
even in a minor amount (5%), the EG yield was  elevated greatly,
up to 14.6%. Moreover, the EG selectivity increased with the rise of
WO3 loading, reaching maximum (40.3%) when the WO3 loading
15%WO3 was loaded. But further increasing the WO3 loading to 20%,
the EG selectivity almost remained unchanged. This implied that
15% WO3 loading was  enough for cellulose conversion and higher
loading was  unnecessary. Compared with previous report that a
good EG selectivity can be obtained over a supported catalyst with
50% WO3 loading, an excellent selectivity to EG was obtained over
Ni–WO3/SBA-15 catalyst at much lower WO3 loading in this cat-
alytic system [16]. It provided evidence that this synergy between
Ni and WO3 was beneficial to the EG formation.

Supplementary material related to this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.molcata.2013.10.002.

Considering the performance and cost of the catalyst, 15%WO3
loading was  fixed for further studies.

3.3. Effect of different Ni loading

It is generally known that the high Ni loading is beneficial to
boost hydrogenation, but more importantly, it may  cover part of
active sites of tungsten oxide species [27,28]. Therefore, to achieve
a high EG selectivity, the optimization of the ratio of metal Ni to
WO3 proves to be very important. Related experiment results were
summarized in Table 3.

As shown in Table 2, the EG yield increased with the rise of
Ni loading, and reached the highest (70.7%) at 3% loading. How-
ever, further increasing in Ni loading to exceed 5% led to a slight

decline in the yield toward EG, the EG yield over catalysts with
5%, 10%, 15% and 20% Ni loading were 51.12%, 53.64%, 40.31%,
30.43%, respectively. This may  be caused by two  reasons. One is that
the higher Ni loading generated more hydrogenolysis active sites,

http://dx.doi.org/10.1016/j.molcata.2013.10.002
http://dx.doi.org/10.1016/j.molcata.2013.10.002
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Table 2
Effect of Ni loading on conversion of cellulose.a,b

Ni loading (%) Conversion (%) Yield (%)

EG 1,2-PG 1,2-BG 1,2-HG Glycerol

1 100 28.3 2.7 3.3 Trace Trace
3  100 70.7 5.9 4.2 0.5 0.3
5  100 51.1 5.4 2.6 Trace Trace

10  100 53.6 8.5 3.5 Trace 3.7
15  100 40.3 8.9 2.6 Trace 8.8
20  100 30.3 6.3 1.4 Trace 5.9

a Reaction conditions: cellulose 1.0 g, catalyst 0.25 g, deionized water 40 g, tem-
perature 230 ◦C, initial H2 pressure 6 MPa, time 6 h
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Table 4
Effect of catalysts reduction time on conversion of cellulose.a,b

Reduction time
(min)

Conversion (%) Yield (%)

EG 1,2-PG 1,2-BG 1,2-HG Glycerol

10 100 41.9 1.3 0.6 Trace Trace
30  100 61.8 3.5 2.0 Trace Trace
60  100 70.7 5.9 4.2 0.5 0.3
90  100 61.1 6.0 3.1 0.5 0.3

a Reaction conditions: cellulose 1.0 g, catalyst 0.25 g, deionized water 40 g, tem-
perature 230 ◦C, initial H2 pressure 6 MPa, time 6 h

b

b EG—ethylene glycol; 1,2-PG—1,2-propylene glycol; 1,2-BG—1,2-butanediol;
,2-HG—1,2-hexanediol.

hich competed with WO3 and led to the non-selective cleavage
f C C bond. The other one is that excessive Ni covered part active
ites of tungsten oxide species. All of these would result in the for-
ation of more cracking products such as monoalcohols, carbon
onoxide, and carbon dioxide
Noticeably, for the 3% Ni/SBA-15 (as shown in Table S1), its

ydrogenation activity was insufficient due to the fact that the pH
alue of reaction solution was 3.5. However, the value was about
.0 over 3%Ni–15WO3/SBA-15 catalyst. It also proved that the intro-
uction of tungsten oxides enhanced the hydrogenation ability of
i. Together with the fact that only trace products were acquired
ver mechanical mixed 3% Ni/SBA-15 and 15%WO3/SBA-15 cata-
yst (as shown in Table S1), it further indicated that the synergy
etween Ni and tungsten oxides was the key to obtain the high EG
electivity.

.4. Effect of reduction temperature of catalysts

H2-TPR results had proved that reduction temperature had great
ffect on Ni and W oxide state, especially on the reduction of tung-
ten oxide. So, the impact of catalysts reduction temperature on
ellulose conversion was  examined. As shown in Table 3, the selec-
ivity of EG was nearly zero when the catalyst was reduced at
50 ◦C. Together with the result of H2-TPR that only nickel oxide
ould be reduced at 350 ◦C, it could be confirmed that both metal
i and WO3 were not responsible for the high EG selectivity. These

esults also can explain previous researchers’ experimental results
hat only the 50% WO3 loading can obtain a good EG selectiv-
ty [16]. This may  result from that high WO3 loading may  have
he enough WO3 locating on the surface of support and they can
e partly reduced under those reaction conditions [29]. The yield
f EG increased remarkably with the reduction temperature, and

eached the maximum at 500 ◦C and then decreased. This was  coin-
ident with the H2-TPR results that more WO3−X could be generated
t higher temperatures. As to the decrease of EG yield at higher

able 3
ffect of catalysts reduction temperature on conversion of cellulose.a,b

Reduction
temperature (◦C)

Conversion (%) Yield (%)

EG 1,2-PG 1,2-BG 1,2-HG Glycerol

350 96.1 Trace Trace Trace Trace Trace
400 100 26.3 Trace Trace Trace Trace
450 100 57.8 2.5 1.8 0.5 Trace
500 100 70.7 5.9 4.2 0.5 0.3
550 100 64.7 4.6 2.7 0.5 Trace
600 100 58.6 3.8 2.2 0.7 Trace

a Reaction conditions: cellulose 1.0 g, catalyst 0.25 g, deionized water 40 g, tem-
erature 230 ◦C, initial H2 pressure 6 MPa, time 6 h.
b EG—ethylene glycol; 1,2-PG—1,2-propylene glycol; 1,2-BG—1,2-butanediol;

,2-HG—1,2-hexanediol.
EG—ethylene glycol; 1,2-PG—1,2-propylene glycol; 1,2-BG—1,2-butanediol;
1,2-HG—1,2-hexanediol.

reduction temperatures, it may  be ascribed to the sintering of active
Ni species, which is in agreement with previous report [30].

3.5. Effect of reduction time of catalysts

To further clarify that WO3−X was the active phase for the selec-
tive cleavage of C C bond in the sugar intermediates, the effect of
catalysts reduction time on conversion of cellulose was  performed.
As shown in Table 4, EG selectivity improved dramatically from
41.9% (10 min) to 70.7% (60 min) and then slightly declined with
further elongated time. It could be concluded that short reducing
time was  insufficient to produce enough active sites for cellulose
conversion, but the too long reduction time might lead to the sin-
tering of active Ni species and weakened the hydrogenation activity
of the catalyst.

3.6. Reaction mechanism

According to the previous research work, we have known that
various tungsten compounds have the unique ability for the cat-
alytic conversion of cellulose to EG, especially when they are
combined with the hydrogenation component such as Ni and Ru
[12–17]. But the genuinely catalytically active species in the selec-
tivity C C cleavage of cellulose is unknown. To address this issue,
some researchers [16] studied the phase change of different tung-
sten species, such as W,  W2C, WO3 and WO2, before and after
the reaction by surface-sensitive XPS and Raman spectroscopy. It
was found that WO3 always became the main component on the
surface of the used catalyst no matter what the tungsten species
is initially used. Accordingly, the authors suggested WO3 should
be responsible for the selective cleavage of C C bond of sugar
intermediates. However, under those reaction conditions such as
high temperature and high hydrogen pressure, together with the
intermediates with aldehyde group and/or hydroxyl, the WO3 may
be partly reduced and it can be slowly oxidized in air. It is well
known that some aldehydes and alcohols could reduce some metal-
lic oxides [29]. Therefore, these studies cannot reflect the real state
of tungsten species since the oxidation of catalysts might have hap-
pened before these characterizations were conducted. Later, Tai
et al. [17] found the tungsten oxide recovered immediately after the
reaction showed typical XRD pattern of tungsten bronze (HXWO3)
instead of WO3, while the HXWO3 was  not stable upon exposure to
atmosphere and gradually transformed into WO3. Therefore, they
concluded that the dissolved HXWO3, transformed through various
tungsten species by H2 under the reaction conditions, was the gen-
uinely catalytically active species for C C cleavage. Although the
non-hexavalent tungsten species are very attractive to be the active

species, the dissolved tungsten species may  not be very convincing
since the tungsten oxide recovered immediately after the reaction
must contain some water which will disturb the analysis result.
Actually, on the basis of our research results, we proposed that the
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Fig. 6. Proposed mechanism for conversion of cellulose into EG over Ni–WO3/SBA-15 catalyst.

Fig. 7. Proposed reaction pathways involved in hydrolytic hydrogenation of cellulose over Ni–WO3/SBA-15.
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O3−X, partly reduced WO3, was the genuinely active species of
ungsten-based catalysts,.

For the reaction mechanism of aldoses conversion to polyols,
revious research reported that the C C cleavage of cellulose or
ugars follows the retro-aldol pathway [31]. Recently, Zahng and
o-workers [17,32] proposed a reaction path way involved the
roduction of EG from cellulose. Firstly, cellulose was hydrolyzed
o cellooligosaccharides. Then, cellooligosaccharides were grad-
ally converted into glycolaldehyde through retro-aldol reaction
ith the assistance of dissolved HXWO3 since glycolaldehyde was

lways the main product from cellulose conversion over different
ungsten-based catalysts without the presence of hydrogenation
omponent. Finally, the intermediate glycolaldehyde was instantly
ydrogenated to EG over the hydrogenation catalysts. However, Liu
t al. [16] have their own opinion concerning the reaction mech-
nism because they found the reactions of 2-deoxy-glucose and
-deoxy-ribose on WO3 and Ru/C did not follow the retro-aldol
echanism. Therefore, they proposed that cleavage of the C C

ond in the cellulose reaction may  proceed through complexa-
ion of the sugar intermediates with WO3. Specifically, the WO3
oordinated with the carbonyl oxygen atoms and three hydrox-
lic oxygen atoms at the �-, �-, and �-OH groups of the sugars,
nd then the complexation occurred the rearrangement of the C C
onds of the sugars. Hayes et al. [33] have previously proposed sim-

lar complexation mechanism for the epimerization of aldoses on
olybdates.
Based on above discussion and our experimental results, a sys-

ematic mechanism for the reaction was proposed, as shown in
ig. 6. We believed that one complexation of the sugar intermedi-
tes with HWOX might involve in this reaction system. Specifically,
here are four stages involved in this process.

Initially, the catalyst pretreatment process leads to the forma-
ion of oxygen vacancies via water production. This may  produce
ne drive to adsorb the oxygen of sugar intermediates. Then the
ntermediate (A) is created via H2 splitting and spillover from Ni.
n the second stage, the intermediate (A) absorbs cellooligosac-
arides and/or glucose. Afterwards, the tungsten atoms coordinate
ith oxygen of 1, 4-glycosidic bond and �-OH, and then hydro-

en shifts to oxygen of W O to produce W OH. After that, through
he rearrangement of the C C bond and C O bond produces gly-
oaldehyde and another reactive intermediate (B) with assistance
f a molecule of H2O. At the same time, the WO3−X is recovered, and
eceiving the hydrogen by H2 splitting on nearby Ni sites. The inter-
ediates (B) are transformed into two molecules of glycolaldehyde

hrough the similar coordination and rearrangement processes
escribed above and all glycolaldehydes are quickly hydrogenated
o EG on the Ni site. These steps together constitute the whole
yclic process. Additionally, the possible reaction routes involved
n cellulose hydrogenolysis was proposed in Fig. 7.
. Conclusion

Ni–WO3/SBA-15 catalysts were synthesized and evaluated for
he catalytic conversion cellulose into polyols, especially EG. The

[
[
[
[

sis A: Chemical 381 (2014) 46– 53 53

best result was  obtained on 3% Ni–15%WO3/SBA-15 which exhib-
ited complete conversion of cellulose with up to 70.7% EG yield.
By detailed characterization of Ni–WO3/SBA-15 using several
physicochemical methods, it was found that there was  a strong
electronic interaction between nickel oxide and tungsten triox-
ide, and that WO3−X was  formed on SBA-15 after H2-reduction of
NiO–WO3/SBA-15 at 500 ◦C. Additionally, a possible catalytic reac-
tion mechanism for the transformation of cellulose into EG over
Ni–WO3/SBA-15 was proposed.
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