
H

S
D
R

A
R
R
A
A

K
C
E
H
N
S

1

i
c
f
o
4
w
s
p
m
c
i
a

s
g
o
p
l
y
P
[
[
c

0
h

Applied Catalysis A: General 466 (2013) 161– 168

Contents lists available at SciVerse ScienceDirect

Applied  Catalysis A:  General

j ourna l h om epage: www.elsev ier .com/ locate /apcata

ydrogenolysis  of  cellulose  into  polyols  over  Ni/W/SiO2 catalysts

u  Jin  You,  In  Gu  Baek,  Eun  Duck  Park ∗

ivision of Energy Systems Research and Department of Chemical Engineering, Ajou University, San 5 Woncheon-dong, Yeongtong-gu, Suwon, 443-749,
epublic of Korea

a  r  t  i  c  l e  i n  f  o

rticle history:
eceived 22 February 2013
eceived in revised form 26 May  2013
ccepted 29 June 2013
vailable online 8 July 2013

a  b  s  t  r  a  c  t

The  direct  conversion  of  cellulose  into  polyols  in the  presence  of  hydrogen  was  examined  over  Ni/W/SiO2

catalysts  to  establish  the  effects  of  average  pore  size  of  support  and  reduction  temperature  on  the  cat-
alytic  performance.  The  crystalline  particle  size  of W,  determined  by  X-ray  diffraction  (XRD),  generally
increased  with  increase  in  the  average  pore  size  of support  and  reduction  temperature  for  Ni/W/SiO2.  The
yield of polyols  such  as sorbitol,  mannitol,  erythritol,  ethylene  glycol,  and 1,2-propanediol  increased  on
eywords:
ellulose
thylene glycol
ydrogenolysis
iW

decreasing  the  crystalline  particle  size  of  W  in  Ni/W/SiO2.  The  individual  catalytic  activity  of  Ni/W/SiO2

was  much  better  than  that  of the  combined  catalyst  systems,  i.e.,  Ni/SiO2 +  W and  Ni/SiO2 +  WO3. The
oxidation  state  effect  of  nickel  and  tungsten  in Ni/W/SiO2 catalyst  on  the  catalytic  performance  was  also
investigated.  The  reduced  and  oxidized  Ni/W/SiO2 catalysts  were  found  to  be  effective  in  forming  polyols
and  organic  acids,  respectively.
ilica

. Introduction

Increasing fossil fuel prices because of limited reservoirs and the
ncrease in the atmospheric CO2 concentration owing to fossil fuel
onsumption have stimulated a greater interest in utilizing biomass
or sustainable production of energy and chemicals. Cellulose, one
f the most abundant resources of biomass, typically comprises
0–50% of the terrestrial biomass and does not directly compete
ith the food supply chain. Cellulose has a crystalline and robust

tructure and cannot be easily hydrolyzed to its monomer as com-
ared to starch because of the �-1,4 linkages of d-glucopyranose
onomers and hydrogen bond [1]. A key challenge for effective

ellulose utilization is its transformation into valuable chemicals,
ncluding glucose, polyols, 5-hydroxymethylfurfural, oil, organic
cids, and gaseous hydrocarbons [1–3].

Recently, much attention has been paid to the one-pot conver-
ion of cellulose into polyols (alcohols containing multiple hydroxyl
roups), which are important intermediates in the manufacture
f perfumes, beer, pharmaceuticals, polyesters, polyethers, and
olyurethanes. The pioneering work of Fukuoka and Dhepe [4] has

ed to the investigation of various catalyst systems for hydrogenol-
sis of cellulose [4–26] such as Pt/�-Al2O3 [4], Pt/H-ZSM-5 [5],
t/carbon black [6], Pt/MCM-48 [7], Ru/C [8], Ru/carbon nanotubes

9,10], Ru/Cs3PW12O40 [11], heteropolyacids combined with Ru/C
12,13], mineral acid combined with Ru/C [14,15], mineral acid
ombined with Ru/USY [16], and Ru/C combined with WO3 and
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tungstic acid [17,18]. Besides the expensive noble metal catalysts,
nonnoble metal catalysts such as Ni- and W-based catalysts have
also been reported to be quite active in the cellulose hydrogenolysis
reaction [19–21]. These include Ni supported on ZnO, Al2O3, SiO2,
TiO2, activated carbon, MgO, and H-ZSM-5 [22,23], Ni-Ir/activated
carbon [24], Ni2P/activated carbon [25], Ni/W/SiO2-Al2O3 [26], Ni-
W2C/activated carbon [19], Ni-WxC/CMK-3 [20], and Ni-W/SBA-15
[21]. Zhang and co-workers reported that up to 62% of ethylene
glycol yield could be obtained using W-based catalysts under opti-
mized reaction conditions (518 K, 6 MPa  H2) [19–21]. However,
despite their outstanding catalytic performance, limited work has
been reported on the supported NiW catalysts [21,26].

In this work, the effect of certain factors (physical properties
of the support and reduction degree of supported metals) on the
catalytic performance for the reaction over NiW/SiO2 is investi-
gated. The average pore diameter of SiO2 support and the reduction
temperature affect the crystalline particle size of W,  resulting in
different catalytic activities. Furthermore, the oxidation states of
Ni and W also determine the product distribution.

2. Experimental

2.1. Catalyst preparation

Silica with various average pore diameters (denoted as SiO2,
pore size in Å) viz. SiO2 (Zeochem, ZEOprep 40, SBET = 629 m2/g),

SiO2 (Zeochem, ZEOprep 60, SBET = 542 m2/g), SiO2 (Zeochem,
ZEOprep 90, SBET = 434 m2/g), and SiO2 (Zeochem, ZEOprep 300,
SBET = 116 m2/g) were purchased and utilized as supports after cal-
cination in air at 973 K. The Ni/W/SiO2 catalysts were prepared

dx.doi.org/10.1016/j.apcata.2013.06.053
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apcata.2013.06.053&domain=pdf
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Table  1
Physicochemical properties of Ni/W/SiO2 with different average pore sizes.

Catalyst Ni composition
(wt.%)a

W composition
(wt.%)a

BET surface
area (m2/g)

Amount of desorbed
NH3 (�mol NH3/g)b

Particle size (nm)c

W �-W

Ni/W/SiO2(40) 4.0 31.5 184 78.5 15.5 11.7
Ni/W/SiO2(60) 4.9 23.4 256 77.4 17.0 11.0
Ni/W/SiO2(90) 4.9 24.0 234 46.7 17.8 10.0
Ni/W/SiO2(300) 4.8 24.9 51 15.9 23.3 10.6
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a The bulk composition was  analyzed by ICP-AES.
b The total acidity was determined by quantifying the desorbed NH3 by NH3- TPD
c The primary crystalline size was calculated for W and �-W using the Scherrer’s

sing a sequential incipient wetness impregnation method. First,
he support was impregnated with an aqueous solution of ammo-
ium metatungstate hydrate [(NH4)6H2W12O40·xH2O, Aldrich] and
he catalyst was dried at 393 K overnight. Second, the dried catalyst
as again impregnated with an aqueous solution of nickel nitrate
exahydrate [Ni(NO3)2·6H2O, Junsei Chemical Co.] and dried at
93 K overnight. The Ni and W content were intended to be 5 wt.%,
nd 25 wt.%, respectively. All the catalysts were reduced in a H2
tream at 973 K for 1 h and passivated with 1% O2 in He stream
or 1 h at room temperature before the reaction and characteriza-
ion, unless explicitly specified. In order to control the particle size
f the supported tungsten metal in Ni/W/SiO2(40), the catalyst was
educed in a H2 stream at different temperatures (viz., 673 K, 773 K,
73 K, 973 K, 1073 K, and 1173 K) for 1 h before the reaction. Ni sup-
orted on SiO2(40) was also prepared using an incipient wetness

mpregnation method to obtain the 5 wt.% Ni content. Ni/SiO2(40)
atalyst was reduced in a H2 steam at 873 K for 1 h before the reac-
ion.

Three Ni/W/SiO2(40) catalysts with different oxidation degrees
ere also prepared. The reduced Ni/W/SiO2(40) catalyst (hereby
enoted as Ni/W/SiO2(R)) was reduced in a H2 steam at
73 K. The passivated Ni/W/SiO2(40) catalyst (hereby denoted as
i/W/SiO2(P)) was prepared by bringing Ni/W/SiO2(R) into con-

act with 1% O2 in He stream for 13 h at room temperature. The
xidized Ni/W/SiO2(40) catalyst (hereby denoted as Ni/W/SiO2(O))
as prepared by bringing Ni/W/SiO2(R) into contact with air for 1 h

t 873 K.

.2. Catalyst characterization

The Brunauer–Emmett–Teller (BET) surface area was  calculated
ased on N2 adsorption–desorption data obtained using an ASAP
020 unit (Micromeritics) at liquid N2 temperature. Prior to the
easurement, the sample was degassed under vacuum for 6 h at

73 K. The pore-size distributions for each catalyst were calculated
y the Barret–Joyner–Hallender (BJH) desorption method.

The Ni and W content for all the prepared catalysts were ana-
yzed by inductively coupled plasma-atomic emission spectroscopy
ICP-AES, JY-70Plus, Jobin-Yvon) and is listed in Table 1.

The bulk crystalline structures of the catalysts were deter-
ined by X-ray diffraction (XRD). The XRD patterns were obtained
ith a Rigaku D/MAC-III instrument operated at 50 kV and 30 mA
sing Cu K� radiation. The crystalline phases were assigned using
CPDFWIN software (version 2.2) for the ICDD database.

The primary crystallite sizes of the catalysts were determined
sing Scherrer’s equation,

 = 0.9�k˛1

B cos �max
(1)
(2�)

here L denotes the average particle size, 0.9 is the value in radi-
ns when B(2�) is the full width at half maximum (FWHM) of
eak broadening, �K�1 is the wavelength of the X-ray radiation
ion.

(0.15406 nm), and �max is the angular position at the (2 0 0) peak
maximum of W,  and the (2 1 1) peak maximum of �-W.

The temperature-programed desorption of ammonia (NH3-
TPD) was  conducted in an AutoChem 2910 unit (Micromeritics)
equipped with a thermal conductivity detector (TCD) to measure
the NH3 desorption. A quartz U-tube reactor was loaded with 0.10 g
sample, and the catalysts were pretreated in He at the reduction
temperature and then cooled to 423 K. The charged sample was
treated in 3 vol.% NH3/He at 423 K for 30 min, and the catalyst was
then flushed with He for 1 h. The NH3-TPD process was performed
using 30 mL/min of He by heating the sample at a heating rate
of 5 K/min while monitoring the TCD signals. The amount of acid
sites was  quantified from the NH3-TPD profile based on the TPD
peak area obtained after injecting a known amount of NH3. In the
case of Ni/W/SiO2(40) catalyst reduced at 673 K, the amount of acid
sites were determined from the difference between the TPD profile
obtained without NH3 adsorption and the typical NH3-TPD profile
so as to remove any interference of adsorbed H2O.

The surface composition of Ni/W/SiO2(R), Ni/W/SiO2(P), and
Ni/W/SiO2(O) was  analyzed by X-ray photoelectron spectroscopy
(XPS) on a K-alpha spectrometer (Thermo Electron, USA) with an
Al K� X-ray source (1486.6 eV photons). The C1s peak at 285 eV
was used as the reference for all binding energies. The photo-peak
area was determined after the subtraction of the linear spectral
background. The spectral simulations were based on a Gaussian
profile.

Hydrogen chemisorption was carried out for Ni/SiO2(40) using
a static volumetric apparatus (Mircromeritics ASAP 2020 C). The
catalyst was  pretreated in vacuum at 393 K for 1 h, and the sample
was heated to the reduction temperature of 873 K in flowing H2.
After reduction at 873 K for 2 h, the sample was evacuated at the
same temperature for 30 min. The H2 adsorption isotherms were
measured at 308 K. The amount of chemisorbed H2 at zero pressure
was determined via extrapolating the linear part of the isotherm.

2.3. Catalytic performance tests

The relative crystallinity of cellulose (Aldrich, microcrystalline)
was estimated by XRD analysis and was as high as 84% [27]. The
direct conversion of cellulose into polyols was carried out in a batch
reactor. First, 500 mg  cellulose and 50 mg  catalysts were mixed
with 30 mL  deionized water; the resulting mixture was introduced
into an 85-mL stainless-steel autoclave. The reactor was  filled with
H2, and the pressure was  fixed at 6 MPa  at ambient temperature.
The reaction mixture was mixed well at a rate of 700 rpm using a
magnetic stirrer; the reaction temperature was  attained after 1 h.
The zero reaction time was  regarded as the time when the temper-
ature reached the set temperature. After the reaction, the autoclave

was cooled to room temperature within 0.5 h, and the solid residues
were separated from the liquid products by centrifugation. The
liquid product was  filtered with a 0.2-�m membrane filter and
analyzed with a high-performance liquid chromatograph (YL 9110
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Fig. 2. Temperature-programed desorption of ammonia (NH3-TPD) patterns of

ig. 1. XRD patterns of Ni/W/SiO2 with different average pore diameters, viz. 40,
0, 90, and 300 Å. All the catalysts were reduced in H2 at 973 K and passivated with

 stream composed of 1% O2 in He for 1 h at room temperature.

uaternary pump) equipped with a refractive index detector (YL
170 RI detector).

The solid product was washed several times with deionized
ater and dried overnight at 353 K under vacuum to evaluate

he cellulose conversion. The cellulose conversion and the product
ield were calculated using the following formulae:

R(%) = (MR0 − MR)
MR0

× 100 (2)

P(%) = MP

(MR0 × yC)
× 100 (3)

here XR is the cellulose conversion, MR0 is the weight of cellulose
efore the reaction, MR is the weight of cellulose after the reaction,
P is the product yield, MP is the weight of carbon in the product
hat can be calculated by considering the number of carbon atoms
n the product, and yC is the weight fraction of carbon in cellulose
etermined via the CHN analysis [27].

. Results and discussion

.1. Physicochemical properties of prepared catalysts

Table 1 shows the physicochemical properties of the prepared
i/W/SiO2 catalysts with different average pore sizes (40 Å, 60 Å,
0 Å, and 300 Å). The Ni and W loadings in each catalyst were con-
rmed as 5 wt.% and 25 wt.%, respectively. The BET surface area
f the prepared catalyst decreased to approximately half of that
f each support. However, as shown in Fig. S1, the pore-size dis-
ribution of the prepared catalyst did not undergo much change
ompared to that of each support.

The XRD patterns of Ni/W/SiO2 catalysts with different aver-
ge pore sizes are presented in Fig. 1. All of the catalysts exhibited
istinct XRD peaks associated with W (JCPDS No. 04-0806) and �-
 (JCPDS No. 47-1319). �-W,  which contains a small amount of
xygen, is a metastable form of �-W that decomposes into W and
O2 above 973 K [28]. The XRD data indicated that a majority of W

pecies are present as reduced form in the final catalyst. No distinct
Ni/W/SiO2(40), Ni/W/SiO2(60), Ni/W/SiO2(90), and Ni/W/SiO2(300). All the catalysts
were reduced in H2 at 973 K and passivated with a stream composed of 1% O2 in He
for  1 h at room temperature.

peak related to the Ni species was  observed for any of the Ni/W/SiO2
catalysts containing ∼5 wt.% Ni, thus implying that the Ni species
were well dispersed on the support. Because the XRD peak inten-
sity is closely related to the crystalline size of the corresponding
particle, the crystalline sizes of W and �-W were calculated using
Scherrer’s equation, and the results are shown in Table 1. The pri-
mary crystalline size of W generally increased on increasing the
average pore size of support. However, the crystalline size of �-
W for each catalyst was  similar and ranged from 9.7 to 11.7 nm,
irrespective of the average pore size of support.

The NH3-TPD was carried out to ascertain any change in the
acidity of Ni/W/SiO2 catalysts with different average pore diam-
eters, and the NH3-TPD profiles are shown in Fig. 2. All the
catalysts showed similar TPD pattern, where the maximum peak
was observed at 480 K and no noticeable TPD peak was found above
600 K. Because the peak position in the NH3-TPD profile is directly
related to the acid strength, it can be inferred that all the cata-
lysts have similar acid strength and that the acids are not strong.
However, the peak intensity appeared to decrease on increasing
the average pore diameter of the catalyst. Because the peak inten-
sity in the NH3-TPD profile is directly related to the acid amount,
a quantitative analysis of the NH3-TPD profile was  made and its
result is listed in Table 1. The results clearly support the hypothesis
that the acid amount of Ni/W/SiO2 catalysts decrease on increasing
the average pore diameter of a catalyst.

Table 2 shows the physicochemical properties of the prepared
Ni/W/SiO2(40) catalysts reduced at different temperatures (673 K,
773 K, 873 K, 973 K, 1073 K, and 1173 K). Although a wide range
of reduction temperatures were applied, no significant changes
in the BET surface area and pore-size distribution were observed,
as shown in Table 2 and Fig. S2. On the other hand, the XRD
patterns of the catalysts in Fig. 3 show that the peak intensity

corresponding to W and �-W increases on increasing the reduc-
tion temperature, thus confirming the results shown in Table 2. In
the case of the Ni/W/SiO2(40) catalyst reduced at 673 K, weak XRD
peaks owing to ammonium metatungstate were observed, which
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Table  2
Physicochemical properties of Ni/W/SiO2(40) reduced at different temperatures.

Reduction temperature (K) BET surface area (m2/g) Amount of desorbed NH3 (�mol  NH3/g)a Particle size (nm)b

W �-W

1173 204 8.0 94.3 25.4
1073  202 32.1 37.7 14.8
973  184 78.5 15.5 11.7
873 263 82.1 8.3 11.1
773  250 152.5 – 3.7

a The total acidity was determined by quantifying the desorbed NH3 by NH3- TPD.
b The primary crystalline size was calculated for W and �-W using the Scherrer’s equation.
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Fig. 4. Temperature-programed desorption of ammonia (NH3-TPD) patterns (solid
line) for Ni/W/SiO2(40) catalysts reduced in H2 at different temperatures, viz. 673,
ig. 3. XRD patterns of Ni/W/SiO2(40) catalysts reduced in H2 at different temper-
tures, viz. 673, 773, 873, 973, 1073, and 1173 K.

mplied that complete reduction was not achieved at 673 K [29].
he NH3-TPD process was carried out to find out the surface acid-
ty of Ni/W/SiO2 catalysts reduced at different temperatures, and
he results are shown in Fig. 4. All the catalysts showed similar
PD patterns, where a maximum peak was observed at approxi-
ately 480 K and no noticeable TPD peak was found above 600 K.

hus, all the catalysts have a similar acid strength that is not
trong. However, the peak intensity appeared to decrease with
ncreasing reduction temperature. The quantitative analysis of the
H3-TPD profile was carried out and its result is listed in Table 2. For
i/W/SiO2(40) reduced at 673 K, the amount of acid sites was  calcu-

ated to be 415 �mol/gcat. This result clearly supports the fact that
he acid amount of Ni/W/SiO2(40) catalysts decrease on increasing
he reduction temperature.

Figure 5 shows the XRD patterns for Ni/W/SiO2(40) catalysts
ith different oxidation degrees, viz. Ni/W/SiO2(R), Ni/W/SiO2(P),

nd Ni/W/SiO2(O). No XRD peak relating to Ni species was observed
or all the catalysts, which implied that the Ni species is well dis-
ersed on the support. However, different W species were observed
or each catalyst: Ni/W/SiO2(R) had a well-developed W and �-W.
i/W/SiO2(P) had WO2 crystallite as well as W and �-W whose
eak intensities were slightly decreased owing to their transfor-
ation into WO as compared to Ni/W/SiO (R). Ni/W/SiO (O) had
2 2 2
O3 crystallite only. The surface acidity for these catalysts was

robed using NH3-TPD, as shown in Fig. 6. All the catalysts showed
 similar TPD pattern, where a maximum peak was  observed at
773, 873, 973, 1073, and 1173 K. TPD pattern for Ni/W/SiO2(40) catalysts reduced in
H2 at 673 K without ammonia adsorption is presented as a gray line.

approximately 484 K and no noticeable TPD peak can be found
above 600 K, which implied that all catalysts have similar weak
acid sites. The total amount of surface acid site for each catalyst
was quantified and determined to be 82, 103, and 92 �mol/gcat

for Ni/W/SiO2(R), Ni/W/SiO2(P), and Ni/W/SiO2(O), respectively. In
order to obtain information about the surface-oxidation state of Ni
and W,  the Ni2p and W4f  XP spectra, as presented in Fig. 7, were
obtained for Ni/W/SiO2(R), Ni/W/SiO2(P), and Ni/W/SiO2(O). The
W4f  XP spectra consisted of two overlapping doublets at binding
energies 31.1–35.7 eV for the W4f7/2 and 37.7 eV for the W4f5/2
lines of W0, W4+, and W6+. Deconvolution was  carried out by fixing
4f7/2 binding energy for W0, W4+, and W6+ at 31.2, 33.4, and 35.7 eV,
respectively. The individual peak had an FWHM of 0.8–1.5 eV. The
Ni2p XP spectra exhibited two  peaks at 853.2 and 856.6 eV rep-
resenting Ni and NiO, respectively. A characteristic feature of the
Ni2p spectrum was  the shake-up satellite at 862–863 eV owing to
a charge-transfer transition. The deconvolution yielded peaks with
FWHM of 1.6–3.3 eV at 853.3 and 856.7 eV. The quantitative anal-
ysis result for the XP spectra is listed in Table 3. The fraction of the
metallic Ni and W in the catalyst decreased in the following order:
Ni/W/SiO (R) > Ni/W/SiO (P) > Ni/W/SiO (O). It is worth mention-
2 2 2
ing that a certain fraction of Ni and W existed as oxidized form in
the Ni/W/SiO2(R) catalyst, thus implying that the metallic Ni and W
can be oxidized in the passivation step at room temperature. Since
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ig. 5. XRD patterns of Ni/W/SiO2(40) catalysts with different preparation methods,
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he fraction of W metal in Ni/W/SiO2(R) was higher than that of
i/W/SiO2(P), it can be inferred that the surface oxidation of Ni and

 is time-dependent. In the case of Ni/W/SiO2(O) catalyst, only W6+

nd Ni2+ were confirmed to be present as W and Ni species on the
atalyst surface. Based on XRD and XPS data, it can be said that the
ulk crystalline W metal is covered with a certain fraction of WO2
nd WO3 in Ni/W/SiO2(R) and Ni/W/SiO2(P). Moreover, the surface

ungsten oxides can act as acid sites for this reaction. This is quite
easonable because the catalyst with smaller W particles can have

 larger amount of surface acid sites as long as the same amount
f W is loaded and the same fraction of surface is oxidized. This
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Fig. 6. Temperature-programed desorption of ammonia (NH3-TPD) patterns for
Ni/W/SiO2(40) catalysts pretreated at different conditions, viz. Ni/W/SiO2(R),
Ni/W/SiO2(P), and Ni/W/SiO2(O).

is consistent with the present results where the catalyst with the
largest W metal particles prepared on a support with large aver-
age pore diameter or prepared through a reduction step at high
temperatures has a small amount of surface acid sites.

3.2. Effect of crystalline size of W metal
The direct conversion of cellulose into various polyols such as
sorbitol, mannitol, erythritol, ethylene glycol, and 1,2-propanediol
in the presence of H2 over Ni/W/SiO2 catalysts was carried out
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Table  3
Surface composition of W and Ni species in Ni/W/SiO2(40) catalysts pretreated at different conditions.

Catalysts % Contribution of W4f7/2 % Contribution of Ni2p3/2

W WO2 WO3 Ni NiO

Ni/W/SiO2(R) 29.9 31.2 38.9 23.3 76.7
Ni/W/SiO2(P) 14.0 19.7 66.3 9.6 90.4
Ni/W/SiO2(O) – – 100 – 100

Table 4
Cellulose conversion and polyol selectivities in presence of various catalysts.a,b

Catalysts Conversion (%) Selectivity (%)

Sorbitol Mannitol Erythritol Ethylene glycol 1,2-Propanediol

Ni/W/SiO2(40) 81 (94) 2.7 (2.8) 0.5 (1.2) 1.4 (1.9) 22.9 (24.7) 4.8 (5.2)
Ni/W/SiO2(60) 80 (91) 3.4 (5.2) 0.6 (2.0) 1.3 (2.1) 23.0 (20.2) 5.0 (8.9)
Ni/W/SiO2(90) 79 (95) 3.3 (4.3) 0.9 (1.6) 0.8 (2.2) 12.5 (18.7) 5.4 (8.6)
Ni/W/SiO2(300) 83 (94) 3.2 (4.9) 0.9 (1.7) 0.8 (1.6) 10.9 (14.6) 6.9 (8.9)
Ni/W/SiO2(40) R1173 K 80 (100) 2.3 (2.6) 0.7 (0.9) 1.0 (1.2) 14.8 (13.0) 4.0 (4.4)
Ni/W/SiO2(40) R1073 K 79 (100) 2.7 (3.0) 0.5 (1.1) 1.1 (2.0) 16.9 (19.8) 4.6 (4.8)
Ni/W/SiO2(40) R873 K 81 (99) 2.3 (1.9) 0.5 (1.8) 1.6 (1.9) 26.8 (30.2) 5.1 (6.8)
Ni/W/SiO2(40) R773 K 80 (100) 1.7 (3.1) 0.6 (2.1) 1.6 (1.8) 25.1 (29.9) 5.0 (7.0)
Ni/W/SiO2(40) R673 K 85 (100) 1.2 (0.6) 0.6 (0.6) 1.4 (1.3) 12.7 (10.3) 2.2 (2.7)

a Reaction conditions: weight of cellulose = 500 mg;  volume of water = 30 mL; weight of catalyst = 50 mg;  reaction temperature = 518 K; reaction time = 1 h; and initial H2
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b Data in parentheses were obtained after 2 h of reaction.

nd the catalytic performance is summarized in Table 4. In this
tudy, a much smaller amount of catalysts (cellulose/metal ratio
f 33 (w/w)) is used in comparison to the previous works (cellu-
ose/metal ratio of 5–21 (w/w)) [19–25].

83% cellulose conversion was achieved after 2 h at 518 K even
n the absence of any catalyst because of the unique properties
f hot water [30]. However, no detectable amount of polyols was
btained. In the presence of Ni/W/SiO2 catalysts, the cellulose con-
ersions and polyols yields were above 80% and 20%, respectively,
fter 1 h. They increased to be above 90% and 30%, respectively, after

 h. Among the polyols, ethylene glycol and 1,2-propanediol are the
ain products. Traces of sorbitol, mannitol, and erythritol were also

etected. Most of the peaks detected by HPLC were identified. The
ther unidentified products could be gaseous compounds (CO2, CO,
2, and alkanes), soluble oligosaccharides, and polymers.

Among Ni/W/SiO2 catalysts with different average pore diame-
ers, the Ni/W/SiO2(40) catalyst showed the highest ethylene glycol
electivity of 25%, which increased on decreasing the average pore
ize of the catalyst. However, no noticeable difference was found
n the product distribution among these catalysts.

The catalytic activity was compared among the
i/W/SiO2(40) catalysts reduced at different temperatures.
he ethylene glycol yield was dependent on the reduc-
ion temperature and decreased in the following order:
73 K ∼ 773 K > 973 K > 1073 K > 1173 K > 673 K. The same trend
as observed for 1,2-propanediol yield. As shown in Section 3.1,

he Ni/W/SiO2(40) catalyst reduced at 673 K was not completely
educed although it had the largest surface acid amount. This
mplied that the catalytic activity is inversely proportional to the
rystal size of W as long as the catalyst was completely reduced,
s shown in Fig. 8.

The effect of the reaction time on the hydrogenolysis of cellulose
nto polyols was examined over Ni/W/SiO2(40) reduced at 973 K, as
hown in Fig. S3. The cellulose conversion increased with increas-
ng reaction time and the polyol selectivity increased continuously

ith increasing reaction time till 8 h. These results imply that poly-

ls don’t undergo severe degradation to by-products under these
ypical reaction conditions.

To examine the catalyst stability under the reaction conditions,
he concentration of W in the liquid phase was  quantified by
Fig. 8. Polyol yields and particle size of W correlations as determined by XRD for
Ni/W/SiO2.

ICP-AES after the reaction and was determined to be 180 ppm, cor-
responding to 34.84% of W content in the fresh catalyst. To find
out any change in the structure and electronic state of Ni and W
species during the reaction, XRD and XPS analysis were carried out
for Ni/W/SiO2(40) reduced at 873 K catalysts after a reaction. As
shown in Fig. S4, the XRD peak intensity due to W decreased consid-
erably and peaks corresponding to �-W disappeared. On the other
hand, new XRD peaks due to WO3 appeared after a reaction. W4f
and Ni2p spectra in Fig. S5 also clearly support that Ni and W were

oxidized during the reaction. Therefore, it can be concluded that
the metal leaching and surface oxidation are main causes of cata-
lyst deactivation for this reaction. The catalyst deactivation in the
liquid-phase organic reactions was reported to be dependent on
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Table  5
Cellulose conversion and polyol yields in the presence of various catalyst systems.

Catalysts Conversion (%) Yield (%)

Sorbitol Mannitol Erythritol Ethylene glycol 1,2-Propanediol

Ni/W/SiO2(R)a 99 1.9 1.8 1.9 29.9 6.1
Ni/W/SiO2(P)a 100 2.8 0.7 1.7 26.7 5.4
Ni/W/SiO2(O)a 100 – – – – –
Ni/SiO2(40) + Wb 100 1.2 0.4 0.7 2.6 0.7
Ni/SiO2(40) + WO3

b 100 0.6 0.1 0.9 2.7 0.3

a Reaction conditions: weight of cellulose = 500 mg;  volume of water = 30 mL;  weight of catalyst = 50 mg;  reaction temperature = 518 K; reaction time = 2 h; and initial H2
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b Reaction conditions: weight of cellulose = 500 mg;  volume of water = 30 mL;  w

ure  = 518 K; reaction time = 2 h; and initial H2 pressure = 6 MPa.

olvent properties (pH, oxidation potential, chelating properties of
olecules) and the bulk properties and surface properties of the

olid catalyst [31].

.3. Effect of degree of surface oxidation

The catalytic activity compared among the various
i/W/SiO2(40) catalysts with different surface oxidation degrees

s shown in Table 5. The highest polyols yield was obtained
ver Ni/W/SiO2(R). The polyol yield increased with increasing
raction of the metallic Ni and W.  The product distribution was
ependent on the fraction of the metallic Ni and W.  The yields of
thylene glycol, lactic acid, and acetic acid were 30%, 0%, and 0%,
espectively, over Ni/W/SiO2(R), while they were 0%, 22%, and 3%,
espectively, over Ni/W/SiO2(O). An explanation for the varying
ields is that the Ni/W/SiO2(R) catalyst containing reduced and
xidized Ni and W species is effective for the hydrogenolysis of
ellulose into low-molecular-weight polyols. On the other hand,
i/W/SiO2(O) catalyst containing only oxidized Ni and W species
roduces organic acids via a series of reactions such as hydrolysis,
limination, and rearrangement [32]. Chambon et al. [33] carried
ut cellulose conversion using solid acids and obtained high yields
f lactic acid, levulinic acid, and formic acid.

The hydrogenolysis of cellulose into polyols involves C-C bond
leavage and C O bond cleavage via dehydrogenation, retro-
ldol condensation, decarbonylation, dehydration, hydrogenation
34,35]. The key steps in C C bond cleavage are dehydrogena-
ion, decarbonylation, and retro-aldol condensation at metal sites
35]. Dehydration is effective at C O bond cleavage on acid sites,
nd hydrogenation occurs on metal site [35]. For Ni/W/SiO2 cata-
ysts, metallic tungsten, oxidized tungsten, and metallic nickel are
esponsible for C C bond cleavage, C O bond cleavage, and hydro-
enation, respectively. That’s why the balance and location of metal
ite and acid site are critical to increase polyols yields.

In our previous work [26], the hydrogenolysis of cellulose over
i/W/SiO2-Al2O3 catalysts was examined. In Ni/W/SiO2-Al2O3 cat-
lysts, a large amount of acid sites of SiO2-Al2O3 causes smaller

 particle size and larger amount of acid sites, compared with
i/W/SiO2 catalysts in this study. Although Ni/W/SiO2-Al2O3 cata-

ysts have smaller W particle size than Ni/W/SiO2 catalysts, these
atalysts provide lower polyols yield owing to lots of acid sites. This
mplies that Ni/W/SiO2 catalysts have more proper balance of metal
ite and acid site than Ni/W/SiO2-Al2O3 ones.

To understand the synergistic effect of Ni and W in this reac-
ion, the combined catalyst systems composed of Ni/SiO2(40) and

 species (W or WO3) were compared under the same reaction
onditions (Table 5). The amount of chemisorbed H2 for Ni/SiO2(40)
as determined to be 13.1 �mol/gcat, which corresponds to 3.1% Ni

ispersion. In both the cases, the total yield to polyols was 5–6%. The

actic acid yield was 7% and 15% for Ni/SiO2 + W and Ni/SiO2 + WO3
ystems, respectively, indicating that NiW bimetallic catalyst had

 remarkable synergistic effect on the hydrogenolysis of cellulose.
of nickel catalyst = 50 mg; weight of tungsten catalyst = 50 mg;  reaction tempera-

Thus, based on the previous and present data, the following reac-
tion scheme can be considered, where first, cellulose is hydrolyzed
into glucose/oligosaccharide by H+ ions generated in hot water.
The formed sugar intermediates can then be transformed into low-
molecular-weight polyols over reduced NiW bimetallic catalysts
through hydrogenolysis in a H2-rich atmosphere. In the presence
of fully oxidized tungsten oxides, the sugar intermediates can then
be transformed into organic acids via a series of reactions such as
hydrolysis, elimination, and rearrangement [32].

4. Conclusion

The primary crystalline size of W increased on increasing the
average pore size of support and reduction temperature for the
Ni/W/SiO2 catalysts containing 5 wt.% Ni and 25 wt.% W.  However,
the amount of surface acid site decreased on increasing the average
pore size of support and reduction temperature. A certain fraction
of Ni and W can be oxidized in the passivation step at room tem-
perature. Therefore, the bulk crystalline W metal is covered with
a certain fraction of WO2 and WO3 in Ni/W/SiO2 catalysts. The
catalytic activity is inversely proportional to the crystal size of W
metal. A Ni/W/SiO2 catalyst containing reduced and oxidized Ni
and W species is effective for the hydrogenolysis of cellulose into
low-molecular-weight polyols. On the other hand, a Ni/W/SiO2 cat-
alyst containing only oxidized Ni and W species produces organic
acids via a series of reactions such as hydrolysis, elimination, and
rearrangement. The combined catalyst systems comprising Ni/SiO2
and W species (W or WO3) showed lower polyol yields compared
to the Ni/W/SiO2 catalysts, thus indicating that the NiW bimetallic
catalyst has a remarkable synergistic effect on the hydrogenolysis
of cellulose.
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