G Model
CATTOD-8644; No.of Pages9

Catalysis Today xxx (2013) XXX—-XXX

journal homepage: www.elsevier.com/locate/cattod

Contents lists available at ScienceDirect

Catalysis Today

Selective hydrogenation of D-glucose to D-sorbitol over HY zeolite
supported ruthenium nanoparticles catalysts

Dinesh Kumar Mishra?, Aasif Asharaf Dabbawala?, Jung Je Park?, Sung Hwa Jhung?,

Jin-Soo Hwang ®-*

3 Biorefinery Research Center, Korea Research Institute of Chemical Technology (KRICT), PO Box 107, Yusung, Daejeon 305-600, South Korea
b Department of Chemistry and Green-Nano Materials Research Center, Kyungpook National University, Daegu 702-701, South Korea

ARTICLE INFO ABSTRACT

Article history:

Received 30 May 2013

Received in revised form 6 October 2013
Accepted 8 October 2013

Available online xxx

HY zeolite (HYZ) supported ruthenium (Ru) nanoparticles catalyst (Ru/HYZ) is prepared by simple
impregnation method and is characterized by using energy dispersive X-ray analysis (EDX), transmission
electron microscopy (TEM), CO chemisorption and inductively coupled plasma (ICP) mass spectrometry.
The catalyst Ru/HYZ is evaluated in hydrogenation of D-glucose and hydrogenation experiments to pro-

duce a selective product D-sorbitol were conducted batch wise in a three-phase laboratory scale reactor.
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The kinetics studies of p-glucose hydrogenation using the catalyst Ru/HYZ were carried out. In the oper-
ating regime studied the rate of reaction showed first orders dependency with respect to p-glucose and
hydrogen. For affording maximum D-glucose conversion, yield and selectivity to p-sorbitol, the reaction
conditions were also optimized.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

D-Sorbitol is one of the most important and popular sugar
alcohol which is used as an additive in a variety of foods, drugs,
cosmetics products [1-5] and as an intermediate in L-ascorbic acid
(vitamin C) synthesis [6]. D-Sorbitol is listed as one of the updated
group of platform molecules which included many of original plat-
form molecules such as organic acids (succinic, itaconic, fumaric,
etc.), levulinic, and polyols (glycerol, sorbitol, and xylitol) [ 7] and as
well as others (e.g. ethanol, bio-hydrocarbons, furans, etc.) [8,9] that
could be transformed into industrially useful chemicals [10-13]
such as iso-sorbide [10-12], lactic acid [13] etc. Considering the
demand of p-sorbitol, it needs indeed to increase the selective pro-
duction of p-sorbitol. Conventionally, the pD-sorbitol is produced by
catalytic hydrogenation of p-glucose using nickel based catalysts
e.g.Raney Nickel [14,15]. Raney Ni displayed good catalytic activity
and had the properties like low cost, excellent settling, however, it
suffered from its leaching and less selective to p-sorbitol rendering
the process economically less attractive [2,16-18]. To overcome
these drawbacks, many researchers have paid their attentions to
develop the catalysts based on other active metals including cobalt,
platinum, palladium, rhodium and ruthenium [19-21]. Among
the supported metal catalysts studied, only the ruthenium based
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catalysts have been found to replace nickel-based catalysts due to
their high activity, requirement of lower loading and less deactiva-
tion [3,15,17]. Although ruthenium is much more expensive than
nickel, it may be of interest for industrial uses as it is more active
than nickel, and ruthenium catalyst shows no leaching. Hoffer
et al. studied in selective hydrogenation of D-glucose by using
carbon supported Ru catalysts. Authors observed that Ru/C catalyst
displayed higher activities compared with that of Raney-type Ni
[5] and Ru did not leach into the reaction solution. It has also been
observed that the catalysts, ruthenium loaded on different supports
such as activated carbon [17], Al,03 [22], SiO, [23] and MCM-41
[24] and a NiO-modified TiO, [25], have different catalytic activities
due to their different nature and behavior. An ultrafine Ru-B amor-
phous alloy catalyst lonely has become more effective in liquid
phase hydrogenation of D-glucose [23,26-33], however, their appli-
cationinindustrial catalysis seemed difficult and almost impossible
because of their poor thermal stability or/and low surface area.
Zeolites are available in different forms and used as ion
exchange, adsorbents and separation agents. Zeolites have also
been extensively used as solid catalysts in various organic trans-
formations [34-39] and are considered as suitable host to support
the metal nanoparticles exhibiting high activity in hydrogenation
of various compounds under mild conditions [40,41]. Because of
ordered porous structures and confined void spaces in zeolites, it
also restricts the growth of nanoclusters and lead to an increase in
the catalyst performance [40-42]. Prompted by the various appli-
cations and its properties such as thermal stability, crystalline in
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nature and shape selective etc, HYZ is selected as support mate-
rial. Here in, we report Ru/HYZ catalyzed selective hydrogenation
of D-glucose to D-sorbitol in liquid phase using water as green sol-
vent with added advantages over conventional catalysts. This paper
describes the kinetics studies of p-glucose hydrogenation using
HYZ supported ruthenium (Ru) catalyst which is prepared by sim-
ple impregnation method. The results obtained from the kinetics
studies of D-glucose hydrogenation experiments are discussed.

2. Experimental
2.1. Materials

Ruthenium trichloride (RuCl;3-3H,0) was purchased from Strem
Chemicals, USA. HY zeolite with Si/Al ratio=80 used as sup-
port material (written as HYZ) was purchased by the ZEOLYST
International Company, USA. Sodium borohydride (NaBH4), com-
mercial catalyst Ru(5.0%)/C and ethanol were purchased from M/s
Sigma-Aldrich Chemicals, USA. pD-Glucose, D-mannose, D-fructose,
D-sorbitol were also purchased from M/s Sigma-Aldrich Chemicals,
USA. Deionized water is used as a solvent. Hydrogen and nitrogen
gases (99.9%) were purchased from Deokyang Co. Ltd and used as
such.

2.2. Preparation of catalyst Ru/HYZ

The HYZ supported ruthenium nanoparticles catalyst is pre-
pared by using conventional impregnation-reduction method as
reported in the literatures [25]. To incorporate Ru (1.0% by weight)
on HYZ support, 1.0 g of HYZ and RuCl3-3H,0 (26 mg) were placed
together with 10 mL ethanol in a two neck 50 mL round bottom
flask equipped with a mechanical stirrer and a nitrogen inlet. The
resulting mixture was stirred at room temperature under an N,
atmosphere for a period of 24 h. Then, 0.2 M solution of NaBH4 in
ethanol was added drop wise to reaction mixture with constant
stirring; and entire reaction mass was stirred (500 rpm) under N,
atmosphere for a day at room temperature. Ru(lll) was reduced
and the Ru (0) nanoclusters were formed which ware stabilized
by HYZ framework. Finally, catalyst was separated by filtration,
washed with ethanol and dried to give dark grey HYZ supported
ruthenium catalyst, 1.0 Ru/HYZ (as shown in Scheme 1). The cata-
lysts having different Ru contents such as 0.5 Ru/HYZ, 2.0 Ru/HYZ

R0l
(otetete
Rogele

HYZ

1. Impregnation, RuCl3.xH,0
2. Reduction, NaBH,

and 3.0 Ru/HYZ were also prepared by as described above meth-
ods varying RuCl3-3H,0 amount. In the entire paper, 0.5 Ru/HYZ,
1.0 Ru/HYZ, 2.0 Ru/HYZ, 3.0 Ru/HYZ correspond to 0.5, 1.0, 2.0 and
3.0 wt% of ruthenium.

2.3. Catalyst characterization

The metal contents (amount of Ru loading) of the catalysts were
determined by using EDX, Quantax 200 Energy Dispersive X-ray
Spectrometer, Bruker. The amount of metal ions present in the reac-
tion mixture after hydrogenation was analyzed with an inductively
coupled plasma-atomic emission spectrometry (Thermo Scientific
ICAP 6500 duo). Both, morphology and particle size were deter-
mined by the transmission electron microscopy (Maker FEI, Model
Technai G2). For the electron microscopy examination, the catalyst
samples were dissolved in 2-propanol, dispersed carefully in an
ultrasonic bath, and then deposited on carbon-coated copper grids.
BET surface area was determined by N, adsorption-desorption at
—196°C liquid N, temperature with a MICROMETRICS, Tristar II
analyzer. For each measurement, the sample was degassed at 250 °C
for 3-4 h, then analyzed at —196 °C with N, gas at relative pressures
(P[Pp) from 0.005 to 1.0 (adsorption) and 1.0-0.1 (desorption). CO
chemisorption was carried out by using an instrument model ASAP
2020C V1.09G. Before adsorption of the CO, the catalysts (weighed
approximately 0.12 g) were pre-treated in He for 35 min, and in O,
for 15 min, and were then reduced for 30 min in a (5.0%) H, /Ar gas
flow of 50 mL/min, and in He gas flow for 15 min at 400°C in a reac-
tion chamber. After this pre-treatment, the samples were cooled
down to 50°C under He gas flow and CO pulse measurements were
carried out using (5.0%) CO/He gas flow of 50 mL/min. Finally, the
surface concentration and dispersion of metallic Ru were obtained
from the CO pulse analysis data.

2.4. Catalytic hydrogenation of D-glucose

The p-glucose hydrogenation experiments were carried out
in 300 mL of batch reactor in the temperature range from 100 to
140°C at hydrogen pressure (20-55bar) by various stirring rate
(400-1200rpm). The reaction flask was charged with 200 mL of
D-glucose solution and catalyst Ru/HYZ. The reaction mixture was
deoxygenated by purging the nitrogen gas for 30 min at room
temperature. During hydrogenation at different time intervals,
the reaction products were analyzed by using a HPLC (Younglin

HO, OH HO
%,
HO

HO OH
D-sorbitol

Hydrogenation

e -

D-glucose

1.0Ru/HYZ

Scheme 1. Catalyst preparation and hydrogenation of b-glucose to p-sorbitol.
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Instrument, Acme 9000) equipped with refractive index (RI)
detector and Sugar-Pak column. Deionized water was used as
an eluent for the analysis at a flow rate of 0.4mL/min at 70°C.
D-Glucose (GLS) conversion, selectivity to pD-sorbitol (SBTL) and
p-mannitol (MNTL) are calculated using following expressions.

GLScom (%) = (1 B mole of GLS at particular tlme) 100

Initial mole of D-glucose

mole of SBTL
mole of all products formed

SBTLselc (%) = ( ) x 100

mole of MNTL
mole of all products formed

MNTLse)c. (%) = ( ) x 100

3. Results and discussion

The HYZ supported Ru catalysts were characterized by different
methods and obtained results are interpreted. The hydrogenation
of D-glucose is carried out in liquid phase using Ru/HYZ cata-
lyst. The activity of Ru/HYZ catalyst, effect of stirring rate, metal
loading, hydrogen partial pressure, reaction temperature, catalyst
amount and reusability of the catalysts were studied systematically
in details. The results obtained from these studies are presented and
discussed below.

3.1. Interpretation of characterization results

XRD patterns of HYZ support and HYZ supported Ru catalysts are
shown in Fig. 1. It can be seen that the XRD patterns of 0.5 Ru/HYZ,
1.0 Ru/HYZ, 2.0 Ru/HYZ, 3.0 Ru/HYZ identical to HYZ support. It
indicated that the crystalline nature of the HYZ supported ruthe-
nium catalysts is not significantly affected by the method pursued
for the preparation of Ru (0) nanoparticles and insertion.

SEM images of HYZ and 1.0 Ru/HYZ are presented in Fig. 2. It
can be seen clearly that the surface morphology of HYZ (Fig. 2a) is
similar to its corresponding 1.0 Ru/HYZ catalyst (Fig. 2b). It is stated
that ruthenium nanoparticles did not cause any change in surface
morphology of HYZ support.

In order to get further information on the morphology of ruthe-
nium nanoparticles, TEM characterization has been performed. The
TEM views showed that ruthenium particles were very small with
average size around 2.0 nm. These particles are well dispersed
throughout the HYZ support (Fig. 3). This is in agreement with the
results obtained from CO chemisorptions. The dispersion of metal-
lic ruthenium and metallic surface in case of 1.0 Ru/HYZ with Ru
(1.0%) were 23.6% and 86.1 m2/g metal, respectively. These values
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Fig. 1. XRD patterns of HYZ support and HYZ supported Ru catalysts.

of 1.0 Ru/HYZ are higher than those of other reference catalysts, 1.0
Ru/NiO-TiO,, 1.0 Ru/TiO; and 5.0 Ru/C (Table 1). 1.0 Ru/NiO-TiO,
showed higher values as expected than the values of 1.0 Ru/TiO, is
due to additive effect of NiO in NiO-modified TiO, support. The
catalyst 5.0 Ru/C showed higher values of metallic surface area
than those of two the reference catalysts, 1.0 Ru/NiO-TiO, and
1.0 Ru/TiO,, is probably due to higher % loading of ruthenium in
5.0 Ru/C. The ruthenium particles size distribution has been also
estimated from the measurement of ruthenium particles from the
given area of TEM image in Fig. 3 (left side, A) and is presented
in (right side, A). It is worth to add that the measurement is only
related to the size of ruthenium nanoparticles. In fact, TEM analysis
provides the direct information on the metal particles size and is in
the range of 2.0-2.5 nm.

As expected, the catalyst (Ru/HYZ) showed only the small
decrease in BET surface area from 780 to 778 m?/g determined by
N, adsorption-desorption and it is due to low loading of ruthenium
on HYZ support. The catalyst may have probably low surface area
due to the pore blockage by ruthenium metals with high % loading
deposit on the support material. Ruthenium content in the catalyst
determined by EDX analysis is found as 0.9% less than ruthenium
loaded 1.0% experimentally. The ruthenium % loading is also con-
firmed by EDX-spectrum of 1.0 Ru/HYZ catalyst (Fig. 4).

SEM HV: 20.0 kV

WD: 10.05 mm |

Det: InBeam 2pum
View field: 8.48 ym SEM2

Fig. 2. SEM images of HYZ support (A) and 1.0 Ru/HYZ catalyst (B).
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Fig. 3. TEM image (left side, A) of catalyst 1.0 Ru/HYZ and particle size distribution (right side, A).

Table 1
CO chemisorptions data.

Catalysts Metal dispersion Metallic surface area (m?/g sample) Metallic surface area (m?/g metal)
1.0 Ru/HYZ 23.6 0.86 86.1
1.0 Ru/NiO-TiO, 8.6 0.31 31.3
1.0 Ru/TiO; 44 0.16 16.1
5.0 Ru/C 6.7 1.22 24.5

3.2. Catalytic activity of the HYZ supported ruthenium (Ru/HYZ)
catalysts

Hydrogenation of D-glucose to p-sorbitol looks like simple, but
in actual practice, p-glucose is not only converted into a selective
product, p-sorbitol, but also converted into many other by-products
(as shown in Scheme 2). These by-products become responsible
for the deactivation of the catalyst. Some of the by-products are
formed by non-catalytic pathways. Lobry de Bruyn-Alberda van
Ekenstein rearrangements of D-glucose may give the products of
D-mannose and D-fructose. Other by-products such as aldehydes
(glycerine aldehyde, glycol aldedyde, formaldehyde, and ketone
(dihydroxy acetone) are formed by alkaline cleavages of sugar
molecules. D-glucose is converted into 5-hydroxymethylfurfural by

catalytic dehydration process. In liquid phase hydrogenation of p-
glucose, the main and by-products are p-sorbitol and D-mannitol,
respectively.

The desire product selectivity can be tuned by selecting the
active metal and support materials. As ruthenium is used earlier
as an active metal in D-glucose hydrogenation [5,17,22-26], how-
ever, zeolite as support material is never been used especially in
hydrogenation of D-glucose even it is a stable support in hot water
up to 150°C [43]. In our continuous research for the conversion of
sugar and sugar alcohols, we thereby selected zeolite-Y as support
material for the conversion of xylose to xylitol [44]. It was observed
that catalyst activity and selectivity were varied with Si/Al ratio and
promising results was achieved with high Si/Al = 80 which has ‘mild
acidic’ nature (weak acid sites) as support with the weak acid sites

Bright Field
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600 Si W EDX Bright Field Point 1
.g 400 2
2 Ru
O Cu

=8ty C Ru Ru

Al R'“ s A
u Ru Ru Cu
o - 4 6 ? - 10

Energy (kev)

Fig. 4. EDX-spectrum of 1.0 Ru/HYZ catalyst.
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Scheme 2. Reaction network of the hydrogenation of p-glucose.

favors the hydrogenation over the isomerization [43]. Considering
the promising results of 1.0 Ru/H Zeolite-Y (with Si/Al=80) in the
case of xylose hydrogenation, we extended the catalyst application
of Ru/HZY in p-glucose hydrogenation. Ru/HYZ catalyst is evalu-
ated in hydrogenation of D-glucose and the results are summarized
in Table 2. No hydrogenation of D-glucose could occur even after
10 h reaction time (Table 2, entry 1) indicating that ruthenium is
active metal centre in hydrogenation of p-glucose. 1.0 Ru/HYZ could
give maximum value i.e. 1275 turn over frequency (TOF) (Table 2,
entry 2), which is higher than the values obtained with the other
reference catalysts. Under the conditions described in Table 2, the
catalysts 1.0 Ru/NiO-TiO,, 1.0 Ru/TiO, and 5.0 Ru/C could give the
values 1183, 1073 and 234 TOF, respectively (Table 2, entry 3-5).
The catalyst of ruthenium and zeolite support could alter also the
selectivity of p-sorbitol and suppress the formation of other by-
products. It is concluded that the acidity (mild acidity) of zeolite
support plays an important role in increasing the selectivity to
D-sorbitol and leading over competitive reactions.

3.3. Effect of Ru/HYZ catalyst loading

The influence of catalyst loading is evaluated by varying
the catalyst-to-D-glucose ratio between 1.0 and 3.0wt% for

Table 2
Comparison of catalytic data obtained during hydrogenation of p-glucose?®
Entry Catalysts Amount (g) Ru (%) Conv. (%) Sel. (%) TOF4
GLSP SBTLS
1 HYZ - - -
2 1.0 Ru/HYZ 1.0 1.0 194 97.6 1275
3 1.0 Ru/NiO-TiO, 1.0 1.0 183 96.0 1183
4 1.0 Ru/TiO, 1.0 1.0 17.1 93.2 1073
5 5.0 Ru/C 1.0 5.0 18.8 925 234
2 Reaction  conditions: Substrate  (D-glucose)=40g,  water=160mL,

temp.=120°C, pressure reaction
time =20 min.

b GLS: p-Glucose.

¢ SBTL:p-Sorbitol.

4 TOF: Moles of sorbitol formed per mol of Ru per hour.

(Hz)=55bar, stir. speed=1200rpm and

hydrogenation experiments (Reaction condition: Temp.=120°C,
Pressure (Hy)=55bar, Stir. Speed=1200rpm and reaction
time=120min), and the results are summarized in Table 3.
As expected, D-glucose conversion increased on increasing the
catalyst loading from 1.0 to 2.5 wt% and reached up to 100%. The
selectivity to D-sorbitol also increased. On further increasing the
catalyst ratio from 2.5 to 3.0wt%, the selectivity to D-sorbitol
decreased because of increased formation of D-mannitol. High
catalyst loadings favored the isomerization of D-sorbitol, and
thus, increased the by-product i.e. D-mannitol. In this experiment,
the amount of reactant p-glucose was constant, when excessive
amount of catalyst was employed. The highest selectivity to
D-sorbitol (98.7%) at complete conversion of D-glucose is found
when the catalyst-to-p-glucose ratio (2.5 wt%) was loaded and was
sufficient.

3.4. Effect of stirring rate (mass transfer limitation)

The influence of stirring rate to avoid gas-liquid mass transfer
limitation was studied by hydrogenating 20 wt% aqueous D-glucose
solution at 120°C temperature and 55 bar hydrogen (H;) pres-
sure using Ru/HYZ catalyst to-D-glucose ratio 2.5 wt% by various

Table 3

Variation in amount of catalyst 1.0 Ru/HYZ?.
Amount (g) Conv. (%) Sel. (%)

GLS® SBTL® MNTL! NI®

04 86.6 98.2 0.6 1.2
0.6 98.7 98.5 0.6 0.9
0.8 99.9 98.7 0.7 0.6
1.0 100 98.7 0.7 0.6
1.2 100 98.5 1.0 0.5
2 Reaction conditions: Substrate (p-glucose)=40g,  water=160mL,

temp.=120°C, pressure reaction
time =120 min.

b GLS: p-Glucose.

¢ SBTL: p-Sorbitol.

4 MNTL: p-Mannitol.

¢ NI: Not identified.

(Hy)=55bar, stir. speed=1200rpm and
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Fig. 6. First order with respect to D-glucose concentration. Reaction conditions:
catalyst 1.0 Ru/HYZ=1.0g, p-glucose =20 wt%, temperature (100, 120 and 140°C),
pressure =40 bar, stirring speed =400 rpm.

stirring rates (400, 800 and 1200 rpm). The D-glucose conversion
(Fig. 5A) and the p-sorbitol selectivity (Fig. 5B) values were hardly
affected by changing the impeller rate from 800 to 1200 rpm. The
experiment at 400 rpm had clearly a lower reaction rate and gave
somewhat lower D-sorbitol selectivity indicating gas-liquid mass
transfer limitation. Inefficient mixing in the hydrogenation reactor
increased the formation of various other by-products (a reaction
network of D-glucose hydrogenation is shown in Scheme 2). Thus,
the impeller rate was fixed at 1200 rpm in all of the kinetic experi-
ments to avoid the gas liquid mass transfer limitation. In addition,
since TEM views of catalyst Ru/HYZ showed that ruthenium parti-
cles were very small with average size around 2.5 nm, it could be
considered that there was no the internal diffusion in liquid phase
hydrogenation of D-glucose. Furusava et al. also reported that there
was no influence of internal diffusion if the Ru-B particles were
small (20-50 nm) [45].

3.5. Determination of order reaction

The hydrogenation experiments with 10, 20 and 40 wt% D-
glucose solutions were carried out at 120 °C temperature and 40 bar
hydrogen pressure using Ru/zeolite catalyst ratio 2.0 wt% on initial
D-glucose. The p-glucose concentration did not show any signifi-
cant influence either on reaction rate and p-sorbitol selectivity at
the experimental range, when Ru/zeolite catalyst ratio on initial p-
glucose was kept constant i.e. 2.5 wt%. Plot of LN(C;/Cy) versus time
is linear as shown in Fig. 6. This proves that the hydrogenation of
D-glucose follows the first-order with respect to b-glucose concen-
tration. Wisniak and Simon [20] who studied the hydrogenation

of pD-glucose over Raney nickel catalyst. They concluded that the
reaction showed a first order dependency with respect to p-glucose
concentration. Also the obtained result is in agreement with that
reported by Crezee et al. [17] who studied the catalytic hydro-
genation of D-glucose to D-sorbitol over a 5% Ru/C catalyst in a
semi-batch slurry autoclave operating at 100-130°C and 40-75 bar
hydrogen pressure. Authors found that the reaction was a first order
with respect to D-glucose concentration.

3.6. Temperature dependency

The effect of the reaction temperature on the D-glucose
hydrogenation using catalyst Ru/zeolite was clear. An increased
hydrogenation temperature clearly improved the reaction rate at
the experiments between 100 and 140 °C. From the Arrhenius plot
of LN(kq) versus 1/T, K (Fig. 7) at different temperatures (100, 120
and 140°C) and constant hydrogen (H,) pressure 40 bar, it was
found that the activation energy (E,) for p-glucose hydrogenation
using catalyst Ru/zeolite was 32.9 kJ/mol which is lower than the
values reported in the literatures. Hoffman and Bill studied the
hydrogenation of D-glucose in the temperature range from 80 to
130°C using Raney Ni as a catalyst and reported the activation
energy decreased from 82 to 13 k]J/Mol with increasing temper-
ature upon a change in the rate-determining step from kinetic
control to diffusion limitation [46]. Bizhanov et al. studied the
hydrogenation of D-glucose in the temperature range from 80 to
130°C using catalysts, Raney Ni-Pt and Ni-Rh and reported the
activation energies are 50-54 kj/mol and 38-42 kJ/mol [47]. Tukac
studied the catalytic hydrogenation of 40 wt% aqueous solutions
of b-glucose in a high-pressure trickle-bed reactor using kieselgur
supported nickel catalysts (12% NiO, 2% Cr,03) with a pellet size of

10

6 4 E,= 32.9 KJ/mol

24 2:5 2?6 2.7
(1T) x 103, K

Fig. 7. Arrhenius plots of the initial rates for the p-glucose hydrogenation. Reaction
conditions: catalyst 1.0 Ru/HYZ=1.0g, p-glucose =20 wt%, temperature (100, 120
and 140 °C), pressure =40 bar, stirring speed =400 rpm.

Please cite this article in press as: D.K. Mishra, et al., Selective hydrogenation of D-glucose to p-sorbitol over HY zeolite supported ruthenium
nanoparticles catalysts, Catal. Today (2013), http://dx.doi.org/10.1016/j.cattod.2013.10.018



dx.doi.org/10.1016/j.cattod.2013.10.018

G Model
CATTOD-8644; No.of Pages9

D.K. Mishra et al. / Catalysis Today xxx (2013) xxx—-xxx 7

se 100 A 100

N 2

< ° B

o : 5 99
g % £

o = 98 4

E 60 1 3

o 3 97 -

@ 40 ; 3

S 5 91
S 20 - —&— 55 bar 9 o5 —&— 55 bar
a —8— 40 bar a —8— 40 bar

0 —o— 20 bar 94 —— 20 bar
0 30 60 90 120 150 180 20 40 60 80 100

Hydrogenation time, min.

D-glucose conversion, %

Fig. 8. Influence of hydrogen pressure on p-sorbitol selectivity at 120 °C and Ru/HYZ catalyst ratio 2.0 wt% on initial p-glucose.

2-3 mm. The apparent activation energy amounts to 24-49 kJ/mol,
depending on initial b-glucose concentration and density and vis-
cosity of the solution [48]. The author stated that the reaction
rate was probably influenced by external mass transfer limitations.
Brahme and Doraiswamy studied the hydrogenation of p-glucose
in two different temperature ranges from 77-100°C and 77-146°C
in the pressure range of 0.44-2.1 MPa using Raney-Ni as catalyst
(14) and authors reported the activation energies were 44 kJ/mol
(77-146°C) and 6 kJ/mol (77-100°C). Déchamp et al. studied the
catalytic hydrogenation of aqueous solutions of p-glucose in a
high-pressure trickle-bed reactor in the range 70-130°C under
8 MPa and reported an activation energy of about 67 kJ/mol was
obtained (17). The low value of activation energy indicated that
the Ru/zeolite is very active towards D-glucose hydrogenation to
D-sorbitol. At higher temperature, it was observed the D-sorbitol
selectivity was decreased significantly. Perhaps, D-sorbitol was
converted into D-mannitol and other by-products [49].

3.7. Effect of hydrogen concentration

In hydrogenation of D-glucose to D-sorbitol, it is assumed that
hydrogen (H,) was spread first from air to the liquid. Then, H; dis-
solved in the gas-solution interface and it spread from the liquid to
D-glucose in the liquid phase. It is supposed that H; did not react
with the carbonyl group of p-glucose, but instead was adsorbed by
the active centers of the catalyst, producing activated H on the cat-
alyst. Finally, D-glucose reacts with the activated H on the surface
of catalyst, which is an irreversible reaction, and then the product
desorbs from the catalyst and diffuses into the liquid phase. There-
fore, p-glucose hydrogenation proceeds through H, dissolution,
H, diffusion, H, adsorption on the active centers of the catalyst,
to produce activated H. Finally, the carbonyl group in p-glucose
reacted with the activated H on the surface of catalyst to produce
D-sorbitol. The hydrogenation experiments with 20 wt% pD-glucose
solution was also carried out by changing the hydrogen pressure
from 20 to 55 bar at 120°C using Ru/zeolite catalyst ratio 2.0 wt%
on D-glucose. An increased hydrogen pressure had positive effect
on reaction rate (Fig. 8A) and D-sorbitol selectivity (Fig. 8B).

For determination of the order of reaction with respect to hydro-
gen pressure, the conversion rate (r) was expressed as

re = —ki (cg)” (P, )” 1)

where, k; is rate constant, c; and Py, are glucose concentration
(mol/L) and hydrogen concentration, respectively.

As observed the process is first order with respect to p-glucose
concentration i.e. f=1. The mass balance of p-glucose can be
expressed by

deg/dt = p x Tg = —ky p x (cg)P(Py, ) ()

2
LNA, =oLN (Ry) + LN p(k))

3 1 =10
N R? = 0.9986
X =
s 4
-l

-5

6

25 3 35 4 45

LN p(H,)

Fig. 9. Determination of reaction order with respect to hydrogen pressure.

where, p is density of catalyst.
Further, at constant pressure, (4) and (5) can be derived

ky = ki x p x (Py,)* (3)

LN(G;/Cf) = kot (4)

To reveal the rate dependence on hydrogen pressure, Eq. (4) was
rewritten to a logarithmic form (Eq. (5)).

LN’(Z = aLN(PH2)+LN(pl<1) (5)

The p-glucose hydrogenation at 120°C was proved to be of
first order with respect to hydrogen (Fig. 9). This result is very
good agreement with the results reported by Hofmann and Bill
et al. [27,44]. Authors studied the hydrogenation of b-glucose in a
slurry batch reactor in the temperature range of (80-130°C) using

Il Conv.
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R
§ 5 w0
28
53 60
o2
U)‘S 40
3=
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Run1

Run2 Run3 Run4
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Fig. 10. Reusability test of 1.0Ru/HYZ catalyst.
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Fig. 11. TEM images of the fresh catalyst (A) and the catalyst after four cycles (B).

Raney-nickel as a catalyst. The authors found a first order depen-
dency in both p-glucose and hydrogen. Crezee et al. studied the
catalytic hydrogenation of D-glucose over the 5wt% Ru/C. They
also reported a first order dependency with respect to hydrogen,
even though there was a shift in order of reaction with respect to
D-glucose concentration.

3.8. Re-usability test of Ru/HYZ catalyst

The reusability of the Ru/HYZ catalyst for the hydrogenation of
D-glucose was also investigated under the optimized reaction con-
ditions, and the results are presented in Fig. 10. The catalyst could be
reused at least four times, the catalyst-D-glucose ratio was always
the same after each run, without notable changes in activity and
selectivity to D-sorbitol. It has also reported that both p-sorbitol
and p-mannitol had a little effect on the activity of the catalyst
[50]. On comparing the TEM images of the fresh catalyst (as shown
in Fig. 11a) and the catalyst after four cycles (as shown in Fig. 11b),
it could be seen that the change of the morphology of the catalyst
was not considerable. The excellent stability of the catalyst may
result from the strong interaction between the HYZ support and
active species.

4. Conclusions

Hydrogenation of p-glucose to D-sorbitol was carried out using
an active catalyst Ru/HYZ and low value of activation energy i.e.
32.9 kJ/mol for hydrogenation of D-glucose to D-sorbitol is obtained.
The kinetics experiments gave the first reaction orders with respect
to D-glucose and hydrogen. The selectivity values improved slightly
as the hydrogen pressure increased and the reaction temperature
decreased at the experimental range. High D-sorbitol selectivity
(up to 98.7%) can be achieved. A small amount of D-mannitol was
formed as by-product. Overall, it is concluded that catalyst Ru/HYZ
can be used for all industrial applications in hydrogenation of car-
bohydrate sugar to sugar alcohols.

Acknowledgments

This work was supported by the Institutional Research Program
of KRICT (SI-1201) and by a grant (B551179-10-03-00) from the
cooperative R&D. Program funded by the Korea Research Council
Industrial Science and Technology, Republic of Korea.

References

[1] D.J.Cram, G.S. Hammond, Organic Chemistry, McGraw-Hill Book Co., New York,
NY, 1964, pp. 647.

[2] P.Gallezot, PJ. Cerino, B. Blanc, G. Fléche, P. Fuertes, J. Catal. 146 (1994) 93-102.

[3] K. van Gorp, E. Boerman, C.V. Cavenaghi, P.H. Berben, Catal. Today 52 (1999)
349-361.

[4] P. Gallezot, N. Nicolaus, G. Fléche, P. Fuertes, A. Perrard, J. Catal. 180 (1998)
51-55.

[5] B.W. Hoffer, E. Crezee, P.R.M. Mooijman, A.D. van Langeveld, F. Kapteijn, J.A.
Moulijn, Catal. Today 79-80 (2003) 35-41.

[6] S. Budavari, M. O’Neil, A. Smith, P. Heckelman, ]. Kinneray, The Merck Index,
12th Edition on CD-ROM, Chapman & Hall, London, UK, 1996.

[7] (a) A. Corma, S. Iborra, A. Velty, Chem. Rev. 107 (2007) 2411-2502;
(b) N. Ji, T. Zhang, M. Zheng, A. Wang, X. Wang, . Chen, Angew. Chem. Int. Ed.
47 (2008) 8510-8513.

[8] (a) R. Rinaldji, F. Shcuth, ChemSusChem 2 (2009) 1096-1100;
(b) D. Alonso, J. Bon, J. Dumesic, Green Chem. 12 (2010) 1493-1513;
(c)]J. Bozell, G.R. Petersen, Green Chem. 12 (2010) 539-554;
(d) J.C. Serrano-Ruiz, R. Luque, A. Septlveda-Escribanoa, Chem. Soc. Rev. 40
(2011) 5266-5281.

[9] (a) M. Harmer, A. Fan, A. Liauw, R. Kumar, Chem. Commun. 43 (2009)

(c)Y.Yang, C.-W. Hu, M.M. Abu-Omar, Green Chem. 14 (2012) 509-513.

[10] (a)]. Geboers, S. Van de Vyver, K. Carpentier, P. acobs, B. Sels, Chem. Commun.

47 (2011) 5590-5592;

(b) A. Fukuoka, P.L. Dhepe, Angew. Chem. Int. Ed. 45 (2007) 5161-5163.

(a)R.Palkovits, K. Tajvidi, A. Ruppert, ]. Procelewska, Chem. Commun. 47 (2011)

576-578;

(b) J.C. Paraj6, H. Dominguez, .M. Dominguez, Bioresour. Technol. 65 (1998)

191-201;

(c)A.Yamaguchi, N. Hiyoshi, O. Sato, M. Shirai, Green Chem. 13 (2011) 873-881.

[12] (a)]. Xia, D. Yu, Y. Hy, B. Zou, P. Sun, H. Li, H. Huang, Catal. Commun. 12 (2011)
544-547;

(b) N. Li, G.W. Huber, ]. Catal. 270 (2010) 48-59;

(c)I. Ahmed, N.A. Khan, D.K. Mishra, ].S. Lee, ].-S. Hwang, S.H. Jhung, Chem. Eng.
Sci. 93 (2013) 91-95;

(d) N.A. Khan, D.K. Mishra, I. Ahmed, J.W. Yoon, J.-S. Hwang, S.H. Jhung, Appl.
Catal.,, A 452 (2013) 34-38;

(e) N.A. Khan, D.K. Mishra, J.-S. Hwang, Y.W. Kwak, S.H. Jhung, Res. Chem.
Intermed. 37 (2011) 1231-1238.

[13] CA. Ramirez-Lépez, J.R. Ochoa-Gémez, S.Gil-Rio, 0.Gémez-Jiménez-
Aberasturi, J. Torrecilla-Soria, ]J. Chem. Technol. Biotechnol. 86 (2011)
867-874.

[14] P.H. Brahme, LK. Doraiswamy, Ind. Eng. Chem. Process Des. Dev. 15 (1976)
130-137.

[15] B.W. Hoffer, E. Crezee, F. Devred, P.R.M. Mooijman, W.G. Sloof, P.J. Kooyman,
A.D.van Langeveld, F. Kaptejn, ].A. Moulijn, Appl. Catal., A 253 (2003) 437-452.

[16] P.J. Cerino, G. Fléche, P. Gallezot, J.P. Salome, in: M. Guisnet, ]. Barrault, C. Bou-
choule (Eds.), Heterogeneous Catalysis Fine Chemicals II, Elsevier, Amsterdam,
1991, p. 231.

[17] (a) B. Kusserow, S. Schimpf, P. Claus, Adv. Synth. Catal. 345 (2003) 289-299;
(b) E.B. Crezee, W. Hoffer, R.]. Berger, M. Makkee, F. Kapteijn, ].A. Moulijn, Appl.
Catal., A 251 (2003) 1-17.

[18] J.P. Mikkola, H. Vaino, T. Salmi, R. Sjoholm, T. Ollonqvist, J. Vdyrynen, Appl.
Catal., A 196 (2000) 143-155.

[19] H.Li, H. Li, ].F. Deng, Catal. Today 74 (2002) 53-63.

[20] J. Wisniak, R. Simon, Ind. Eng. Chem. Prod. Res. Dev. 18 (1979) 50-57.

[21] J. Wisniak, M. Heshkowitz, S. Stein, Ind. Eng. Chem. Prod. Res. Dev. 13 (1974)

232-236.

[22] C. Eisenbeis, R. Guettel, U. Kunz, T. Turek, Catal. Today 147 (2009)
S342-S346.

[23] W.Yuedong, G. Haibing, W.Ying, W. Minghui, L. Hexing, Chin. J. Catal. 25 (2004)
533-536.

[24] (a) M.Zahmakiran, Y. Tonbul,S. Ozkar, ]. Am. Chem. Soc. 132 (2010) 6541-6549;
(b) M. Zahmakiran, S. Ozkar, Langmuir 25 (2009) 2667-2678;

(c) M. Zahmakiran, S. Ozkar, Langmuir 24 (2008) 7065-7067;

(d)J. Zhang, L. Lin, J. Zhang, J. Shi, Carbohydr. Res. 346 (2011) 1327-1332.

(a) D.K. Mishra, ].-M. Lee, J.-S. Chang, J.-S. Hwang, Catal. Today 185 (2012)
104-108.

Please cite this article in press as: D.K. Mishra, et al., Selective hydrogenation of D-glucose to p-sorbitol over HY zeolite supported ruthenium
nanoparticles catalysts, Catal. Today (2013), http://dx.doi.org/10.1016/j.cattod.2013.10.018



dx.doi.org/10.1016/j.cattod.2013.10.018
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0005
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0010
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0015
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0020
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0025
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0030
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0035b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0040d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0045c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0050b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0055c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0060e
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0065
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0070
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0075
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0080
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0085b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0090
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0095
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0100
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0105
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0110
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0115
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0120d
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0125a

ARTICLE IN PRESS

D.K. Mishra et al. / Catalysis Today xxx (2013) XxX—xXx 9

[26] Y. Chen, Catal. Today 44 (1993) 3-16.

[27] M. Shibata, T. Masumoto, Stud. Surf. Sci. Catal. 4 (1987) 353-374.

[28] A.Molnaar, G.V. Smith, M. Barték, Adv. Catal. 36 (1989) 329-383.

[29] H.Li, W. Wang, J.F. Deng, J. Catal. 191 (2000) 257-260.

[30] H. Guo, H. Li, ]. Zhu, W. Ye, M. Qiao, W. Dai, J. Mol. Catal. A: Chem. 200 (2003)
213-221.

[31] H.S. Luo, H.B. Guo, H.X. Li, M.H. Wang, Y.P. Xu, Chin. Chem. Lett. 13 (2002)
1221-1224.

[32] B.Liu, H. Li, Y. Cao, J.F. Deng, ]. Membr. Sci. 135 (1997) 33-39.

[33] H. Yamashita, M. Yoshikawa, T. Funabiki, S,J. Yoshida, J. Chem. Soc. Faraday
Trans. 1 82 (1986) 1771-1780.

[34] (a)]. Jae, G.A. Tompsett, A.J. Foster, K.D. Hammond, S.M. Auerbach, R.F. Lobo,
G.W. Huber, J. Catal. 279 (2011) 257-268;
(b) E. Taarning, C.M. Osmundsen, X. Yang, B. Voss, S.I. Andersen, C.H. Chris-
tensen, Energy Environ. Sci. 4 (2011) 793-804.

[35] J. Kang, K. Cheng, L. Zhang, Q. Zhang, J. Ding, W. Hua, Y. Lou, Q. Zhai, Y. Wang,
Angew. Chem. Int. Ed. 50 (2011) 5200-5203.

[36] M.V. Patil, M.K. Yadav, R.V. Jasra, ]. Mol. Catal., A 277 (2007) 72-80.

[37] R.I Kureshy, S. Singh, N.H. Khan, S.H.R. Abdi, E. Suresh, R.V. Jasra, J. Mol. Catal.
A: Chem. 264 (2007) 162-169.

[38] A.K.Shah, N.H.Khan, G. Sethia, S. Saravanan, R.I. Kureshy, S.H.R. Abdi, H.C. Bajaj,
Appl. Catal., A 419-420 (2012) 22-30.

[39] K. Komura, Y. Taninaka, Y. Ohtaki, Y. Sugi, Appl. Catal., A 388 (2010) 211-215.

[40] (a) M.Zahmakiran, Y. Tonbul,S. Ozkar, ]. Am. Chem. Soc. 132 (2010) 6541-6549;
(b) M. Zahmakiran, S. Ozkar, Langmuir 25 (2009) 2667-2678;
(c) M. Zahmakiran, S. Ozkar, Langmuir 24 (2008) 7065-7067.

[41] J. Hajek, N. Kumar, P. Mdki-Arvela, T. Salmi, D.Y. Murzin, J. Mol. Catal. A: Chem.
217 (2004) 145-154.

[42] Z. Konya, V.F. Puntes, I. Kiricsi, ]. Zhu, J.W. Ager, M.K. Ko, H. Frei, P. Alivisatos,
G.A. Somorjai, Chem. Mater. 15 (2003) 1242-1248.

[43] R.M. Ravenelle, F. Schiifler, A. D’Amico, N. Danilina, J.A. van Bokhoven, J.A.
Lercher, C.W. Jones, C. Sievers, ]. Phys. Chem. C 114 (2010) 19582-19595.

[44] D.K. Mishra, A.A. Dabbawala, ].-S. Hwang, J. Mol. Catal. A: Chem. 376 (2013)
63-70.

[45] T. Furusava, J.M. Smith, AIChE J. 20 (1974) 88-93.

[46] H. Hofmann, M.W. Bill, Chem. Ing. Tech. 31 (1959) 81-88.

[47] F.B. Bizhanov, D.V. Sokol'skii, N.I. Popov, N.Y. Malkhina, A.M. Khisametdinov,
Kinet. Katal. 10 (1969) 655-660.

[48] F.Turek, R.K. Chakrabarti, R. Lange, R. Geike, W. Flock, Chem. Eng. Sci. 38 (1983)
275-283.

[49] A.Perrard, P. Gallezot, J.P. Joly, R. Durand, C. Baljou, B. Coq, P. Trens, Appl. Catal.,
A 331(2007) 100-104.

[50] H.C.M. Pijnenburg, B.F.M. Kuster, H.S. van der Baan, Starch 30 (1978)
352-355.



dx.doi.org/10.1016/j.cattod.2013.10.018
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0130
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0135
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0140
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0145
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0150
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0155
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0160
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0165
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0170b
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0175
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0180
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0185
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0190
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0195
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0200c
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0205
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0210
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0215
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0220
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0225
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0230
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0235
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0240
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0245
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250
http://refhub.elsevier.com/S0920-5861(13)00493-8/sbref0250

	Selective hydrogenation of d-glucose to d-sorbitol over HY zeolite supported ruthenium nanoparticles catalysts
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of catalyst Ru/HYZ
	2.3 Catalyst characterization
	2.4 Catalytic hydrogenation of d-glucose

	3 Results and discussion
	3.1 Interpretation of characterization results
	3.2 Catalytic activity of the HYZ supported ruthenium (Ru/HYZ) catalysts
	3.3 Effect of Ru/HYZ catalyst loading
	3.4 Effect of stirring rate (mass transfer limitation)
	3.5 Determination of order reaction
	3.6 Temperature dependency
	3.7 Effect of hydrogen concentration
	3.8 Re-usability test of Ru/HYZ catalyst

	4 Conclusions
	Acknowledgments
	References


