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a  b  s  t  r  a  c  t

Deoxygenation  of sorbitol  was carried  out over  a Pt-modified  Ir-ReOx/SiO2 catalyst  in  biphasic  solvent  sys-
tem  (n-decane  +  H2O)  without  external  hydrogen.  Good  yield  of  gasoline-ranged  products  was  obtained
including  C5–C6  alkanes  and  C2–C6  mono-functionalized  compounds  such  as  ketones,  alcohols,  cyclic
ethers  and carboxylic  acids.  The  Pt(3 wt%)-Ir-ReOx/SiO2 catalyst  showed  the  best  performance  in  the
production  of  gasoline-ranged  products.  The  maximum  yield  of  gasoline-ranged  products  was  42%.  The
distribution  of  the  products  can  be tuned  by the  addition  of  HZSM-5.  The  main  products  were  C5–C6
alkanes  with  addition  of HZSM-5  while  the main  products  were  C2–C6  mono-functionalized  compounds
without  addition  of  HZSM-5.  Characterizations  such  as TPR,  XRD,  TEM,  XANES,  EXAFS,  CO adsorption  were
performed.  The  results  demonstrated  that  the  Pt-Ir-ReOx/SiO2 catalyst  showed  the  structure  of Pt-Ir  alloy
ydrogenolysis particles  partially  covered  with  ReOx species.  The  number  of  surface  Pt atoms  in Pt(3)-Ir-ReOx/SiO2 was
larger than  that  of  Pt/SiO2 or  Pt-ReOx/SiO2 because  of  the small  size  of  Pt-Ir alloy  particles.  The large  num-
ber  of  surface  Pt  atoms  and  the  synergetic  effect  of Pt,  Ir and  ReOx species  make  the  catalyst  efficiently
generate  hydrogen  by aqueous  phase  reforming  of sorbitol,  and  the  generated  hydrogen  is  consumed  in
the hydrogenolysis  C O bonds.
. Introduction

Decreasing oil supplies, increasing energy demand and global
arming issues provide incentives to conversion of renew-

ble biomass into high-quality transportation fuels and valuable
hemical feedstocks [1–9]. Recently, particular interest has been
ttracted on producing gasoline-ranged products by aqueous-
hase hydrodeoxygenation of biomass-derived sugars or sugar
lcohols, especially sorbitol [10–20]. Several Pt-based catalysts
upported on carbon, solid acids, metal oxide and metal oxide
hosphates has been reported in the literature as promising cat-
lysts for this process [10–20]. The total yield of gasoline-range
roducts including C5–C6 alkanes and C2–C6 mono-functionalized
ompounds could reach around 40–70% over these Pt-based cata-

ysts. However, a high pressure of hydrogen was needed for the
rocesses. Considering the high cost of fossil-derived hydrogen
nd potential safety issues which caused by the high pressure

∗ Corresponding authors.
E-mail addresses: yoshinao@erec.che.tohoku.ac.jp (Y. Nakagawa),

omi@erec.che.tohoku.ac.jp (K. Tomishige).

ttp://dx.doi.org/10.1016/j.cattod.2015.10.023
920-5861/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

hydrogen, the industrial prospect of this process is becoming a chal-
lenge. In 2002, Dumesic et al. reported aqueous phase reforming
(APR) of polyols (sorbitol, glycerol and ethylene glycol) to pro-
duce hydrogen over Pt-based catalyst at 498 K [21]. Later the same
group [22] and the group of Murzin et al. investigated APR of sor-
bitol and found that some amounts of less-oxygenated organic
products such as ≥C4 mono-oxygenates can be formed [23,24]. It
seems worthwhile to evaluate the possibility of production of use-
ful less-oxygenated organics using in situ generated hydrogen and
catalysts with higher hydrogenolysis activity. A lot of works on the
conversion of glycerol to 1,2-propanediol by using this biorefinery
concept were reported [25–33]. However, the most abundant sugar
alcohol, sorbitol, has unexpectedly attracted very little attention
[10,21–24,34]. Sorbitol is a very important biomass-derived plat-
form molecule, which can be produced from cellulose by hydrolysis
and hydrogenation [35–37]. Therefore, efficient conversion of sor-
bitol to gasoline-ranged products in high yield without external
hydrogen could be very meaningful.
In our previous work, we have found that Ir-ReOx/SiO2 cat-
alyst shows high C O hydrogenolysis activity and almost no
C C cracking activity [38,39]. However, APR of polyols involves
C C dissociation and thus the catalyst should have some C C
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racking activity. Therefore, in this study, we modified Ir-ReOx/SiO2
ith other noble metals, especially Pt, to improve its C C cracking

ctivity and balance the C O and C C dissociation performance to
btain high yield of gasoline-ranged products from sorbitol.

. Experimental

.1. Catalyst preparation

The SiO2 (G-6, BET surface area 535 m2/g) supplied by Fuji
ilysia Chemical Ltd. was used as a support of the catalysts.
efore impregnation, SiO2 was calcined in air at 973 K for 1 h.

r-ReOx/SiO2 catalysts were prepared by sequential impregnation
ethod as described previously [40–48]. First, Ir/SiO2 was pre-

ared by impregnating with an aqueous solution of H2IrCl6 (Furuya
etals Co., Ltd). After evaporating the solvent at ≤353 K and drying

t 383 K for 12 h, they were impregnated with an aqueous solution
f NH4ReO4 (Soekawa Chemical Co., Ltd.). These catalysts were cal-
ined in a crucible in air at 773 K for 3 h after drying at 383 K for 12 h.
hen the obtained Ir-ReOx/SiO2 catalyst was impregnated with an
queous solution of H2PtCl6 (Soekawa Chemical Co., Ltd.), RhCl3
Wako Pure Chemical Industries, Ltd.), PdCl2 (Soekawa Chemical
o., Ltd.), or RuCl3 (Strem Chemicals Co., Ltd.). After evaporating
he solvent and drying at 383 K for 12 h, they were calcined in air
t 773 K for 3 h. The loading amounts of Ir and Re were 4.0 and
.8 wt%, respectively (Re/Ir molar ratio = 2), and that of additive
as represented by the weight percent of the additives to the total

atalyst in parenthesis like M(x)-Ir-ReOx/SiO2 (M = Pt, Rh, Pd, Ru).
ll the catalysts were used in powdered form with a granule size
f <100 mesh. HZSM-5 [JRC-Z5-90 H(1), Süd-Chemie Catalysts and
atalysis Society of Japan, Si/Al2 = 90] was used as received.

.2. Activity tests

Activity tests were performed in a 190-ml stainless steel auto-
lave with an inserted glass vessel. The catalyst was put into an
utoclave together with a spinner and an appropriate amount of
ater and heated at 473 K with 8 MPa  H2 for 1 h for the reduction
retreatment. The stirring rate was 250 rpm. After the pretreat-
ent, the autoclave was cooled down, and hydrogen was removed.

orbitol (0.5 g, Wako Pure Chemical Industries, Ltd., 98%) and n-
ecane (20 ml;  Tokyo Chemical Industry Co. Ltd., 99%) were put

nto the autoclave. HZSM-5 was also added when necessary. After
ealing the reactor, the air content was purged by flushing three
imes with Ar (1 MPa, 99.99%; Nippon Peroxide Co., Ltd.). The reac-
or was pressurized with Ar to 0.5–4.0 MPa  at room temperature
nd then heated to set temperatures (443–473 K). The heating took
bout 1–1.5 h. After the temperature reached the set one, the tem-
erature was kept for appropriate reaction time. The stirring rate
as 500 rpm. After reaction, the reactor was cooled down by using

ce bath and the gases were collected in a gas bag. The reaction mix-
ure was separated into organic and aqueous phases. The autoclave
ontents were transferred to a vial, and the catalyst was separated
y centrifugation and filtration.

The products were isosorbide, ketones: 2-hexanone, 3-
exanone, 2-pentanone, 3-pentanone, butanone and actone;
ono-alcohols: 1-hexanol, 2-hexanol, 3-hexanol, 1-pentanol, 2-

entanol and 3-pentanol; cyclic ethers: 2-methyltetrahydrofuran,
,5-dimethyltetrahydrofuran and 2-methyltetrahydropyran;
cids: acetic acid, propanoic acid, butanoic acid, valeric acid
nd hexanoic acid; alkanes: n-hexane, 2-methylpentane, 3-

ethylpentane, n-pentane, n-butane, propane, ethane and
ethane; CO2; H2 and other products that could not be identified.

orbitol and isosorbide in the aqueous phase were analyzed by
sing HPLC (Shimadzu LC-10A) with a refractive index detector
 269 (2016) 122–131 123

(RID) and a Phenomenex Rezex RPM-Monosaccharide Pb + 2
column (diameter 7.8 mm,  300 mm).  Ketones, mono-alcohols and
acids in the aqueous phase were analyzed by using gas chro-
matograph (Shimadzu GC-2014) equipped with TC-WAX capillary
column (diameter 0.25 mm,  30 m)  and FID. Alkanes, ketones, cyclic
ethers and mono-alcohols in the organic phase were analyzed
by gas chromatograph (Shimadzu GC-2014) equipped with DB-1
capillary column (diameter 0.25 mm,  30 m) and FID. Alkanes in
the gas phase were analyzed by gas chromatograph (Shimadzu
GC-2014) equipped with an Rtx-1-PONA capillary column (diam-
eter 0.25 mm,  100 m)  and FID. CO2 in the gas phase was analyzed
by gas chromatograph (Shimadzu GC-2014) equipped with a
Gaskuropack 54 column, a methanator and FID, and H2 was
analyzed by the same GC with MS-13X packed column and TCD.

The conversion of substrate (sorbitol) and the yield of products
were calculated on the carbon basis and defined as follows:

Conversion [%C]

= mol  of total C atoms in substrate − mol of C atoms in unreacted substrate
mol of total C atoms in substrate

×  100

Yield of detected products [%C]

= molproduct × C atoms in product
mol  of total C atoms in substrate

× 100

Loss of carbon balance [%C]  = Conversion × 100

− the sum of yield of detected products × 100

The conversion of sorbitol with hydrogen was also conducted
with the same method. The pressure of hydrogen was 6 MPa  at
room temperature. In the case of conversion of glycerol (Wako Pure
Chemical Industries, Ltd., >99%), organic solvent (n-decane) was  not
used.

The used catalyst was  washed with excess water, dried in air
and then calcined at 773 K for 3 h. A slight loss (<15% in weight)
was observed during the recovery process and was compensated
with fresh catalyst in each reuse experiment. Before the activity
test, the reduction pretreatment are carried out again in the same
way as for the fresh catalyst. The amount of eluted metal during
the reaction was analyzed by inductively coupled plasma atomic
emission spectrometry (ICP-AES, Thermo Scientific iCAP 6500).

2.3. Catalyst characterization

Temperature-programmed reduction (TPR) was carried out in
a fixed-bed reactor equipped with a thermal conductivity detector
using 5% H2 diluted with Ar (30 ml/min). The amount of catalyst was
0.05 g, and the temperature was  increased from room temperature
to 1123 K at a heating rate of 10 K/min.

X-ray diffraction (XRD) patterns were recorded by a diffrac-
tometer (Rigaku MiniFlex 600). Average metal particle size was
estimated by using the Scherrer equation [49].

The X-ray absorption near-edge structure (XANES) spectra were
measured at the BL01B1 station at SPring-8 with the approval of the
Japan Synchrotron Radiation Research Institute (JASRI; Proposal No.
2015A1134). The storage ring was operated at 8 GeV, and a Si (1 1 1)
single crystal was used to obtain a monochromatic X-ray beam. Two
ion chambers for I0 and I were filled with 85% N2 + 15% Ar and 50%
N2 + 50% Ar, respectively, for Pt L3-edge, Re L3-edge and Ir L3-edge

measurements. We prepared the sample after the catalytic use as
follows. The catalytic reaction was carried out in an autoclave. The
reaction conditions were the same as in activity tests. After cooling,
the wet catalyst powder was  transferred to the measurement cell in
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 glove bag filled with nitrogen. The thickness of the cell filled with
he powder was 2 mm to give an edge jump of 0.7, 0.9 and 0.4 for
r L3-edge, Re L3-edge and Pt L3-edge measurement, respectively,
n the case of Pt(3)-Ir-ReOx/SiO2. The EXAFS data were collected in

 transmission mode. For EXAFS analysis, the oscillation was first
xtracted from the EXAFS data using a spline smoothing method
50]. Fourier transformation of the k3-weighted EXAFS oscillation
rom the k space to the r space was performed to obtain a radial
istribution function. The inversely Fourier filtered data were ana-

yzed using a usual curve fitting method [51,52]. For curve fitting
nalysis, the empirical phase shift and amplitude function for the
e-O bond was extracted from data for NH4ReO4. Theoretical func-
ions for the Re-Ir were calculated using the FEFF8.2 program [53].
he Re-Ir bond was represented by the Re-Ir (or -Re or -Pt), in the
urve fitting results. This is because it is very difficult to distinguish
mong Pt, Ir and Re as a backscattering atom. Analyses of EXAFS
ata were performed using a computer program (REX2000, ver.
.5.9; Rigaku Corp.). Error bars for each parameter were estimated
y stepping each parameter, while optimizing the other parame-
ers, until the residual factor becomes two times as its minimum
alue [54].

The amount of CO chemisorption was measured in a high-
acuum system using a volumetric method in the vacuum line.
efore adsorption measurements, the catalysts were reduced in H2
t 473 K for 1 h. The adsorption was conducted at room tempera-
ure. The equilibrium pressure, the sample weight and the dead
olume of the apparatus were about 1.1 kPa, 0.15 g and 43 cm3,
espectively.

. Results and discussion

.1. Screening of catalysts for the conversion of sorbitol

The performances of various catalysts in the conversion of sor-
itol are compared in Table 1. In our previous research, Ir-ReOx/SiO2
Re/Ir = 2) showed good catalytic performance in conversion of sor-
itol or cellulose to n-hexane or hexanols with high pressure H2 in
ater + n-alkane biphasic solvent system where n-alkane acted as

n extraction solvent for capturing the formed products [38,39,48].
owever, when Ir-ReOx/SiO2 catalyst was used in Ar atmosphere,
lmost no gasoline-ranged products were formed (Entry 1). This
ould be attributed to the low performance in APR of sorbitol judg-
ng from the low yield of CO2. The main detected product was
sosorbide with the yield of 8.2% which was not shown in table.
o improve the C C cracking performance of Ir-ReOx/SiO2, another
oble metal such as Ru, Pd, Rh and Pt was added (Entries 2–5).
hen Ru was added to Ir-ReOx/SiO2 catalyst, almost no APR activ-

ty was shown and the catalytic performance was almost the same
s that of Ir-ReOx/SiO2 catalyst (Entry 2). Additions of Pd, Rh and Pt
ave the catalyst APR activity (Entries 3–5). Significant amount of
asoline-ranged products were obtained, showing that the in situ
roduced H2 was  used for the successive hydrogenolysis reaction.

n the cases of Pd and Rh modified Ir-ReOx/SiO2 catalysts, APR per-
ormance was improved moderately from Ir-ReOx/SiO2 while Pt

odified Ir-ReOx/SiO2 catalyst showed the best APR performance.
he order of gasoline-ranged products yields over these catalysts
as as follows: Pt(5)-Ir-ReOx/SiO2 > Rh(5)-Ir-ReOx/SiO2 > Pd(5)-Ir-
eOx/SiO2. Of the mono-functionalized hydrocarbons formed over
t-Ir-ReOx/SiO2, ketones were the predominant products. It should
e noted that these ketones could be used as the precursors for the
roduction of jet fuel by C C coupling reaction and hydrodeoxy-
enation [55]. The amount of C5–C6 alkanes was much smaller

han that of mono-functionalized hydrocarbons and these alkanes
ere mainly n-alkanes. No CO was detected. Therefore, Pt added Ir-
eOx/SiO2 catalyst was chosen for conversion of sorbitol without
xternal hydrogen. The reactions of C C and C O dissociation were Ta
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nvolved in the production of gasoline-ranged products from sor-
itol. Therefore, all the noble-metals modified Ir-ReOx/SiO2 should
ave bi-functional roles of the activities of APR and hydrogenolysis.
n the one hand, Dumesic et al. have found that the overall cat-
lytic performance for ethylene glycol reforming decreased in the
ollowing order for silica-supported metals: Pt > Ru > Rh ∼ Pd > Ir
56]. Silica-supported Pt and Pd catalysts exhibited relatively high
electivities for production of H2, while silica-supported Rh and
u catalysts showed a low selectivity for production of H2. This
rend could be related to our results that the noble metals modified
r-ReOx/SiO2 catalysts except Ru-modified Ir-ReOx/SiO2 showed.
n the other hand, in our previous work, the activity of silica-

upported metals in hydrogenolysis of glycerol decrease in the
rder: Ru > Rh > Pt, Pd while ReOx modified silica-supported metals
ith the order: Rh-ReOx > Ru-ReOx > Pt-ReOx > Pd-ReOx. In addi-

ion, Ru, Rh and Pd modified Ir-ReOx/SiO2 showed that Ru improved
he hydrogenolysis activity of Ir-ReOx/SiO2 while Rh and Pd showed
egative effect, especially Pd [57,58]. The addition of Pt also

mproved the hydorgenolysis performance of Ir-ReOx/SiO2 which
as shown below. This could be related to the yields of gasoline-

anged products over Pt, Rh and Pd modified catalyst.
To obtain high yield of gasoline-ranged products, controlling the

elative rates of C O and C C cleavage is a key. Activity in C C
leavage is important to obtain enough H2 via APR, whereas much
igher rate of C C cleavage than C O cleavage decreases the yield
f products with larger carbon number, which are suitable for gaso-
ine. Therefore, the effect of Pt loading amount of Pt-Ir-ReOx/SiO2
n the performance was investigated (Table 1, entries 5–9). The
ctivity of APR, in terms of CO2 yield, increased as the Pt loading
mount increased. The sum yield of all the gasoline-ranged prod-
cts increased when the loading amount increased to 3 wt%. When
t loading amount was further increased to 5 wt%, the sum yield of
he gasoline-ranged products decreased slightly. Therefore, Pt(3)-
r-ReOx/SiO2 was chosen as the standard catalyst and the molar
atio of Pt:Ir:Re was 1:1.3:2.6 on this catalyst. Another important
oint is that Pt(3)/SiO2, Pt(3)-ReOx/SiO2 and Ir-ReOx/SiO2 showed
ery low APR performance. Although the Re addition to Pt/SiO2
nhanced the APR activity, the additive effect was not so significant.
his can be because the reaction temperature (453 K) was signifi-
antly lower than that in the literature for APR over Pt- and Pt-Re
atalysts (∼500 K) and the different support materials [10,21–24].
he yield of gasoline-ranged products over the physical mixture of
t(3)/SiO2 and Ir-ReOx/SiO2 catalysts was much lower than those
ver Pt(3)-Ir-ReOx/SiO2 catalyst. This indicated the strong syner-
etic effect of Pt and Ir-ReOx. The product yields and distributions
ere almost unchanged when the reaction time was  prolonged

Entry 12). The conversion of sorbitol under pressurized H2 was
lso conducted (Table S2). The main products were hexanols which
as very different from that under Ar. The yield of hexanols over

t(3)-Ir-ReOx/SiO2 was higher than that over Ir-ReOx/SiO2, which
ndicated that the addition of Pt improved the hydrogenolysis activ-
ty of Ir-ReOx/SiO2 in pressurized hydrogen.

When the reaction was conducted without sorbitol, almost no
-decane was converted. As a result, it is verified that the organic
olvent was inert under the reaction condition. When the reac-
ion was conducted without n-decane, the yield of gasoline-ranged
roducts was much lower than that with n-decane. This can be
ttributed to the fact that the organic solvent (n-decane) not only
apture the products with low-boiling point for analysis, but also
uppress the consecutive reaction of intermediates with high sol-
bility to alkanes. The product distribution in different phases is
hown in Table S1. In fact, most of ketones were present in the

rganic phase. Lowering the reactive ketones or aldehydes in the
queous phase containing catalysts can suppress the polymer-
zation, which starts with bi-molecular reaction, to undesirable
y-products (loss of carbon balance).
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3.2. Effect of reaction temperature

Table 2 shows the effect of reaction temperature on conversion
of sorbitol over Pt(3)-Ir-ReOx/SiO2 catalyst. The sum yield of CO2
and gasoline-ranged products increased as the reaction tempera-
ture was increased from 443 to 463 K. The amount of remaining
H2 was  not so changed by the temperature change. This behavior
indicated that higher temperature improved the APR activity effi-
ciently to give larger amount of in situ hydrogen which was used in
the C O hydrogenolysis reactions. The hydrogenolysis activity of
Ir-ReOx/SiO2 catalyst also increases with the increase in the reac-
tion temperature [41]. In addition, the addition of Pt improved the
hydrogenolysis activity of Ir-ReOx/SiO2 in pressurized hydrogen
(Table S2). The yield of CO2 decreased slightly with further increase
of the reaction temperature (Entry 4). That could be attributed
to faster growth rate of C O dissociation than that of C C cleav-
age with the increasing temperature, and more amount of sorbitol
was consumed by C O dissociation. The highest yield of gasoline-
ranged products reached 42% when the reaction temperature was
at the range of 453–463 K (Entry 2 and 3). However the yield of
C5–C6 alkanes at 463 K was  higher than that at 453 K.

3.3. Effect of HZSM-5 addition

Although over 40% yield of gasoline-ranged products can be pro-
duced over Pt(3)-Ir-ReOx/SiO2 catalyst, of them, over 65% of the
products are oxygen-containing organic compounds which may
not meet the gasoline requirement. Therefore further hydrodeoxy-
genation of products to alkanes would be preferred. To obtain
high yield of alkanes, increasing the rate of C O hydrogenoly-
sis of Pt(3)-Ir-ReOx/SiO2 catalyst may  be the key. It was  reported
that the addition of solid acids such as HZSM-5 can enhance
the C O hydrogenolysis activity of Ir-ReOx/SiO2 catalyst [44].
The combination of Ir-ReOx/SiO2 catalyst and HZSM-5 showed
excellent performance in production of alkanes from cellulose
or sugar alcohols with external hydrogen [38,39]. When HZSM-5
was used as co-catalyst in conversion of sorbitol without hydro-
gen, the total yield of gasoline-ranged products decreased slightly
(Table 3). However, the distribution of products changed signif-
icantly. The yield of C5–C6 alkanes much increased while the
oxygen-containing organic compounds decreased (Entry 2), indi-
cating that HZSM-5 also improved the C O cleavage performance
of Pt(3)-Ir-ReOx/SiO2 catalyst. The yield of H2 was  much lower
than that without HZSM-5, indicating that almost all of the hydro-
gen was consumed by hydrogenolysis reaction. At longer reaction
time, the yield of C5–C6 alkanes was slightly increased (30%) and
the amount of them accounts for about 75% of the total gasoline-
ranged products (Entry 3). The yield of CO2 was  almost the same
as that without HZSM-5 indicating that HZSM-5 did not affect the
APR performance of Pt(3)-Ir-ReOx/SiO2 catalyst. Almost no mono-
alcohols were detected with the addition of HZSM-5 and the yield
of ketones decreased gradually with the reaction time. The results
suggest that the mechanism of hydrogenolysis of mono-alcohols
and ketones proceeded by dehydration + hydrogenation and hydro-
genation + dehydration + hydrogenation, respectively (Scheme 1).
In particular, it has been reported that Ir-ReOx/SiO2 showed high
activity in the hydrogenation of C O bond [47]. The production
of C5–C6 alkanes especially hexanes was  limited by the hydro-
genation of ketones. The addition of HZSM-5 not only enhanced
the dehydration of mono-alcohols, but also improved the ketones
hydrogenation performance of Pt(3)-Ir-ReOx/SiO2 catalyst.
3.4. Catalyst stability

Table 4 lists the results of the reuse test of Pt(3)-Ir-ReOx/SiO2.
The yield of gasoline-ranged products was decreased gradually
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Table 2
Reaction temperature effect on conversion of sorbitol over Pt(3)-Ir-ReOx/SiO2 under Ar.

Entry T, K Conv.,
%

Yield, %

Gasoline-ranged products C4–C1
alkanes

CO2 Loss of
carbon
balance

H2,  mmol

Hexanones HxOHs Pentanones PeOHs Butanone Acetone Ethers Acid Hexanes Pentanes Sum

1 443 >99.9 8.3 2.2 2.5 1.1 0.7 0.2 4.2 4.8 3.4 2.4 30 1.4 26 43 1.1
2  453 >99.9 11 4.4 3.5 1.5 1.2 0.3 5.4 5.9 5.1 3.8 42 3.2 35 19 2.0
3  463 >99.9 12 1.5 4.0 0.4 1.1 0.3 2.7 4.4 9.1 6.7 42 3.8 42 13 1.4
4  473 >99.9 13 1.9 4.3 0.7 1.2 0.3 2.4 4.4 7.4 6.2 41 3.9 38 17 1.6

Hexanones: 2-hexanone and 3-hexanone; HxOH: 1-hexanol, 2-hexanol and 3-hexanol; pentanones: 2-pentanones and 3-pentanones; PeOH: 1-pentanol, 2-pentanol and
3-pentanol; ethers: 2-methytetrahydrofuran, 2,5-dimethyltetrahydrofuran and 2-methyltetrahydropyran; hexanes: n-hexane, 2-methylpentane and 3-methylpentane; acid:
acetic  acid, propanoic acid, butanoic acid, valeric acid and hexanoic acid; C4-C1 alkanes: n-butane, propane, ethane and methane.
Reaction conditions: catalyst: 0.15 g, sorbitol: 0.5 g, H2O: 9.5 g, initial Ar: 0.5 MPa, 24 h, n-decane: 20 ml.

Table 3
The addition of HZSM-5 effect on conversion of sorbitol over Pt(3)-Ir-ReOx/SiO2.

Entry HZSM-5, g Conv.,
%

Yield, %

Gasoline-ranged products C4–C1
alkanes

CO2 Loss of
carbon
balance

H2,  mmol

Hexanones HxOHs Pentanones PeOHs Butanone Acetone Ethers Acid Hexanes Pentanes Sum

1 0.0 >99.9 12 1.5 4.0 0.4 1.1 0.3 2.7 4.4 9.1 6.7 42 3.8 42 13 1.4
2  0.06 >99.9 5.3 0.0 1.7 0.0 0.5 0.2 0.2 4.4 16 9.3 38 4.2 42 16 0.1
3a 0.06 >99.9 3.1 0.0 1.0 0.0 0.3 0.2 0.2 5.1 19 11 40 5.3 43 12 0.1

Hexanones: 2-hexanone and 3-hexanone; HxOH: 1-hexanol, 2-hexanol and 3-hexanol; pentanones: 2-pentanones and 3-pentanones; PeOH: 1-pentanol, 2-pentanol and
3-pentanol; ethers: 2-methytetrahydrofuran, 2,5-dimethyltetrahydrofuran and 2-methyltetrahydropyran; hexanes: n-hexane, 2-methylpentane and 3-methylpentane; acid:
acetic  acid, propanoic acid, butanoic acid, valeric acid and hexanoic acid; C4-C1 alkanes: n-butane, propane, ethane and methane.
Reaction conditions: catalyst: 0.15 g, sorbitol: 0.5 g, H2O: 9.5 g, initial Ar: 0.5 MPa, 463 K, n-decane: 20 ml,  24 h (a: 48 h).

Scheme 1. Reaction routes for conversion of hexanones to n-hexane.

Table 4
Reusability of Pt(3)-Ir-ReOx/SiO2 for conversion of sorbitol under Ar.

Entry Usage Conv.,
%

Yield, %

Gasoline-ranged products C4-C1
alkanes

CO2 Loss of
carbon
balance

H2, mmol

Hexanones HxOHs Pentanones PeOHs Butanone Acetone Ethers Acid Hexanes Pentanes Sum

1 1 >99.9 11 4.4 3.5 1.5 1.2 0.3 5.4 5.9 5.1 3.8 42 3.2 35 20 2.0
2  2 >99.9 6.9 0.7 2.7 1.1 0.6 0.2 4.0 5.0 3.3 2.8 27 1.7 32 39 1.3
3  3 >99.9 5.4 0.1 2.5 0.5 0.4 0.2 3.3 3.4 2.3 2.2 20 1.3 29 49 0.9

Hexanones: 2-hexanone and 3-hexanone; HxOH: 1-hexanol, 2-hexanol and 3-hexanol; pentanones: 2-pentanones and 3-pentanones; PeOH: 1-pentanol, 2-pentanol and
3-pentanol; ethers: 2-methytetrahydrofuran, 2,5-dimethyltetrahydrofuran and 2-methyltetrahydropyran; hexanes: n-hexane, 2-methylpentane and 3-methylpentane; acid:
a anes: 
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cetic  acid, propanoic acid, butanoic acid, valeric acid and hexanoic acid; C4-C1 alk
eaction conditions: catalyst: 0.15 g, sorbitol: 0.5 g, H2O: 9.5 g, initial Ar: 0.5 MPa, 4

ith reuses while the yield of CO2 was decreased slightly.
his indicated that Pt(3)-Ir-ReOx/SiO2 was deactivated in C O
ydrogenolysis while the APR performance of the catalyst was
lmost maintained. To identify the cause of the catalyst deactiva-
ion, ICP and XRD characterizations were conducted. Inductively
oupled plasma (ICP) analysis of the reaction solution after the fil-
ration of catalyst showed almost no leaching of Ir and Pt (<0.05%)
nd slight leaching of Re (1.0–2.7% for each run). The XRD peaks
Fig. S1) of the catalysts after the 3rd run became sharper than those

f the catalysts after reduction and the 1st reaction, indicating the
ggregation of metal during reaction and regeneration. The aggre-
ation could be the reason for the decrease in the gasoline-ranged
roducts formation. Similar decrease in activity by aggregation was
n-butane, propane, ethane and methane.
4 h, n-decane: 20 ml.

observed for Ir-ReOx/SiO2 [39,48], Pd-Ir-ReOx/SiO2 [59] and Rh-
Ir-ReOx/SiO2 [58] in the conversion of cellulose or furfural with
hydrogen.

3.5. Characterization of catalyst

The profiles of temperature-programmed reduction (TPR) of
Pt(3)/SiO2, Ir/SiO2, ReOx/SiO2, Pt(3)-Ir/SiO2, Pt(3)-ReOx/SiO2, Ir-
ReOx/SiO2 and Pt(3)-Ir-ReOx/SiO2 after calcination are shown in

Fig. 1. The H2 consumption amount and the summary of other
characterizations are shown in Table 5. Pt(3)/SiO2 was  reduced
at low temperature (Fig. 1a). Ir/SiO2 was completely reduced at
600 K (Fig. 1b) while ReOx/SiO2 was  partially reduced at 800 K to the
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Table  5
Summary of characterization results.

Catalyst Metal amount,
mmol gcat

−1
TPR Re L3-edge

XANES
Particle size,
nm

CO adsorption,
mmol gcat

−1
Dispersionb, %

Pt Ir Re H2 consumption,
mmol gcat

−1
Valence of Rea Valence of Re XRD TEM

Pt(3)/SiO2 0.15 – – 0.08 – – 25.9 23.4 0.002 1.3
Ir/SiO2 – 0.21 – 0.40 – – 3.6 – – –
ReOx/SiO2 – – 0.42 1.13 1.6 – – – – –
Pt(3)-ReOx/SiO2 0.15 – 0.40 0.37 5.2 – 14.9 – – –
Pt(3)-Ir/SiO2 0.15 0.20 – 0.39 – – 6.3 – – –
Ir-ReOx/SiO2 – 0.21 0.42 0.93 4.5 3.1 2.1 – 0.037 18
Pt(3)-Ir-ReOx/SiO2 0.15 0.20 0.40 1.06 3.7 2.5 3.1 3.8 0.083 23

a 7 − 2 × [(amount of H2 consumed, mol) − 2 × (Ir loading amount, mol)]/(Re loading amount, mol).
b Dispersion (%) = [CO adsorption amount]/[(Ir loading amount) + (Pt loading amount)] × 100.

Table 6
Re L3-edge EXAFS curve fitting results of the catalysts.

Catalyst Shells CNa R, 10−1 nmb �, 10−1 nmc �E0, eVd Rf , %e

Ir-ReOx/SiO2
f Re-O 1.7 ± 0.5 2.03 ± 0.02 0.080 ± 0.016 0.6 ± 5.0 2.5

Re-Ir (or -Re) 6.1 ± 1.1 2.68 ± 0.01 0.082 ± 0.006 8.1 ± 1.8
Pt(3)-Ir-ReOx/SiO2

g Re-O 1.2 ± 0.5 2.08 ± 0.02 0.088 ± 0.010 8.1 ± 1.0 1.8
Re-Ir (or -Re or -Pt) 8.0 ± 1.0 2.68 ± 0.01 0.077 ± 0.005 7.9 ± 1.5

NH4ReO4 Re O 4 1.73 0.060 0 –

a Coordination number.
b Bond distance.
c Debye-Waller factor.
d Difference in the origin of photoelectron energy between the reference and the sample.
e Residual factor.
f After hydrogenolysis of glycerol, Ref. [39].
g After reduction. Fourier filtering range: 0.150–0.328 nm.

Fig. 1. TPR profiles of various catalysts after calcination: (a) Pt(3)/SiO2, (b) Ir/SiO2,
(c)  ReOx/SiO2, (d) Pt(3)-Ir/SiO2, (e) Pt(3)-ReOx/SiO2, (f) Ir-ReOx/SiO2 and (g) Pt(3)-
I
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Pt(3)-Ir-ReOx/SiO2. Metal nanoparticles were observed with nar-
row distribution of size. The average size of Pt(3)/SiO was 23.4 nm
r-ReOx/SiO2. The H2 consumption amount of each sample was  shown in Table 6.

alence of +1.6 (Fig. 1c) from +7. In the cases of the bimetallic cata-
ysts, Ir-ReOx/SiO2 showed only one large peak centered at around
60 K (Fig. 1f). Pt(3)-ReOx/SiO2 showed one peak centered at about
01 K (Fig. 1e). The area in the profile of Pt(3)-ReOx/SiO2 corre-
ponded to the reduction of Re species to the valence of 5.2 while
t was assumed to be reduced before heating. Pt(3)-Ir/SiO2 showed
wo peaks at 373 K and 491 K. In the case of Pt(3)-Ir-ReOx/SiO2 cata-
yst, a broad signal appeared and the reduction ended at 490 K. The
eak areas in the profiles of Ir-ReOx/SiO2 and Pt(3)-Ir-ReOx/SiO2

orresponded to the reduction of Re species to the valences of 4.5
nd 3.7, respectively, in addition to the total reduction of Ir from
r4+ while Pt was assumed to be reduced before heating (Table 6).
Fig. 2 shows the XRD patterns of Pt(3)/SiO2, Ir/SiO2,
ReOx/SiO2, Pt(3)-Ir/SiO2, Pt(3)-ReOx/SiO2, Ir-ReOx/SiO2, and Pt(3)-
Ir-ReOx/SiO2 after reduction with 8 MPa  H2 at 473 K for 1 h. In the
cases of monometallic catalysts, Pt(3)/SiO2 displayed the peaks
at 2� = 39.7◦, 46.2◦ and 67.4◦ which were assigned to Pt metal
[60]. Ir/SiO2 showed the peaks at 2� = 41.3◦, 47.3◦ and 69.1◦ which
were assigned to Ir metal [61]. ReOx/SiO2 showed small peaks
at 2� = 37.5◦, 40.5◦ and 42.9◦ which were assigned to Re metal
[62]. It should be noted that most Re species were in the oxi-
dized state based on the TPR results and XANES results shown
below. In the cases of bimetallic catalysts, Pt(3)-ReOx/SiO2 showed
the pattern which was similar to Pt(3)/SiO2 but the peak of metal
(1 1 1) was shifted to higher angle indicating the formation of Pt-
Re alloy. Pt(3)-Ir/SiO2 exhibited three tailing peaks and the main
peak was  shift to higher angle reflecting the formation of Pt-Ir
alloy. Ir-ReOx/SiO2 showed the pattern whose peak positions were
almost the same as those of Ir/SiO2 while the peaks were broad-
ened by the addition of Re, as reported earlier [41]. In the case
of Pt-added Ir-ReOx/SiO2 catalysts, the XRD patterns of Pt(3)-Ir-
ReOx/SiO2 became broader compared to Pt(3)-Ir/SiO2 and the peak
of metal (1 1 1) plane (around 40.2◦) was between Pt metal and Ir
metal, suggesting the formation of Pt-Ir alloy phase. However, the
overlap of two different monometallic phases cannot be ruled out.
According to the previous reports, the alloying of Ir with Pd and
Rh was  verified by XRD, TEM, EXAFS and so on [58,63]. Accord-
ing to Scherrer equation [49], the average particle size of Pt metal
particle at Pt(3)/SiO2 was 25.9 nm while the average metal parti-
cle size of Pt-Ir alloy was about 3.1 nm,  although this value might
be underestimated because of the heterogeneity of alloy compo-
sitions. Fig. 3 shows the TEM images of reduced Pt(3)/SiO2 and
2
while the average size of Pt(3)-Ir-ReOx/SiO2 was  3.8 nm.  The val-
ues were similar to those calculated by XRD. The higher dispersion
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Fig. 4. Ir L3-edge XANES spectra of Pt(3)-Ir-ReOx/SiO2. (a) Ir powder, (b) Pt(3)-Ir-
ReOx/SiO2 after reduction, (c) IrO2.

ried out using Ir L -edge, Re L -edge and Pt L -edge EXAFS and the
ig. 2. XRD patterns of various catalysts: (a) Pt(3)/SiO2, (b) Ir/SiO2, (c) ReOx/SiO2,
d)  Pt(3)-Ir/SiO2, (e) Pt(3)-ReOx/SiO2, (f) Ir-ReOx/SiO2 and (g) Pt(3)-Ir-ReOx/SiO2.

t Pt(3)-Ir-ReOx/SiO2 catalyst was also proved by the CO
dsorption of Pt(3)/SiO2, Ir-ReOx/SiO2 and Pt(3)-Ir-ReOx/SiO2
atalysts. The adsorption amount of CO on Pt(3)/SiO2 was
.002 mmol  gcat

−1 (CO/Pt = 1.3%) while the adsorption amount
f CO on Pt(3)-Ir-ReOx/SiO2 catalyst was 0.083 mmol  gcat

−1

CO/(Pt + Ir) = 23%). The amount of CO adsorption on Ir-ReOx/SiO2
as 0.037 mmol  gcat

−1 (CO/Ir = 18%). The CO/(Pt + Ir) value was
igher than the CO/Ir of Ir-ReOx/SiO2, while the size of metal
articles of Pt(3)-Ir-ReOx/SiO2 (∼4 nm)  was larger than that of Ir-
eOx/SiO2 (∼2 nm)  where Ir metal particles were partially covered
ith ReOx species [41]. The large CO/(Pt + Ir) value suggests that

he Pt-Ir alloy particles were less covered by ReOx species. There-
ore, surface Pt sites are suggested to be less likely covered with
eOx species than surface Ir site. The large number of surface Pt site
ould be connected to high performance in the APR of sorbitol.

Figs. 4–6 show the Ir L3-, Pt L3-, and Re L3-XANES spectra of Pt(3)-
r-ReOx/SiO2 and reference compounds, and the relation between

hite line area and valence of Re. In the cases of Ir and Pt species
Figs. 4 and 5), the white line features as well as the near-edge
pectra were similar to the spectra of the Ir powder and Pt foil,
espectively, which reflected that Ir and Pt species were in reduced
tate after reduction at 473 K. In the case of Re species, Re was not
educed completely (Fig. 6), which agreed with the TPR results.
he valence of Re species was estimated by examining the white
ine area in the XANES spectra [64–66]. The valence of Re species
n Ir-ReOx/SiO2 was 3.1 while the valence of Re species in Pt(3)-
r-ReOx/SiO2 was 2.5. In concord with TPR results, the valence
f Re in Pt(3)/Ir-ReO /SiO was similar to that of Ir–ReO /SiO .
x 2 x 2
he difference in the valence from the XANES analysis and TPR
an be explained by the difference of pretreatment conditions
etween PH2 = 8 MPa  in water in XANES/EXAFS measurement and

Fig. 3. TEM images of various catalysts: (a) 
Fig. 5. Pt L3-edge XANES spectra of Pt(3)-Ir-ReOx/SiO2. (a) Pt foil, (b) Pt(3)-Ir-
ReOx/SiO2 after reduction, (c) PtO2.

PH2 = 5.05 kPa in N2 flow in TPR. Similar tendency in the valence
difference was  also observed in the cases of Ir-ReOx/SiO2 [41,45]
and Pt-ReOx/SiO2 [64,65], Rh-ReOx/SiO2 [67].

Further characterization of Pt(3)-Ir-ReOx/SiO2 catalyst was  car-

3 3 3

detailed spectra and analyses are shown in Fig. S2. As is known, the
edge energy of Pt and Ir was close, and thereby the spectra of Pt L3-
edge and Ir L3-edge were overlapped. Therefore, curve fitting was

Pt(3)/SiO2 and (b) Pt(3)-Ir-ReOx/SiO2.



S. Liu et al. / Catalysis Today 269 (2016) 122–131 129

Fig. 6. Results of Re L3-edge XANES analysis of Ir-ReOx/SiO2 and Pt(3)-Ir-ReOx/SiO2. (I) Re L3-edge XANES spectra, (II) Relation between white line area and valence of Re. (a)
Re  powder, (b) Pt(3)-Ir-ReOx/SiO2 after reduction, (c) Ir-ReOx/SiO2 after the catalytic use, and (d) ReO2, (e) ReO3 and (f) Re2O7.

Table 7
Conversion of glycerol over different catalysts.

Entry Catalyst Conv., % Selectivity, %

1,2-PrD 1-PrOH 2-PrOH Acetol EG EtOH Methanol Propanoic
acid

Acetic
acid

C3H8 C2H6 CH4 CO2 CO H2

1 Pt(3)-Ir-ReOx/SiO2 34.0 12.2 18.6 1.1 5.7 2.7 8.4 0.0 3.0 1.9 4.5 2.3 0.8 23.0 0.0 7.0
2  Pt(3)/SiO2 + Ir-ReOx/SiO2 7.3 9.6 0.0 0.0 69.4 2.2 0.0 0.0 1.0 0.8 2.5 1.1 0.3 10.7 0.2 13.2
3  Pt(3)/SiO2 2.7 0.0 0.0 0.0 65.7 0.0 14.9 0.0 0.0 0.0 0.3 0.5 0.2 18.1 0.3 29.0
4  Ir/SiO2 0.8 0.0 0.0 0.0 88.6 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 5.2 1.5 52.9
5  ReOx/SiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6  Ir-ReOx/SiO2 5.5 8.7 0.0 0.0 77.1 0.6 0.0 0.0 1.5 0.0 3.2 1.0 0.3 5.0 0.2 11.5
7  Pt(3)-ReOx/SiO2 3.4 0.0 0.0 0.0 70.1 0.0 2.3 0.0 0.0 0.0 3.4 1.5 0.5 21.7 0.4 21.3
8  Pt(3)-Ir/SiO2 7.1 10.8 0.0 4.7 41.0 5.9 5.5 0.0 0.0 0.0 0.6 0.6 0.3 27.3 0.2 28.1

1,2-PrD: 1,2-propanediol, EG: ethylene glycol, PrOH: propanol, EtOH: ethanol.
Reaction Conditions: catalyst 0.1 g, glycerol 2 g, H2O 18 g, 463 K, Ar 2 MPa, 4 h.
Selectivity to hydrogen was  calculated with the formula: (mol of H2)/(moles of glycerol c
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Pt-Ir/SiO2 catalyst, the selectivity to hydrogenolysis products such
as 1,2-propanediol, 1-propanol and alkanes were much higher. This
Fig. 7. A model structure of Pt(3)-Ir-ReOx/SiO2 catalyst.

arried out only for Re L3-edge EXAFS spectra (Table 7). The spectra
an be fitted by Re-O shell and Re-Ir (-Re or Pt). The existence of Re-

 shell shows that Re was not reduced completely after reduction.
he coordination number (CN) of Re-Ir (or -Re or Pt) of Pt(3)-Ir-
eOx/SiO2 was slightly higher than that of Ir-ReOx/SiO2. According
o the previous report, the structure of Ir-ReOx/SiO2 catalyst was
upported Ir metal partially covered with three-dimensional ReOx

lusters [41]. The valence of Re on Pt(3)-Ir-ReOx/SiO2 was  lower
han that on Ir-ReOx/SiO2, and this can increase the size of ReOx

lusters and the CN of Re-metal bond. The incorporation of small
mount of Re metal into Pt-Ir alloy particles is difficult to be
xcluded.

Therefore, based on the above results on the structural analy-
is, Pt(3)-Ir-ReOx/SiO2 catalyst has the structure where Pt-Ir alloy

articles were formed and ReOx species are located on the alloy
articles (Fig. 7).
onverted)/7 × 100.

3.6. Role of catalyst component

To understand the functions of different components of Pt(3)-Ir-
ReOx/SiO2 catalyst, different catalysts were tested for conversion of
glycerol as a model substrate without external hydrogen (Table 7).
In the cases of Ir/SiO2 and ReOx/SiO2 catalysts, almost no glycerol
was converted (Entries 4 and 5). Ir-ReOx/SiO2 showed almost no
APR activity and the main product was acetol which is the dehy-
dration product of glycerol (Entry 6). This agreed with the result
of sorbitol conversion that isosorbide was the main detected prod-
uct over Ir-ReOx/SiO2. In the case of Pt/SiO2 catalyst, the activity
was very low which could be related to the large particle size of
Pt metal (Entry 3). The main reaction pathways are dehydration
and APR. When Pt was added to ReOx/SiO2 and Ir/SiO2 catalysts,
the conversion of glycerol and APR activity was  slightly improved
(Entries 7 and 8). Pt-Ir/SiO2 showed better performance, which
could be related to the smaller size of Pt-Ir alloy as shown by XRD.
The mixture of Pt/SiO2 and Ir-ReOx/SiO2 showed almost the same
conversion of glycerol as Pt-Ir/SiO2 while the selectivity to CO2
was lower compared to that of Pt-Ir/SiO2 catalyst (Entries 2 and 8).
This shows that Pt-Ir alloy plays an important role in the APR reac-
tion. When Pt was added to Ir-ReOx/SiO2, the conversion of glycerol
increased significantly compared to the mixture of Pt/SiO2 and Ir-
ReOx/SiO2, indicating their strong synergetic effect (Entries 1 and
2). Although the CO2 selectivity was a little lower than that over
suggested that Pt-Ir alloy modified with ReOx exhibited high C O
hydrogenolysis performance by using in situ generated hydrogen.



1  Today

I
i
s
p
w
e
r
A

4

t
C
c
h
h
P
i
I
C
m
C
t
o
f
g
w
I
t
c
s

A

S
fi
i
m

A

i
0

R

[

[
[
[
[

[
[

[

[

[

[

[
[

[

[

[

[

[
[
[

[

[

[

[
[

[
[

[

[

[

[
[

[

[

[

[

[

[

[

[
[
[

[

[

[
[

[

[

[

[

30 S. Liu et al. / Catalysis

n addition, no CO was detected over Pt(3)-Ir-ReOx/SiO2 catalyst
ndicating that the catalyst also has high activity in the water-gas
hift reaction. Hensen et al. reported that the overall APR catalytic
erformance strongly correlates with the activity trend for the
ater-gas shift reaction and Pt and Re showed strong synergetic

ffect on the APR of glycerol [68]. This could also explained the
esults that Pt(3)-Ir-ReOx/SiO2 showed the best performance on
PR of glycerol.

. Conclusions

Pt-modified Ir-ReOx/SiO2 catalyst was effective in the produc-
ion of gasoline-ranged products including C5–C6 alkanes and
2–C6 mono-functionalized compounds such as ketones, alcohols,
yclic ethers and carboxylic acids from sorbitol without external
ydrogen. Addition of Ru, Pd and Rh showed small effect. The
ighest yield of gasoline-ranged products reached 42% over the
t(3 wt%)-Ir-ReOx/SiO2 catalyst. The addition of HZSM-5 results
n significant changes in the products’ distribution. When Pt(3)-
r-ReOx/SiO2 combined with HZSM-5, the main products were
5–C6 alkanes. On the other hand, the main products were C2–C6
ono-functionalized compounds without addition of HZSM-5.

haracterizations by TPR, XRD, TEM, XANES, EXAFS, CO adsorp-
ion suggested that Pt(3)-Ir-ReOx/SiO2 catalyst has the structure
f Pt-Ir alloy particles partially covered with ReOx species, and sur-
ace Pt sites are less covered. The large number of Pt surface sites
ives good performance of aqueous phase reforming performance
hich produces hydrogen for hydrogenolysis reaction catalyzed by

r-ReOx. The synergetic effect of Pt, Ir, ReOx species plays an impor-
ant role in the formation of gasoline-ranged products through C O
leavage by utilizing in situ generated hydrogen under Ar atmo-
phere.
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