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a  b  s  t r  a  c  t

Ordered  mesoporous  FeSBA-15-supported  Ru catalysts  are  characterized  by N2 adsorption–desorption
isotherm,  H2-temperature-programmed  reduction,  X-ray  fluorescence,  X-ray  diffraction,  X-ray  photo-
electron spectroscopy,  and transmission  electron  microscopy  analyses.  Results  suggest  the  co-existence
of  Fe  oxide  species  highly  dispersed  in  the frameworks  of SBA-15  and  Ru–Fe  bimetallic  nanoparticles.  The
concentration  of  Fe  species  is  low  and  in  the  form  of  Ru–Fe  alloys  located  on  the  catalyst  surfaces  follow-
ing reduction  pretreatment  in  5% H2–95%  N2 flow  at 623  K for 4 h.  The  as-reduced  Ru/FeSBA-15  catalysts
efficiently  and  selectively  hydrogenolyze  short-chain  carboxylic  acids (e.g.,  acetic acid,  propionic  acid,
butyric  acid,  levulinic  acid,  and  lactic  acid)  to  their  corresponding  alcoholic  chemicals.  Results  indicate
ydrogenolysis
lcoholic chemicals
u–Fe bimetallic catalyst

that  2%  Ru/FeSBA-15  catalyst  with  1.07%  Fe  content  yields  the highest  performance  and  excellent  stabil-
ity,  yielding  92.5%  conversion  of  acetic  acid  and  85.2%  selectivity  to  ethanol  under  optimized  conditions.
The  improved  catalytic  performance  of the  FeSBA-15-supported  Ru  catalyst  is mainly  attributed  to  the
coherent  interactions  between  Fe  and  Ru  species,  as well  as  to the high  dispersion  of  Fe  oxides  in  the
SBA-15  framework.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

The large-scale, efficient utilization of renewable biomass
esources has become a demand for social and industrial develop-
ent to produce chemicals and fuels. Most of biomass conversion

echnologies focus on alcohols, primarily ethanol (EtOH), which is
he cleanest liquid fuel alternative to fossil fuels [1,2]. Alcohols can
urther be converted to alkanes with less energy losses. Carboxylate
latforms can be efficiently used to produce biofuels and biochem-

cals from biomasses [3]. The fermentation of glucose to acetic acid
AcOH) followed by the hydrogenolysis of AcOH to EtOH prevents
he emission of CO2 (Reaction (1)) and achieves a 100% carbon yield
4].

6H12O6 → 3CH3COOH → 3CH3CH2OH + 3H2O (1)

The carbon atoms of carboxylic group exhibit relatively high
xidation states. The removal of oxygen atoms by catalytic hydro-

enation produces alcohol from biomass-derived feedstock [5].
his reaction synthesizes fatty alcohols from their correspond-
ng carboxylic acids and esters [6]. Fatty alcohols are nonionic

∗ Corresponding authors.
E-mail addresses: lmye@xmu.edu.cn (L. Ye), yzyuan@xmu.edu.cn (Y. Yuan).

ttp://dx.doi.org/10.1016/j.cattod.2014.10.044
920-5861/© 2014 Elsevier B.V. All rights reserved.
surfactants that are widely used in lubricants, resins, perfumes,
cosmetics, shampoos, and conditioners [7]. These alcohols have
been explored for potential uses in medicine, health supplements,
and biofuels [8]. Low-cost, high-efficiency hydrogenolysis routes
have been developed to open economically viable pathways from
renewable resource-derived materials as alternatives to fossil-
based chemicals. AcOH can be used to probe the absorption of
carboxylic acid and the corresponding conversion kinetics because
of its molecular simplicity and wide range of commercial applica-
tions.

Ni et al. reported a biocatalytic method to convert a broad range
of carboxylic acids to corresponding primary alcohols with 100%
selectivity in the presence of hydrogen at a lower temperature of
313 K [9]. However, the hydrogenolysis of short-chain carboxylic
acids to alcohol in a vapor-phase, continuous flow system under
mild conditions remains a problem. C C bonds and alcohols can
be hydrogenolyzed and excessively hydrogenated, which result in
cracked products and alkanes, respectively [10–12]. The breakage
of C O bond, hydrogenation of C O bond, and suppression of the
C C bond cleavages in carboxylic acids yield high selectivity toward

the corresponding alcohols. Noble metals (e.g., Pt and Ru-based cat-
alysts) have been intensively explored to hydrogenolyze carboxylic
acids [8,10–18]. The effects of a second metal on the catalysts have
been investigated to improve the activity and selectivity of noble

dx.doi.org/10.1016/j.cattod.2014.10.044
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.10.044&domain=pdf
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atalysts. For example, Jiang et al. reported that the introduction of
u to Ru-based catalysts respectively improved and suppressed the

 O and C C cleavages [19]. Miyake et al. revealed that the addition
f appropriate amounts of Sn to Ru-based catalysts promoted cat-
lytic activity and selectivity during the hydrogenation of fatty acid
ethyl esters to alcohols [20]. Toba et al. reported that Ru–Sn/Al2O3

atalysts demonstrated good yields in the hydrogenolysis of satu-
ated carboxylic acids to their corresponding alcohols; however,
he reported technique required high pressure and temperature
21].

SBA-15-supported Ru–Fe catalysts exhibited significant
mprovements in the catalytic performance for the hydrogenolysis
f AcOH to EtOH compared with the monometallic counterparts
nd those that use SiO2 as the carrier [17]. The Ru–Fe catalysts
ould also actively convert carboxylic acids (e.g., propionic acid,
utyric acid, levulinic acid, and lactic acid) to their corresponding
lcoholic chemicals. Characterization results indicated that a
mall portion of Fe species was alloyed with Ru, whereas FeO1+x
0 < x < 0.5) was dispersed on the catalyst surfaces. As a matter
f fact, iron-containing zeolites and mesoporous materials with
igh specific area, uniform pore size distribution, and large pore
ize can potentially support Ru catalysts. Therefore, in this study,
eSBA-15-supported Ru catalysts were prepared; the structural
nd catalytic properties of these catalysts were analyzed in
onnection to the hydrogenolysis of carboxylic acids.

. Experimental

.1. Catalyst preparation

AcOH, propionic acid, butyric acid, levulinic acid, lactic acid,
,4-dioxane, EtOH, RuCl3·nH2O, and Fe(NO3)3·H2O were pur-
hased from China Pharmaceutical Group Shanghai Chemical
eagent Co., Ltd. (Shanghai, China). Amphiphilic triblock copolymer
EO)20(PO)70(EO)20 and tetraethyl orthosilicate were purchased
rom Sigma–Aldrich. Hydrogen and nitrogen were purchased from
inde Industrial Gases. All the reagents were used as received with-
ut further purification.

Ordered hexagonal mesoporous FeSBA-15 and SBA-15 were
ynthesized as previously described [22,23]. FeSBA-15 sup-
ort was successfully synthesized with different Fe contents.
eSBA-15-supported Ru catalysts were impregnately prepared by
ncorporating a specific amount of RuCl3·nH2O and 1.0 g FeSBA-
5 with different Fe contents in acetone solution. After stirring
or about 6 h, the mixture was evaporated, dried and calcined at
73 K for 4 h; this mixture was labeled as x% Ru/y% FeSBA-15. For
omparative purposes, a Ru–Fe/SBA-15 catalyst was  synthesized
y co-impregnation and labeled as x% Ru–y% Fe/SBA-15-IM, where

 and y represent the weight percentages.

.2. Catalytic test

The hydrogenolysis of AcOH, propionic acid, butyric acid, and
evulinic acid (10 wt% levulinic acid/1,4-dioxane solution) was  per-
ormed in a fixed-bed reactor equipped with a computer-controlled
uto-sampling system. A 0.20 g catalyst was placed into a glass tube
nd pretreated in 5% H2–95% N2 flow at 623 K for 4 h. The tempera-
ure of pure H2 was reduced to the required reaction temperature.
his gas was then fed into the reactor, and the pressure of the reac-
ion system was controlled. The carboxylic acids were pumped
nto the reactor via a Series III digital high-performance liquid

hromatography (HPLC) pump (Scientific Systems, Inc.). The oxy-
enates and gas-phase products (e.g., CH4, CO2, CO, and C2H6) were
espectively detected using a gas chromatograph (GC) equipped
ith a flame ionization detector and KB-Wax capillary column
y 251 (2015) 53–59

(30 m × 0.32 mm × 0.33 �m),  as well as another GC equipped with
a thermal conductivity detector, Gaskuropack 54 column (length,
3 m),  and active carbon column (length, 2 m).  The calibrated area
was normalized to calculate the conversion and product selectivi-
ties.

Lactic acid was hydrogenolyzed in a 50 mL  steel autoclave with a
magnetic stirrer. Subsequently, 10 mL  5% lactic acid aqueous solu-
tion and 0.10 g as-reduced catalyst were placed in the autoclave.
The reactor was  then purged thrice with 1.0 MPa  H2 (99.995%)
and then pressurized to 3.0 MPa; the temperature was increased
to 473 K. After the reaction, the solution was separated from the
catalysts by decantation and analyzed by a HPLC (Shimadzu LC-20)
equipped with a refractive index and UV–Vis detectors. The conver-
sion and selectivity were calculated by normalizing the calibrated
area.

2.3. Catalyst characterizations

Ru and Fe contents on the catalysts were determined by a S8-
TIGER X-ray fluorescence spectrometer (XRF). The samples were
prepared by mixing 0.20 g catalyst and 0.80 g boric acid and com-
pressing into tablets (diameter, 36 mm;  thickness, 2 mm).

Fe leaching was determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES) on a Thermo Elemen-
tal IRIS Intrepid II XSP. The liquid was evaporated to remove the
organic compounds, and was  then treated by aqua regia at 353 K
for 30 min. The resultant solution was  heated up to 363 K to evapo-
rate the solvent. The residue was  diluted with 5% HCl and filtrated
to a 25 mL  volumetric flask before measurement.

UV–Vis light diffuse reflectance spectroscopy (UV–Vis DRS) was
performed on a Cary 5000 UV–Vis–NIR spectrophotometer (wave-
length, 200–800 nm).

N2 adsorption–desorption isotherms were obtained on a
Micromeritics TriStar II 3020 porosimetry analyzer at 77.3 K. The
specific surface area or the average pore diameter and pore size dis-
tribution were calculated based on the Brunauer–Emmett–Teller or
Barrett–Joyner–Halenda method.

H2-temperature-programmed reduction (H2-TPR) profiles were
measured in a Micromeritics AutoChem II 2920 Chemisorption
Analyzer. H2 consumption was  detected by recording mass spec-
trometer signals (m/e = 2).

X-ray diffraction (XRD) patterns were obtained on a Philips PAN-
alytical X’pert PRO diffractometer and Cu K� radiation (operating
voltage, 40 kV; current, 30 mA).

Transmission electron microscopy (TEM) images were gener-
ated using a Tecnai F30 electron microscope at an acceleration
voltage of 300 V. The powder for TEM analysis was  dispersed in
EtOH and deposited into copper grids.

Metal dispersion was calculated according to CO chemisorption,
which was  performed using a Micromeritics ASAP 2020M+C. The
sample was purged with high-purity H2 (purity, 99.999%) at 623 K
for 30 min  and then evacuated for 30 min. CO was introduced after
vacuum cooling to 308 K. The first isotherm (total CO uptake) was
measured. The amount of chemisorbed CO was taken as the differ-
ence between the total and reversibly adsorbed CO.

X-ray photoelectron spectroscopy (XPS) was  carried out on a
PHI QUANTUM 2000 Scanning ESCA Microprobe instrument with
an Al K� radiation source (h� = 1486.6 eV). The binding energy was
calibrated from that of C 1s (284.6 eV).

3. Results and discussion
3.1. Physical properties

Fig. 1 shows the low-angle XRD pattern of mesoporous FeSBA-
15 with various Fe contents. The diffraction peaks at 0.88◦, 1.44◦,
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ig. 1. Low-angle XRD patterns of (a) SBA-15, (b) 0.55% FeSBA-15, (c) 1.07% FeSBA-
5, (d) 1.58% FeSBA-15, and (e) 2% Ru/1.07% FeSBA-15.

nd 1.64◦ are respectively assigned to (1 0 0), (1 1 0), and (2 0 0)
ith p6mm symmetry. This result indicates that FeSBA-15 pos-

esses a highly ordered mesoporous structure. The intensities of
he diffraction peaks are lower than those of SBA-15 are attributed
o the larger radius of ionic Fe3+ and bond length of Fe O than those
f Si4+ and Si O, respectively [24]. UV–Vis DRS measurement was
sed to investigate the structures. Compared with SBA-15, FeSBA-
5 exhibits a single and strong adsorption peak at around 254 nm
Fig. 2) because of the d�–p� charge transfer between Fe and O in
he Fe–O–Si wall [25]. No significant adsorption peak is observed at
20 nm,  demonstrating the absence of iron oligomer or ferric oxide
pecies in FeSBA-15 samples [26]. The UV–Vis DRS of as-reduced
% Ru/1.07% FeSBA-15 catalyst is similar to that of FeSBA-15. The
esults of XRD, TEM, and UV–Vis DRS for mesoporous FeSBA-15 and
s-reduced Ru/FeSBA-15 confirm that the Fe cation is successfully
ncorporated into the silicate wall of SBA-15.
The actual Fe content in FeSBA-15 and the Ru loading
ere detected by XRF measurements. Table 1 implies that the

ctual Ru loadings are slightly lower than the theoretical values.
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ig. 2. UV–Vis spectra of (a) SBA-15, (b) 0.55% FeSBA-15, (c) 1.07% FeSBA-15, (d)
.58% FeSBA-15, and (e) 2% Ru/1.07% FeSBA-15.
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Mesoporous FeSBA-15 samples show a lower surface area
(325 m2/g) than SBA-15 (716 m2/g) owing to the introduction of
Fe species. The pore volume of FeSBA-15 samples increase from
0.77 cm3/g to 1.0 cm3/g because of the successful addition of the
Fe cation into SBA-15. The BET surface area of the Ru/FeSBA-15
catalysts slightly decreases compared with that of the FeSBA-15
support. However, the pore size remains at 11 nm, which is similar
to that of the FeSBA-15 support. The results confirm that the Ru
species are successfully introduced into FeSBA-15 without collaps-
ing the mesoporous structure.

3.2. XRD and TEM analyses

Figs. S1 and S2 show the XRD patterns of as-reduced 2%
Ru/y% FeSBA-15 and x% Ru/1.07% FeSBA-15 catalysts. No appar-
ent diffraction peaks of Ru species are observed. Furthermore, the
mesoporous FeSBA-15 or x% Ru/y% FeSBA-15 catalysts exhibit no
characteristic peaks of the crystalline Fe species. The results from
the XRD patterns indicate that Ru and Fe species are highly dis-
persed on mesoporous FeSBA-15 or SBA-15 supports.

TEM images and particle size distributions are shown in Figs. 3
and S3. The channel structure of 1.07% FeSBA-15 is regular and well-
defined (Fig. 3a). For x% Ru/1.07% FeSBA-15 catalysts, the average
particle size increases from 3.0 nm to 4.0 nm with increasing Ru
loading. The mean particle size of 2% Ru/y% FeSBA-15 catalysts with
different Fe contents remains almost constant at around 3.1 nm
(Fig. S3). The results imply that Ru is well-dispersed on the Fe-
incorporated mesoporous supports.

The particle structure was characterized by HRTEM (Fig. S4).
The representative HRTEM image of the as-reduced 2% Ru/1.07%
FeSBA-15 catalyst indicates that the intervals (0.222 and 0.210 nm)
between two lattice fringes are slightly smaller than the (100) and
(200) lattice spacings of Ru with p63/mmc structure, but larger than
the (110) and (200) lattice spacings of iron with cubic Im3m struc-
ture. Ru-interacting Fe species reduce to Fe0 in the form of Ru–Fe
alloys. Other Fe species exist as Fe–O–Si in the SBA-15 skeleton
based on the UV–Vis DRS characterization (Fig. 2e).

3.3. H2-TPR

In the case of 1.07% FeSBA-15, the two weak peaks at 675 and
853 K are assigned to the reductions of Fe3+ → Fe2+ and Fe2+ → Fe0,
respectively (Fig. 4). The asymmetric peak in the TPR curve of 2%
Ru/SBA-15 reveals the uneven distribution of the nanoparticle size.
Given the introduction of Fe into 2% Ru/SBA-15, the reduction tem-
perature of Ru oxide shifts to high temperatures with broadening
and symmetric peaks. The results from the H2-TPR profiles suggest
that some interactions between Ru and Fe occur. The 2% Ru–1%
Fe/SBA-15-IM catalyst exhibits a highly prominent peak compared
with 2% Ru/1.07% FeSBA-15 because of the existence of Ru and Fe
species and Ru–Fe bimetallic particles. Fig. S5 shows that one peak
at 423 K in the H2-TPR curve of as-calcined 1% Ru/1.07% FeSBA-15 is
caused by the reduction of Ru4+ → Ru0 with highly dispersion of Ru
species. The reduction temperature of Ru oxide increases from 423
to 432 K with increasing Ru amount; this increase is attributed to
the increase in the particle size of x% Ru/1.07% FeSBA-15. The reduc-
tion of Ru oxide in Ru–Fe bimetallic catalysts is different from that
of monometallic Ru/SBA-15. The existence of non-noble metals is
known to have a negative effect on reduction of noble metal oxides
[27].

3.4. XPS analysis
To further characterize the changes in elemental valence on the
catalyst surfaces, XPS measurement was performed on the 1.07%
FeSBA-15 and 2% Ru/1.07% FeSBA-15 catalysts. Fig. 5 shows the
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Table 1
Physical properties of the catalysts.

Catalyst Rua (wt%) SBET (m2/g) Vpore
b (cm3/g) Dpore (nm) Ru particle sizec (nm) DRu

d (%)

SBA-15 – 715.5 0.77 4.5 – –
0.55%  FeSBA-15 0.55 372.5 1.10 10.8 – –
1.07%  FeSBA-15 1.07 329.1 1.02 10.8 – –
1.58%  FeSBA-15 1.58 325.2 0.98 10.3 – –
2%  Ru/SBA-15 1.98 682.7 0.80 5.0 3.0 28.3
2%  Ru–1% Fe/SBA-15-IM 1.95 703.2 0.80 4.9 3.2 25.5
2%  Ru/0.55% FeSBA-15 1.95 280.6 0.91 11.1 3.2 27.6
2%  Ru/1.07% FeSBA-15 1.98 313.9 1.10 11.9 3.4 25.2
2%  Ru/1.58% FeSBA-15 1.93 327.1 1.10 11.6 3.1 27.9
1%  Ru/1.07% FeSBA-15 0.96 316.5 1.05 11.2 3.0 26.3
3%  Ru/1.07% FeSBA-15 2.94 304.0 1.05 12.0 4.0 24.4

a Metal loading was  determined by XRF.
b Obtained from P/P0 = 0.99.
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c The particle size was estimated from the TEM image.
d Ru dispersion was calculated using the chemisorbed CO.

e 2p and Ru 4p XPS data of 1.07% FeSBA-15 and 2% Ru/1.07%
eSBA-15 catalysts before and after reduction. Table S3 shows
he deconvolution results. The peak at around 711.1 eV for as-
alcined or as-reduced 1.07% FeSBA-15 is attributed to Fe3+ (2p3/2),
hich demonstrates the presence of Fe3+ species. The Fe oxides
n 1.07% FeSBA-15 is nearly not reduced under the correspond-
ng conditions. The similarity of the spectra of as-calcined 2%
u/1.07% FeSBA-15 and 1.07% FeSBA-15 indicates the existence of

Fig. 3. TEM images and particle size distributions of (a) 1.07% FeSBA-15, (b) 2%
Fe3+ species. However, the peak at 707 eV is assigned to the metal-
lic Fe [28–31]. This result confirms that partial Fe3+ species are
reduced upon the addition of Ru. This finding supports the results
from UV–Vis DRS and HRTEM that some Fe species interact with Ru
reduce to metallic Fe in alloy forms; the rest of Fe species remains

tetrahedrally coordinated in the FeSBA-15 framework. The marked
binding energy shift from 462.1 to 461.6 eV (Fig. 5c) implies that
RuO2 reduces to metallic Ru under the present conditions.

 Ru/1.07% FeSBA-15, (c) 2% Ru/SBA-15, and (d) 2% Ru–1% Fe/SBA-15-IM.
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of the optimized 2% Ru/1.07% FeSBA-15 catalyst (Table 3). The
eSBA-15, (d) 2% Ru/1.07% FeSBA-15, (e) 2% Ru/1.58% FeSBA-15, and (f) 2% Ru–1%
e/SBA-15-IM.

.5. Hydrogenolysis of carboxylic acids

The catalytic performance for the AcOH hydrogenolysis at 523 K
as determined to analyze the effect of Fe additives on the catalytic

ctivity and product selectivity over the FeSBA-15-supported Ru
atalysts. For the AcOH hydrogenolysis over Ru-based catalysts, the
roducts comprise EtOH, acetaldehyde (AH), ethyl acetate (EtOAc),
cetone, and gases (e.g., methane, ethane, and COx). As shown in
able 2, the monometallic 2% Ru/SBA-15 catalyst exhibits a poor
atalytic activity for AcOH hydrogenolysis with 21.5% AcOH conver-
ion and 84.5% gas selectivity; this result indicates that the catalyst
as a higher activity for the cleavage of C C bonds. The low AcOH
onversion over 1.07% FeSBA-15 shows that monometallic FeSBA-
5 catalyst possesses nearly no catalytic activity to hydrogenolyze
cOH under the current conditions. However, the Ru–Fe bimetallic
atalysts distinctly behave during the AcOH hydrogenolysis. Given
he introduction of a small amount of Fe (0.55% content) into 2%
u/SBA-15, the AcOH conversion reaches 79.9% with 78.2% EtOH
electivity. The 2% Ru/1.07% FeSBA-15 catalyst exhibits the highest
atalytic activities of 92.5% AcOH conversion and 85.2% EtOH selec-
ivity when the Fe content increases to 1.07%. Nevertheless, the
cOH conversion and EtOH selectivity reduces if the Fe content in
BA-15 further increases. Hence, the catalytic performance of AcOH
ydrogenolysis over Ru-based catalysts possesses a volcano-like
endency with increasing Fe content. The respective AcOH con-
ersion and EtOH selectivity reduce to 73.1% and 74.8% when the
atalyst 2% Ru–1% Fe/SBA-15-IM is prepared by using SBA-15 as the
upport and co-impregnation methods with similar components
o 2% Ru/1.07% FeSBA-15; however, the gas selectivity increases to
9.1%.

Subsequently, 1.07% FeSBA-15 was selected as the support to
repare the Ru–Fe bimetallic catalysts with various Ru contents (x%
u/1.07% FeSBA-15); the effects of the Ru contents on the bimetallic
atalysts were analyzed. AcOH conversion increases from 50.9% to
early 100% and the EtOH selectivity decreases with increasing Ru
ontent from 1% to 3%; a high amount of gas-phase products is also
btained.

The turnover frequency (TOF) of several catalysts at 523 K is also
ncorporated in Table 2. The TOF of Ru–Fe bimetallic catalyst is

igher than that of monometallic 2% Ru/SBA-15 and goes through

 volcano-like trend as a function of Fe content. The maximum TOF
f 468.0 h−1 is obtained with the 2% Ru/1.07% FeSBA-15 catalyst.
Fig. 5. Fe 2p and Ru 4p XPS of 1.07% FeSBA-15 and 2% Ru/1.07% FeSBA-15 catalysts
before and after reduction. (a) Fe 2p spectra of 1.07% FeSBA-15. (b) Fe 2p spectra of
2%  Ru/1.07% FeSBA-15 catalyst. (c) Ru 4p spectra of 2% Ru/1.07% FeSBA-15 catalyst.

Further, the TOF of x% Ru/1.07% FeSBA-15 catalysts decreases with
increasing Ru content (Table S2). This reduction is attributed to the
poor dispersion of Ru nanoparticles with increasing Ru content.
In brief, the 2% Ru/1.07% FeSBA-15 catalyst exhibits the maximum
EtOH yield. The results of the catalytic performances of the FeSBA-
15-supported, Ru-based catalysts and other catalysts indicate that
the addition of Fe positively affects the AcOH hydrogenolysis to
EtOH. We  previously demonstrated that some Fe species that were
dispersed on the bimetallic catalysts could function as adsorption
sites for AcOH [17].

The hydrogenolysis of propionic acid, butyric acid, levulinic
acid, and lactic acid were performed to determine the performance
hydrogenolysis of propionic acid yields a 86.3% conversion and
88.5% propanol selectivity under the conditions to that of AcOH.
The butanol selectivity is 87.4% when butyric acid is used as the



58 W.  Li et al. / Catalysis Today 251 (2015) 53–59

Table 2
Catalytic performance for AcOH hydrogenolysis.

Catalysta Conversion (%) Selectivity (%) TOFc (h−1)

EtOH EtOAc AH Acetone Gasb

2% Ru/SBA-15 21.5 5.7 6.3 3.4 0.1 84.5 96.9
2%  Ru/0.55% FeSBA-15 79.7 78.2 3.6 0.9 0 17.3 373.9
2%  Ru/1.07% FeSBA-15 92.5 85.2 2.6 0.9 0 12.3 468.0
2%  Ru/1.58% FeSBA-15 85.6 79.7 0.2 0.5 0 19.6 401.3
2%  Ru–1% Fe/SBA-15-IM 73.1 74.8 5.3 0.8 0 19.1 371.1
1.07%  FeSBA-15 1.6 24.8 15.6 26.3 17.8 15.4 –
1%  Ru/1.07% FeSBA-15 50.9 86.6 3.1 0.6 0 9.7 508.9
3%  Ru/1.07% FeSBA-15 100 52.5 0.1 1.2 0.1 46.1 351.9

a Reaction conditions: catalyst weight = 0.20 g, T = 523 K, P(H2) = 3.0 MPa, H2/AcOH = 80, LHSV = 1.5 h−1.
b Mainly contains methane, ethane, and COx .
c The TOF value was  calculated based on Ru dispersion.

Table 3
Hydrogenolysis of several acids using 2% Ru/1.07% FeSBA-15 catalyst.

Substrate Temperature (K) Pressure (MPa) Conversion (%) Selectivity (%)

Acetic acida 533 3.0 95.7 84.9 (ethanol)
Propionic acida 533 3.0 86.3 88.5 (propanol)
Butyric acida 533 3.0 90.6 87.4 (butanol)
Levulinic acida 523 0.75 87.3 83.3 (GVL)
Levulinic acida 523 3.0 93.2 71.8 (MTHF)
Lactic acidb 473 3.0 76.1 64.5(1,2-PDO)

he pure substrate and reaction were conducted in a stainless tubular fixed-bed reactor.
ion was poured into a 50 mL steel autoclave.
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ubstrate. Theoretically, the steric effect increases with the growth
f carbon chain. Acetic acid can interact with the active site more
eadily than propionic acid, bringing about the result that its con-
ersion is slightly higher than that of propionic acid. However,
n our experiments, the slightly differences of catalytic perform-
nces between propionic acid and butyric acid may  be mainly
ttributed to the experimental error. The hydrogenolysis of lac-
ic acid in aqueous solution obtains a 76.1% conversion and 64.5%
,2-propanediol (1,2-PDO) selectivity; the by-products 1-propanol,
-propanol, and 1,3-propandiol are obtained because of further
ydrogenolysis and isomerization. When 2% Ru/1.07% FeSBA-15

s used to hydrogenolyze levulinic acid, 87.3% of this acid is con-
erted to �-valerolactone (GVL) with a selectivity of 83.3% under
2 pressure of 0.75 MPa. GVL is ascribed to the hydrogenolysis of a
arbonyl group and the subsequent esterification with a carboxylic
roup. When the H2 pressure increases to 3.0 MPa, the conversion
f levulinic acid slightly increases to 93.2% with 71.8% selectiv-
ty to methyltetrahydrofuran (MTHF), which is a product of the
ntramolecular cyclization of 2,5-pentandiol. These results indicate
hat the 2% Ru/1.07% FeSBA-15 catalyst can hydrogenolyze various
arboxylic acids to their corresponding alcoholic chemicals.

.6. Catalyst stability

Fig. 6 shows the long-term catalytic performances of 2%
u/1.07% FeSBA-15 and 2% Ru–1% Fe/SBA-15-IM. The catalyst 2%
u–1% Fe/SBA-15-IM gradually deactivates after 50 h. The ICP-AES
esults reveal that some Fe species are leached because of the corro-
ion of AcOH during the reaction. However, 2% Ru/1.07% FeSBA-15
ields an AcOH conversion of 89% with about 85% EtOH selectiv-
ty for over 330 h under the same conditions. After the reaction,
egligible aggregation of Ru nanoparticles and leaching of Fe con-
ent occur according to the results of XRD (Fig. S6) and ICP-AES,
espectively.
The 2% Ru–1% Fe/SBA-15-IM catalyst was prepared by co-
mpregnation method. Some of the Fe species did not interacted

ith Ru to form Ru–Fe alloys on the catalyst surfaces. When
he acetic acid is introduced, the isolated FeOx species can be
Fig. 6. Catalytic performances of (A) 2% Ru–1% Fe/SBA-15-IM and (B) 2% Ru/1.07%
FeSBA-15 at a temperature of 523 K, pressure of 3.0 MPa, LHSV of 1.5 h−1, and
H2/AcOH of 80.

gradually eroded during the reaction process. In the case of 2%
Ru/1.07% FeSBA-15, however, small portion of Fe strongly interacts
with Ru by forming Ru–Fe alloys, and the rest of Fe oxide species still
exist in the form of Fe–O–Si in the FeSBA-15 framework. In other
words, the Fe species in 2% Ru/1.07% FeSBA-15 catalyst are much
more robust than those in 2% Ru–1% Fe/SBA-15-IM counterpart.

3.7. Structure–performance correlation

The comparison of monometallic Ru/SBA-15 and bimetallic
Ru–Fe catalysts for the hydrogenolysis of carboxylic acids reveals
that the performance is improved upon the introduction of Fe. Fe
oxide species are crucial for the stabilization of Ru–Fe bimetal-

lic nanoparticles and activation of AcOH molecule during the
hydrogenolysis [17]. The ordered mesoporous FeSBA-15-supported
Ru catalysts efficiently hydrogenolyze short-chain carboxylic acids
(e.g., AcOH, propionic acid, butyric acid, levulinic acid, and lactic
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cid) to their corresponding alcoholic chemicals. The 2% Ru/1.07%
eSBA-15 catalyst yields the highest catalytic activity and EtOH
electivity. Meanwhile, 2% Ru–1% Fe/SBA-15-IM exhibits low AcOH
onversion and EtOH selectivity, but gives high selectivity to gas-
hase by-products. The x% Ru/1.07% FeSBA-15 catalysts with high
u content display high AcOH conversion and selectivities to gas-
hase by-products.

Combining with the results of spectroscopic study, we consider
hat the Fe species in the framework of SBA-15 may  have two  func-
ions. Small portion of Fe strongly interacts with Ru by forming
u–Fe alloys, which may  adjust the ability of activating hydrogen
olecule, resulting in a tremendous enhancement in selectivity to

lcoholic product due to the C O bond cleavage. The rest of Fe oxide
pecies are still highly dispersed in the frameworks of SBA-15, pro-
iding the adsorption sites for acidic substrates and thus promoting
he reaction. When calculating the TOF values of the catalysts with
ifferent Fe contents, we find that only the catalyst with a proper
u/Fe ratio likely 2% Ru/1.07% FeSBA-15 supremely benefits from
he synergistic effect of the Ru–Fe alloy and Fe oxides either at
igher or lower reaction temperatures (Tables 2 and S1).

However, no significant peaks but a very weak and broad band
etween 450 and 600 nm due to the addition of Ru into FeSBA-15
an be observed in the UV–Vis (Fig. 2). The reason may  be due to
he fact that the Ru–Fe alloys form just in the interface instead of
he whole nanoparticle. That is to say, it cannot obtain substan-
ial evidences for the Ru–Fe interactions by UV–Vis measurement.
evertheless, the XPS data in Table S3 show that the Fe species

n FeSBA-15 are barely reduced under the present reduction con-
itions, but in 2% Ru/1.07% FeSBA-15 catalyst, 11.5% of Fe species
re reduced to metallic Fe species. The XPS results provide a strong
vidence for the Ru–Fe interactions.

The correlation between the performance and structure of the
atalysts suggests that the improvement is caused by the coherent
nteractions between Fe and Ru species and the high dispersion of
e oxides in the SBA-15 framework. The results are attributed to
he complicated structure of 2% Ru–1% Fe/SBA-15-IM with Ru–Fe
imetallic particles, isolated Ru species, and Fe-oxides. As for the x%
u/1.07% FeSBA-15 catalysts with higher Ru loadings, the limited
e species come out from the FeSBA-15 framework results in the
u–Fe alloys with excess amount of Ru. As a result, AcOH is exces-
ively hydrogenolyzed and high amount of CH4 is obtained from the
reakage of C C bonds. Therefore, the appropriate composition of
u–Fe active sites and the high dispersion of Fe promoters cause
he high EtOH yield for the 2% Ru/1.07% FeSBA-15 catalyst.

. Conclusion

In this study, FeSBA-15 mesoporous materials with different Fe
ontents are synthesized and used as supports to prepare Ru–Fe
imetallic catalysts. Given the introduction of Ru, a small portion
f Fe reduces and interacts with Ru in the form of Ru–Fe alloys;
he other Fe species remain in the framework of SBA-15 during the
eduction pretreatment. The results of characterization and cat-

lytic performance confirm that the Fe and Ru contents exhibit
mportant functions in the hydrogenolysis of carboxylic acids to
roduce the corresponding alcoholic chemicals. The optimal EtOH
ield (AcOH conversion, 92.5%; EtOH selectivity, 85.2%) is obtained

[

[

y 251 (2015) 53–59 59

for the 2% Ru/1.07% FeSBA-15 catalyst, which is highly stable
because its high activity during AcOH hydrogenolysis is maintained
for over 330 h.
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