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AbstractUsing nitrogen-doped mesoporous carbon (NMC) as the support, several NiRe bimetallic catalysts with
low metal loading of 1 wt% were designed and prepared for the selective deoxygenation of oleic acid to n-heptadecane
in the absence of hydrogen. Results showed that the Ni80Re20/NMC catalyst with a Ni/Re molar ratio of 80 : 20 achieved
the highest yield of n-heptadecane (92.3%) at 330 oC for 2 h in isopropanol solvent, and at a metal/oleic acid weight
ratio of 1 : 333. The catalyst can be reused at least five times with slight activity loss. Combined with the results of in-
situ XRD, HRTEM, XPS and CO2-TPD, the formation of NiRe alloy, the very fine NiRe nanoparticle size at 2.30 nm, as
well as the hydrophobic, mesoporous and weakly basic properties of the NMC support surface were demonstrated to
contribute to the excellent catalytic performance of the catalyst.
Keywords: Oleic Acid, Deoxygenation, Hydrogen Donor, NiRe Bimetallic Catalyst, Nitrogen-doped Mesoporous Carbon

INTRODUCTION

The removal of oxygen from fatty acids to form paraffinic hydro-
carbons has been attracting considerable attention to the conver-
sion of biomass for the direct replacement of traditional petroleum-
derived liquid transportation fuels [1,2]. For saturated fatty acids,
such a deoxygenation process could be easily accomplished through
decarboxylation or decarbonylation reaction with considerably high
yield over kinds of catalysts [3,4]. For unsaturated fatty acids, how-
ever, things become a bit complex due to the existence of C=C
bonds. In this regard, one apparent strategy is a two-step process:
the hydrogenation of unsaturated C=C bonds followed by the deoxy-
genation reaction, which is technically feasible but inevitably deserves
criticism for tedious steps and the consumption of another cleaner
fuel of hydrogen [5,6]. Another more concise and highly concerned
strategy is the direct deoxygenation of unsaturated fatty acids in
absence of hydrogen. Unfortunately, the development of an effi-
cient catalytic system for this process is more challenging than that
for saturated fatty acids.

The main target of the present work was to design an effective
catalytic system for the deoxygenation of oleic acid to n-heptadec-
ane in absence of hydrogen. To reach this goal, three aspects were
considered for designing a catalyst. The primary thing is the selec-
tion of the main active metallic component. Although noble met-
als exhibit excellent performance for deoxygenation of saturated
stearic acid, they fail to deal with deoxygenation of unsaturated oleic

acid. For example, Pd was viewed as one of the most effective met-
als for the deoxygenation of stearic acid, with a yield of n-heptade-
cane exceeding 95% [7,8]. However, given oleic acid as the sub-
strate, the n-heptadecane yield was only 2-26% [8-10]. For Pt/C
catalyst, the highest yield of n-heptadecane from deoxygenation of
oleic acid in absence of hydrogen was achieved at 71% [11], yet a
much lower yield of n-heptadecane (<18%) was also reported in
similar reaction conditions [12]. In contrast, more than 90% of cor-
responding paraffins could be obtained while saturated fatty acids
were used as starting materials over Pt-based catalysts [13]. Similar
to Pt and Pd, most Ni-based catalysts are only active for deoxygen-
ation of saturated stearic acid, or dealing with oleic acid in presence
of hydrogen [3,14], except for the newly developed Cu-Ni catalysts
[15-17], which obtained n-heptadecane yields of 91.3%-92.7% from
the deoxygenation of oleic acid using methanol, water or isopropa-
nol as hydrogen donors. However, one obvious drawback of those
Cu-Ni catalysts is that the metal loading is as high as 30-60 wt%.
Consequently, the initial ratios of oleic acid to metals were only
4.7-7.8 (w/w), indicating a relatively low catalytic efficiency. This is
generally reasonable: compared to Pt and Pd, base metals such as
Fe, Co, Ni or Cu are viewed as less active and a higher metal load-
ing is always necessary to reach the desired activity [3,18,19]. On
the other hand, it is well known that lower metal loading tends to
result in smaller metal nanoparticles, better particle distribution,
and higher metal dispersion, as well as more angle and edge por-
tion of metal atoms which are believed to be more catalytically active
[14,20,21]. We therefore speculate that low Ni loading may be a bet-
ter choice for the deoxygenation of unsaturated fatty acids.

Actually, it is expected that high n-heptadecane yield for the deox-
ygenation of oleic acid could not be obtained over single Ni cata-
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lysts, as none of the reported pure Ni- or Co-based catalysts ob-
tained a n-heptadecane yield exceeding 10% [22,23]. An alterna-
tive strategy is to modify Ni with a second metal to form a bime-
tallic catalyst, which is quite popular in deoxygenation of fatty acids
[22,24]. Herein, we chose Re as the second metal to evaluate the
synergistic effect of NiRe bimetallic catalysts for deoxygenation of
unsaturated fatty acids/oleic acid.

The third consideration for designing the catalyst is the selec-
tion of an ideal support. Since oleic acid and most of the other
unsaturated fatty acids appearing in natural fatty esters have long
carbon chains and therefore are quite hydrophobic, the conven-
tional porous hydrophilic supports, such as SiO2, -Al2O3, CeO2,
zeolite 5A and hydrotalcite, if used as a catalyst support, may bring
diffusion problems due to the polarity discrepancy between sub-
strate and support [25]. Hence, hydrophobic carbon materials, such
as activated carbon (AC) and carbon nanotube, might be better
choices. The newly developed mesoporous carbon (MC) with pore
size distribution mainly between 4-10 nm [26,27] is also a promis-
ing alternative catalyst support for deoxygenation of fatty acids.
Apart from the hydrophobic and mesoporous structure, which is
better accessible to the active sites of the substrates, MC takes the
advantage of being easily modified with heteroatoms or functional
groups to obtain desired physicochemical properties. Modification
of MC with nitrogen is generally viewed as an effective way to im-
prove the size distribution dispersion of the metals supported on
and increase the stability of the catalysts [28,29]. More importantly,
it is expected that the weak basicity of nitrogen heteroatom may
be an active site to selectively adsorb carboxyl groups in fatty acids
to the vicinity of metal nanoparticles supported on the MC surface,
and in the end improve the catalytic performance of the catalyst.
In our previous work, we synthesized nitrogen-doped mesoporous
carbon (NMC) by a dual-templating approach employing tetraethyl
orthosilicate as hard template, Pluronic F127 as soft template, and
melamine-phenol-formaldehyde (MPF) resin as both carbon and
nitrogen precursors. The NMC supported Pt and Ru catalyst exhib-
ited high activity and recyclability in deoxygenation of saturated
fatty acids and other bio-transformation reactions [13,27]. In the
present paper, we report that NMC supported NiRe bimetallic cat-
alyst with low metal loading of 1 wt% is an effective heterogeneous
catalyst for the deoxygenation of oleic acid to n-heptadecane.

EXPERIMENTAL

1. Materials
Ni(NO3)2·6H2O and NH4ReO4 were purchased from Shanghai

Jiuling Chemical Co. Ltd., China. Oleic acid was purchased from
Aladdin Co. Ltd., China. Activated carbon was purchased from
Xinsen Carbon Co, China. Other chemicals were purchased from
Sinopharm Chemical Reagent Co. Ltd., China. All the chemicals
were analytical grade and used without further purification.
2. Catalyst Preparation

The NMC material was prepared following the same method as
our previous work [13]. All the catalysts supported on various sup-
ports such as NMC, AC, SiO2, -Al2O3 and TiO2 were prepared by
incipient wetness impregnation method. For each mono- or bime-
tallic catalyst, the total metal loading was fixed at 1 wt% with respect

to the support, and the molar ratio of the two metals may be altered
for the bimetallic catalysts. In a typical procedure for preparing 1wt%
NiRe/NMC catalyst with a Ni/Re molar ratio of 1 : 1, 0.0594 g of
Ni(NO3)2·6H2O and 0.0548 g of NH4ReO4 were dissolved in ca
5.32 g of double-distilled water and then slowly added to 4.95 g of
NMC support at room temperature. After being impregnated for
24 h, the mixture was vacuum dried at 110 oC for 10 h and finally
reduced at 500 oC in a tubular furnace under hydrogen flow for
4h to obtain the target catalyst, which was denoted as Ni50Re50/NMC
(the subscripts denote that the molar ratio of Ni/Re is 50 : 50).
3. Catalyst Characterization

X-ray powder diffraction (XRD) patterns were recorded with
an XRD-600 diffractometer (Shimadzu Co., Japan) using a Cu K
radiation (=0.15406 nm) in a Bragg-Brentano parafocusing optics
configuration (40 kV, 40 mA). Samples were scanned from 10 to
80o with a scanning rate of 4o min1 and a step size of 0.02o. The crys-
talline phases were identified by reference to the JCPDS database.
The in-situ XRD patterns of the catalyst were recorded under a flow
of H2 (30 ml∙min1) during the stepwise heating of the sample from
25 to 500 oC at the rate of 5 oC∙min1.

Transmission electron microscopy (TEM) and high-angle annu-
lar dark-field scanning TEM (HAADF-STEM) images were obtained
using a TecnaiG2F30 S-Twin instrument (FEI Co., USA) operated
at an accelerating voltage of 300 kV. A probe-corrected transmis-
sion electron microscopy (Titan G2 80-200 ChemiSTEM, FEI) was
applied for deep analysis of the structure of the NiRe alloy. This
instrument incorporates the function of spherical aberration cor-
rector and ChemiSTEM technology. The acceleration voltage was
set to 80 kV to alleviate specimen damage induced by beam radia-
tion. The probe current and convergence angle were set as 70 pA
and 22 mrad, respectively. Under such conditions, the resolution
achieved for HAADF-STEM image is estimated to be 0.08 nm,
which is much more accurate than 0.25 nm of the former TEM
microscope. Samples for both microscopes were prepared by dis-
persing the catalyst powder in ethanol under ultrasound for 15-20
min and then dropping the suspension onto a copper grid coated
with carbon film. Particle size distribution of metal nanoparticles
in the sample was determined from the corresponding STEM image
by measuring the sizes of more than 200 particles.

Brunauer-Emmett-Teller (BET) specific surface areas and pore
structures were measured by pulsed nitrogen adsorption-desorp-
tion method at 196 oC using an ASAP 2010 instrument (Micromer-
itics Instrument Co.). Prior to N2 physisorption, the samples were
degassed under vacuum at 250 oC overnight. The specific surface
area was calculated by using the Brunauer-Emmett-Teller (BET)
method, and the pore size distribution and pore volume were mea-
sured by Barrett-Joyner-Halenda (BJH) analysis from the adsorp-
tion branch of the isotherms.

X-ray photoelectron spectroscopy (XPS) spectra were obtained
using an Escalab Mark II X-ray spectrometer (VG Co., United
Kingdom) equipped with a magnesium anode (Mg K=1,253.6eV),
50 eV pass energy, a 0.2 eV kinetic energy step, and 0.1 s dwelling
time. Energy corrections were performed using a 1s peak of the
pollutant carbon at 284.6 eV. The sample was prepared by press-
ing the catalyst powder onto the surface with silver sol gel.

Ni content was verified by atomic adsorption spectroscopy (AAS)
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method using a Varian AA 240 FS atomic adsorption spectropho-
tometer (AAS; Varian, Inc., USA). Re metal content was deter-
mined by ICP-MS (using a PerkinElmer Elan 9000 ICP Mass
Spectrometer). The samples were first vacuum evaporated to remove
organic solvent and then digested in a microwave digester using
concentrated HNO3 acid prior to AAS or ICP-MS analysis.
4. Reaction Procedure

Deoxygenation reaction of oleic acid was conducted in 1.67 ml
unstirred mini-batch reactors assembled from 3/8-inch stainless
steel Swagelok parts, the same as our previous work [13]. Prior to
being used, the reactor was rinsed with acetone, followed by wash-
ing with water at 300 oC for 30 min to remove any residual materi-
als. In a typical experiment, 15 mg of catalyst together with 50 mg
of oleic acid and 1 ml of solvent was added into the reactor. The
reactor was then sealed and immersed into a sand bath with the
desired temperature to initiate the reaction. After the reaction, the
reactor was taken out from the sand bath, cooled in a water bath
to room temperature immediately, and sampled for GC analysis.
No H2 was added to the reactors in each entry of these reactions.

To minimize the experimental error brought from the change
of the mini-reactors for different batches, each reaction entry was
repeated at least three times, and we reported the data as an aver-
aged value with an error range.

The reaction products were analyzed by using an Agilent 7890 gas
chromatograph equipped with an HP-5 capillary column (30.0 m×
0.32 mm×0.25m) and a flame ionization detector (FID). Naph-
thalene was used as an interior standard for accurate quantifica-
tion of oleic acid, octadecane and n-heptadecane. The correction
factors to naphthalene were detected as 0.98, 1.02 and 1.03, respec-
tively.

Product identification was performed with an Agilent 6890 gas
chromatography system coupled to a mass spectrometer equipped
with an Agilent 5973 quadrupole mass analyzer. The typical GC
and MS diagrams of the components are listed in Fig. S1.

RESULTS AND DISCUSSION

1. Catalyst Characterization
The physicochemical property and morphological structure of

the NiRe/NMC catalysts were characterized. The nitrogen physisorp-
tion properties of NMC and NMC supported mono- and bimetal-
lic catalysts are summarized in Fig. 1. The BET specific surface areas,
pore volumes and pore sizes are in the range of 1,065-1,152 m2·g1,
0.92-1.15 cm3·g1, and 3.77-4.28 nm, respectively. Loading metal(s)
on the NMC only slightly decreases these values.

The conventional XRD pattern for 1 wt% Ni80Re20/NMC cata-
lyst shows only two broad diffraction peaks at 2=23o and 43.5o

(Fig. 2), which are generally recognized as C (002) and C (101) of
MC materials [27,30]. No significant signals attributed to Ni, Re or
NiRe species were observed, indicating that metal particles on
NMC surface were too small to be detected by XRD. We inten-
tionally increased the total metal loading to 5 wt% with the same
Ni/Re molar ratio to check whether the signals of metals were too
low to be discriminated and observed similar diffraction pattern
except for the enhancement of the C (101) peak. However, the
monometallic Ni/NMC catalyst with the same Ni loading of 4 wt%
shows obvious Ni (111), Ni (200) and Ni (220) diffraction peaks
(2=44.5, 51.9 and 76.5o) [22,31]. The results indicate that the addi-

Fig. 1. (a) Nitrogen adsorption-desorption isotherms and (b) BJH pore size distributions of NMC and its supported catalysts with inset spe-
cific surface area (SBET) m2·g1, average pore volume (Vp) cm3·g1 and average pore radius (Dp) nm.

Fig. 2. XRD patterns of Ni and NiRe catalysts. (a) 1 wt% Ni80Re20/
NMC, (b) 5wt% Ni80Re20/NMC and (c) 4wt% Ni/NMC. Prior
to determination, the catalyst was reduced at 500 oC under
hydrogen for 3 h.
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tion of Re totally changed the crystalline of Ni. Since the diffraction
signal of metals in 1 wt% Ni80Re20/NMC is too weak to be recog-
nized, and considering that higher loading of metal mixtures would
not alter the crystal structure but only the nanoparticle size, we
applied in situ XRD patterns for 5 wt% Ni80Re20/NMC precursor
instead of 1 wt% loading catalyst at temperatures ranging from 40
to 500 oC (Fig. 3). It can be seen that only one main strong and
board diffraction peak at 2=43.5o was formed when the tempera-
ture was over 250 oC, which is 1o less than that of Ni (111) (2=
4.5o), indicating the formation of NiRe alloy [32].

The TEM (Fig. 4(a)) and HAADF-STEM (Fig. 4(b)) images of
the 1 wt% Ni80Re20/NMC catalyst show that the metal nanoparticles
are well dispersed with a very fine particle size of 2.30±0.35 nm,
which is in accordance with the broad diffraction peak in the XRD
pattern (Fig. 2). Only a fringe spacing of 0.23 nm (inset in Fig. 4(a))
was observed in the catalyst, which may be ascribed to a Miller

Fig. 3. In-situ XRD patterns for 5 wt% Ni80Re20/NMC at tempera-
tures ranging from 40 to 500 oC.

Fig. 4. (a) TEM and (b) HAADF-STEM images of 1 wt% Ni80-Re20/NMC catalyst with inset the corresponding size distribution of NiRe
nanoparticles.

Fig. 5. (a) High-resolution HAADF-STEM image and (b)-(e) elemental mappings of NiRe nanoparticles on 1 wt% Ni80-Re20/NMC catalyst by
a probe-corrected TEM.
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surface of the newly formed alloy. It is not possible to obtain a sta-
ble elemental mapping of NiRe nanoparticles in such a conven-
tional TEM microscope as we have used [19] due to the very fine
size of the particles. We therefore turned to a more accurate probe-
corrected TEM, which is three times higher in resolution than the
former. As shown in Fig. 5, Ni and Re are homogenously mixed as
an alloy in the particle core while Ni seems richer in the outer shell.
N and O are distributed over the sample. Actually, in the metal parti-
cle range, O matches Re fairy well, indicating the existence of Re
oxides.

The XPS spectra of 1 wt% Ni/NMC, 1 wt% Re/NMC and 1 wt%
Ni80Re20/NMC catalysts were conducted to investigate the element
composition and their electronic states on the catalyst surface. The
Ni 2p spectra are shown in Fig. 6(a), with the expected doublets
for Ni 2p1/2 and 2p3/2. The most intense peak pair at 854.5 and
872.0 eV in Ni80Re20/NMC catalyst is assigned to Ni (+2), occupy-
ing ca 42% of the total Ni element (Table S1). The second peak
pair at 852.1 and 869.6eV in Ni80Re20/NMC catalyst can be assigned
to Ni (0) [33], occupying ca 9% of Ni element. The peak pair at
860.5 and 878.0 eV in the Ni80Re20/NMC catalyst is generally con-
sidered as the satellite peaks of Ni (+2), occupying ca 49% of Ni
element [34], which may be due to the oxidation of Ni during pres-
ervation in air atmosphere, as being frequently reported for other

Fig. 6. XPS of 1 wt% Ni80Re20/NMC, 1 wt% Ni/NMC and 1 wt% Re/NMC catalysts in (a) Ni 2p and (b) Re 4f regions.

Table 1. Deoxygenation of oleic acid over different 1 wt% NiRe bimetallic catalysts
Entry Catalyst Conversion (%) N-heptadecane yield (%) Octadecane yield (%)

01 Re/NMC >99 8.68±0.5 10.7±0.70
02 Ni20Re80/NMC >99 62.4±1.3 21.1±1.10
03 Ni50Re50/NMC >99 79.2±2.4 10.9±0.70
04 Ni80Re20/NMC >99 92.3±2.5 4.85±0.50
05 Ni/NMC 90.5±2.7 20.7±1.0 2.24±0.25
06 NMC 81.8±1.6 <0.1 <0.1
07 Ni50Re50/-Al2O3 60.0±1.8 33.5±1.5 1.19±0.10
08 Ni50Re50/SiO2 93.0±2.8 47.1±1.7 2.95±0.10
09 Ni50Re50/TiO2 >99 36.7±1.5 0.50±0.10
10 Ni50Re50/AC >99 60.4±1.5 6.42±0.30

Reaction conditions: oleic acid, 50 mg; isopropanol, 1 ml; catalyst, 15 mg; reaction temperature, 330 oC; reaction time, 2 h.

Ni and Ni alloyed catalysts [31,35]. In general, Re exhibits a mix-
ture of 0, +2, +3, +4, +6 and +7 valences when alloyed with Pd, Pt,
Ir and Sn elements [36-40]. As shown in Fig. 6(b), binding energy
in the range of 39-51 eV belongs to Re 4f region, which is decon-
voluted into doublet peaks for 4f5/2 and 4f7/2 orbits, implying the
presence of metallic Re (4f5/2=42.7 eV, 4f7/2=40.3 eV), Re2O3 (4f5/2=
43.7 eV, 4f7/2=41.3 eV), and ReO3 (4f5/2=47.6 eV, 4f7/2=45.1 eV)
[36,40-43] with the approximate atomic ratio of 26 : 18 : 56 in the
Ni80Re20/NMC catalyst (Table S1). Compared to their monometal-
lic counterparts, the binding energies of Ni species shift to higher
values by ca 0.3 eV, while the binding energies of Re species de-
crease to lower values by ca 0.3eV, indicating that strong interactions
may exist between Ni and Re species through the formation of the
alloy. In addition, the content of the metallic Re in the Ni80Re20/
NMC catalyst increases by 14% (Table S1), and the higher valence
of Re (+4) disappears compared to that in Re/NMC, indicating
that the coexistence of nickel is conducive to the formation of
metallic Re, which is in agreement with other reports [37,38].
2. Activity Test

The deoxygenation of oleic acid was conducted over 1 wt% NiRe
bimetallic catalysts with various Ni/Re ratios. Isopropanol was used
as both solvent and hydrogen donor. Two main products, n-hep-
tadecane and octadecane, were concerned in our research. To our
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great excitement, the NiRe/NMC catalysts we designed in this
work exhibited excellent performance for the deoxygenation of
oleic acid to n-heptadecane. As shown in Table 1, NiRe/NMC bime-
tallic catalysts with Ni/Re molar ratios of 20 : 80, 50 : 50 and 80 : 20
(entries 2-4) showed obviously higher activity and selectivity to n-
heptadecane than Re/NMC (entry 1) and Ni/NMC (entry 5) mono-
metallic catalysts and bare NMC support (entry 6), indicating that
there was a positive synergistic effect between Ni and Re on the
deoxygenation reaction. Moreover, n-heptadecane yield increased
with the increase in Ni/Re ratio and reached a maximum 92.3% at
80 : 20 of Ni/Re ratio (entry 4) under the pre-optimized reaction
conditions: 330 oC of reaction temperature, 2 h of reaction time,
and 1 : 333 of the metal/oleic acid weight ratio (Fig. S2). Consider-
able amounts of octadecane, another vital component of liquid
fuels, were also observed. Thus, the maximum overall yield of n-
heptadecane and octadecane reached 97.1% (entry 4). To the best
of our knowledge, this is by far the highest yield of hydrocarbons
from unsaturated fatty acids through deoxygenation in absence of
hydrogen that has been ever reported. Since pure Re catalyst (entry
1) and bimetallic NiRe catalyst with higher content of Re tended
to yield more octadecane, we deduce that Re prefers the production
of octadecane, while Ni prefers the production of n-heptadecane.

To show the advantage of our NMC support, we also checked
the performance of four other commercially available supports, i.e.,
-Al2O3, SiO2, TiO2 and AC supported NiRe catalysts (50 : 50 of
Ni/Re molar ratio) for comparison (entries 7-10). As expected, all the
three hydrophilic carriers supported NiRe catalysts, i.e., Ni50Re50/
-Al2O3, Ni50Re50/SiO2 and Ni50Re50/TiO2, exhibited poor selectiv-
ity to either n-heptadecane or octadecane (less than 50%, entries
7-9), although 90-99% high conversions of oleic acid could also be
obtained over SiO2 and TiO2 supported NiRe catalysts. The prod-
uct analysis spectra were quite complex with around 30-50% of
the products falling in the C8-C18 range (Fig. S1), which seems more
like pyrolysis than deoxygenation of oleic acid [44], indicating that
the deoxygenation activity of NiRe catalyst was greatly suppressed
due to the unavailability of hydrophobic oleic acid to the metal cites
on the hydrophilic oxides surface. In contrast, over hydrophobic
AC supported NiRe catalyst, the n-heptadecane yield of 60.4%
(entry 10) is obviously higher than those of the oxide supports, but
lower than that of NMC supported NiRe catalyst. Besides, proper
solvent might also improve the yield of deoxygenation products by
inhibiting such pyrolysis-like reaction of oleic acid (Table S3).

We further investigated the recyclability of the Ni80Re20/NMC

Fig. 7. Recyclability of Ni80Re20/NMC catalyst for deoxygenation of
oleic acid. Reaction conditions: oleic acid, 50 mg; isopropa-
nol, 1 ml; Ni80Re20/NMC catalyst, 15 mg; reaction tempera-
ture, 330 oC; reaction time, 2 h.

Table 2. Deoxygenation of oleic acid over Ni80Re20/NMC catalyst in presence of different dual solvents and hydrogen donors
Entry Hydrogen donor redH0 (kJ·mol1)a Conversion (%) N-heptadecane yield (%) Octadecane yield (%)

11 Formic acid 031.5 >99 28.25±0.40 49.5±1.50
12 Isopropanol 069.9 >99 92.3±2.5 4.85±0.50
13 Ethanol 085.4 >99 31.8±1.4 6.56±0.30
14 Methanol 130.6 >99 35.0±0.7 6.40±0.30
15 H2O 239.2 61±3 27.9±0.9 0.30±0.10
16 tert-Butanol - >99 001.2±0.05 0.10±0.05

Reaction conditions: oleic acid, 50 mg; solvent, 1 ml; Ni80Re20/NMC catalyst, 15 mg; reaction temperature, 330 oC; reaction time, 2 h.
aPlease also see Table S2 for better understanding on the reduction potential.

catalyst for the deoxygenation of oleic acid to n-heptadecane. After
reaction, the Ni80Re20/NMC catalyst was centrifuged, washed with
isopropanol, and returned to the reactor for reuse. It can be seen
from Fig. 7 that the catalyst could be reused at least five times with
a slight decrease by ca 1.5% of oleic acid conversion and ca 4% of
n-heptadecane yield at each run. Note that the weight loss of the
catalyst during transferring contributed considerably to its activity
loss due to its very small amount in the reaction (only 15 mg).
Since metallic Ni as a catalyst is not recommended for acid sub-
strate as it faces the risk of being oxidized to Ni (+2) [18], we fur-
ther checked the Ni leaching during the reactions by determining
the Ni concentrations in the reaction solutions through AAS. Besides,
the Re concentrations in each cycle’s reaction solution were also
determined (Fig. 7). It can be seen that the Ni and Re concentra-
tions in bulk solutions were around 35g·l1 and 8g·l1 during
the five recycles, respectively, corresponding to 0.24% of Ni and
0.18% of Re in bulk catalyst, respectively, indicating that the for-
mation of NiRe alloy would improve the stability of the Ni-based
catalyst.

Hydrogen, either molecular state or atomic state, should be essen-
tial to saturate C=C bond in oleic acid to obtain n-heptadecane,
octadecane and other saturated hydrocarbons. In addition to iso-
propanol, we evaluated formic acid, water, methanol, ethanol, and
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tert-butanol as atomic hydrogen donors for deoxygenation of oleic
acid. As shown in Table 2, when using ethanol as a hydrogen donor,
31.8% of n-heptadecane yield obtained (entry 13), which is only
one-third of that achieved in the case of isopropanol. When using
the rest of the hydrogen donors tested in this work, the yield of n-
heptadecane or octadecane was lower. For better understanding
the hydrogen supplying ability of these hydrogen donors, a param-
eter of reduction potential redH0 [45,46] was introduced (Table
2 and Table S2), which is defined as the difference in enthalpy of
formation between a reductant and its corresponding oxidation
state after delivery of two hydrogen atoms. A lower value of redH0

corresponds to higher ability for delivering hydrogen atoms, and
correlates well with hydrogen donors for obtaining higher yields of
both n-heptadecane and octadecane. The only exception is for-
mic acid, in which an unusual high octadecane yield of 49.5% was
obtained (entry 11). This may be ascribed to the very strong reduc-
tion potential of formic acid that changed the deoxygenation path-
way to the direct reduction of carboxyl group pathway [47]. tert-
Butanol has no active hydrogen (no corresponding aldehyde/ketone
as oxidation state), so it cannot be used as a hydrogen donor, and
very low yields of n-heptadecane and octadecane were obtained
(entry 16).
3. Discussion

Table 3 compares the catalysts which have been employed spe-
cifically for the deoxygenation of oleic acid in the absence of hy-
drogen. Among all these catalysts, our Ni80Re20/NMC catalyst with
1 wt% metal loading achieved the highest yield of n-heptadecane
(92.3%), which is far higher than those catalyzed Pt, PtRe and PtSn
noble metals/alloys (entries 18, 19, and 22) and comparable to the
NiCu bimetallic catalysts (entries 24-26). The initial weight ratio of
oleic acid to the total metal in our case is 333, which is much higher
than that in most cases and comparable with the 5 wt% Pt/C (409,
entry 18) and Pt-Re/C (769, entry 19) cases, showing the high effi-
ciency of our catalyst. We have not yet evaluated our catalyst in
the presence of hydrogen in this stage. Actually, according to the
work from Yang et al. [25], who compared their Pt/zeolite 5A cat-
alyst with other published catalysts for the deoxygenation of oleic
acid in the presence of hydrogen, the highest yield of n-heptadec-
ane was 72.6-81.5% (entry 23), which is also lower than the yield
of 92.3% achieved by our Ni80Re20/NMC catalyst.

We believe that three factors may contribute to the excellent cat-
alytic performance. First, the formation of NiRe alloy, which has
been proven by the XRD, TEM and XPS results, would have a syn-
ergistic effect on the deoxygenation reaction, as it is believed that
the addition of a second metal will form heteroatom bonds that
change the electronic environment of the metal surface, and change
the micro geometry of the metal lattice [50, 51]. In the NiRe alloy,
Re is in the form of Re and ReOx (Re2O3, ReO3 and other Re oxides).
Due to the high electronegativity of oxygen, Re is highly electron
deficient, which will accept partial free electrons from metallic Ni
in the alloy. As a result, the alloyed Ni catalyst is much more sta-
ble and shows higher recyclability. Moreover, the polar Re-O bond
may also selectively attract hydroxyl group in oleic acid through
hydrogen bond or static interactions, and therefore improve the
deoxygenation reaction. A similar viewpoint has also been proved
by recent quantum chemistry calculations and modern physical
characterizations [52].

Second, the low metal loading of the Ni80Re20/NMC catalyst is
beneficial to obtain high activity. In our work, the total loading of
Ni and Re in our catalyst is only 1 wt%, which is much lower than
Ni loadings in other ever reported Ni catalysts [4,18,22]. At such
low loading of Ni and Re, the size of NiRe particles is only around
2 nm from TEM observation (Fig. 4), which is far smaller than the
sizes in Ni-based catalysts having metal loadings more than 10
wt% (For example, 8-13 nm in our former NiFe alloy at 20 wt%
loading on AC [18]). It is well known that lower metal loading
and smaller metal nanoparticles always lead to more homoge-
neous particle distribution and higher metal dispersion because
more metal atoms are exposed on the surface, and also lead to more
angle and edge portion of metal atoms, which are believed to be
more catalytically active [20,21]. On the other hand, the aggregation
of the Ni nanoparticles was greatly inhibited due to the formation
of NiRe alloy. As a consequence, the prepared NiRe catalyst is both
active and stable. When Ni was used as a catalyst, people preferred
a higher loading of Ni. This is probably because Ni is not as highly
catalytically active as those noble metals. Besides, it is generally
known that Ni is much easier to be oxidized than noble metals
during preservation in air, and in turn it also needs a higher reduc-
tion temperature to reach metallic state than noble metals [52].
The oxidized Ni covering the metallic Ni further decreases the expo-

Table 3. Comparison of the conversion of oleic acid to n-heptadecane over different catalysts
Entry Catalyst Hydrogen donor Oleic acid/Metal (w/w) Conversion (%) N-heptadecane yield (%) Ref

17 Activated carbon Water - 80±4 6±1 [48]
18 5 wt% Pt/C None 409 99.0 71.0 [11]
19 Pt-Re/C Glycerol 769 92 37 [47]
20 30 wt% Ni/C None 5.6 100 55.6 [49]
21 NiWC/Al-SBA-15 Water 44 30.7 0.72 [22]
22 Pt3Sn/C Water 113 100 60.0 [5]
23 Pt/zeolite 5A Hydrogen 100 98.7 72.6±2 [25]
24 60 wt% CuNi/Al2O3 Methanol+water 5.6 100 92.7 [16]
25 30 wt% Cu0.65Ni0.35/ZrO2 Methanol 11.1 100 92.5 [17]
26 50 wt% Ni0.5Cu0.5/CoOx Isopropanol 4.7 99 91.3 [15]
27 1 wt%Ni80Re20/NMC Isopropanol 333 >99 92.3±2.5 This work
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sure of metallic Ni, leading to deactivation of the catalyst. This may
be another important reason for the use of higher Ni loading in
the traditional Ni-based catalysts. Bearing in mind the easier oxi-
dation of Ni, we intentionally conducted each step for adding catalyst
and other reactants to reactors in a glove box purged with nitrogen.
Actually, in a control experiment the Ni80Re20/NMC catalyst was
exposed to air overnight prior to use; the selectivity to n-heptadec-
ane greatly decreased to 60% at the first run (data entry not shown).

Finally, the hydrophobic, mesoporous and weakly basic proper-
ties of the NMC support surface will promote the approaching of
carboxyl group to the vicinity of metal active sites and accelerate
the deoxygenation reaction in the end. As proved in our experiment,
NMC support was more favorable to the deoxygenation of oleic
acid than both hydrophilic supports and AC. Although AC is always
criticized by the large portion of micropores, which brings diffu-
sion problems to the substrates, its hydrophobic property is benefi-
cial to the adsorption of hydrophobic carbon chain in oleic acid to
the vicinity of metals, and in the end achieves satisfactory n-hepta-
decane yield. Compared with AC, NMC has larger portion of meso-
pores, which is beneficial to the mass transfer of reactants inside
the catalyst. As a result, the NiRe catalysts exhibited the perfor-
mance in the order of NiRe/NMC>NiRe/AC>NiRe/hydrophilic
oxides. More importantly, similar to the interaction between Re-O
bond and hydroxyl group, we believe that the weak basicity of
nitrogen in NMC, demonstrated by the CO2-TPD profiles of as-
prepared NMC and commercial activated carbon (Fig. S3), which
may selectively adsorb carboxyl group through hydrogen bond, also
contributes to the higher catalytic performance of the catalyst.

CONCLUSIONS

We have designed NMC supported low-loaded NiRe bimetallic
catalysts for the selective deoxygenation of oleic acid to n-heptade-
cane. Results show that the 1 wt% Ni80Re20/NMC catalyst achieved
the highest yield of n-heptadecane (92.3%) at 330 oC within 2 h in
isopropanol solvent, and at metal/oleic acid weight ratio of 1 : 333.
In-situ XRD, HRTEM and XPS characterization showed that Ni
alloyed with Re with a very fine nanoparticle size of 2.30±0.35 nm.
The excellent catalytic performance of the NiRe bimetallic catalyst
is mainly ascribed to the following three factors. First, the forma-
tion of NiRe alloy in the NiRe bimetallic catalyst, which changes the
micro geometry of the metal lattice and forms heteroatom bonds
that change the electronic environment of the metal surface. Sec-
ond, the low metal loading resulted in very small NiRe particles in
the catalyst, which is beneficial to obtaining a more homogeneous
particle distribution and higher metal dispersion because more
metal atoms are exposed on the catalyst surface, and also leads to
more angle and edge portion of metal atoms, which are believed to
be more catalytically active. Finally, the hydrophobic, mesoporous
and weakly basic properties of the NMC support surface will pro-
mote the approaching of carboxyl group to the vicinity of metal
active sites and accelerate the deoxygenation reaction in the end.
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Table S1. Surface element scanning of Ni/NMC, Re/NMC and Ni80Re20/NMC catalysts by XPS
Catalyst Elemental species Binding energy (eV) Content

Ni80Re20/NMC

Ni(0) 2p3/2 852.1 09%
Ni(+2) 2p3/2 854.5 42%
Ni(+2) 2p3/2 shakeup 860.5 49%
Ni(0) 2p1/2 869.6
Ni(+2) 2p1/2 872.0
Ni(+2) 2p1/2 shakeup 878.0
Re(0) Re 4f7/2 040.3 26%
Re(+3) Re 4f7/2 041.3 18%
Re(+6) Re 4f7/2 045.1 56%
Re(0) Re 4f5/2 042.7
Re(+3) Re 4f5/2 043.7
Re(+6) Re 4f5/2 047.6

Ni/NMC

Ni(0) 2p3/2 851.8 15%
Ni(+2) 2p3/2 854.2 51%
Ni(+2) 2p3/2 shakeup 860.2 34%
Ni(0) 2p1/2 869.3
Ni(+2) 2p1/2 871.7
Ni(+2) 2p1/2 shakeup 877.7

Re/NMC

Re(0) Re 4f7/2 040.6 12%
Re(+3) Re 4f7/2 041.6 22%
Re(+4) Re 4f7/2 042.5 13%
Re(+6) Re 4f7/2 045.3 53%
Re(0) Re 4f5/2 043.0
Re(+3) Re 4f5/2 044.0
Re(+4) Re 4f5/2 044.9
Re(+6) Re 4f5/2 047.8
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Fig. S1. GC-MS spectra of the products of oleic acid deoxygenation over (a) Ni50Re50/SiO2 and (b) Ni50Re50/NMC catalysts.
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Fig. S2. Optimization of reaction conditions for the deoxygenation of oleic acid over Ni80Re20/NMC catalyst. (a) Amount of catalyst (reaction
temperature, 330 oC; reaction time, 2 h); (b) reaction temperature (catalyst, 15 mg; reaction time, 2 h); (c) reaction time (catalyst,
15 mg; reaction temperature, 330 oC). Typical reaction conditions: oleic acid, 50 mg; isopropanol, 1 ml. ■ Conversion of oleic acid;
● Yield to n-heptadecane.

Fig. S3. CO2-TPD profiles of the as-prepared NMC and commercial AC (activated carbon) supports.
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The Meerwein-Ponndorf-Verley-Oppenauer reaction is a kind of
displacement reaction between an alcohol and an aldehyde/ketone.
To determine the reduction ability of an alcohol and the oxidation
ability of an aldehyde/ketone, a reduction potential redH0 was
introduced, which is defined as the difference in enthalpy of for-
mation between the alcohol and the corresponding aldehyde/ketone
[2,3]. An alcohol having a lower redH0 therefore corresponds to
a higher ability for delivering H atoms and getting oxidized, which
is used herein to specify the ability to supply hydrogen for the fol-
lowing C=C addition reactions.

Based on this theory, water can be viewed as reductant alcohol,
which can deliver H atoms and get oxidized to oxygen. The redH0

of water can then be estimated as the difference between fH0 (water)

and fH0 (oxygen), i.e. 239.2 kJ·mol1. Formic acid, which delivers
hydrogen atoms, while is oxidized to CO2. So the redH0 of formic
acid can then be estimated as the difference between fH0 (formic
acie) and fH0 (carbon dioxide), i.e. 31.5 kJ·mol1.
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Table S2. Reduction potential of hydrogen donors
Reductant state Oxygen state

redH0 (kJ·mol1)
Substance fH0 (kJ·mol1) Substance fH0 (kJ·mol1)
Formic acid (l) 425.0 Carbon dioxide 393.5 031.5
Isopropanol (l) 318.1 Acetone (l) 248.2 069.9
Ethanol (l) 277.6 Acetaldehyde (l) 192.2 085.4
Methanol (l) 239.2 Formaldehyde (g) 108.6 130.6
Water (l) 239.2 Oxygen (g) 0 239.2
tert-Butanol (l) 334.7 - - -

Standard enthalpies of formation of the substances are taken from Lide [1].

Table S3. Deoxygenation of oleic acid over NiRe catalysts in mixed solvent
Entry Catalyst Tetradecane (ml) Isopropanol (ml) Conversion (%) N-heptadecane yield (%)

1 Ni50Re50/-Al2O3 0.9 0.1 >99 10.8
2 Ni50Re50/-Al2O3 0.5 0.5 >83 21.1
3 Ni80Re20/NMC 0.9 0.1 >99 45.0
4 Ni80Re20/NMC 0.5 0.5 >99 68.6

Reaction conditions: oleic acid, 50 mg; tetradecane+isopropanol, 1 ml; catalyst, 15 mg; reaction temperature, 330 oC; reaction time, 2 h.


