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a  b  s  t  r  a  c  t

Triglycerides  represent  a type  of sustainable  energy  source  and  robust  catalysts  for  triglycerides  refin-
ing  to  biofuels  are  very  challenging.  Herein,  we  report  supported  ruthenium  catalysts,  optimized  from
group  VIII  metal  catalysts,  for the  selective  conversion  of triglycerides  to diesel-range  alkanes  under  mild
conditions.  The  catalyst  supports  and ruthenium  loadings  show  significant  impacts  on  the  performance
of  ruthenium  catalysts,  and  Ru/TiO2 with  ruthenium  weight  loading  of  1.68%  is  optimized  for  the  reac-
tion.  Typically,  the  platform  compound  stearic  acid could  be directly  converted,  or  via  1-octadecanol  as
an intermediate  product,  to n-heptadecane  and  n-octadecane  in n-heptane  solvent  using  the  optimized
Ru/TiO2 catalyst  at  473  K and  under  3 MPa  H2. On the  basis  of  catalytic  and  spectroscopic  characterization
results,  large  ruthenium  metal  particles  are  established  as  the preferred  active  sites for  stearic  acid  con-
iofuel
eaction network

version.  The  complete  reaction  network  of  stearic  acid deoxygenation  on  flat  Ru (0001)  is investigated  by
theoretical  calculations.  It is revealed  that  different  pathways  run  simultaneously  during  the  reaction  and
the adsorbed  acyl  species  C17H35CO*  are  the  key  reaction  intermediates  for the  catalytic  deoxygenation
on  Ru  (0001).  The  removal  of  adsorbed  CO  by hydrogenation  is  the rate-controlling  step  contributing  to
the  highest  energy  barrier  within  the  reaction  network.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nowadays, the diminishing fossil fuel reserves and the envi-
onmental problems caused by the excessive use of fossil fuels
ave triggered growing interest in alternative sustainable energy
ources. Biomass, e.g. polysaccharides, lignin and triglycerides, is

 very promising candidate with apparent advantages of abun-
ance, low-cost and eco-friendliness [1–3]. Typically, triglycerides
rom natural oils or fats show great potential as a biomass energy
ource due to their extremely structural resemblance to diesel-type
ydrocarbons [4–6]. Triglycerides can be selectively converted to

pplicable biofuels through refining processes with the reduction
f their high oxygen content and related acidity.

∗ Corresponding author at: School of Materials Science and Engineering & National
nstitute for Advanced Materials, Nankai University, Tianjin 300071, PR China.

E-mail address: lild@nankai.edu.cn (L. Li)
1 These authors contributed equally to this work.

ttp://dx.doi.org/10.1016/j.apcatb.2016.08.023
926-3373/© 2016 Elsevier B.V. All rights reserved.
Different strategies have been explored for the refining of
triglycerides. Catalytic or enzymatic transesterification of triglyc-
erides with methanol or ethanol, has been used commercially to
product fatty acid alkyl esters, which can be viewed as the first-
generation biodiesel [4,7–9]. Such alkyl esters, however, suffer
from key disadvantages of high residual oxygen contents and high
viscosities that limit their applications to some extent. Thermal
cracking, also known as pyrolysis, of triglycerides represents an
alternative strategy to derive biofuels [10,11]. While the loss of car-
bon and the decreasing energy content in products are inevitable,
and the formation of aromatics and coke will further hinder the
application of biofuels obtained. To overcome the drawbacks of
transesterification and thermal cracking, the selective catalytic
deoxygenation is developed. During the catalytic deoxygenation
process, decarboxylation, decarbonylation and hydrodeoxygena-
tion run simultaneously to efficiently remove the oxygen from

the triglycerides and diesel-range alkanes are obtained as the final
products. Under conventional hydrotreating conditions, standard
hydrodesulfurization catalysts, e.g. sulphided nickel and molyb-
denum, are highly active in the conversion of triglycerides to

dx.doi.org/10.1016/j.apcatb.2016.08.023
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.08.023&domain=pdf
mailto:lild@nankai.edu.cn
dx.doi.org/10.1016/j.apcatb.2016.08.023


1  Envir

s
s
a
n
a
a
b
R
s
t
s
s
d
k
i
c
p
a
l
t
p
t
k
g

f
n
t
d
c
l

2

2

Z
5
(
fl
a
t
a
w
t
I
s
w
s
w
fl
5
u

2

o
s

N
t

r

38 L. Di et al. / Applied Catalysis B:

traight chain alkanes [12,13]. However, the sulfur leaching from
ulphides could not only lead to the deactivation of catalysts but
lso result in the contamination of the alkane products. Supported
oble metals have also been extensively investigated for the cat-
lytic deoxygenation of triglycerides or their model compounds
nd palladium/carbon represent a very promising catalyst in semi-
atch reactor test if its deactivation is not considered [14–16].
ecently, bifunctional catalysts based on nickel metal and acidic
upports have been developed for the quantitative conversion of
riglycerides to diesel-range diesels via cascade reactions, which
how great potential for the production of green biofuels at large
cale [17–19]. According to the existing studies on the catalytic
eoxygenation of triglycerides, it is very clear that catalyst is the
ey issue for the whole refining process. Among all the catalysts
nvestigated, 4%Pt-4%Re/TiO2 was reported to exhibit remarkable
atalytic activity in the conversion of fatty acid at very low tem-
erature [20]. New catalysts are being explored [21,22], however,
dequate catalysts working under mild conditions are still chal-
enging. Typically, the catalytic deoxygenation of triglycerides or
heir model compounds is performed at ∼573 K [23], making this
rocess energy-consuming and expensive for operation. Moreover,
he high temperature will complicate the reaction network and
eep us from the understanding of individual steps in the deoxy-
enation reaction.

In the present study, robust ruthenium catalysts are developed
or the catalytic deoxygenation of triglycerides to diesel-range alka-
es and the reaction temperature is successfully lowered by ∼100 K
o below 473 K. The active ruthenium sites are identified and the
etailed deoxygenation reaction network is established via the
ombination of experimental observations and theoretical calcu-
ations.

. Experimental

.1. Preparation of supported metal catalysts

Common materials, i.e. SiO2 (Sinopec, surface area: 206 m2/g),
rO2 (Alfa, surface area: 69 m2/g), TiO2 (Degussa P25, surface area:
1 m2/g), CeO2 (Acros, surface area: 51 m2/g) and active carbon
Alfa, surface area: 249 m2/g), were used as catalyst supports. Dif-
uent metal salts (H2PtCl6·xH2O, PdCl2, RuCl3·xH2O, RhCl3·xH2O
nd H2IrCl6·6H2O, all from Acros) were dissolved in distilled water
o derive aqueous solutions with metal concentration of 1.0 mg/mL
nd then used as precursors for supported metals. The catalysts
ere prepared by impregnating the supports with aqueous solu-

ion of metal salts in a rotary evaporator at constant temperature.
n a typical preparation process of Ru/TiO2, 18 mL  RuCl3 aqueous
olution was added to 1 g TiO2 support. The impregnated sample
as well mixed and then evaporated in a rotary evaporator at con-

tant temperature of 353 K. The as-prepared sample was carefully
ashed by distilled water, dried at 353 K overnight, calcined in
owing dry air at 523 K for 1 h and then reduced in 5%H2/He at
23 K for 1 h (Ru/C sample was reduced at 673 K) prior to being
sed as catalyst.

.2. Characterization techniques

The exact metal loadings in supported catalysts were analyzed
n an IRIS Advantage inductively coupled plasma atomic emission
pectrometer (ICP-AES).

The specific surface areas of samples were determined through

2 adsorption/desorption isotherms at 77 K collected on a Quan-

achrome iQ-MP gas adsorption analyzer.
The X-ray diffraction (XRD) patterns of TiO2 samples were

ecorded on a Bruker D8 ADVANCE powder diffractometer using
onmental 201 (2017) 137–149

Cu-K� radiation (� = 0.1542 nm)  at a scanning rate of 4◦/min in the
region of 2� = 10–80◦.

Transmission electron microscopy (TEM) images were taken on
a FEI Tecnai G2 F20 electron microscope at an acceleration volt-
age of 200 kV. A few drops of alcohol suspension containing the
sample were placed on a carbon-coated copper grid, followed by
evaporation at ambient temperature.

X-ray photoelectron spectra (XPS) of samples were recorded on
a Kratos Axis Ultra DLD spectrometer with a monochromated Al-
K� X-ray source (h�= 1486.6 eV), hybrid (magnetic/electrostatic)
optics and a multi-channel plate and delay line detector. All spectra
were recorded by using an aperture slot of 300 × 700 �m.  Accurate
binding energies (±0.1 eV) were determined with respect to the
position of the adventitious C 1 s peak at 284.8 eV.

The dispersion of metal on support was determined by CO
pulse adsorption on a chemisorption analyzer (Chemisorb 2720,
Micromeritics). In a typical experiment, ca.100 mg sample in the
quartz reactor was  first reduced in 5%H2/He at 523 K for 1 h and
purged with He at 523 K for 1 h to remove H2 adsorbed on the sur-
face of samples. After cooling down to room temperature in flowing
He, pulses of 5%CO/He were injected to the reactor one pulse per
minute until no further changes in signal intensity of outlet CO.
The dispersion of metal was calculated assuming the equimolar
adsorption of CO on metal.

The temperature-programmed reduction by hydrogen (H2-
TPR) experiments was  carried out on a chemisorption analyzer
(Quantachrome ChemBET 3000) with 5%H2/Ar at a heating rate
of 10 K/min from 300 to 1000 K. Prior to reduction, the sample
(100 mg)  was calcined in dry air at 523 K for 1 h.

FTIR spectra of CO adsorption on selected Ru/TiO2 sample were
collected on a Bruker Tensor 27 spectrometer with the resolution
of 4 cm−1. A self-supporting sample pellet was placed in the reac-
tion chamber and the background spectrum was taken at 383 K in
flowing He. After the He stream was  switched to a gas mixture con-
taining 1% CO in He, time-dependent FTIR spectra of CO adsorption
Ru/TiO2 were recorded at 383 K.

2.3. Catalytic evaluation and product analysis

The hydrodeoxygenation of stearic acid (Adamas, 99%) and its
corresponding esters, i.e. methyl stearate (Adamas, 99%) and glyc-
erol tristearate (Sigma, 99%), was performed in a high-pressure
stainless autoclave (Xinyuan Chemical Machinery, Series CJK,
300 mL)  at a stirring rate of 750 rpm. In a typical experiment, 0.2 g
catalyst (micrometer-scale aggregates consisting of nano-scale par-
ticles; Fig. S1), 1 g stearic acid and 100 mL  n-heptane solvent were
well mixed in the autoclave and purged with pure N2 at room
temperature. The autoclave was heated to desired temperature
(413–473 K) at a rate of 20 K/min and H2 was  then introduced
at 3 MPa  (total pressure, vapor pressure of n-heptane solvent at
413–473 K was 0.4-0.6 MPa) to initiate the reaction.

After reaction, the organic layer and aqueous layer were sepa-
rated and the liquid organic products were analyzed by gas chro-
matography (Shimadzu GC-2010) and gas chromatography–mass
spectrometry (Shimadzu GCMS-QP2010 SE), both with a RXI-5MS
column (30 m,  0.25 mm i.d., stationary phase thickness 0.25 �m).
n-Eicosane was  used as an internal standard for quantification and
carbon balance of >90% was  obtained for all reactions. The following
temperature program was employed: isothermal heating at 323 K

for 5 min, heating to 573 K with a rate of 10 K/min, and isothermal
heating at 573 K for 10 min. After reaction, the gas products were
qualitatively analyzed with a mass spectrometer (Pfeiffer Omnistar
GSD 320).
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Table  1
Stearic acid hydrodeoxygenation over different catalysts.a

Catalyst SBET (m2/g) Metal wt.% Dispersion (%)b Conversion (%) Alkanes Yield (%) Product Selectivity (%)c Reaction rate
(mol/h molMe)c

TOF (/h)c

C18H37OH C18H38 C17H36

Ir/TiO2 51 1.62 26.1 23.8 4.5 78.9 9.7 12.4 16.0 61
Pd/TiO2 50 1.66 23.5 22.8 3.1 81.1 0 18.9 4.9 21
Pt/TiO2 50 1.64 30.8 4.2 0 >99.9 0 0 3.2 10
Rh/TiO2 50 1.87 33.9 65.7 32.9 59.8 5.0 35.2 19.2 57
Ru/TiO2 50 1.68 28.2 96.3 32.7 78.2 3.7 18.1 34.1 120
Ru/ZrO2 68 1.63 37.5 55.9 28.9 76.9 0.8 12.3 19.9 53
Ru/SiO2 202 1.64 25.4 11.0 2.7 77.4 3.5 19.1 3.8 15
Ru/CeO2 50 1.58 28.7 26.3 8.2 68.8 1.3 29.9 8.6 30
Ru/C  245 1.89 33.7 4.3 2.3 45.9 2.9 51.2 3.1 9
Pd/C  242 1.92 31.5 9.7 2.3 76.7 2.5 20.8 6.3 20
Ru/TiO2 51 0.41 46.9 20.3 5.4 72.8 4.2 23.0 21.3 45
Ru/TiO2 51 0.83 35.1 42.1 14.1 66.6 3.6 29.8 32.9 93
Ru/TiO2 49 3.29 13.3 72.5 32.7 67.5 3.1 29.3 15.5 117
TiO2 51 / / 0 0 / / / / /

a Reaction conditions: 1.0 g stearic acid, 100 mL  n-heptane, 0.2 g catalyst, 3 MPa  H2, temperature = 473 K, time = 3 h.
b Measured by CO chemisorption.
c Value at low stearic acid conversion of ∼10%.
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Fig. 1. Time-dependent behavior of stearic acid conversion over TiO2 supported catalysts. Reaction conditions: 1.0 g stearic acid, 100 mL  n-heptane, 0.2 g catalyst, 3 MPa  H2,
temperature = 473 K.
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ig. 2. Time-dependent behavior of stearic acid conversion over supported ruthe
 MPa H2, temperature = 473 K.

.4. Calculation methods and models

The activation barriers, total energy changes with and without
re-adsorbed atomic oxygen and the corresponding analysis were
erformed by self-consistent periodical density functional theory
DFT) calculations using the Vienna ab initio simulation package
VASP) [24,25]. The electronic structures were calculated using DFT
ithin GGA-PW91 functional [26]. The projector augmented wave

PAW) Scheme [27,28] was used to describe the inner cores, and the
lectronic states were expended in a plane wave basis with kinetic
ut-off energy of 400 eV. The transition states (TS) were located
y three steps: the general NEB method [29,30] was employed to
nd an approximated TS, then the quasi-Newton algorithm was
sed to optimize the likely TSs until the force acting on the atom is
maller than 0.03 eV/Å, and last the frequency analysis was carried
ut to confirm the TS. Ru (0001) is modeled by the p (8*4) unit
ell of three layers that are separated by a ∼15 Å in vacuum. The
ptimized lattice constant is 2.75 Å. Since the relative large unit cell

as used in this study, only one �-point was used to sample the first
rillouin zone [31]. The adsorption energy Eads (at surface coverage
f 1/20 ML  for stearic acid and 1-octadecanol considering the steric-
indrance effects from bulky molecules, and 1/4 ML  for CO and
catalysts. Reaction conditions: 1.0 g stearic acid, 100 mL  n-heptane, 0.2 g catalyst,

H2) is calculated by the formula Eads = Emix − Eslab − Egas, where Emix ,

Eslab, and Egas indicate the calculated energy of the ruthenium slab
with an adsorbate binding onto it, clean slab, and adsorbate in the
gas phase, respectively.

3. Results and discussion

3.1. Screening of catalysts and exploring of active sites

A series of supported group VIII noble metal catalysts were
tested in the deoxygenation of stearic acid as a model reaction
under mild conditions, e.g. at 473 K and under 3 MPa  H2. As shown
in Table 1, TiO2 supported group VIII noble metals exhibited quite
different catalytic behavior in the reaction. Low stearic acid con-
version rates were obtained with Pt/TiO2 (3.2 mol/h molMe) and
Pd/TiO2 (4.9 mol/h molMe), while the highest stearic acid conver-
sion rate of 34.1 mol/h molMe was  obtained with Ru/TiO2. The
kinetic behavior of stearic acid conversion over Ru/TiO2 and

Rh/TiO2 (Fig. 1) reveals that the product distributions change with
reaction time, indicating that different reaction steps run simul-
taneously during the reaction. After reaction for 6 h, diesel-range
alkanes, i.e. n-heptadecane and n-octadecane, were obtained as
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adsorption between 1-octadecanol and stearic acid on the active
Fig. 3. H2-TPR profiles of supported ruthenium catalysts.

ominating products from stearic acid conversion over Ru/TiO2
nd Rh/TiO2 (>95%), which appear to be the adequate deoxygena-
ion catalysts working under mild conditions. Ru/TiO2 should be

ore attracting one due to the much lower price of ruthenium than
hodium.

The effects of support materials on the stearic acid conversion
ver ruthenium catalysts were further investigated. As shown in
able 1 & Fig. 2, ruthenium catalysts on different supports (XRD
atterns shown in Fig. S1) exhibited different conversion rates of
tearic acid and the product distributions in the reaction. TiO2
ppears to be the best support employed, followed by ZrO2 and then
eO2 and SiO2. It is interesting to note that commonly-used Ru/C
atalyst exhibited very low activity under our reaction conditions.
f the reaction temperature was increased to 553 K, the catalytic
ctivity of Ru/C (Fig. S2) could be greatly enhanced to the level even
igher than literature reports (Here, the preparation and pretreat-
ent conditions will greatly influence the catalytic activity of Ru/C)

15,24].
Ru 3d XP spectra of unreduced supported ruthenium catalysts

Fig. S3) indicate that ruthenium species exist in the similar cationic
tates on different supports before reduction treatment. The exist-
ng states of ruthenium species on different supports were further
nvestigated by means of H2-TPR and the results are shown in Fig. 3.
ince the oxide supports are almost irreducible below 500 K, the
eduction peaks in the temperature range of 300–500 K should
ome from the reduction of cationic ruthenium species. Unsup-
orted ruthenium oxides are known to give a hydrogen reduction
eak at around 373 K [32], and the existence of support mate-
ials will generally retard the reduction of cationic ruthenium
pecies due to the metal-support interaction. In this study, the
educibility of ruthenium species on different supports is observed
s Ru/TiO2 > Ru/ZrO2 > Ru/CeO2 > Ru/SiO2, correlating well with the
atalytic activity of supported ruthenium catalysts. It is known
hat the catalytic activity of supported ruthenium catalysts can be
ffected by many factors including the ruthenium metal size, distri-
ution and metal-support interaction. Meanwhile, the reducibility

f ruthenium species are affected by these factors. Thereupon, the
educibility of ruthenium species are relevant with the catalytic
ctivity. According to the H2-TPR results, ruthenium species on
onmental 201 (2017) 137–149 141

oxide supports could be reduced to the metallic form below 523 K
and metallic ruthenium species should dominate in the working
catalysts that were pre-reduced at 523 K for 1 h. FTIR spectra of
CO adsorption (Fig. S4) further confirm that ruthenium metals are
the only detectable ruthenium species in Ru/TiO2 after reduction.
For Ru/TiO2, the reduction of cationic ruthenium species occurs
at ∼378 K, much lower than the reaction temperature of 473 K
employed. That is, cationic ruthenium species could be reduced
and kept at metallic states during the reaction process with high
pressure of pure hydrogen. In fact, both un-reduced Ru/TiO2 (Fig.
S5) and pre-reduced Ru/TiO2 (Fig. 2) exhibit similar good activ-
ity in the catalytic deoxygenation of stearic acid. On the basis of
above-mentioned experimental results, it is reasonable to propose
that metallic ruthenium species are the active sites for the catalytic
deoxygenation of stearic acid.

Fig. 3 Ruthenium loadings show distinct impacts on the per-
formance of Ru/TiO2 catalysts in the conversion of stearic acid. As
shown in Fig. 4, the stearic acid conversion rate first increases with
ruthenium loading from 0.41 to 1.68% and then decreases with
ruthenium loading further increase to 3.29%. While the percent-
age of alkanes, i.e. n-octadecane and n-heptadecane, in the product
distribution keeps increasing with ruthenium loading from 0.41 to
3.29%. TEM observations (Fig. 5) reveal that the ruthenium parti-
cle size on TiO2 support gradually increases from <1 to ∼5 nm with
increasing ruthenium loading and the size-dependent ruthenium
catalyzed stearic acid conversion could be drawn, as shown in Fig. 6.
The initial TOF value increases distinctly with increasing ruthe-
nium particle size on TiO2 and reaches a plateau at the ruthenium
size of ∼2.5 nm,  indicating that large ruthenium metal particles
are more active for stearic acid conversion. For practical consider-
ation, 1.68% is the optimized ruthenium loading and 1.68%Ru/TiO2
will be employed as a model catalyst in the following sections. For
1.68%Ru/TiO2 catalyst, the average ruthenium particle size is 2.6 nm
(Fig. 5), meaning that one ruthenium particle contains about 800
ruthenium atoms. Under such circumstances, flat Ru (0001) is the
dominating surface in Ru/TiO2 and, therefore, selected as a model
for theoretical calculation.

3.2. Temperature and solvent effects on stearic acid
deoxygenation

Reaction temperature shows significant impacts on the deoxy-
genation of stearic acid over Ru/TiO2 catalyst. As expected, the
conversion rate increases with increasing reaction temperature
from 413 to 473 K (Fig. 7). 1-Octadecanol, n-octadecane and n-
heptadecane were obtained as products in the liquid phase and
methane as an exclusive product in the gas phase in the whole
temperature range studied. Time-dependent product yields from
stearic acid conversion (Fig. S6) show that the yield of individual
product increases linearly with time before the total conver-
sion of stearic acid, indicating that parallel reaction steps run
simultaneously to generate different products. The pseudo-zero
order reactions observed here also indicate the limited active
sites for stearic acid conversion, which should be associated with
the steric hindrance effects from the bulky reactants. The time-
dependent 1-octadecanol yields during stearic acid conversion
at different temperatures over Ru/TiO2 are drawn in Fig. 8. It is
clearly seen that 1-octadecanol is produced linearly with time
from stearic acid deoxygenation. After the total conversion of
stearic acid, 1-octadecanol is further converted to n-octadecane and
n-heptadecane, leading to the linear decrease with time in the 1-
octadecanol yield. This should be explained from the competitive
ruthenium sites. Calculation results indicate that the adsorption of
stearic acid (adsorption energy: −0.66 eV) is much stronger than
1-octadecanol (adsorption energy: −0.50 eV) on Ru (0001). That
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s, the existence of stearic acid in the reaction system will hinder
he further conversion of product 1-octadecanol by preferentially
ccupying the active ruthenium sites. Arrhenius plots (Fig. 9) reveal
hat the apparent activation energy of stearic acid conversion to 1-
ctadecanol over Ru/TiO2 is 62.4 kJ/mol, distinctly lower than the
ubsequent 1-octadecanol conversion to alkanes (94.5 kJ/mol).

.3. Recycling test and triglycerides conversion

The stability of catalyst is very important for practical biomass
onversion. In this study, the recyclability of Ru/TiO2 catalyst in the
atalytic deoxygenation of stearic acid is tested and the results are
hown in Fig. 10. A gradual loss of catalytic activity for the con-
ersion of stearic acid to alkanes could be observed for Ru/TiO2
nd the yield of total alkane yield after 6 h reaction decreases from

5 to 45% after three recycles. No ruthenium species could be
etected in the organic phase even after reaction for 6 h (below
he ICP detection limit of 20 ppb), excluding the leach of ruthe-
ium species during the reaction. Since the general means for
uthenium loadings. Reaction conditions: 1.0 g stearic acid, 100 mL  n-heptane, 0.2 g

coke analysis, e.g. temperature-programmed oxidation and ther-
mogravimetric analysis, could not be applied for catalyst samples
employed in solid-liquid reaction system, the possible formation
of coke on the surface of catalyst could not be verified. However,
the chance for coke formation in hydrogenation reaction is not
very high. In such circumstance, we propose that the loss of cat-
alytic activity in Ru/TiO2 should originate from the reconstruction
of ruthenium sites during reaction, i.e. the re-dispersion of ruthe-
nium species induced by interacting with reactant and/or products
[33,34]. Fortunately, the activity of Ru/TiO2 can be fully recovered
after a regeneration step, i.e. calcination at 573 K in air for 1 h fol-
lowed by reduction in hydrogen at 523 K for 1 h, and the total alkane
yield of 96% could be obtained with regenerated catalyst after 6 h
reaction (initial TOF value of 112 h−1). Representative TEM images
of Ru/TiO2 sample after three recycling tests and after calcination-

reduction treatment are shown in Fig. 11. It is observed that the
average ruthenium particle size on TiO2 decreases from 2.7 nm
to 2.1 nm after three recycling tests, while it increases to 4.5 nm
after calcination-reduction treatment. These experimental results
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confirm our previous conclusion that the initial TOF value reaches
a plateau at the ruthenium size of ∼2.5 nm.

With the great success of Ru/TiO2 in the catalytic deoxygena-
tion of stearic acid as a platform compound, we further investigate
the catalytic behavior of Ru/TiO2 in the deoxygenation of methyl
stearate and glycerol tristearate. As shown in Fig. 12, Ru/TiO2
exhibit very good performance in these two reactions under
mild conditions and alkanes could be obtained as final products.
Typically, methyl stearate and glycerol tristearate can be fullly
converted to diesel-range alkanes after reaction for 4 and 12 h,
respectively. The much lower conversion rate of glycerol tristearate
as compared to methyl stearate should be due to the significant
steric-hindrance effect from reactant molecule that may  block a
large part of available ruthenium sites for the catalytic deoxygena-
tion. It should be mentioned that gaseous product from methyl
stearate conversion is methane, similar to the conversion of stearic
acid (Fig. S8). While for the conversion of glycerol tristearate, both
propane and methane can be detected as gaseous products (Fig. S8).
These results clearly indicate the hydrogenolysis of ester bonds as
the first step for the deoxygenation of aliphatic esters.

3.4. Modeling of stearic acid deoxygenation on flat Ru (0001)

Fig. 13 Extensive experimental and theoretical investigations

have been conducted on the hydrogenolysis of carboxylic acids to
alcohols and the further conversion of alcohols to alkanes [35–41].
It was  proposed that carboxylic acids could dissociate to form the
acyl intermediates, which undergo hydrogenation to alcohols. The
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ig. 7. Time-dependent behavior of stearic acid conversion over 1.68%Ru/TiO2 cat
emperature = 413–473 K.

cyl intermediates could also be activated via the cleavage of �-
 H bond, and then undergo the scission of C C or C O bonds to
ield alkanes.

On the basis of our experiment results, four pathways may  run
imultaneously during the catalytic deoxygenation of stearic acid,
.e. (i) stearic acid conversion to 1-octadecanol, (ii) stearic acid con-
ersion to alkanes, (iii) 1-octadecanolconversion to alkanes, and (iv)
O hydrogenation to methane. DFT calculations were performed
n Ru (0001) to give an insight of the complete reaction network in
tearic acid deoxygenation. The complete reaction network is illus-
rated in Fig. 13 (transition state configurations shown in Fig. S9)
nd the individual reaction step is summarized in Table 2.

The adsorption and hydrodeoxygenation of stearic acid is the
eginning of the reaction. Stearic acid that absorbs on the surface
f Ru (0001) through oxygen and hydrogen undergoes a dehy-

roxylation with a low energy barrier of 0.44 eV, generating the
cyl intermediate C17H35CO*. The acyl intermediate C17H35CO* will
urther undergo hydrogenation to 1-octadecanol and hydrodeoxy-
enation to alkanes. Calculation results indicate that both pathways
Reaction conditions: 1.0 g stearic acid, 100 mL  n-heptane, 0.2 g catalyst, 3 MPa  H2,

have very similar energy barrier for the rate-controlling steps
(1.28 and 1.20 eV, Table 2) and the barriers are low enough for
reaction under conditions employed in this study (vide infra).
According to our experimental observations (Fig. 2), 1-octadecanol
is the dominating product at the early stage of reaction, which
should be explained from the different kinetic behavior of com-
peting reactions. The apparent formation rates of 1-octadecanol,
n-heptadecane and n-octadecane at 473 K are calculated (from
experiments) to be 0.85, 0.28 and 0.07 �mol/h, respectively.

The hydrogenation of the acyl intermediate C17H35CO* may
undergo two possible paths, and adding hydrogen atom to car-
bon atom of C17H35CO is energy favored (0.63 eV) over that to
oxygen atom (1.19 eV). Hydrogen atom could add to carbon and
then oxygen atom of C17H35CHO species, leading to the forma-
tion of 1-octadecanol product. Adding hydrogen to carbon atom of

C17H35CHO species is an exothermic reaction with an energy bar-
rier of 0.69 eV and the subsequent hydrogenation of C17H35CH2O
bears a high energy barrier 1.28 eV. Alternatively, hydrogen could
add to oxygen atom of C17H35CHO to generate C17H35CHOH species
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Table 2
Calculated reaction energies (�H), energy barriers (Ea), and bond lengths of transi-
tion states (d) on flat Ru (0001) surface.

Entry Reaction step �H (eV) Ea (eV) d (Å)

01 RCH2COOH + * → RCH2COOH* −0.66 / /
02  RCH2COOH* → RCH2CO* + OH* −0.12 0.44 1.92
03  RCH2CO* + H* → RCH2CHO* 0.35 0.63 1.19
04  RCH2CO* + H* → RCH2COH* 0.70 1.19 1.42
05  RCH2CHO* + H* → RCH2CH2O* −0.19 0.69 1.56
06  RCH2CHO* + H* → RCH2CHOH* 0.48 1.20 1.41
07  RCH2COH* + H* → RCH2CHOH* 0.10 0.54 1.38
08  RCH2CH2O* + H* → RCH2CH2OH* 0.56 1.28 1.40
09  RCH2CHOH* + H* → RCH2CH2OH* −0.16 0.87 1.51
10  RCH2CH2OH + * → RCH2CH2OH* −0.50 / /
11  RCH2CH2OH* → RCH2CH2O* + H* −0.56 0.72 1.40
12  RCH2CH2O* → RCH2CHO* + H* 0.19 0.88 1.56
13  RCH2CHO* → RCH2CO* + H* −0.35 0.28 1.19
14  RCH2CO* → RCHCO* + H* −0.12 0.53 1.57
15  RCHCO* → RCHC* + O* −0.37 1.20 1.88
16  RCHCO* → RCH* + CO* −0.41 1.08 2.02
17  RCH* + H* → RCH2* 0.39 0.72 1.67
18  RCH2* + H* → RCH3 −0.20 0.67 1.62
19  RCHC* + H* → RCHCH* 0.20 0.47 1.64
20  RCHCH* + H* → RCH2CH* 0.24 0.52 1.64
21  RCH2CH* + H* → RCH2CH2* 0.39 0.72 1.67
22  RCH2CH2* + H* → RCH2CH3 −0.20 0.67 1.62
23  CO* → C* + O* 0.42 >2 /
24  CO* → CO + * 1.98 / /
25  CO* + H* → HCO* 1.04 1.29 1.14
26  HCO* + H* → H2CO* 0.39 0.31 1.52
27  H2CO* → CH2* + O* −0.68 0.78 2.01
28  CH2* + H* → CH3* 0.06 0.55 1.64
29  CH3* + H* → CH4 −0.18 0.67 1.57
30  H2 + * → H2* −0.49 / /
31  H2* + * → 2H* −0.46 / /
32  O* + H* → OH* + * 0.48 0.95 1.26
ig. 8. Time-dependent 1-octadecanol yields during stearic acid conversion over
.68%Ru/TiO2 catalyst. Reaction conditions: 1.0 g stearic acid, 100 mL  n-heptane,
.2 g catalyst, 3 MPa  H2, temperature = 413–473 K.

1.20 eV), which is less energetically favored than the formation
f C17H35CH2O. However, the formed C17H35CHOH species can
ndergo an exothermic hydrogenation reaction to generate 1-
ctadecanol with a low energy barrier of 0.87 eV, which is the most
ikely pathway from the acyl intermediate to 1-octadecanol.

The acyl intermediate C17H35CO* could also undergo the
-carbon-hydrogen bond activation to produce C16H33CHCO
pecies with low energy barrier of 0.53 eV. The C16H33CHCO
pecies would be further converted to C16H33CHC species via
arbon-oxygen bond scission (1.21 eV) or to C16H33CH species
ia carbon–carbon bond scission (1.08 eV). The cleavage of
arbon–carbon bond is energetically preferred over that of
arbon-oxygen bond, consistent with literature reports [42]. The
xygen-free C16H33CHC and C16H33CH species could then be
ydrogenated to alkanes: C16H33CH species take two  successive
ydrogenation steps to product C14H29CH3 and C16H33CHC species
ake four steps of hydrogenation to generate C18H38 via the route of
14H29CHC → C14H29CHCH → C14H29CH2CH → C14H29CH2CH2 →
14H29CH2CH3. All hydrogenation steps are easy to occur with
nergy barriers below 0.8 eV.

The intermediate product 1-octadecanol could undergo
ydrogenolysis to generate alkanes. Since the desorption energy
f stearic acid (0.66 eV) is much higher than that of 1-octadecanol
0.50 eV), 1-octadecanol could not adsorb on ruthenium sur-
ace in the presence of unconverted stearic acid in the reaction
ystem, as confirmed in our experiments (Fig. 8) and also in
greement with literature reports on ReOx/TiO2 catalyst [43].
fter the complete conversion of stearic acid, 1-octadecanol
egins to adsorb on ruthenium surface through oxygen atom and
ndergoes the cleavage of oxygen-hydrogen bond with a lowest
nergy barrier of 0.72 eV compared with the cleavage of �-carbon-

ydrogen, �-carbon-hydrogen, oxygen-hydrogen, carbon–carbon
nd carbon−oxygen bond [44]. The product C17H35CH2O species
hen undergo two steps of �-carbon-hydrogen bond cleavage
0.88 and 0.28 eV) to produce the C16H33CH2CO species, i.e. the
33  OH* + H* → H2O* 0.10 0.91 1.50
34  H2O* → H2O + * 0.40 / /

acyl intermediate. Once the acyl intermediate is formed, it could
be further converted to C14H29CH3 and C14H29CH2CH3, sharing
the partial route of stearic acid to alkanes.

CO, the byproduct from carbon–carbon bond scission of
C16H33CHCO species, strongly adsorbs on ruthenium surface with
a highest desorption energy among all reactants and products, and,
therefore, it has a huge inhibition impact on the whole reaction.
Considering that clean surface is required for the adsorption and
conversion of stearic acid, the adsorbed CO must be removed from
Ru (0001) to trigger the reaction. Calculation results suggest that
adsorbed CO species prefer to undergoing hydrogenation to CH4
with a barrier of 1.29 eV rather than the dissociation into C* and O*
with a barrier of >2 eV or the direct desorption with 1.98 eV, which
agrees well with experimental observation of CH4 as the dominat-
ing gaseous product (Fig. S8). A feasible hydrogenation pathway
is established as CO* → HCO* → H2CO* → CH2* → CH3* → CH4. The
first step CO* → HCO* is the rate-controlling step with the high-
est energy barrier, similar to previous reports on Rh (111) [45].
CO hydrogenation to CH4 is thermodynamically favored due to the
fact that the reaction is highly exothermic. In fact, CO hydrogena-
tion (CO* + H* → HCO*) contributes to the highest energy barrier
within the complete reaction network of stearic acid deoxygena-
tion. During the whole reaction process, the formed *O species
on clean Ru (0001) surface readily react with *H to produce H2O
(*O + *H → * + *OH; OH* + H* → H2O*; Table 2). Therefore, Ru (0001)
should be kept in the metallic state during the reaction in the excess
of high pressure hydrogen.

Fig. 14 As mentioned above, parallel reaction steps run simulta-

neously during the deoxygenation of stearic acid over ruthenium
catalysts. The reactant stearic acid can be directly converted to
1-octadecanol and alkanes via competing pathways. After the
complete conversion of stearic acid, the intermediate product
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Fig. 10. Catalyst recycling studies of stearic acid conversion over 1.68%Ru/TiO2 catalyst. Reaction conditions: 1.0 g stearic acid, 100 mL n-heptane, 0.2 g catalyst, 3 MPa  H2,
temperature = 473 K.
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Fig. 11. HAADF-STEM images of Ru/TiO2 after three recycling tests of stearic acid conversion for 6 h (a) and after calcination-reduction post-treatment (b).
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ristearate, 100 mL  n-heptane, 0.2 g catalyst, 3 MPa  H2, temperature = 473 K; Stearat

-octadecanol can also be converted to alkanes. The adsorbed
cyl C17H35CO* is established as a key reaction intermediate in
he deoxygenation network. The removal of adsorbed CO from
arbon–carbon bond scission of C16H33CHCO species is the rate-
ontrolling step contributing to the highest energy barrier within
he complete reaction network. The calculated energy profile of
tearic acid conversion is summarized in Fig. 14. On the basis of
heoretical calculations results, it can be proposed that Ru (0001)
urface is eligible to catalyze the conversion of stearic acid to alka-
es by its self and the dominating role of support is carry the active
etal sites. Besides, modifications on ruthenium sites to promote

he removal of adsorbed CO species should be an effective means
o improve the activity of ruthenium catalysts.

. Conclusions

In summary, supported ruthenium materials are presented

s robust catalysts for the selective conversion of triglycerides
o diesel-range alkanes under mild conditions. The platform
ompound stearic acid could be converted to 1-octadecanol, n-
eptadecane and n-octadecane with optimized Ru/TiO2 catalyst at
 over 1.68%Ru/TiO2 catalyst. Reaction conditions: 1.0 g methyl stearate or glycerol
 glycerol tristearate dissolve well in n-heptane.

low temperature of 473 K, while 1-octadecanol could be further
converted to n-heptadecane and n-octadecane after the complete
conversion of stearic acid under identical reaction conditions. The
ruthenium species in Ru/TiO2 should exist in the metallic form
during reaction and large ruthenium metal particles with weak
metal-support interaction are established as the preferred active
sites for stearic acid conversion. A gradual loss of catalytic activ-
ity in stearic acid conversion is observed for Ru/TiO2 in recycling
tests, however, the catalytic activity could be fully recovered after
a simple calcination-reduction treatment, which is very important
for practical biomass refining.

Theoretical calculations reveal that parallel reaction steps run
simultaneously during the conversion of stearic acid deoxygena-
tion on flat Ru (0001), and the complete reaction network is
successfully constructed. The adsorbed acyl species C17H35CO*
are key reaction intermediates for the catalytic deoxygenation of
stearic acid, while the removal of adsorbed CO, i.e. by-product from
carbon–carbon bond scission of C16H33CHCO species, is the rate-

controlling step contributing to the highest energy barrier within
the complete reaction network.
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Fig. 13. Reaction network for the deoxygenation of stearic acid on flat Ru (0001). Individual reaction step labelled in accord with Entry in Table 2.
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