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Introduction

As a result of the conflict between the scarcity of fossil fuels

and the increasing demand for transportation fuel, it is neces-

sary to find renewable alternatives for the replacement of non-
renewable fossil resources. Vegetable oils and fats (that consist

primarily of triglycerides) are promising categories for liquid
transportation fuels as they are sustainable and their alkyl

chains are typically in the diesel range.[1] However, crude vege-
table oils and fats cannot be used directly because of their
high viscosity and thermal instability. Therefore, their proper-

ties need to be upgraded to meet transportation fuel specifica-
tions.

Currently, the transesterification of vegetable oils and fats is
the most popular technology to meet these requirements and

involves the reaction of triglycerides with methanol into fatty
acid methyl esters (FAME) and glycerol.[2] Although FAME can

be mixed with petroleum-based diesel in all ratios and used di-
rectly without further modification, the low heating value and

poor cold-flow properties limit its application in high-grade

fuels.[3] Another technology for the production of diesel-like

fuels is the deoxygenation of vegetable oils and fats (usually
with hydrogenation). During this process, unsaturated bonds

in the fatty-acid chains of triglycerides were saturated, mean-
while, oxygen atoms could be removed in the form of water,

which leads to the increase in the energy value of the liquid
products.[4] Thus, it is considered as an ideal approach for the
conversion and upgrading of vegetable oil and fats into bio-

diesel.
The deoxygenation of triglycerides can occur through three

different routes, which include hydrodeoxygenation, decarbox-
ylation, and decarbonylation,[5] which is related closely to the

reaction conditions and the catalysts. Generally, traditional sul-
fided transition-metal catalysts (e.g. , sulfided Co-Mo and Ni-

Mo) are selective for the hydrodeoxygenation route,[6] whereas

supported noble-metal catalysts (e.g. , Pt/Al2O3 and Pd/Al2O3)
always follow decarboxylation or decarbonylation routes.[7]

These catalysts are used commonly for the upgrading of vege-
table oil and fats but have some shortcomings. For example,

sulfided metal catalysts may cause the formation of sulfur-con-
taminated products, whereas noble-metal catalysts are expen-

sive.[8] Hence, it is necessary to develop new nonsulfided metal

catalysts with high activity and low cost.
In recent years, many researchers have found that supported

transition metals in different forms (e.g. , reduced state, oxi-
dized state, carbides, and nitrides) exhibit high hydroprocess-

ing activities for vegetable oil comparable to those of sulfided
catalysts, and the compositions of products usually depend on

The production of second-generation biodiesel with triglycer-
ides or their derivatives through hydroprocessing is considered
as a promising approach to make transportation fuels. In this

study, a series of Ni-based catalysts supported on basic compo-
site oxides (MO-Al2O3, M = Mg, Ca, Ni, Cu, Zn) were prepared

for the catalytic deoxygenation of oleic acid in the presence of
H2. Ni/ZnO-Al2O3 exhibited the highest deoxygenation activity

and alkane selectivity, which depended on its moderate basici-
ty. Investigations of the reaction conditions, which include re-

action time, reaction temperature, H2 pressure, and Ni loading,

suggested that n-heptadecane was the predominant product
and its content increased with reaction temperature. The reac-

tion temperature was more important than H2 pressure in the
catalytic deoxygenation of oleic acid. Additionally, the overall
reaction pathways for the conversion of oleic acid were pro-

posed based on the product distribution for different durations
and reaction rates of stearic acid, 1-octadecanol, and stearyl
stearate, in which the oxygen atoms in the oleic acid were
mainly removed in the form of CO through a hydrogenation–
dehydrogenation–decarbonylation reaction route. If glycerol
trioleate was used instead of oleic acid, Ni/ZnO-Al2O3 exhibited

a high hydrodecarbonylation activity and selectivity to n-hep-

tadecane.
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the supports.[9] Accordingly, much attention has been paid to
the effect of different supports on the conversion of vegetable

oil and their model compounds. In spite of this, basic oxide
supports are still mentioned rarely compared to acidic and

neutral supports (e.g. , zeolites, Al2O3, SiO2, carbon, etc.). Basic
supports can reduce the cracking of feedstock and increase

the yield of liquid products ; moreover, they are more favorable

for the absorption of acidic fatty acids (an important inter-
mediate derived from triglycerides) than some other supports,

which may improve triglyceride deoxygenation. Herein, we
synthesized several basic composite oxides (MO-Al2O3, M = Mg,

Ca, Ni, Cu, Zn) and used them as supports for the further prep-
aration of supported Ni/MO-Al2O3 catalysts. As free fatty acid is

the initial hydrogenation product for triglycerides,[4b, 9a–c] struc-

turally similar oleic acid was selected as the model reactant for
activity tests. Among these catalysts, Ni/ZnO-Al2O3 showed an

excellent catalytic decarbonylation activity with the highest
yield of diesel-range alkanes. To further understand the catalyt-

ic properties of Ni/ZnO-Al2O3, the effect of reaction conditions
and the reaction pathways of oleic acid over Ni/ZnO-Al2O3

were investigated in detail.

Results and Discussion

Screening of supports

The XRD patterns of all as-prepared catalysts are shown in

Figure 1. The diffraction peaks of elemental Ni did not appear
in the patterns of most catalysts except for that of Ni/CaO-

Al2O3, which suggests that larger Ni particles were present on
the surface of Ni/CaO-Al2O3 because of its low surface area and

the poor dispersion of Ni species. Although it is difficult to as-
certain whether the surface Ni species were reduced complete-

ly into the metallic state from the XRD patterns, the change in

catalyst color before and after the reduction (from yellow-
green to gray or black) indicated that the reduction of surface

Ni species indeed occurred. As the reduced Ni was well dis-
persed on various catalyst surfaces, it is concluded that their

deoxygenation activities may be related closely to the compo-
site oxide supports.

Oleic acid diluted with decalin was selected as a reactant to

test the catalytic deoxygenation activity of the as-prepared Ni-
based catalysts, and the results are summarized in Table 1. As

the double bonds of oleic acid can be saturated easily, the

conversions were greater than 99 %, but this does not imply
that the oxygen atoms in oleic acid have been removed com-

pletely. The distributions of the liquid products derived from
the various catalysts show that oleic acid can be converted
into at least five substances, which include alkane, alcohol, sa-
turated acid, ester, and salt, and their contents were depen-

dent on the catalyst properties. The textural properties (specif-
ic surface area, pore volume, and pore size) of the catalysts
differ greatly but they do not have a direct relationship with
the composition of products, which indicates that these pa-
rameters are not important for oleic acid conversion under the

present conditions. Thus, it is thought that chemical properties
are crucial for the transformation of oleic acid. For example, if

the complex oxides that contain Mg and Ca were used as sup-
ports, the corresponding products consisted mainly of stearate.
It is well known that alkaline earth metal oxides, MgO and

CaO, have a relatively strong basicity,[10] which favors the
strong adsorption of oleic acid. Once the adsorption occurs,

oleic acid may react readily to form stearate, which leads to
a low yield of alkanes. With the aim to reduce the support ba-

Table 1. Comparison of oleic acid conversion over Ni/MO-Al2O3 catalysts at 280 8C.[a]

Catalyst Specific surface
area [m2 g¢1]

Pore volume
[cm3 g¢1]

Pore size
[nm]

Conversion
[%]

Distributions of
liquid products [wt %]

n-C17 n-C18 1-Octadecanol Stearic
acid

Stearyl
stearate

Stearate

Ni/MgO-Al2O3 153 0.29 7.6 100 23.5 3.3 5.7 1.5 – 66.0
Ni/CaO-Al2O3 37 0.14 12.7 100 8.3 2.4 10.3 4.8 – 74.2
Ni/NiO-Al2O3 116 0.42 13.3 100 93.2 2.7 – – – 4.1
Ni/CuO-Al2O3 84 0.18 5.9 100 93.8 1.3 – – – 4.9
Ni/ZnO-Al2O3 124 0.28 9.1 100 94.5 4.3 1.2 – – –
Ni/g-Al2O3-1[b] 207 0.28 5.4 100 57.6 1.6 1.6 4.7 34.8 –
Ni/g-Al2O3-2[c] 208.8 0.44 6.7 100 81.4 2.6 1.0 – 16.0 –

[a] Reaction conditions: oleic acid (2.0 g), decalin (30.0 g), 10 wt % Ni/MO-Al2O3 (0.2 g), H2 pressure (3.5 MPa), and stirring at 600 rpm for 6 h. [b] The catalyst
was prepared by a similar procedure to that used for the preparation of MO-Al2O3 supports. [c] g-Al2O3 was purchased from Sasol Company.

Figure 1. XRD patterns of the as-prepared catalysts: a) Ni/MgO-Al2O3, b) Ni/
CaO-Al2O3, c) Ni/NiO-Al2O3, d) Ni/CuO-Al2O3, e) Ni/ZnO-Al2O3, f) Ni/g-Al2O3-1,
and g) Ni/g-Al2O3-2.
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sicity to inhibit the formation of stearate, transition metals
were introduced into the supports instead of alkaline-earth

metals. The results show that the content of alkanes increased
markedly in association with the reduction of stearate. In par-

ticular, oleic acid was almost completely converted into alka-
nes over the Zn-containing support. Therefore, a support with

a relatively weak basicity is favorable for the deoxygenation of
oleic acid.

To further confirm the positive effect of basicity, two kinds

of active alumina were used as supports to prepare the cata-
lysts for oleic acid conversion. Although alkanes were the main

product with contents of 59.2 and 84 %, respectively, the selec-
tivities were still lower for active alumina than for Ni/ZnO-Al2O3

(Table 1). The CO2 temperature-programmed desorption (TPD)
profiles (Figure S1) showed only one CO2 desorption peak at

50–150 8C from Ni/g-Al2O3-2, whereas an additional peak at

450–500 8C was observed for Ni/ZnO-Al2O3. Thus, it is reasona-
ble to believe that a suitable basicity is favorable for the con-

version of oleic acid into alkanes.
Additionally, the effect of the Ni loading on the conversion

of oleic acid was studied (Figure S2). If the ZnO-Al2O3 support
was just used as the catalyst, the conversion of oleic acid was

only 7.1 % and the product consisted mainly of stearyl stearate

and 1-octadecanol. As the Ni loading increased to 5 wt %,
a complete conversion of oleic acid was achieved, and the con-

tents of n-heptadecane and n-octadecane were 36.2 and 3.3 %,
respectively. A further increase in the Ni loading resulted in

a higher yield of alkanes. This phenomenon indicated that Ni
species could supply the active sites for hydrogenation, which

was significant for the further transformation of stearyl stearate

into alkanes.
Ni/ZnO-Al2O3 exhibits a better catalytic deoxygenation activi-

ty than the other catalysts under identical reaction conditions
(Table 1). With the purpose to investigate the structural

changes of this catalyst, samples obtained at different stages
of the preparation were characterized by XRD, and the corre-

sponding patterns are shown in Figure 2. The diffraction pat-

tern of the Zn-Al hydrate precursor is shown in Figure 2 a, in
which the peaks at 2 q = 12.9 and 26.78 can be indexed to the

Zn4(CO3)(OH)6 phase (JCPDS #11-0287). This observation is at-

tributed to excess Zn atoms unbonded with Al atoms. The
peaks at 2 q= 31.3, 34.4, and 36.98 are assigned to the ZnAl2O4

spinel structure (JCPDS #05-0669), which suggests that Zn-Al
composite oxides can be formed directly under hydrothermal

conditions. Additionally, there is a sharp peak with the stron-
gest intensity at 2 q = 19.58, however, the crystal structure

cannot be determined exactly. As its position is similar to that
of the (1 0 0) plane of Zn(OH)2 (2 q = 18.98 ; JCPDS #24-1444)
and it disappears after calcination (Figure 2 b), this peak can

probably be attributed to the Zn(OH)2 phase. Moreover, the
characteristic peaks of boehmite (AlOOH) were not observed,
which means all Al atoms are bonded with Zn atoms through
oxygen-bridged bonds to form spinel-like structures. After cal-
cination, the Zn-Al hydrate precursor was transformed to ZnO-
Al2O3 composite oxides, which consist mainly of ZnAl2O4 and

ZnO structures (JCPDS #65-3411). Compared to ZnAl2O4, the

diffraction peak intensity of ZnO is weak, which implies its
smaller crystallite size.

The diffraction pattern of the unreduced Ni/ZnO-Al2O3 cata-
lyst is shown in Figure 2 c. Only two weak diffraction peaks

were observed at 2 q= 43.3 and 62.88, assigned to the (0 1 2)
and (11 0) planes of the NiO phase (JCPDS #44-1159). Another

characteristic peak of the (1 0 1) plane at 2 q= 37.28 is not ob-

served because it has a similar diffraction angle to the charac-
teristic peak of the (3 11) plane of the ZnAl2O4 phase. Interest-

ingly, the diffraction peak intensity of ZnO increases remarka-
bly after the loading of NiO, whereas that of ZnAl2O4 remains

unchanged. This reveals that the addition of NiO may promote
the migration of ZnO crystallites to grow into larger particles.

After reduction, the metallic Ni peak cannot be seen in the

XRD pattern (Figure 1 e), whereas the peaks of NiO were still
observed, which indicates that only the surface NiO particles

were reduced to metallic Ni under the present conditions.
However, because of its trace amount and small particle size, it

is difficult to detect metallic Ni by XRD. Accordingly, TEM was
employed to observe the Ni particle size (Figure S3), which

shows that the Ni particles were distributed uniformly on the

support surface with an average size of 11.7 nm.

The effect of reaction temperature and H2 pressure

The effect of the reaction temperature and H2 pressure on the
conversion of oleic acid was investigated to evaluate the cata-

lytic deoxygenation performance of Ni/ZnO-Al2O3, and the re-
sults are listed in Table 2. As the double bonds can be saturat-
ed easily in the presence of high-pressure H2, the conversion

of oleic acid for all tests was 100 % except for the reaction at
240 8C. At this temperature, stearyl stearate was the dominant

product, which is attributed to an esterification reaction be-
tween the formed stearic acid and 1-octadecanol. As the tem-

perature was increased from 240 to 280 8C, the content of alka-

nes increased remarkably from 0.2 to 99.2 % accompanied by
the reduction of the stearyl stearate content, which indicates

that stearyl stearate may be an important intermediate. The al-
kanes in the liquid products are C17 and C18 straight-chain alka-

nes. Probably, because of the weak acidity of the catalyst, no
isomers of C17 and C18 alkanes or their cracking products were

Figure 2. XRD patterns of different samples: a) Zn-Al hydrate precursor,
b) ZnO-Al2O3 support, and c) unreduced 10 wt % Ni/ZnO-Al2O3.
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detected in the products. Although the ratio of C17/C18 de-
creased with the increase of the reaction temperature, C17

alkane (n-heptadecane) was still the main product.
The effect of H2 pressure on the yield of alkanes is similar to

that of temperature, that is, an increased H2 pressure can im-

prove the formation of alkanes, which suggests that a higher
H2 pressure is favorable for the hydrogenolysis of the inter-

mediate (stearyl stearate) at the same reaction temperature. If
the H2 pressure was increased to 3.0 MPa, the content of alka-

nes was above 99 %, and a further increase in the pressure did
not affect the product distribution significantly.

Furthermore, if the reaction was performed at 280 8C, the se-

lectivity to alkanes reached 60 % even under a pressure of
1.0 MPa, which is much higher than that obtained at 240 8C

and 4.0 MPa H2. Thus, the reaction temperature is thought to
be more critical to the conversion of oleic acid into alkanes

than the H2 pressure. To verify this assumption, a similar reac-
tion was conducted at 300 8C and 2.0 MPa H2. As a result, oleic
acid can be transformed completely into alkanes within the

same reaction time.

Conversion of oleic acid over Ni/ZnO-Al2O3

To investigate the transformation of oleic acid, a series of reac-
tions were performed at 280 8C and 3.0 MPa H2 for various re-

action times from 1 to 6 h, and the results are shown in
Figure 3. Within the first hour, all of the oleic acid was saturat-
ed rapidly by the hydrogenation reaction, and the primary

product was stearyl stearate (78.6 %) with a small amount of
stearic acid (18.3 %). The formation of stearyl stearate requires

a large amount of 1-octadecanol in addition to stearic acid,
however, only a small amount of 1-octadecanol (2.4 %) was de-

tected, which indicates that the reaction rates for the hydroge-

nation of oleic acid into 1-octadecanol and the esterification of
1-octadecanol with stearic acid were very fast. As the reaction

progresses, the content of stearyl stearate and stearic acid de-
creased gradually accompanied with an increase in the content

of alkanes (which include heptadecane and octadecane) and 1-
octadecanol. More specifically, the increment of heptadecane

is much higher than that of the other components.
Heptadecane was hardly detected in the initial reac-

tion stage even though it could be produced easily
though the decarbonylation of octadecanal. These

findings indicate that the formed octadecanal has
been hydrogenated into 1-octadecanol and convert-

ed readily into stearyl stearate before decarbonyla-
tion. Thus, in one sense, heptadecane was derived

mainly from stearyl stearate rather than oleic acid.

With respect to the gas phase (data not shown), CO
was the main product and its content increased as

the reaction went on. Moreover, only small amounts
of other products such as CO2 and methane were ob-

served, which suggested that catalytic decarbonyla-
tion occurred preferentially compared with direct de-

carboxylation over this catalyst. This is consistent

with the results reported by Kandel and co-workers[11]

who found that the introduction of basic aminopropyl groups
onto the support surface promoted decarbonylation, and hep-

tadecane generation markedly in the hydrodeoxygenation of
oleic acid. As the H2 consumption for decarbonylation is less

than that for hydrodeoxygenation, Ni/ZnO-Al2O3 is more eco-
nomical than acidic catalysts for the production of green
diesel.

Recently, Peng and co-workers found that octadecane was
the dominant product in the liquid phase during the conver-

sion of stearic acid over Ni/HBeta.[9a] Their observation is the
opposite to the results in this work, which may be related to

the acidy/basicity of the support used. If acidic zeolites were

used as the support, the dehydration of 1-octadecanol oc-
curred preferentially on the acid sites, which inhibited the

esterification reaction with stearic acid. As a result, 1-octadeca-
nol, as an important intermediate, was transformed mainly into

octadecane. Nevertheless, basic supports cannot catalyze the
dehydration of 1-octadecanol, however, they are helpful for

Table 2. Conversion of oleic acid under different temperatures and H2 pressures.[a]

Entry T
[8C]

P
[MPa]

Conversion
[%]

Distributions of
liquid products [wt %]

n-C17 n-C18 1-Octadecanol Stearyl
stearate

1 240 4.0 92.8 0.2 – 5.9 93.9
2 260 4.0 100 46.6 1.7 10.7 41.0
3 270 4.0 100 81.7 2.5 2.2 13.6
4 280 4.0 100 95.0 4.2 0.8 –
5 280 3.5 100 94.5 4.3 1.2 –
6 280 3.0 100 95.1 4.2 0.7 –
7 280 2.5 100 93.7 2.1 1.3 2.9[b]

8 280 2.0 100 82.3 1.6 1.2 12.9
9 280 1.0 100 59.6 0.8 0.7 38.9

10 300 2.0 100 96.2 3.8 – –

[a] Reaction conditions: oleic acid (2.0 g), decalin (30.0 g), 10 wt % Ni/ZnO-Al2O3

(0.2 g), and stirring at 600 rpm for 6 h. [b] The content of zinc stearate.

Figure 3. Distribution of liquid products for the conversion of oleic acid over
10 wt % Ni/ZnO-Al2O3 at 280 8C versus reaction time: (^) stearyl stearate, (Õ)
stearic acid, (&) n-heptadecane, (~) 1-octadecanol, (*) n-octadecane. Reac-
tion conditions: oleic acid (2.0 g), decalin (30.0 g), catalyst (0.2 g), H2 pressure
(3.0 MPa), and stirring at 600 rpm.
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esterification at high temperatures.[12] Thus, a large amount of
stearyl stearate was formed during the initial stage of the reac-

tion, and n-heptadecane was the main finial product. Palmityl
palmitate can be converted to 1-hexadecanol and hexadecanal

through Ni-catalyzed hydrogenolysis.[9b] Accordingly, stearyl
stearate would be transformed into 1-octadecanol and octade-

canal in this work. However, only a small amount of 1-octade-
canol was detected without any observation of octadecanal
during the reaction, which may be because the conversion of

1-octadecnol and octadecanal is much faster than stearyl stea-
rate hydrogenolysis. From this viewpoint, the hydrogenolysis

of stearyl stearate was believed to be the rate-determining
step for the overall reaction.

Kinetic experiments

For the verification of the above inferences, kinetic studies on

various intermediates were performed under the same condi-
tions (Figures S4–S6), and the corresponding initial reaction
rates are shown in Table 3. As the saturation of the double

bonds in oleic acid occurred easily, stearic acid would be the

first intermediate. The subsequent conversion of stearic acid
involves two steps: hydrogenation and esterification. If we

consider that the alcohol that was esterified with stearic acid
was derived from the hydrogenation of stearic acid itself then

one mole of alcohol would consume one mole of stearic acid

during the esterification reaction. Thus, although the conver-
sion rate of stearic acid was calculated to be 15.4 mmol g¢1 h¢1

based on experimental results, the actual rate for stearic acid
hydrogenation should be 7.7 mmol g¢1 h¢1, which is half the
conversion rate.

Similar to that of stearic acid,

further conversion of the gener-
ated 1-octadecanol also involved
two steps: dehydrogenation and
esterification. As a result of the
very fast rate of the decarbonyla-

tion of 1-octadecanal, alkanes
were the exclusive liquid prod-

ucts of the dehydrogenation of
1-octadecanol. The conversion of
1-octadecanol was linear with re-

action time, and a dehydrogena-
tion rate of 9.7 mmol g¢1 h¢1 was

attained. In the case of the
esterification reaction, the

amount of solvent was doubled in the kinetics experiments to
acquire a linear change of the 1-octadecanol conversion over
time because the reaction rate was so fast that it was difficult
to measure. In addition, the experiments were performed
under N2 to eliminate the hydrogenation reaction. Under the
present conditions, the esterification rate of 1-octadecanol was

calculated to be 64.1 mmol g¢1 h¢1. To obtain the actual rate,
a similar experiment was performed without changing the
amount of solvent. As a result, the conversion of 1-octadecanol

was 84.9 % after 1 h, which is approximately 1.9 times as much
as the present value. Thus, it is reasonable that the actual

esterification rate should be 121.8 mmol g¢1 h¢1 if the reactant
concentration remains unchanged. Apparently, the reaction

rate of 1-octadecanol for esterification is much faster than that
for dehydrogenation, and therefore, stearyl stearate was the

predominant product in the initial stage of oleic acid conver-

sion. Furthermore, the conversion rate of stearyl stearate was
obtained from the results shown in Figure 3 and the value is

3.3 mmol g¢1 h¢1, which confirms that the hydrogenolysis of
stearyl stearate is the rate-determining step for the deoxygena-

tion of oleic acid over Ni/ZnO-Al2O3.
If we combine these data with those reported previously by

other researchers, an overall reaction pathway for the conver-

sion of oleic acid to n-alkanes over Ni/ZnO-Al2O3 catalyst is pro-
posed. The reaction pathway consists of six main steps that in-

volve the saturation of C=C double bonds in the oleic acid, the
hydrogenation of stearic acid, the esterification of 1-octadeca-

nol, the hydrogenolysis of stearyl stearate, the decarbonylation
of octadecanal, and the dehydrogenation of octadecanol

(Scheme 1). Initially, oleic acid was hydrogenated readily into

stearic acid. Then, a small amount of stearic acid may be con-
verted into n-heptadecane by direct decarboxylation, and the

rest was further hydrogenated into 1-octadecanol. Afterwards,
most 1-octadecanol reacted with unhydrogenated stearic acid,

which led to the generation of stearyl stearate, and the re-
mainder underwent dehydration and hydrogenation with

a final conversion into n-octadecane. Subsequently, the gener-

ated stearyl stearate was transformed into 1-octadecanol and
octadecanal by hydrogenolysis. Finally, in addition to the con-

version of a trace amount of 1-octadecanol into n-octadecane,
a large proportion of 1-octadecanol was dehydrogenated into

Table 3. Kinetic data of elementary steps in the overall deoxygenation re-
action of oleic acid over 10 wt % Ni/ZnO-Al2O3 at 280 8C.

Elementary step Initial rate [mmol g¢1 h¢1]

Hydrogenation of stearic acid 15.4
Dehydrogenation of 1-octadecanol 9.7
Esterification of 1-octadecanol with stearic acid 64.1
Hydrogenolysis of stearyl stearate 3.3

Scheme 1. Proposed reaction route for the conversion of oleic acid to alkanes over Ni/ZnO-Al2O3.
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octadecanal and further decarbonylated into n-heptadecane.
As the content of n-heptadecane is much higher than that of

n-octadecane in the product, the decarbonylation of octadeca-
nal is the major route compared to the hydrodeoxygenation of

octadecanol. Additionally, the generated methane may derive
from the reaction of the produced CO or CO2 with H2.

Recycling tests

The stability of the catalyst was tested under the same condi-
tions. In each test, the recovered catalyst was recycled from
the liquid product by centrifugation, washed with cyclohexane

three times to remove the products, and then dried under
vacuum at 60 8C for 30 min. The selectivity to alkanes de-
creased gradually as the number of uses increased, although
oleic acid was still converted completely (Figure 4). The incre-

ment of 1-octadecanol in the product suggested that the de-

hydrogenation activity of the catalyst was inhibited for some
reason. Recently, Song and co-workers investigated the effect

of the size and distribution of Ni nanoparticles on the hydro-
deoxygenation activity for microalgae oil.[13] They reported that

the aggregation of Ni nanoparticles occurs during successive
reactions through an Ostwald ripening process, which is a cru-
cial factor for catalyst deactivation. In view of this, the catalyst

was characterized by TEM after three runs (Figure S7), and the
results show that the average size of the Ni nanoparticles had

increased by over 20 % (from 11.7 to 14.3 nm). As a result of
the similarity of the hydrodeoxygenation reaction, the aggre-

gation of Ni nanoparticles is believed to be the reason for the

activity decrease in this work. In spite of this, the alkanes (C17

and C18) content in the liquid product was still above 90 %

after three runs, which suggests a relatively high stability of
the catalyst.

If we take into account that there are basic species (NiO and
ZnO) on the catalyst surface, it is necessary to identify whether

the oleic acid reacted with them during the reaction, which
may cause the loss of active components. For this purpose, the

content of Ni and Zn in the liquid product obtained from a rep-
resentative reaction (performed at 280 8C and 3.0 MPa for 6 h
over 10 wt % Ni/ZnO-Al2O3) was determined by using an Analy-
tik Jena CONTRAA 700 atomic absorption spectrometer. Less

than 1 ppm of Ni and Zn were detected, which suggests the
high stability of the catalyst and that this reaction is a hetero-
geneous catalytic process, not catalyzed homogeneously by

metals leached into the solution.

Deoxygenation reaction of triglyceride

Currently, vegetable oils are regarded as typical feedstocks for
second-generation biofuels. Although triglycerides are the

main component in vegetable oils, they are present as a mix-
ture of glycerides with various unsaturated fatty-acid chains.

Thus, glycerol trioleate was selected as a model compound to
test the deoxygenation activity of Ni/ZnO-Al2O3 for triglycer-

ides. The IR spectra of the reactant that contains glycerol trio-

leate and the liquid product are shown in Figure 5. The ab-

sorption peak at ñ= 1748 cm¢1 in spectrum a is assigned to
the stretching vibration of C=O bonds in the ester groups and

the other peaks were attributed to the solvent. After the reac-
tion, the peak at ñ= 1748 cm¢1 disappeared, and a new peak
at ñ= 740 cm¢1 that corresponds to the rocking vibration of

C¢H bonds in ¢CH2¢ groups was observed in spectrum b,
which means that the glycerol trioleate was converted into al-

kanes. This result is in accordance with that obtained from
GC–MS, in which only n-alkanes were detected in the liquid

product. The content of C17 alkane (94.7 %) is approximately

17 times higher than that of C18 alkane (5.3 %) in the product,
which implies the high hydrodecarbonylation activity of Ni/

ZnO-Al2O3. Compared to that of oleic acid, the conversion of
glycerol trioleate needs a higher reaction temperature, and

only stearyl stearate and 1-octadecanol were produced at
lower temperatures (e.g. , 280 8C).

Figure 4. Recycling tests of 10 wt % Ni/ZnO-Al2O3 for the conversion of oleic
acid: (blue) n-heptadecane, (red) n-octadecane, (green) 1-octadecanol. Reac-
tion conditions: oleic acid (2.0 g), decalin (30.0 g), catalyst (0.2 g), tempera-
ture (280 8C), H2 pressure (3.0 MPa), and stirring at 600 rpm for 6 h.

Figure 5. IR spectra of a) a decalin solution of glycerol trioleate and b) its
liquid product. Reaction conditions: glycerol trioleate (2.0 g), decalin (30.0 g),
10 wt % Ni/ZnO-Al2O3 (0.2 g), temperature (320 8C), H2 pressure (2.0 MPa),
and stirring at 600 rpm for 6 h.
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Conclusions

Various basic composite oxides were used as catalyst supports
in the deoxygenation of oleic acid, and Ni supported on ZnO-

Al2O3 exhibited the highest conversion of oleic acid and selec-
tivity to n-alkanes. A suitable amount of basicity on the sup-

port is favorable for oleic acid deoxygenation. Additionally, in-
creased Ni loadings and reaction temperatures or decreased H2

pressures were beneficial for the formation of alkanes, espe-
cially n-heptadecane. As the predominant product, n-heptade-
cane was derived mainly from stearyl stearate hydrogenolysis
and subsequent octadecanal decarbonylation, which is the
major route in the whole reaction pathway. The reaction rates
of different intermediates confirm that the hydrogenolysis of
stearyl stearate is the rate-determining step for the overall re-

action of oleic acid. After reuse three times, the catalyst still

maintained a relatively high yield of alkanes (>90 %) to show
a high activity stability. As this catalyst showed a high deoxy-

genation activity towards oleic acid/glycerol trioleate and se-
lectivity to alkanes, it would be a promising deoxygenation

catalyst for the production of green diesel in the future.

Experimental Section

General

All chemicals were purchased from commercial suppliers and used
as received without further purification: Mg(NO3)2·6 H2O,
Ca(NO3)2·4 H2O, Ni(NO3)2·6 H2O, Cu(NO3)2·3 H2O, Zn(NO3)2·6H2O,
Al(NO3)3·9H2O, urea, and decalin (Sinopharm, AR standard), oleic
acid, stearic acid, and 1-octadecanol (Aladdin, AR standard), n-octa-
decane (Aladdin, �99.5 % GC standard), and glycerol trioleate
(Aladdin, �60 % CP standard; the composition of the fatty acid is
listed in Table S1).

Preparation of MO-Al2O3 supports

MO-Al2O3 supports were obtained from the thermal decomposition
of M-Al hydrate precursors. Typically, Mg(NO3)2·6 H2O (4 mmol),
Al(NO3)3·9 H2O (2 mmol), and urea (42 mmol) were dissolved in de-
ionized water (40 mL) under magnetic stirring. The solution was
transferred to a 100 mL Teflon-lined stainless autoclave and heated
to 180 8C. After reaction for 3 h, the autoclave was cooled to RT,
and the white precipitate was collected by filtration, washed with
deionized water to get a neutral pH, and then dried in air at 80 8C
overnight. Finally, the solid was calcined in air from RT to 500 8C at
a heating rate of 2 8C min¢1 and maintained for 4 h, which led to
the formation of the MgO-Al2O3 support. Similarly, other supports
were prepared with the corresponding nitrate salts by the same
procedure.

Preparation of Ni/MO-Al2O3 catalysts

Ni/MO-Al2O3 catalysts were prepared by an incipient wetness im-
pregnation method as follows: Ni(NO3)2·6 H2O (3.4 mmol) was dis-
solved in water (2.7 mL), and the solution was added dropwise
onto the as-prepared MgO-Al2O3 support (1.8 g) with continuous
agitation at RT for 2 h. Afterward, the obtained substance was
dried overnight at 80 8C and then calcined in a flow of N2 at 400 8C
for 4 h (flow rate: 80 mL min¢1), followed by reduction at 500 8C in

a flow of H2 for 4 h (flow rate: 80 mL min¢1). The heating rate for
calcination and reduction was 2 8C min¢1. The obtained sample was
Ni/MgO-Al2O3 with 10 % Ni content by weight. Similarly, other Ni
supported catalysts, namely, Ni/CaO-Al2O3, Ni/NiO-Al2O3, Ni/CuO-
Al2O3, and Ni/ZnO-Al2O3, were prepared by the same procedure.

Characterization

The crystal structures of the samples were analyzed by using
a Bruker AXS-D8 Advance powder diffractometer with a CuKa radia-
tion source of wavelength 1.5406 æ. The XRD patterns were collect-
ed at 40 kV and 40 mA with a scanning rate of 48/min from 2 q=
5–808. The textural properties of the catalysts were obtained from
N2 adsorption–desorption isotherms measured by using a Micro-
meritics ASAP 2020 adsorption analyzer at ¢196 8C. Before the
measurements, all of the samples were degassed at 140 8C under
vacuum for 6 h. The specific surface areas were calculated by the
BET method, and the pore volumes and pore size were determined
by the Barrett–Joyner–Halenda (BJH) method from the desorption
branch of the isotherms. TEM analysis was performed by using
a JEM-2100HR electron microscope with an acceleration voltage of
200 kV. The reduced catalyst sample was dispersed ultrasonically in
ethanol and dropped onto a carbon-coated copper grid. At least
200 Ni particles were measured to determine the Ni nanoparticle
size distribution. The basicity of catalyst was analyzed by CO2-TPD
measurement by using a Micromeritics AutoChem II 2920 instru-
ment. Before the adsorption of CO2, the catalyst (0.1 g) was activat-
ed under Ar at 300 8C for 1 h. Then, the sample tube was cooled to
50 8C, and a mixture of 10 vol % CO2/Ar at a flow rate of
80 mL min¢1 was introduced into sample tube at a flow rate of
80 mL min¢1 for 1 h. Subsequently, the sample was purged with
30 mL min¢1 Ar at 50 8C for 2 h to remove physisorbed CO2. After-
wards, the sample was heated to 600 8C at a rate of 10 8C min¢1

and maintained for 20 min. The desorbed CO2 was monitored by
using a thermal conductivity detector (TCD).

Catalytic tests

Deoxygenation reactions of oleic acid were performed by using
a tank reactor (100 mL capacity) with continuous stirring. Typically,
oleic acid (2.0 g) was diluted with decalin (30.0 g), and the mixture
was charged into the vessel, together with Ni/MO-Al2O3 catalyst
(0.2 g). Before the reaction, the reactor was purged three times
with H2 to exchange the air inside. The reaction was performed at
280 8C and 3.5 MPa H2 (initial pressure at RT) for 6 h with a stirring
rate of 600 rpm. The products in the gas phase were analyzed by
GC–MS with a TCD and an HP-PLOT/Q column (30 m, 0.32 mm
inner diameter, 20 mm film). The liquid products were analyzed by
GC–MS with a flame ionization detector (FID) and a HP-INNOWAX
column (30 m, 0.25 mm inner diameter, 0.25 mm film). N-Octade-
cane was used as the internal standard for the quantification of
the liquid products. FTIR spectra was measured by using a Nicolet
6700 spectrometer to detect the ¢C(O)O¢ group in liquid prod-
ucts.

Acknowledgements

This work was supported by the Qingdao Institute of Bioenergy
and Bioprocess Technology Director Innovation Foundation for

Young Scientists (NO. Y47203110T), and the research and devel-
opment project (2014-TR-SDB-03) funded by Beijing Aeronautical

ChemCatChem 2015, 7, 2646 – 2653 www.chemcatchem.org Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2652

Full Papers

http://www.chemcatchem.org


Science & Technology Research Institute of COMAC, Ltd. and
Boeing Company. We also thank Dr. Y. P. Li (College of Chemical

Engineering, China University of Petroleum, Qingdao, P. R. China)
for TEM analysis.

Keywords: alkanes · basicity · fatty acids · nickel · supported
catalysts

[1] S. A. W. Hollak, R. W. Gosselink, D. S. van Es, J. H. Bitter, ACS Catal. 2013,
3, 2837 – 2844.

[2] a) G. W. Huber, S. Iborra, A. Corma, Chem. Rev. 2006, 106, 4044 – 4098;
b) E. Lotero, Y. Liu, D. E. Lopez, K. Suwannakarn, D. A. Bruce, J. G. Good-
win, Ind. Eng. Chem. Res. 2005, 44, 5353 – 5363.
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