
T
c

H
a

b

a

A
A

K
D
N
R

1

w
H
l
t
[
i
e
s
h
t
c
o
r
l

o
i
t
t
o
p
(
s
o

0
d

Catalysis Today 164 (2011) 457–460

Contents lists available at ScienceDirect

Catalysis Today

journa l homepage: www.e lsev ier .com/ locate /ca t tod

he effect of calcination temperature on the performance of Ni/MgO–Al2O3

atalysts for decarboxylation of oleic acid

yun-Seog Roha,∗, Ic-Hwan Euma, Dae-Woon Jeonga, Bo Eun Yib, Jeong-Geol Nab, Chang Hyun Kob,∗∗

Department of Environmental Engineering, Yonsei University, 234 Maeji, Heungeop, Wonju, Gangwon 220-710, South Korea
Greenhouse Gas Research Center, Korea Institute of Energy Research (KIER), 102 Gajeong-ro, Yuseong, Daejeon 305-343, South Korea

r t i c l e i n f o a b s t r a c t
rticle history:
vailable online 11 November 2010

eywords:
ecarboxylation

Ni catalysts supported on MgO–Al2O3 (MgO = 70 wt.%) were prepared at various calcination temperatures
for decarboxylation of oleic acid. According to TPR patterns of Ni/MgO–Al2O3 catalysts, the reduction
degree increases with decreasing the calcination temperature from 500 to 300 ◦C. Ni/MgO–Al2O3 cat-
alyst calcined at 300 ◦C exhibited the highest oleic acid conversion as well as high selectivity to C17

compounds at the reaction temperature of 300 ◦C. This is due to free NiO species, which have relatively
e sup
i/MgO–Al2O3

edox property
weak interaction with th

. Introduction

The first generation of bio-diesel, fatty acid methyl ester (FAME),
as produced via trans-esterification of lipids with methanol [1].
owever, FAME bio-diesel has some disadvantages such as fol-

ows. FAME has high cloud point and pour point which can lead
o clogging of fuel filters and supply lines at low temperatures
2]. Besides, the oxygenated compounds in FAME result in thermal
nstability, corrosiveness and low heating value [3]. Therefore, the
limination of the oxygenated compounds in FAME improves its
tability and enhances its utilization potential. As a consequence,
ydrodeoxygenation (HDO) process has been developed to remove
he oxygenated compounds in lipids [4,5]. However, HDO process
onsumes excess hydrogen [6]. As an alternative, decarboxylation
f lipids can be considered. Unlike HDO, decarboxylation does not
equire hydrogen and does not produce water, which causes cata-
yst deactivation [6].

Several active metals, such as Pd, Ni, Ru, Ir, Os, Rh supported
n silica, alumina and activated carbon catalysts have been studied
n the deoxygenation reaction [7]. The most efficient deoxygena-
ion catalysts are precious metals such as Pt and Pd [7]. Since
he precious metals are rare and expensive, some transition metal
xide and metal catalysts have been studied from economical

oint of view. Recently, Na et al. [6] reported that hydrotalcites
MgO–Al2O3) showed the activity of decarboxylation. However, the
electivity to heptadecene, a product by direct decarboxylation of
leic acid, was very low, implying that cracking and decarboxyla-
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tion occurred simultaneously during the reaction by hydrotalcites.
Takemura et al. [8] found that alumina-supported Ni catalysts
were active for liquid-phase benzoic acid decarboxylation at 390 ◦C
under H2 or N2 pressure in a batch autoclave. Moreover in a patent it
has been described that straight chain olefins were produced from
saturated fatty acids and fatty acid esters over Ni-based catalyst
promoted with either tin, germanium or lead [9].

In this study, Ni catalysts supported on MgO–Al2O3
(MgO = 70 wt.%) calcined at various temperatures were pre-
pared, characterized and applied to decarboxylation of oleic acid
(cis-9-octadecenoic acid: C17H33COOH). The catalyst properties
have been characterized by BET, XRD, TEM, TPR and related to the
activity results in decarboxylation.

2. Experimental

2.1. Catalyst preparation

MgO–Al2O3 (MgO = 70 wt.%, SASOL) was employed as a sup-
port in this study. The support was pre-calcined at 500 ◦C for
6 h. Ni(NO3)2·6H2O (97%, JUNSEI) was used as a precursor of Ni.
Supported Ni catalysts were prepared by an incipient wetness
impregnation method. The loading amount of Ni was fixed at
20 wt.%. The prepared catalysts were calcined at each temperature
for 6 h. The prepared catalysts were reduced in a 10 vol.% H2/Ar
stream at 700 ◦C for 2 h and cooled down to room temperature in
N2.
2.2. Characterization

The BET surface area was measured by nitrogen adsorption
at −196 ◦C using an ASAP 2010 (Micromeritics). The quantitative
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Table 1
Characteristics of 20 wt.% Ni/MgO–Al2O3 (MgO = 70 wt.%) catalysts calcined at various temperatures.

Cal. temp. (◦C) SABET (m2/g) Vpore (cm3/g) Crystallite size (nm)

Fresh Reduced Fresh Reduced NiO/MgO Ni0

300 11 114 0.06 0.26 8.3 N.A.a

0.20 0.28 8.3 7.4
0.28 0.28 8.3 7.7
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NiO. In general, the peak appearing at around 400 ◦C is attributed to
the reduction of the relatively free NiO species, which have no inter-
action or weak interaction with support, while the peak appearing
at about 600 ◦C is assigned to the reduction of complex NiO species,

Table 2
Reduction degree of 20 wt.% Ni/MgO–Al2O3 (MgO = 70 wt.%) catalysts calcined at
various temperatures.
400 51 96
500 89 89

a Not available due to very weak XRD peak.

nalysis of weight loss of the sample was performed with a thermo-
ravimetric analyzer (TGA, Netzsch TG209F3). The XRD patterns
ere recorded using a Rigaku D/MAX-IIIC diffractometer (Ni fil-

ered Cu-K radiation, 40 kV, 50 mA), and the crystallite size was
stimated by using Scherrer equation [10]. Transmission electron
icroscopy (TEM) images of reduced catalysts were obtained in

ecnai F30S-Twin (FEI) microscope with 300 kV operating voltage.
ll samples were suspended in ethanol by ultrasonication. The sus-
ension was deposited on a copper grid with hollow carbon film
or TEM measurements. Temperature programmed reduction (TPR)
as carried out in an Autochem 2910 (Micromeritics) using 10 vol.%
2/Ar with a heating rate of 10 ◦C/min. The reduction degree was
stimated by integrating the peak area of the reduction curve (from
00 to 950 ◦C) relative to the reference curve of NiO.

.3. Catalytic reaction

The decarboxylation reactions were carried out in an auto-
lave reactor (100 mL) operating in a batch mode. The autoclave
eactor was designed for operation up to 100 bar and 450 ◦C. A
ulti-blade impeller was equipped to mix liquid reactant and solid

atalyst. The temperature was measured with a K-type thermocou-
le. In a typical batch experiment, 55.0 g of oleic acid and 1.375 g of
atalyst (reactant/catalyst = 40/1 wt./wt.) were placed in the reac-
or. After oleic acid and catalyst were loaded in the reactor, the
eactor was flushed with nitrogen to remove the remaining oxy-
en. Then, the reactor was heated to 300, 350, and 400 ◦C and
he reaction temperature was maintained at each temperature for
h. The stirring speed was fixed at 800 rpm during the reaction.
he reactor was subsequently cooled down to room tempera-
ure. The liquid products were collected after filtering solid phase
atalysts.

The liquid products were analyzed by a gas chromatograph (HP
890N) equipped with a flame ionization detector and a capillary
olumn (HP-5, 30 m).

. Results and discussion

.1. Catalyst characterization

The characteristics of supported Ni catalysts are listed in Table 1.
n the case of fresh catalysts, the BET surface area and pore volume
ramatically increases with an increase of the calcination temper-
ture from 300 to 500 ◦C. On the contrary, the BET surface area
f reduced catalysts gradually decreases with increasing the cal-
ination temperature from 300 to 500 ◦C. This indicates that the
ore of the fresh catalyst calcined at 300 ◦C was filled with NiO
nd residual salt after calcination at 300 ◦C. According to thermo-
ravimetric analysis (TGA) results, residual salt could be removed in
he temperature range between 300 and 360 ◦C. After the reduction
rocess, residual salt was eliminated and NiO species were reduced
nto Ni, resulting in an increase of BET surface area and pore vol-
me. The degree of pore-filling of the catalyst strongly depends on
he calcination temperature.

XRD patterns of fresh and reduced catalysts are shown in Fig. 1.
ll the fresh catalysts show characteristic peaks of MgO or NiO [11].
Fig. 1. XRD patterns of 20 wt.% Ni/MgO–Al2O3 (MgO = 70 wt.%) catalysts calcined at
various temperatures.

It is difficult to distinguish MgO peaks from NiO peaks because the
peaks overlap each other [12]. The crystallite size of MgO or NiO
is calculated to be about 8.3 nm without regard to the calcination
temperature of catalyst. As a consequence, the crystallite size of
8.3 nm can be assigned to that of MgO because the precalcination
temperature of support was fixed at 500 ◦C. Thus, the NiO crystal-
lite size is assumed to be less than 8.3 nm. For reduced catalysts,
metallic Ni peak can be seen at 51.8◦ over the catalysts calcined
at 400 and 500 ◦C. In the case of the reduced catalyst, which was
calcined at 300 ◦C, metallic Ni peak does not appear. This indi-
cates that the crystallite size of Ni is too small to be measured by
XRD.

Fig. 2 displays the effect of calcination temperature on the for-
mation of Ni particles. For the sample calcined at 300 ◦C, Ni particles
cannot be found. This indicates that Ni is finely dispersed on sup-
port. For the samples with 400 and 500 ◦C calcinations, Ni particles
with ca. 8 nm diameter are dispersed on substrates. The particle
sizes observed in TEM images are consistent with those calculated
by using XRD patterns (Table 1).

Fig. 3 depicts TPR patterns of Ni/MgO–Al2O3 catalysts calcined at
different temperatures. Table 2 summarizes the reduction degree of
Cal. temp. (◦C) Reduction degree
(%, free NiO)

Reduction degree
(%, complex NiO)

Reduction degree
(%, total)

300 56 42 98
400 22 46 68
500 7 49 56
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ig. 2. TEM images of 20 wt.% Ni/MgO–Al2O3 (MgO = 70 wt.%) catalysts calcined at v
ere reduced at 700 ◦C).

hich have intimate contact with support. The reduction peak
ppearing at around 800 ◦C can be assigned to the reduction of the
iO species, which are incorporated into the support lattice [13].
or the catalyst calcined at 300 ◦C, the first reduction peak of NiO
ppears at 360 ◦C, which can be assigned to free NiO species. The
econd peak appearing at around 800 ◦C is assigned to the reduc-
ion peak of incorporated NiO species. The higher the calcination
emperature, the deeper NiO becomes incorporated into the sup-
ort lattice. As a result, free NiO species decrease remarkably, while

ncorporated NiO species increase with an increase of the calcina-
ion temperature from 300 to 500 ◦C. In addition, total reduction
egree decreases with increasing the calcination temperature from
00 to 500 ◦C.

.2. Reaction results

Table 3 summarizes reaction results over Ni/MgO–Al2O3 cat-
lysts. At the reaction temperature of 300 ◦C, Ni/MgO–Al2O3
atalysts exhibited 5–6 times higher oleic acid conversion than
lank test without catalyst. This indicates that catalytic reaction
ccurred at this temperature. Furthermore, the oleic acid conver-

◦
ion of the catalyst calcined at 300 C is about 5% higher than those
f catalysts calcined at 400 and 500 ◦C. Therefore, it has been con-
rmed that free Ni species, reduced from free NiO species, have
eneficial effect on decarboxylation of oleic acid. In the case of
lank test, the selectivity to stearic acid (36.7%) is much higher than
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ig. 3. TPR patterns of 20 wt.% Ni/MgO–Al2O3 (MgO = 70 wt.%) catalysts calcined at
arious temperatures.
s temperatures: (a) 300 ◦C, (b) 400 ◦C, and (c) 500 ◦C (after calcinations, all samples

those of catalysts. Stearic acid is considered as a reaction interme-
diate for decarboxylation of oleic acid [14]. As a result, metallic Ni
species are expected to be active sites to produce C17 compounds,
which are desirable products in decarboxylation of oleic acid from
stearic acid. The selectivities to C17 compounds are about 5% over
catalysts irrespective of the calcination temperature (Fig. 4). At the
reaction temperature of 350 ◦C, blank test without catalyst showed
61.8% oleic acid conversion. The support (MgO–Al2O3, MgO = 70%)
showed similar reaction results to blank test without catalyst at this
temperature. Ni/MgO–Al2O3 catalysts calcined at 400 and 500 ◦C
showed 60.5 and 63.6% oleic acid conversion, respectively. The cat-
alyst calcined at 300 ◦C exhibited the highest oleic acid conversion.
It is most likely that both thermal reaction and catalytic reaction
took place simultaneously at this reaction temperature. However,
the selectivity to C17 compounds depends strongly on the catalyst
(Fig. 4). The selectivities to C17 compounds of the catalysts calcined
at 400 and 500 ◦C are twice higher than that of blank test. Moreover,
the catalyst calcined at 300 ◦C shows 3 times higher selectivity to
C17 compounds than the blank test. Thus, it is also confirmed that
free Ni species have positive effect on production of C17 compounds.
At the reaction temperature of 400 ◦C, oleic acid conversions are
higher than 98%. This indicates that thermal reaction is favorable

at this reaction temperature due to pyrolysis of oleic acid [15]. How-
ever, the selectivity to C17 compounds depends on the catalyst. The
selectivity to C17 compounds of the catalyst calcined at 300 ◦C is
the highest.
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Fig. 4. Selectivity to C17 compounds (heptadecane and 8-heptadecene) over 20 wt.%
Ni/MgO–Al2O3 (MgO = 70 wt.%) catalysts calcined at various temperatures.
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Table 3
Reaction results of decarboxylation of oleic acid over 20 wt.% Ni/MgO–Al2O3 (MgO = 70 wt.%) catalysts calcined at various temperatures.

Cal. temp. Rxn. temp.

300 ◦C (%) 350 ◦C (%) 400 ◦C (%)

XO.A. SC17
b SS.A.

c XO.A. SC17
b SS.A.

c XO.A. SC17
b SS.A.

c

Blanka 5.2 3.7 36.7 61.8 4.6 5.2 99.5 2.0 1.4
300 ◦C 31.3 4.8 10.1 67.5 12.5 3.3 99.3 4.3 0.1
400 ◦C 27.5 5.0 10.6 60.5 8.6 3.9 99.5 1.3 0.0
500 ◦C 26.0 5.5 12.3 63.6 8.8 4.6 98.4 3.1 0.2
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a Blank test without catalyst.
b Selectivity to 8-heptadecene or heptadecane.
c Selectivity to stearic acid.

In summary, catalytic decarboxylation is a major reaction
athway at the reaction temperature of 300 ◦C. At the reaction
emperature of 350 ◦C, both catalytic reaction and thermal reaction
re reaction pathways. It is most likely that 350 ◦C is an optimum
eaction temperature because C17 selectivity is the highest at this
emperature. At the reaction temperature of 400 ◦C, thermal reac-
ion is dominant. Although the conversion of oleic acid is enhanced
ith an increase of the reaction temperature, C17 selectivity is
ecreased due to pyrolysis of oleic acid.

. Conclusion

Catalytic decarboxylation of oleic acid is dominant at the reac-
ion temperature of 300 ◦C. Both catalytic reaction and thermal
eaction take place at the reaction temperature of 350 ◦C. Ther-
al reaction is favorable at the reaction temperature of 400 ◦C due

o pyrolysis of oleic acid. The Ni/MgO–Al2O3 catalyst calcined at

00 ◦C exhibited the highest oleic acid conversion at the reaction
emperature range from 300 to 350 ◦C. This catalyst also showed
he highest selectivity to C17 compounds at 350 ◦C. This is mainly
ue to the presence of free Ni species, which have beneficial effect
n decarboxylation of oleic acid.
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