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Article Info Abstract
Article History: This study investigated the use of barium hydroxide doped ceria (Ba(OH),-
Received: July 23, 2019 Ce0,) as solid base catalyst for the transesterification of palm oil with
Revised: February 5, 2020 methanol to produce biodiesel. Cerium oxide was prepared by colloidal
Accepted: April 16, 2020 emulsion aphrons (CEAs), a type of dispersion method, which was then
followed by calcination. The catalyst was evaluated for its activity in
Keywords: terms of the content of fatty acid methyl ester (%FAME). Moreover, the
Biodiesel / Cerium Oxide / dependence of the %FAME on the reaction parameters, which included

Heterogeneous Catalyst / the amount of catalyst and reaction time, was studied. Physicochemical

Transesterification characteristics of the catalyst, as revealed by X-ray diffraction, Brunauer-
Emmett-Teller analysis, scanning electron microscopy and differential
thermal analysis/thermogravimetry, were also examined. The maximum
methyl ester content was noted to be 94.65%. The optimal reaction
condition for the transesterification used a 30:1 molar ratio of methanol
to oil, with an addition of 8 wt.% Ba(OH),-CeO, catalyst and reaction time

of 4 h.
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1. Introduction

Energy security is one of the most important issues
facing the world today, particularly regarding fluctua-
ting fuel costs, with the price of non-renewable fossil
fuel resources, including natural gases, oil and coal,
increasing in the world market day by day. Moreover,
the supply of fossil fuels is expected to be exhausted
in the near future. As fossil fuel resources become
more and more limited, scientists have been trying to
find alternative energy as a replacement. Renewable
energy refers to types of energy generated from
natural sources that are not finite in amount. Biodiesel
produced from palm oil is one such interesting alter-
native. The conventional biodiesel process uses
homogeneous catalysts such as sodium hydroxide
which have many drawbacks. The removal of these
catalysts from biodiesel fuel is difficult and requires
a washing process that uses a large amount of water
[1]. Heterogeneous catalysis is an economically and
ecologically important area in the wider catalysis
research field because these catalysts have many
advantages. They are non-corrosive, environmentally
benign and present fewer disposal problems than
other catalysts. Moreover, they are also much easier
to separate from liquid products and can be designed
to produce higher activity, more selectivity and longer
catalyst lifetimes [2-3]. Many types of heterogeneous
catalysts, such as alkaline earth metal oxides and
various alkaline metal compounds supported on
alumina or zeolite can catalyze transesterification
reactions [4-10]. The order of activity among alkaline
earth oxide catalysts is BaO>SrO>CaO>MgO [11-13].
Wenlei et al. [13] found that the optimum catalyst
of the reaction was Ba-ZnO with a loading of 2.5
mmol/g¢ Ba on ZnO, calcined at 873 K for 5 h; this
was able to exhibit the highest basicity and the best

catalytic activity. When the transesterification reaction
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was carried out at reflux of methanol (338 K), with a
12:1 molar ratio of methanol to oil and a catalyst
amount of 6 wt. %, the conversion of soybean oil
was 95.8%. Beside, Xinhai et al. [15] investigated the
use of CaO-CeO, mixed oxides as solid base catalysts.
The best catalyst was Ce/Ca with a molar ratio of 0.15
and calcined at 973 K. It was regenerated after being
reused 5 times; the biodiesel yield was 91%. Meena
et al. [16] studied the transesterification of used
vegetable oil with barium aluminate. It was found
that the maximum %FAME was 93%. The synthesized
CeO, nanoparticles had high surface areas resulting
in the catalyst having higher activity. Ba(OH), is a
basic catalyst that has a high reaction rate and is not
corrosive. Therefore, the combination of Ba(OH), and
CeO, should provide the best performance [17-18].

There have been recent reports of CeO, nano-
particles being prepared by various techniques,
including mechanochemical reaction, microemulsion,
hydrothermal, sol-gel method, slycothermal process,
precipitation and spray pyrolysis [19-24]. Colloidal
emulsion aphrons (CEAs) are considered as micro-
meter-sized water-in-oil (W/O) emulsion cores encap-
sulated by a “soapy shell” consisting of multi-layer
surfactant molecules. In this dispersion, the emulsion
core sizes are mainly between 10-100 um and those
of the inner phase droplets are between 1-5um
[25-29]. CEAs, which is mild and simple dispersion
method, can also be used as a microreactor to
synthesize nanoparticle materials.

Preparation of nickel over cerium oxide supported
by the use of colloidal emulsion aphrons was studied
by Sunisa et al. [29]. The three different methods of
synthesis that were investigated were: (1) incipient
wetness impregnation; (2) impregnate the support
into CEAs loaded with nickel solution, and (3) co-

precipitation in CEAs of support and active metal.
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The synthesized particles were characterized by
various techniques such as X-ray diffraction (XRD),
scanning electron microscope (SEM), surface area and
porosity analysis (BET), and inductively coupled
plasma (ICP) analysis. The performances of all catalysts
were tested with methane steam reforming. It showed
that the catalyst prepared by method (2) exhibited
the highest methane conversion rate [24]. Transes-
terification of palm kernel oil (PKO) with methanol
over various types of natural calcium, including
limestone calcite, cuttlebone, dolomite, hydroxya-
patite, and dicalcium phosphate, has been inves-
tigated at 60°C and 1 atm. The calcination tempera-
ture had a significant effect on physicochemical pro-
perties, as evidenced by N, adsorption-desorption
measurement, TGA, SEM and XRD. It was found that
the calcination of dolomite at 800°C resulted in a
highly active mixed oxide. Under the suitable reaction
conditions, the amount of dolomite was calcined at
800°C of 6 wt.% based on weight of oil, with a me-
thanol to oil molar ratio of 30:1 and reaction time of
3 h, methyl ester content of 98.0% can be achieved
[18].

In the present study, cerium oxide was prepared
by colloidal emulsion aphrons (CEAs) method followed
by calcination and impregnation with Ba(OH),. The
catalytic activity was presented in term of the con-
version to methyl ester. Moreover, the dependence
of the conversion to methyl ester on the reaction
parameters, which included the amount of catalyst

and reaction time, was examined.

2. Materials and Methods
2.1 Catalysts preparation
CeO, catalyst was obtained from the reduction
of CeCl,+7H,0 (Sigma) in colloidal emulsion aphrons
(CEAs) as described in Sunisa et al. [29]. Then, mixed
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Ba(OH),(Merck)-CeO, were prepared using impregnation
method. Following typical protocol, an aqueous
solution containing barium hydroxide was stirred with
CeO, catalyst for 6 h and then dried overnight at
100°C. Then, the solid particles were calcined in a

muffle furnace at the given temperature for 1 h.

2.2 Catalyst characterization

The crystalline phase of Ba(OH),-CeO, obtained
from the preparation was identified by X-ray diffraction
(XRD, Bruker: D8 Discover) analysis. XRD patterns were
carried out at room temperature using CuKa radiation
(A=1.54056 A°). XRD patterns of nanosized CeO, were
obtained in 20 range between 20° and 80° with a step
of 0.01° and a scan speed of 2°/min. The particle
morphology and the sizes of the Ba(OH),-CeO, were
observed by Scanning Electron Microscope (SEM, Jeol
Model JEM-2100) method. The surface area, pore size
and pore volumes of the particles were measured by
BET surface area and porosity analysis (Quantachrome:
Autosorb-1).

2.3 Transesterification reaction

The transesterification was carried out in a
250 ml neck round-bottom flask equipped with reflux
condensers and a magnetic stirrer. The mixture of
palm oil (Oleen, Thailand), methanol and catalyst
was stirred vigorously. After reaction, the catalyst
was separated by filtration. Then, it was boiled in
order to remove methanol. The organic phase was
separated by centrifugation. The obtained sample
was washed with deionized water and dried with
anhydrous Na,SO,. Finally, %FAME (Fatty Acid Methyl
Ester) was measured by using a gas chromatograph
(Agilent 6890) equipped with a flame ionization
detector (FID) and a 30-m HP-INNOWAX capillary

column. All data from the experiment are based on
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duplicate sample.

3. Results and discussion
3.1 Biodiesel from palm oil by
homogeneous and heterogeneous
catalysts
For this experiment, the condition for reaction
used a 30:1 molar ratio of methanol to oil, 4 wt% of
catalyst, and reaction time of 4 h. Figure 1 reveals
the effect of homogeneous and heterogeneous
catalyst on %FAME. It was found that %FAME obtained
from homogeneous catalyst was 95.68%. As the
homogeneous catalyst is a liquid phase, which is the
same as substrate, the catalyst can be mixed and

made good contact with the substrate. However, a

120.00
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byproduct of this caution was soap which causes
difficulty in the separation of glycerin from product
[30]. For heterogeneous catalyst, 1.45 %FAME was
obtained from CeO, which indicated that CeO, was
a non-active agent for the biodiesel process. As CeO,
particles have a high surface area and are stable, they
can improve thermal stability of various materials
[31]; therefore, this was selected as a support. In
order to improve the surface properties, oxide of
alkaline earth (Ba(NO,)-CeO, and Ba(OH),-CeO,) was
selected as an active agent. It was found that %FAME
of Ba(NO,)-CeO, and Ba(OH),-CeO, were 20.93%,
and 94.65%, respectively. Since the %FAME of Ba(OH),
was close to % FAME of NaOH, it was this selected
as a dopant with CeO,.

95.68
100.00 -

80.00 -

60.00 -

FAME %

40.00

20.00 -

1.45

94.65

70.88

20.94

0.00 -

NaOH CeO,

Figure 1

3.2 Influence of catalysts preparation
conditions

The influence of catalyst preparation is shown
in Figure 2. %FAME obtained from Ba(OH), was 95.52%,

which is higher than the Ba(OH), supported on CeO,.

Ca0-CeO,

Ba(NO,),-CeO,  Ba(OH),-CeO,

Influence of catalyst type on % FAME

By way of comparing catalyst support of cerium oxide
commercial (Ba(OH),-CeO,-com.) and cerium oxide
synthesized by Colloidal Emulsion Aphrons (Ba(OH),-
CeO,-CEAs), it was found that %FAME obtained from
Ba(OH),-CeO,-com. and Ba(OH),-CeO,.CEAs were
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79.42% and 94.64 %, respectively. Sunisa et al. [29]
reported that CeO,-CEA particles were spherical in
shape and nanometer in scale. Surface area and pore

volume of the catalyst were higher than CeO,-com

of CeO,-com and CeO,-CEAs were 0.977 m?/g and
131.2 m?/g, respectively. Thus, CeO,-CEAs provided
higher %FAME. It was chosen as a support for the

impregnation with Ba(OH), for active agent of biodiesel

whereas pore size of the catalyst was less than  production.
CeO,-com., as shown in Table 1. The surface areas
120
95.52 94.65
100 -
79:42
80 -
:
=60
=
40 -
20 -
0
Ba(OH), Ba(OH)>-CeO2 (CEAs) Ba(OHy-CeO> (Com)

Figure 2 Influence of catalyst preparation condition
A:Ba(OH), B:Ba(OH),CeO, (CEAs.) C: Ba(OH),-CeO, (Com.)

Table 1 The Surface area, Pore volume and Pore size of Ba(OH),-CeO, with different CeO,

Pore Volume Pore Size
Samples Surface area (m?g) cm’g) A)
CeO2 Com.?* 0977 - -
CeO (CEAs) 1312 0.117 35.6
BaOH),-CeO2 (Com.) 5731 0.0219 152.80
BaOH);-CeO, CEAs 8217 0.0279 13570

%Navadol et al., 2005)and ® (Sunisa et al., 2012)
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The X-ray diffraction patterns of Ba(OH),-CeO, of Ba(OH),-CeO,(com) is higher than cerium oxide
(com) and Ba(OH),-CeO,(CEAs) are shown in Figure 3. prepared by Ba(OH),-CeO,(CEAs). This indicates that
The patterns indicated the same element present in  Ba(OH),-CeO,(com) has higher crystallinity.

the characteristic peaks of both samples. The peak

1800

1600 - ® ® coo,
A Baco,
1400 - 4 Ba0H,HO

1200 -

1000 -

800 -

Intensity (a.u.)

600 -

400

200

‘
0 20 40 60 80 100
20 ()

Figure 3 XRD patterns for samples: (A) Ba(OH),-CeO, (CEAs) and (B) Ba(OH),-CeO, (Com.)

Scanning electron micrographs (SEM) of Ba(OH),- irregular-shaped crystalline particles. The Ba(OH),-
CeO,(com) and Ba(OH),-CeO,(CEAs) are presented CeO,(com) particles consist of many small granules

in Figure 4. Both barium - cerium oxide particles are  attached to aggregate particles.

BES 20kV BES 20kV
TME KMUTT TME KMUTT

(A) (B)

Figure 4 SEM images for samples: (A) Ba(OH),-CeO, (Com.) and (B) Ba(OH),-CeO, (CEAs)
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In order to investigate the distribution of barium
particles on cerium oxide, SEM/EDS was examined,
as shown in Figure 5. The barium particles on Ba(OH),-
CeO, (CEAs) in Figure 5 (D) were dispersed on the

surface of cerium oxide and wee more uniform than

10um

(A)

Electron Image 1

(@)
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that of Ba(OH),-CeO, (Com.), as shown in Figure 5 (B).
Surface area and porosity of cerium oxide prepared
by CEAs were higher than cerium oxide commercial,
therefore, barium was seen to be loaded on the

surface cerium oxide and more consistently.

Ba La1 ®)

Ba Lal

(D)

Figure 5 SEM image of sample: (A) Ba(OH),-CeO, (Com.), (C) Ba(OH),-CeO,(CEAs), and SEM/EDS images of
samples: (B) Distribution of Ba(OH),-CeO, (Com.), (D) Distribution of Ba(OH), -CeO, (CEAs).

The influence of calcination temperature (at the
heating rate of 10°C/min) on %FAME is illustrated
in Figure 6. It can be seen that %FAME increased with

the calcination temperature. However, when the

temperature was greater than 500°C, %FAME decrea-
sed. The increasing %FAME when the temperature
was less than 500°C should be caused by the greater

roughness of CeO, surface at a high temperature. It
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should be derived from the decomposition of the
carbonate groups, which liberated CO, concomitantly
resulting in the formation of small pores [17]. At a
temperature higher than 500°C, the particle size

increases substantially with increasing calcination

100
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temperature, indicating an obvious sintering of cry-
stallinity, which results in an unreactive state [15].
Thus, 500°C was an optimum temperature and

selected for most experiments.

95

90

% FAME

85
82.94

80

75

94.65

85.89

300 400

500 600 700

Calcination temperature (°C)

Figure 6 Influence of calcination temperature

Table 2 The Surface area, Pore volume and Pore size of Ba(OH),-CeO, with different calciantion

temperatures

Calcination Temp. Pore Volume Pore Size
©C) Surface area (m%g) cm¥g) A)
9.180 0.0497 21640
400
500 8217 0.0279 135.70
600 4411 0.0152 138.10

N, adsorption-desorption measurement is pre-
sented in Table 2. The pore sizes of all samples were
classified as meso-porous (less than 10 nm). Moreover,
an increase of calcination temperature caused a de-
crease in BET surface area and pore volume which
might have been caused by sintering of the particles.

The scanning electron micrographs of the calcined

samples are presented in Figure 7. Catalysts calcined
at high temperatures revealed increased roughness
of cerium oxide surface, as shown in Figure 7 (A) and
(B). Therefore, increasing the contact area between
the catalyst and substrate resulted in a higher %FAME.
Large fractures appeared on the surface when calci-

nation temperatures were higher than 500°C, as shown



152

in Figure 7 (C). The surface fraction was reflected by

a significant decrease in the average pore volume,

BES 20kV
TME KMUTT

BES 20kV
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which corresponds to the data of BET in Table 1.

BES 20kV
TME KMUTT

(8)

x5,000 S5pm

(@)

Figure 7 SEM images for Ba(OH),-CeO,;:
(A) Ba(OH),-CeO, calcined at 400°C (B) 500°C and (C) 600°C

The X-ray diffraction pattemns of calcined Ba(OH),-
CeO, samples at different temperatures are depicted
in Figure 8. All of the samples presented the peak of
cerium oxide. Increasing calcination temperature
caused the particles crystallize more. The charac-
teristic peaks of the cerium oxide (26 = 28.56°, 33.08°,
47.48°, 56.34°, 59.09° and 69.40°) and the charac-
teristic XRD peak of Ba(OH), were observed on the

samples calcined at 400°C and 500°C in Figure 8 (A)
and (B), respectively. Figure 8 (C) shows the increasing
calcination temperature up to 600°C. Ba(OH), was
decomposed to BaCO, (26 = 23.90°, 46.77° and 46.99°)
and BaCeO, (20 = 28.71°, 40.98°, 50.87°, 59.45°, 67.44°
and 81.98°). BaCO, phase occurred by the loaded
Ba(OH), was decomposed to BaO on the surface of

the cerium oxide support; subsequently, the formed
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BaO could adsorb atmospheric CO, with the formation
of BaCO, phase [14]. However, the BaO phase was not
detected by XRD. The trace amounts of BaO phase
may have been highly dispersed on the surface of
the cerium oxide support as a monolayer [14]. The
BaCeO, phase could be one reason for the lower
catalytic activity because of decreased surface area
of catalysts.

The representative weight loss (TG) and DTA
curves of Ba(OH),-CeO, are presented in Figure 9,

which shows DTA peak with the associated mass loss

2000
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in the temperature ranges of 30-255°C and 255-800°C.
At the temperature range of 30-255°C, a mass loss
of 10.5% was related to a decrease in the amount
of water in the Ba(OH),*8H,0 whereas at the tem-
perature range of 255-800°C, the mass loss was due
to the decomposition of the Ba(OH),, the solid-state
interaction between the guest compound with the
support [14]. The related evidence for the solid state
interaction of the catalyst and support can also be

seen via XRD pattern in Figure 8.

1800

1600

1400

Intensity (a.u.)
S
g
8

- @ B2OH,(H0),

600 ® & j0$h.’| .ﬂ‘.ﬂ L] °

B Ba(ce0,)
@® c:0,
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4 B2(0H),H0

0 40

[ ]
? W oee 1% o o
2 AR ©
. 1 . -
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Figure 8 XRD patterns for Ba(OH),-CeO,: (A) Ba(OH),-CeO, calcined at 400°C (B) 500°C and (C) 600°C

100

94.65

95

90

% FAME

85
82.94

80

75 ¢
300 400

85.89

500 600 700

Calcination temperature (°C)

Figure 9 DTA-TG trace of the Ba(OH),-CeO,
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3.3 Influence of the reaction conditions
The influence of the catalyst amount was
examined in the range of 4 - 16 wt. % of initial oil
weight, as shown in Figure 10. The %FAME increased
from 79.83% to 94.65% with an increase of catalyst

amount from 4 wt. % to 8 wt. % which should increase

100
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the number of active basic sites. However, when the
amount of Ba(OH),-CeQ, increased to 12 wt.%, %FAME
decreased. This may have been caused by poor
diffusion between the methanol-oil-catalyst systems,

and higher viscosity of the mixture. [15].

94165
95

90

85

% FAME

80 79.83

75

70 *

76.65

Catalyst amount ( wt.% )

Figure 10 Influence of catalysts amount

The influence of reaction time on %FAME is shown
in Figure 11.9%FAME increased from 66.55% to 94.65%
with an increased reaction time from 3 h to 4 h due
to monoglycerides and diglycerides at initial stage
retarded the diffusion of reactants and products [31].
Moreover, the rate of the reaction increased directly

with reaction time until the reaction time reached 4 h.

110

The decreasing %FAME at 5 h might have been caused
by the decreasing amount of triglyceride and reversion
of the reaction. Thus, the maximum conversion was
achieved at a reaction time of 4 h. The highest %FAME
obtained from this condition was higher than the
%FAME (86%) obtained from transesterification of
palm oil with ZnO [30].

100

90

80

% FAME

70
66.55
60

50

40 !
2 25 3 35

94.65

0.51

4 4.5 5 5.5

Reaction time (h)

Figure 11 Influence of reaction time
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After the completion of the reaction, the solid
base catalyst of Ba(OH),-CeO, was recovered by
filtration, washed with methanol and dried at 100°C
[33] for 1 h. Reusability studies were carried out
under the optimal reaction conditions mentioned
above (methanol : oil molar ratio of 30 : 1, catalyst

amount of 8 wt% and reaction time of 4 h.). The

120

94.65
100

% FAME
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results are shown in Figure 12. The %FAME yield
slightly decreased even in the second cycle (89.53%)
and the third cycle (76.27%). This decrease in activity
may have been due to the active siteblockage by
adsorbed intermediates or product species, such as
dislyceride, monoglyceride, and glycerol [1] and loss

of the active site by methanol leaching [32].

89.53

76.27

2 3

Number of repetition

Figure 12 Influence of reusability of Ba(OH),-CeO,

4. Conclusions

Ba(OH),-CeO, mixed oxides as solid base and high
surface area catalysts can be seen as a good hetero-
geneous base catalyst for the transesterification of
palm oil with methanol to produce biodiesel. The
cerium oxides were prepared by colloidal emulsion
aphrons (CEAs) method and loaded with Ba(OH),. The
optimum calcination temperature of the catalyst was
at 500°C for 1 h. The optimized reaction condition for
the transesterification had a 30:1 molar ratio of me-
thanol to oil, with an addition of 8 wt.% Ba(OH),-CeO,
catalyst and reaction time of 4 h. The highest %FAME
was 94.65% at the optimum condition. The reaction
could be completed over a short time under mild

temperatures and pressure conditions.
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