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tability of CeO2@CaO catalysts for
the production of biodiesel†

Ni Zhang, Huiyuan Xue and Rongrong Hu *

A novel CeO2@CaO catalyst was prepared via a hydrothermal method. The physicochemical properties and

morphologies of the prepared CeO2@CaO catalysts were characterized by X-ray diffraction, N2

physisorption, CO2 temperature-programmed desorption, X-ray photoelectron spectroscopy,

transmission electron microscopy and energy dispersive X-ray analysis. It was found that the prepared

CeO2@CaO catalyst had a distinct core–shell structure. The catalytic activity of the CeO2@CaO sample

as a heterogeneous catalyst for the transesterification of soybean oil to produce biodiesel has been

studied. The results showed that the optimum yield of biodiesel can reach 98% over the CeO2@CaO-60

catalyst under the reaction conditions of 3 wt% catalyst, methanol to oil molar ratio of 6 : 1, reaction

temperature of 70 �C and reaction time of 6 h. Stability tests indicated that the biodiesel yield can reach

more than 80% even after 9 reaction cycles due to the strong synergic interaction between CaO and CeO2.
Introduction

As is well known, due to the shortage of fossil fuels, environmental
pollution and ecological deterioration, people have turned their
attention to low-carbon, environmentally friendly, clean and safe
renewable resources. Biodiesel has received increasing attention in
recent years since it is renewable, biodegradable, non-toxic and
harmless to humans and environments.1,2 Its rawmaterials mainly
include oil crops, plants,3 animal fats4 and catering waste oil,5

which are low cost and readily available. Biodiesel is of high
caloric value, has a stable combustion performance and can be
used in compression-ignition engines. Thus it is a very promising
alternative to conventional diesel.

There aremany ways to produce biodiesel. Biodiesel produced
by the direct blending method and the microemulsion method6,7

doesn't meet the diesel standards. While biodiesel prepared by
the esterication and transestericationmethod8 has very similar
properties to petrochemical diesel, so it can be directly used in
diesel engines. Now, homogeneous catalytic transesterication
becomes a major industry production process for biodiesel
production by using triuoroacetic acid, sulfuric acid, sodium
hydroxide, or potassium hydroxide.9 However, homogeneous
catalytic transesterication10 has several disadvantages. For
example, the catalyst is difficult to reuse, and a large amount of
wastewater could be generated in the homogeneous catalytic
process. In contrast, heterogeneous catalytic transesterication
copes with most of the shortcomings of homogeneous process,
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such as easily separated, reusable, and free from saponication
reactions. Yee11 prepared Al2O3/Zr(SO4)2 catalyst for biodiesel
production and the yield of biodiesel reached 90.32%. Ma12

synthesized KOH/g-Al2O3 catalyst and applied it to the trans-
esterication of rapeseed oil. The yield of biodiesel reached
84.52% at 60 �C for 1 h with a methanol to oil molar ratio of 9 : 1.
Bimetallic Au@Ag nanoparticles showed high catalytic activities
for the transesterication reaction and the highest yield of bio-
diesel from sunower oil was about 86.9%.13 Magnetic mate-
rials,14 metallic monolithic catalysts15 and nanocatalysts such as
TiO2 (ref. 16) and ZnO17 had also shown potential applications in
biodiesel production.

In general, heterogeneous solid base catalysts have better
catalytic activity than solid acid catalysts18 for feedstock oils
with a low acid value, which is of higher catalytic efficiency and
lower cost.19,20 Nowadays, a large number of different hetero-
geneous basic catalysts21 such as hydrotalcite, layered-
structured minerals, zeolites and alkaline earth metal oxides
have been tested for biodiesel production. It has been reported
that alkaline earth metal oxides were capable of producing
higher biodiesel yield because of its higher basicity and the
number of highly basic sites at the edges of the metal oxide
cluster is one of the key factors to affect catalytic performance in
the transesterication reaction.22 Among them, CaO, as
a promising catalyst, has drawn much attention in trans-
esterication reactions for biodiesel production. CaO shows
high catalytic activity and does not have any major negative
impact on the environment.23 It also has great economic
advantages because of its low price and the convenience to be
obtained from natural and waste materials. However, CaO is
sensitive to the free fatty acids (FFAs). During the trans-
esterication reactions, the leached calcium species will react
This journal is © The Royal Society of Chemistry 2018
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with FFAs and result in soap formation. The deactivation
problem caused by leaching of Ca2+ has been a main drawback
of CaO catalyst.22 In order to improve the stability of calcium,
numerous researchers have attempted to modify CaO with the
second metal oxide, use Perovskites containing Ca, or support
CaO onto carriers. Signicant enhancement on the reusability
has been achieved over these CaO-based catalysts in the trans-
esterication reaction due to the high surface area, strong
basicity, and reduced sensitivity to FFAs.24 So far, CaO–CeO2

catalyst has also been studied and it showed great potential
compared with other CaO-based catalysts in the trans-
esterication reaction. Wong25 prepared the CaO–CeO2 catalysts
via a impregnation method and the highest biodiesel yield
reached 95%. Yu26 reported the production of biodiesel over the
CaO–CeO2 catalysts by transesterication of Pistacia chinensis
oil with methanol. The optimum yield of 91% was achieved at
110 �C for 6 h with a methanol to oil molar ratio of 30 : 1. Yan27

synthesized the CaO–CeO2/HAP catalysts which presented
excellent performance and stability due to the low leaching of
catalyst components in the product phase. Reyero15 used CaO–
CeO2 supported metallic monolithic catalysts for the produc-
tion of biodiesel and the highest conversion of sunower oil was
about 99%, though signicant leaching of the active catalytic
layer was found during the second reaction cycle. Ceria itself
was found inactive in the transesterication reaction,22,28

however, the synergy between calcium oxide and cerium oxide
could reduce the leaching of CaO in biodiesel products when
calcium oxide was incorporated into the cerium oxide.

In this study, a kind of novel core–shell CeO2@CaO catalyst
was prepared and tested in the transesterication of soybean oil
with methanol under mild reaction conditions. The physico-
chemical properties of the prepared CeO2@CaO catalysts were
characterized by using several analytic techniques. Effects of the
surface area, basicity, CaO loadings and morphology of the
core–shell materials on biodiesel yield were studied. Catalyst
stability and recycling performance in transesterication reac-
tion were also investigated and the possibility of its reuse in
repeated batch reactions was estimated.
Experimental
Materials

Calcium nitrate (Ca(NO3)2$4H2O), cerium chloride heptahy-
drate (CeCl3$7H2O), urea (CO(NH2)2), methanol (CH3OH), hex-
adecyl trimethyl ammonium bromide (CTAB), calcium oxide
(CaO) and cerium oxide (CeO2) were purchased from Sino-
pharm Chemical Reagent Factory, of analytical reagent grade.
Non-transgenic soybean oil (Jiusan Cereals & Oils Industry
Group Co., Ltd.) was purchased from the local market.
Catalysts preparation

The core–shell CeO2@CaO catalysts with composition 20–
60 wt% CaO were prepared by a hydrothermal method. To
prepare the core–shell CeO2@CaO sample with a CaO content of
20 wt%, 0.21 g of CaO and 0.1 g CTAB were added to 60 mL
deionized water and dispersed under ultrasonication for
This journal is © The Royal Society of Chemistry 2018
10 min. Then 0.86 g CeCl3$7H2O and 3 g CO(NH2)2 were added
and dissolved in the suspension completely followed by stirring
for 0.5 h at room temperature. Themixture was then transferred
to 100 mL Teon-lined stainless steel autoclave and heated in
an oven at 90 �C for 24 h. Aer that, the products were separated
by centrifugation and washed with anhydrous ethanol. Fol-
lowed by a dry process at 100 �C for 3 h and then calcined at
750 �C for 6 h in air, the core–shell CeO2@CaO sample with
a CaO content of 20 wt% (CeO2@CaO-20) was obtained. The
other core–shell CeO2@CaO catalysts having 40 wt% and
60 wt% CaO contents could be prepared following this proce-
dure and they were labeled as CeO2@CaO-x, where x repre-
sented the amount of CaO loaded on the catalyst.

The CeO2–CaO catalysts with composition 20–60 wt% CaO
were prepared via wet impregnation method and labeled as
CeO2–CaO-x, where x represented the amount of CaO loaded on
the catalyst. Briey, 1 g of Ca(NO3)2$4H2O was dissolved in
20 mL deionized water and a complementary amount of CeO2

was added slowly into this solution followed by heated at 90 �C
until the water in solution completely evaporated. Then the
resulting powder was dried in an oven at 100 �C for 3 h and
calcined in a muffle furnace at 750 �C for 6 h. Finally, the CeO2–

CaO-x catalyst was obtained.

Catalysts characterization

X-ray powder diffraction (XRD) was carried out on a Bruker D8
ADVANCE diffractometer tted with Cu–K radiation to deter-
mine the phase identity of the synthesized samples. The specic
surface area of each sample was measured by using a Micro-
meritics ASAP 2460 Surface Area and Porosity Analyzer with the
BET method. Transmission electron microscopy (TEM) images
were examined by using a JEOLmodel JEM 2010 EX instrument.
Energy dispersive X-ray analysis (EDAX) was recorded on a FEI
Tecnai G2F20 instrument and operated at an accelerating
voltage of 200 kV. Surface electronic states were analyzed using
X-ray photoelectron spectroscopy (XPS) with an AXIS ULTRA
spectrometer. The amount of catalyst elements was determined
using the inductively coupled plasma optical emission spec-
trometer (ICP-OES), Perkin-Elmer Optima 3000V. Furthermore,
the basic properties of samples were determined using
temperature-programmed desorption with CO2 as a probe
molecule, which were performed on a Micromeritics AutoChem
2920 II instrument with the temperature-programmed mode.
The amount of CO2 desorbed in the temperature range of 100–
900 �C was detected by thermal conductivity detector.

Transesterication reaction

The transesterication reaction of soybean oil and methanol
was carried out in a three necked glass reactor with a reux
condenser and a magnetic stirrer. Typically, the calcined cata-
lyst (3 wt% calculated with respect to soybean oil) and the
soybean oil were added in 30 mL methanol under stirring with
a constant speed for the transesterication reactions. The
methanol to soybean oil molar ratio was varied from 1 : 1 to
14 : 1. The mixture was reuxed at 60–80 �C in an oil bath with
constant magnetic stirring 1–6 h. Aer the reaction nished, the
RSC Adv., 2018, 8, 32922–32929 | 32923
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Table 1 Surface area, pore volume and average pore diameter of the
CeO2@CaO catalysts

Samples
Surface area
m2 g�1

Pore volume
cm3 g�1

Average pore
diameter nm

CeO2@CaO-20 8.75 0.0640 19.26
CeO2@CaO-40 13.56 0.0809 27.37
CeO2@CaO-60 16.44 0.1038 26.30
CaO 11.65 0.1155 20.90
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catalysts were then separated by centrifuging at 3000 rpm for
30 min. The obtained liquid products were placed in a funnel
for phase separation. Biodiesel oated on the top layer while
glycerol at the bottom. The desirable biodiesel obtained was
further puried by distillation to remove the excess methanol.

The composition of the product obtained was analyzed by
Gas Chromatography-Mass Spectrometry (GC-MS: 6890 N GC/
5973 MS, Agilent Technologies). Since the main component of
biodiesel is fatty acid methyl ester (FAME), the FAME yield also
could be determined by 1H nuclear magnetic resonance (1H
NMR).29 1H NMR spectra of the puried biodiesel production
were recorded at ambient temperature on a Varian VXR-400
MHz spectrometer using standard procedures. The chemical
shis were referenced to the residual peaks of CHCl3 in CDCl3
(7.26 ppm). The percent yield of FAME was calculated by the
ratio of the area of the single peak associated with methyl esters
at 3.53 ppm and the peak at 2.20 ppm representative of the a-
methylene protons in the ester molecule.29,30
Results and discussion
Catalysts characterization

The power XRD patterns for various compositions CeO2@CaO
catalysts are shown in Fig. 1. For all of the samples, the diffrac-
tion peaks were clear and showed similar patterns. The peaks at
28.68�, 33.30�, 47.85�, 56.35� and 59.8� were ascribed to the (111),
(200), (220), (311) and (222) planes of pure CeO2 with the uorite-
type cubic structure. The pure CaO gave well-dened diffraction
peaks at 2q values of 32.45, 37.64, 53.88, 64.41 and 67.68. The
XRD analysis of these CeO2@CaO catalysts revealed they had the
separate CaO and CeO2 crystalline phases and no new species or
a binary phase such as CaCeO3 was found over these samples.
From Fig. 1, the increase in CaO content resulted in an increase
and a slight decrease in the peak intensities of CaO and CeO2,
respectively. This may be attributed to the coating of Ca2+ species
on the surface of ceria and their higher X-ray scattering factor of
Ca2+ compared to the Ce4+ ions.28

The surface areas, pore volumes and average pore diameters
of the CeO2@CaO catalysts are listed in Table 1. As the CaO
Fig. 1 XRD patterns of the CeO2@CaO catalysts (a): CaO, (b): CeO2,
(c): CeO2@CaO-20, (d): CeO2@CaO-40, (e): CeO2@CaO-60.

32924 | RSC Adv., 2018, 8, 32922–32929
content in catalysts increased from 20 wt% to 60 wt%, the surface
areas and pore volumes of the samples increased signicantly
from 8.75 m2 g�1 to 16.44 m2 g�1 and 0.064 cm3 g�1 to 0.103 cm3

g�1, respectively. While further increasing calcium loading from
60 wt% to 100 wt%, the surface area of the catalysts decreased
from 16.44 m2 g�1 to 11.65 m2 g�1. From Table 1, the pore
diameters of all samples were in the range of 10–50 nm, which is
benecial for the reaction of large reactants because the limita-
tion of pore diffusion in the transesterication reaction can be
reduced using mesopore catalysts.31

The basic property of the catalysts was evaluated using
temperature programmed desorption of CO2. CO2-TPD prole
over the core–shell CeO2@CaO catalysts is shown in Fig. 2. It
revealed that some of the CeO2@CaO catalysts contained two
desorption peaks. The desorption peaks around 200 �C can be
assigned to the interaction between CO2 and weak basic sites.
The desorption peaks around 570–640 �C can be assigned to
existence of strong basic sites. The strong basic sites of
CeO2@CaO catalysts showed the existence of oxygen in Ca–O,
Ce–O2 ion pairs and isolated O2

� anions, which was helpful to
initiate the transesterication reaction.32 From Fig. 2, the
basicity of the CeO2@CaO-60 catalyst was found to be higher
than both bulk CaO and CeO2. The improved basicity of the
sample was due to the synergetic effect between CaO and CeO2.
Furthermore, it was found that the CeO2@CaO-60 sample had
the highest CO2 desorption temperature and largest number of
basic sites, which also had been proved it had the highest
catalytic activity in the transesterication reaction.
Fig. 2 CO2-TPD analysis of the CeO2@CaO catalysts (a): CeO2, (b):
CeO2@CaO-20, (c): CeO2@CaO-40, (d): CeO2@CaO-60, (e): CaO.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The EDS mapping and EDX analysis of the CeO2@CaO-60
catalyst.

Table 2 The content of elements obtained from EDX analysis for the
CeO2@CaO-60 catalyst

Element Weight(%) Atomic(%)

O K 24.32 54.46
Ca K 40.85 36.61
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Fig. 3 shows the transmission electron microscope (TEM)
images of the CeO2@CaO and CeO2–CaO catalysts. It was
noted that the morphology of CeO2@CaO samples was very
different from that of CeO2–CaO. The existence of the dark
areas (inner layer, core) and bright areas (outer layer, shell) in
TEM images clearly shows the core–shell structure of
CeO2@CaO nanocomposite with a particle size of 400–600 nm,
in which the core is spatially and compactly encaged within
a shell. The diameter of the core and shell was 100–300 nm
and 200–400 nm, respectively. The particle size of CeO2–CaO
catalysts was much smaller than that of CeO2@CaO and it was
in the range of 15–40 nm for all the CeO2–CaO catalysts. In
addition, it can be seen that with the increase of Ca contents,
the particle size of the catalysts increased. The results indi-
cated that the Ca content had a signicant effect on the
particle size of the catalysts.

Fig. 4 shows the EDS mapping of the CeO2@CaO-60 cata-
lysts. It demonstrated just only Ce, Ca, and O elements existed
in the core–shell samples and it was CaO that covers the core of
CeO2 completely. The elemental compositions of the CeO2@-
CaO-60 catalyst also could be estimated by using Energy
dispersive X-ray analysis (EDXA) and the results are listed in
Table 2. For the CeO2@CaO-60 catalyst, the CaO content of that
is 60 wt% and the theoretical Ca/Ce atomic ratio is about 4.61 by
calculation. From Table 2, the measured Ca/Ce atomic ratio is
4.01, which means the predicted and experimental composi-
tions were in good agreement with each other with no signi-
cant deviation observed.

Fig. 5 and 6 present the XPS spectra of Ca 2p, Ce 3d and O 1s
for CeO2@CaO samples, respectively. It can be observed that Ca
2p spectra (Fig. 5) displayed two main characteristic peaks with
BE around at 347 eV and 351 eV. With the increase of Ce
content, the BE of Ca 2p shied slightly from 347.2 eV toward
Fig. 3 TEM images of the CeO2@CaO and CeO2–CaO catalysts (a):
CeO2–CaO-20, (b): CeO2–CaO-40, (c): CeO2–CaO-60, (d):
CeO2@CaO-20, (e): CeO2@CaO-40, (f): CeO2@CaO-60.

Ce L 34.83 8.93

This journal is © The Royal Society of Chemistry 2018
a lower value 346.6 eV, suggesting the interaction of Ce with the
catalyst surface.

The Ce 3d level has a very complicated structure and the Ce
3d spectra can be deconvoluted into eight peaks: v (�883.8 eV),
v0 (�885.6 eV), v00 (�888.2 eV), v000 (�898.1 eV), u (�901.7 eV), u0

(�906.0 eV), u00 (�908.2 eV) and u000 (�916.0 eV). The four U
bands represent Ce 3d3/2, and the four V bands represent Ce
3d5/2. Six peaks corresponding to three pairs of spin–orbit
doublets [(V, U), (V00, U00), and (V000, U000)] can be identied with
the 3d10 4f0 state of the Ce4+ species, while two peaks due to one
pair of doublets (V0, U0) characterize the 3d10 4f1 state of the Ce3+

species.33 As shown in Fig. 6a and Table 3, when the Ca content
increased, the BE of Ce3+ and Ce4+ slightly shied to a higher
value, suggesting that the electron transfer from lattice oxygen
atoms to metal atoms.22 In addition, the surface atomic ratio of
Ce3+ : Ce4+, which was calculated by all the peaks, decreased
with the Ca content, indicating a strong interaction between Ca
and Ce.34

The O 1s spectra of these samples (Fig. 6b) showed three
states of surface oxygen: the lattice oxygen OI (�529.0 eV), the
adsorbed oxygen OII (�531.0 eV) and the adsorbed carbonates
RSC Adv., 2018, 8, 32922–32929 | 32925
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Fig. 5 Ca 2p XPS spectra of the CeO2@CaO catalysts.
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and/or water OIII (�533.5 eV).35 The ratio of OI to OIII for all
samples was calculated in Table 3 (See ESI† for the details about
the XPS results of O 1s for the CeO2@CaO samples). From it, the
OI to OII ratios of the CeO2@CaO catalysts are remarkably
higher than that of the CaO catalyst, indicating that the incor-
poration of cerium can increase the amount of lattice oxygen on
the surface of the CeO2@CaO catalysts due to the synergistic
effect between CaO and CeO2.33 The O2� species has been re-
ported to be the strong base site for solid base catalysts.36,37 For
the CeO2@CaO-60 catalyst, the OI to OII ratios is 0.86, which is
highest among all the CaO-based catalysts, so it has the stron-
gest basic strength. It is particularly noted that the CeO2 had
very low basicity due to the nature of the oxygen species of CeO2

(ref. 38), though it also has a high OI to OII ratio.
Fig. 6 Ce 3d XPS spectra (a) and O 1s XPS spectra (b) of the
CeO2@CaO catalysts.

Table 3 XPS results of the CeO2@CaO catalysts

Catalyst Ca 2p3/2

Ce 3d5/2

Ce3+ : Ce4+ OI : OII(Ce4+) (Ce3+)

CeO2 898.1 883.9 0.49 1.43
CeO2@CaO-20 346.6 898.1 884.0 0.45 0.62
CeO2@CaO-40 346.8 898.3 884.2 0.41 0.69
CeO2@CaO-60 347.0 898.4 884.8 0.34 0.86
CaO 347.2 0.35
Catalytic activity

Catalytic activity of various CeO2@CaO catalysts for the trans-
esterication of soybean oil was carried out under conditions of
3 wt% catalysts, methanol to soybean oil molar ratio of 12 : 1
and reaction temperature of 70 �C. Fig. 7 shows the effect of
reaction time on FAME yield over all samples. From it, the
cerium oxide catalyst showed very poor catalytic performance
due to the low basicity and the FAME yield was less than 10%
even aer 6 h. For all the CeO2@CaO and pure CaO catalysts,
the transesterication reaction started rapidly and the FAME
yield reached more than 80% in the rst 2 h. The maximum
yield was 98% with a reaction time of 3 h over CeO2@CaO-20
catalyst and aer this time the FAME yield has been constant,
indicating that the active sites of the catalyst were available for
the transesterication reaction.

The effect of reaction temperature on the catalytic activity
over the CeO2@CaO-60 catalyst with a methanol to oil molar
ratio of 12, catalyst amount of 3% and reaction time of 6 h is
shown in Fig. 8. From it, the FAME yield can reach more than
70% from 60 �C to 80 �C and the highest yield is 98% at 70 �C.
32926 | RSC Adv., 2018, 8, 32922–32929
Below 70 �C, the FAME yield increased with an increase in the
reaction temperature and decreased when further increasing
the temperature. The higher temperature is favourable for
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Effect of reaction time on the FAME yield over the CeO2@CaO
catalysts.

Fig. 8 Effect of reaction temperature on the FAME yield over the
CeO2@CaO-60 catalyst.

Fig. 9 Effect of methanol to oil mol ratio on the FAME yield over the
CeO2@CaO-60 catalyst.

Fig. 10 The stability test of the CaO, CeO2@CaO-60 and CeO2–CaO-
60 catalysts.
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biodiesel synthesis since the transesterication reaction is an
endothermic reaction. However, when the reaction temperature
was higher than 64.7 �C, a large amount of methanol evapora-
tion rose with increasing temperature, resulting in a concen-
tration decrease of methanol in the reaction. These two
combined effects leaded to an optimum reaction temperature of
70 �C for the transesterication reaction.

Fig. 9 presents the effect of themethanol to oil molar ratio on
the FAME yield at the best condition found in Fig. 8. Molar ratio
of methanol to oil is one of the most signicant factors affecting
the FAME yield as well biodiesel production cost. Since the
transesterication reaction is reversible, higher molar ratios are
benecial to increasing the oil conversion by shiing this
equilibrium to the production of biodiesel. From Fig. 9, when
methanol to oil molar ratio increased from 1 : 1 to 10 : 1, the
FAME yield catalyzed by the CeO2@CaO-60 sample increased
gradually and reached the maximum values of 98%. However,
the FAME yield was slightly reduced when the methanol to oil
molar ratio was 14 : 1. The decrease in FAME yield might be due
partly to the remaining of glycerol in the biodiesel phase since
This journal is © The Royal Society of Chemistry 2018
methanol could act as an emulsier27,28 and render glycerol
separation complicated.
Catalyst stability

As mentioned earlier, one of the advantages of the heteroge-
neous catalytic transesterication over the homogeneous
process is the easy separation and reuse of the solid catalyst.

Fig. 10 presents the stability study of the pure CaO,
CeO2@CaO-60 and CeO2–CaO-60 catalyst for the trans-
esterication of soybean oil at 70 �C for 6 h with a methanol to
oil molar ratio of 12 : 1 and catalyst amount of 3 wt%. Aer each
reaction nished, the catalyst was separated, washed with
a mixture solution of methanol and n-heptane for several times
and then dried in oven for 6 h before used in the next cycle.
From Fig. 10, the FAME yield decreased sharply over pure CaO
and was less than 30% at the fourth cycle. The CeO2–CaO-60
catalyst had better stability than CaO though the FAME yield
eventually dropped 50% aer the sixth run. For the CeO2@CaO-
60 catalyst, it could maintain more than 80% FAME yield even
aer 9 cycles and has better performance than both pure CaO
and the CeO2–CaO-60 catalyst. In general, there are two possible
factors that contribute to the deactivation of the CaO based
catalysts. One is the leaching of CaO into product phase and the
other is the surface poisoning such as the adsorption of fatty
acid, glycerol or glycerides on the active sites.
RSC Adv., 2018, 8, 32922–32929 | 32927
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Fig. 11 The leaching concentrations of calcium and cerium species
during the stability test.
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In order to investigate the leaching of those used catalysts,
the concentrations of Ca and Ce species were measured using
ICP method aer each cycle and presented in Fig. 11. The
results revealed an obvious loss of calcium species in the bio-
diesel products over all the three catalysts. The pure CaO
showed the highest concentration of calcium in the biodiesel
layer with 147.4 ppm detected. In contrast, the dissolved
calcium species in the biodiesel phase catalyzed by the
CeO2@CaO-60 and CeO2–CaO-60 samples were about 25.3 and
34.7 ppm, respectively. The calcium concentration of those
catalysts leached into the product phase decreased sharply at
the rst three cycles, becoming lower than 15 ppm aer the 9th
cycle. It is interesting to note that the leaching of Ce was more
than 25 ppm over the CeO2–CaO-60 catalyst. This implies that
the deactivation of this catalyst is due to the leaching of Ce and
Ca. However, for the CeO2@CaO-60 catalyst, the loss of Ce in the
biodiesel was in the range of 8–10 ppm, which was relatively
small. This result indicated that special core–shell structure of
the CeO2@CaO catalyst could inhibit the leaching of Ce into the
product phase when it was embedded in calcium oxide. CeO2, in
turn, is able to stabilize the active phases and improve the
stability of the catalyst.
Conclusions

The CeO2@CaO catalysts, which have been successfully
prepared via a hydrothermal method, showed better catalytic
performance than pure CaO and the CeO2–CaO catalysts
synthesized by a wet impregnation method for the production
of biodiesel from soybean oil. The highest FAME yield can reach
98% over the CeO2@CaO-60 catalysts under the optimum
reaction conditions. In addition, the catalyst could be reused up
to 9 times with good activity and get more than 80% FAME yield.
The excellent performance of the CeO2@CaO catalysts for the
transesterication reaction was possibly due to the strong
synergic interaction between CeO2 and CaO. This interaction
was attributed to the special core–shell structure of these
samples with Ce embedded in calcium oxide. CeO2 could
stabilize the active phases, reduce the leaching of Ca into the
32928 | RSC Adv., 2018, 8, 32922–32929
product phase and improve the stability of the catalyst during
the reactions. These results suggest that a core–shell CeO2@-
CaO material is a promising catalyst for the green biodiesel
production process.
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