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Abstract: The critical problem arising from the depletion of fossil fuels has stimulated recent interests
in alternative sources for petroleum-based fuel. An alternative fuel should be technically feasible,
readily available, sustainable, and techno-economically competitive. Biodiesel is considered as a
potential replacement of conventional diesel fuel, which is prepared from non-edible and high-acid
feedstock via transesterification technology. The focus of this study is to investigate the catalytic
activity of mixed metal oxides (MMOs) as catalysts for biodiesel production by using non-edible
jatropha oil as feedstock. Various types of MMOs (CaO-MgO, CaO-ZnO, CaO-La2O3, and MgO-ZnO)
were synthesized via a co-precipitation method. In this study, transesterification activities are closely
related to the physicochemical properties of catalysts. The presence of different active metals in the
binary system greatly influenced the surface area, basicity, and the stability of catalysts. The catalytic
activity of MMO catalysts was increased in the order of CaO-ZnO (94% ˘ 1%) > CaO ~CaO-MgO
~CaO-La2O3 (~90% ˘ 2%) > MgO-ZnO (83% ˘ 2%) > MgO (64% ˘ 1%) > ZnO (41% ˘ 2%) > La2O3

(23% ˘ 1%). In addition, the MMO catalysts, especially CaO-ZnO, demonstrated high reusability and
catalyst stability for four cycles of transesterification reaction of jatropha oil.
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1. Introduction

Increasing crude oil demand, deleterious environmental impacts, and restrictions imposed by
environmental agencies have created a desire to develop new sustainable fuel. Biodiesel has been
gaining attention as an alternative energy due to its similar combustion properties with petroleum.
Furthermore, this type of biofuel is superior than that of petroleum diesel, with improved physical and
chemical properties, such as higher flash point and cetane number, ultralow sulphur content, better
lubricity, and smaller carbon footprint [1,2].

The conventional processing route for biodiesel is transesterification reaction of edible vegetable
oil (sunflower, soybean, rapeseed, palm oil) in the presence of alkali catalyst (NaOH/KOH) [3,4]. With
regards to better economic efficiency for biodiesel production, there are three main interconnected
factors that dictate biodiesel productivity and market demand: (i) availability of feedstock;
(ii) performance of catalyst, and (iii) production cost [5].

Biodiesel feedstocks cost more than 75% of the overall manufacturing expenditure [6]. Thus,
selecting the suitable biological feedstock is crucial as the price of feedstock is based primilary on the
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region, climate, and availability of biomass resources and resource edibility [7]. The sustainability of
edible oil as a biodiesel feed is under threat and, thus, non-edible oil, such as jatropha oil, is considered
to be a promising alternative. Jatropha has a high oil yield with its high heating value (HHV) of
39 MJ/kg, which is on par with most of the edible oils [8–10]. Other than biodiesel feedstock, the
transesterification reaction requires a robust heterogeneous (solid) catalyst for an easier processing
route. Hetero-technology is expected to be well-suited for all types of biodiesel raw materials with
different quality.

Generally, the transesterification process is catalysed by using a homogeneous alkali catalyst
system, such as NaOH and KOH. Although the homogeneous system renders high reactivity under
mild conditions, it also results in many limitations, such as unfavourable side reaction (saponification),
which reduces the biodiesel yield, limited usage for feedstock with high free fatty acid (FFA), and extra
washing processes for the biodiesel product [1]. Therefore, transformation from a homogeneous to a
heterogeneous system has been developed to adapt the natural characteristic of biodiesel feedstock
and existing transesterification technology. The high reusability and eco-friendly nature of the
heterogeneous base catalyst is capable of producing a higher purity of biodiesel and glycerol [2]. In the
present study, new types of heterogeneous catalysis technology have been developed to eliminate
the poor process with homogeneous catalysts. Utilization of heterogeneous catalysts for biodiesel
production shall offer some relief to the biodiesel producers by improving their ability to process
alternative and cheaper feedstock with simplified processing and a cheaper manufacturing process
with prolonged catalyst lifetime [11]. The mixed metal oxide (MMO) catalysts, with binary metal
oxide systems, are the promising transesterification catalysts with easy separation and render high
yields [12–14].

Mixed metal oxide catalysts are an interesting class of combinatorial metal oxide solid
catalysts that can be derived from various types of metal from the periodic groups such as alkali
metal, alkali-earth metal, transition metal, rare earth metal, or noble metal. The combination of
oxide phases has generated valuable functionalities and characteristics that are suitable for the
transesterification reaction of various types of biodiesel feedstock. Different catalyst synthesis methods,
such as co-precipitation, sol-gel, wet impregnation, and solid-state mixing may render different
physicochemical properties that fit in as transesterification catalysts [15–20]. Dai and Wang’s research
group used LiAlO2 and Li4SiO4 mixed metal oxides for transesterification of triglyceride (soy bean oil
and microalgae oil) into biodiesel. Both catalysts showed high catalytic activity with >97% and >75%
of conversion for soybean and microalgae-based biodiesel, respectively [21–23]. Transesterification
of high-FFA jatropha oil is also possible by using various type of mixed metal oxides catalyst with
incipient wetness or impregnation method. The catalytic activity of Li-CaO show better activity as
compared to parent catalyst (CaO). However, soap formation was found to be the main problem which
reduced the activity of these two catalysts. Endalew et al. [24] have studied a series of lanthanum-based
mixed metal oxide (La2O3-ZnO, La2O3/Al2O3, and La-Ca-MnO3) catalysts. They found that these
catalysts contain low base strength and, thus, required higher temperature, higher pressure, longer
reaction time and higher reactant ratios to promote the activity of the catalysts [24].

Based on several studies mentioned above, mixed metal oxides have been found to be very active
for transesterification reactions. Unfortunately, there is no literature reporting the catalytic behaviour
on the series of alkaline-based mixed metal oxides for transesterification of jatropha oil. Thus, in
the present study, a series of alkaline-based mixed metal oxide catalysts have been developed for
transesterification of jatropha oil. These alkaline-based MMO catalysts include CaO-MgO, CaO-ZnO,
MgO-ZnO, and CaO-La2O3, which combine between an alkaline-earth, transition, and rare-earth
metal, were investigated by studying the effect of the composition of the binary metal system, basic
characteristic, surface area, and stability of MMO catalysts. Furthermore, the catalytic activity of
MMOs catalysts was tested via methanolysis of crude jatropha oil.
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2. Methods

2.1. Preparation of Mixed Metal Oxide (MMO) Catalysts

The alkaline-based binary metal oxide catalysts (CaO-MgO, CaO-ZnO, CaO-La2O3, and
MgO-ZnO) were synthesized by using a co-precipitation method. Two aqueous solutions with
corresponding metals were first prepared. The first solution of 1 M aqueous metallic cation of
Ca(NO3)2¨4H2O, Mg(NO3)2¨6H2O, Zn(NO3)2¨6H2O, or La(NO3)3¨6H2O was dissolved in deionized
water. The second basic carbonate solution with concentration of 2 M was prepared by dissolving
appropriate amounts of Na2CO3 in deionzed water. In the synthesis procedure, the carbonate solution
was slowly dropped (10 mL/min) to the aqueous metallic cation under vigorous stirring at room
temperature. During the gel formation, the mixture was adjusted to pH 10 by 1 M NaOH solution.
The mixture was then stirred for 24 h at 60 ˝C. The solid obtained was then filtered and washed with
distilled water until the filtrate was near to pH 7. The precipitate was then dried in an oven at 100 ˝C
overnight, followed by calcinations at 800 ˝C for 6 h for CaO-MgO, CaO-ZnO, and MgO-ZnO catalysts.
The CaO-La2O3 precursor was calcined at 950 ˝C for 6 h.

2.2. Characterization of MMO Catalysts

The crystalline phases of synthesized MMO catalysts were analyzed by using a powder X-ray
diffraction analysis utilizing diffractometer model XRD 6000 (Shimadzu, Kyoto, Japan) employing
Cu–Kα radiation to generate diffraction patterns from powder crystalline samples at ambient
temperature. Specific surface area of the catalysts was obtained by the Brunauer-Emmer-Teller (BET)
method using a Thermo Finnigan Sorptomatic 1900 series nitrogen adsorption desorption analyzer
(Thermo Scientific, Waltham, MA, USA). The total basicity and basic strength of the catalysts were
measured by a temperature-programmed desorption by CO2 (CO2-TPD) method using a Thermo
Finnigan TPDRO1100 apparatus (Thermo Scientific, Waltham, MA, USA) equipped with a thermal
conductivity detector. Morphological characteristic of the samples were determined by scanning
electron microscope (LEO 1455 VP SEM, Cambridge, UK) and the compositional analysis of the
synthesized catalyst surface was tested via an energy dispersive spectrometer (EDX) technique. The
chemical stability of the binary metal oxide catalysts was investigated by analyzing the active metal
content (Mg and Ca) in the biodiesel product via an atomic absorption spectrophotometer (AAS-S
series; Thermo Scientific, San Jose, CA, USA).

2.3. Transesterification Reaction of High Acid Jatropha Oil

The catalytic activity of alkaline-based MMO catalysts was evaluated using the transesterification
of crude jatropha oil (FFA content, 12 wt %, Bionas Sdn. Bhd., Kuala Lumpur, Malaysia)
with methanol. Transesterification was carried out in a stainless steel reactor equipped with a
temperature probe, overhead stirrer, and temperature controller (Figure 1). A certain amount of
CaO-MgO/CaO-ZnO/MgO-ZnO/CaO-La2O3 mixed metal oxide catalysts were added into the
reaction mixture of 20.0 g jatropha oil, along with the required volume of methanol. Then the reaction
mixture was heated to a constant temperature (120 ˝C) under maximum agitation. At the end of the
experiment, the catalyst was separated from the product by centrifugation, and the reaction mixture
was then loaded into a rotary evaporator to remove excess methanol. The produced biodiesel (fatty
acid methyl esters) and unconverted oil were isolated by distillation.

The composition of final biodiesel (fatty acid methyl ester) was analyzed according to
European-regulated procedure EN14103 using gas chromatography (Perkin Elmer, Brussels, Belgium)
with a flame ionization detector (FID) detector equipped with a HP INNOWax capillary column
(30 µm ˆ 320 µm ˆ 0.25 µm film thickness).
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Figure 1. Schematic diagram of the high-temperature reactor.

3. Results and Discussion

3.1. Physicochemical Properties of Mixed Metal Oxide (MMO) Catalysts

X-ray diffraction analyses of MMO catalysts were performed to determine the existential state of
binary oxide phases in the MMO system. The XRD patterns (Figure 2) of co-precipitated CaO-MgO,
CaO-ZnO, MgO-ZnO, and CaO-La2O3 showed the characteristic peaks of individual metal oxide
crystalline phases. New formation of a homogeneous solid solutions phase was absent in the binary
system. For calcium-based MMO catalysts (CaO-MgO, CaO-ZnO, CaO-La2O3), two types of diffraction
patterns were observed. The first type of characteristic peak was attributed to the CaO phase (JCPDS
File No. 37-1497), while the second type corresponded to another joined oxide, such as MgO, ZnO, and
La2O3 (JCPDS File No. 4-0829, 36-1451, and 2-668, respectively). The diffraction patterns observed in
CaO-La2O3 catalyst showed an intense and dominant La2O3 phase and a low intensity of Ca crystallite
peaks. This suggested that La3+ ions in the host lattice were partially substituted by Ca2+ ions [25]
and resulted in habitation of CaO crystal growth and vigorous dispersion CaO crystals. The XRD
patterns of MgO-ZnO MMO catalyst showed the existence of individual MgO and ZnO phases in the
binary system. The presence of separated oxide phases for all mixed-metal oxide catalysts were greatly
influence by the synthesis technique (co-precipitation) and also the synthesis parameters (concentration
of metal salt solution, precipitation agent, temperature, aging, or stirring time) [26].
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Figure 2. XRD patterns of different MMO catalysts.
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The BET surface area of the MMO catalysts: CaO-MgO, CaO-ZnO, MgO-ZnO, and CaO-La2O3

were 5.8, 5.7, 9.5, and 7.7 m2/g, respectively. The low surface areas of the MMO catalysts were
closely related to the calcination temperature. A high calcination temperature and longer time of
treatment is necessary for MMO catalysts to increase the basicity or active sites of the catalyst. This
is because the metal oxides need suffient energy to be decomposed into metal carbonate, However,
this scenario has led to sintering of fine crystals, thus promoting cluster agglomeration [27], and
resulted in a reduction of surface area in bimetal oxides [24]. As observed in Figure 3, the SEM
images of alkaline-based MMO catalysts showed large and aggregated particles on the catalyst surface.
Furthermore, elemental analysis of the active metal was determined via EDX analysis. The results
showed that the experimental M1/M2 ratio were 1.14, 0.93, 1.56, and 0.98 atomic % for CaO-MgO,
CaO-ZnO, MgO-ZnO, and CaO-La2O3, repectively, which is in agreement with the intended ratio
M1/M2 ratio = 1.
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Basicity of catalyst is one of the crucial characteristics to influence the performance of
transesterification, whereby the transesterification activity greatly depends upon the number and
the strength of basic sites present in a catalyst [28–30]. Thus, the basicity characteristic of MMO
catalysts were analyzed using temperature-programmed desorption of TPD-CO2. The basicity profiles
of alkaline-based MMOs and pure metal oxide catalysts are displayed in Table 1. Results showed
that calcium-based mixed-metal oxides (CaO-MgO, CaO-ZnO, and CaO-La2O3) render strong basic
strength (with an intense desorption peak at 500–700 ˝C), which corresponded to the association
of Ca2+-O2- pairs located in a particular position of the binary system. The combination of metal
oxide systems for MMO catalysts rendered higher amounts of basic sites compared to single metal
oxides (CaO, MgO, La2O3, and ZnO). The results showed that CaO-MgO, CaO-ZnO, MgO-ZnO,
and CaO-La2O3 with amounts of basic sites of 1210.5, 1383.0, 333.1 and 737.8 µmol of CO2/g, while
MgO, ZnO, and La2O3 give lower amounts of basicity, which is less than 200 µmol of CO2/g. In
fact, CaO itself renders the highest basicity at 290.42 µmol of CO2/g among the pure oxide, whereby
it showed comparable basicity content to the binary MgO-ZnO system with the presence of strong
basic strength. Thus, combination of Ca2+ with other group metals synergically alter the electronic
properties of the catalyst's surface by increasing electron transfer from metal ions (Mn+) to the oxide
phase in metal-metal oxide systems and, thus, increase the electron density of the oxide phase for
better basicity behaviour [31,32].

Table 1. Basicity profile of bulk oxide and mixed metal oxide catalysts.

Catalysts
Amount of Basic Sites

Tmax (300–500 ˝C) Medium Basic Strength Tmax (>500 ˝C) Strong Basic Strength

ZnO - -
MgO 50.3 -
CaO - 290.4

La2O3 - 179.9
MgO-ZnO 73.2 257.9
CaO-MgO - 1210.5
CaO-ZnO - 1383.0

CaO-La2O3 - 737.8

The basic strength of MMO catalysts were indirectly influenced by the electron transfer from
the metal groups. It was assumed that positive metal ions (cations) generated from the binary metal
oxide system possess Lewis acidity, whereby the high negativity oxygen ions (anions) were prone to
nucleophilic attack (proton acceptors) and act as Brønsted bases. The higher the electro-negativity in
the oxide phase means the stronger the basic strength that exists in the active site of the catalyst. During
the methanolysis of oil, the strong basic active sites provide sufficient adsorptive sites for methanol,
in which the (O-H) bonds readily break into methoxide anions and hydrogen cations (Figure 4).
The methoxide anions were then reacted with triglyceride molecules to yield methyl esters [33,34].
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3.2. Transesterification Activity of the MMO Catalysed Reaction

The catalytic performance of MMO catalysts (CaO-MgO, CaO-ZnO, CaO-La2O3, and MgO-ZnO)
have been studied and compared with the individual oxide catalysts (CaO, MgO, ZnO, and La2O3)
under reaction conditions: catalyst amount of 3 wt %, methanol/oil ratio of 25:1, 120 ˝C within 3 h. It is
interesting to observe CaO-ZnO (94% yield) shows the highest catalytic activity as compared to other
alkaline-based MMO catalysts (Figure 5). As compared to the catalytic activity of single CaO (91%)
and ZnO (41%), the synergism effect CaO-ZnO has significantly improved the catalytic performance.
Although the CaO-ZnO basicity is weaker than CaO (Table 2), the amount of basic sites is still higher
than CaO. Thus, this will enhance the catalytic performance of CaO-ZnO.
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Figure 5. Comparative transesterification studies for MMOs and single metal oxide catalysts.

With the presence of a high acid value (12 wt % FFA) in crude jatropha oil, it has been presumed
that unfavorable side reactions (saponification) between free fatty acids and the active metal (Ca2+ or
Mg2+) happen during the transesterification. As expected, the single alkaline-earth metal oxide (MgO
and CaO) showed the existence of soap in the final product. This result is in accordance with a previous
study [35]; poor stability of the CaO catalyst is prone to deactivation by acid and forms soap in the
reaction. Consequently by coupling two different oxides in one catalyst system, the physicochemical
properties of MMO catalysts are superior than pure alkaline oxide with less influence by FFA in the
oil feedstock. The mixture of both alkaline metal oxide with transition metal and rare earth metal by
co-precipitation methods rendered positive feedback with less soap formation and even gives a high
biodiesel yield.

The transition metal oxide (ZnO) and rare-earth metal oxide (La2O3) catalysts are of interest due
to their activity in simultaneous transesterification and esterification of high-FFA containing vegetable
oils. They are found to be water-tolerant compared to alkali and alkaline metal oxide catalysts [24].
Thus, it is observed that CaO-ZnO catalysts are dual-functional due to the presence of combining Lewis
base and Lewis acid metal oxides. This has led to the prevalence of Lewis base and acid catalytic sites
in a single catalyst for simultaneous esterification and transesterification reactions. Thus, combination
of an active alkaline metal oxide with ZnO is a wise choice for the transesterification reaction, as it can
be conducted under mild reaction conditions.

Based on the present study, the CaO-ZnO catalyst showed the highest biodiesel yield (94%) via
transesterification of high-acid crude jatropha oil (12 wt % FFA) under reaction conditions of: catalyst
amount, 3 wt %; methanol/oil ratio = 25:1; temperature of 120 ˝C; and time of 3 h. Comparative



Energies 2016, 9, 611 8 of 12

study for the Ca-Zn binary metal oxide system was depicted in Table 1. Most of the studies were
focused in transesterification of refined vegetable oil with low FFA content. Thus, the slightly lower
content of biodiesel for the present study was due to the occurrence of the unfavarouble saponification
reaction of FFA with the base catalyst and, thus, formed soap byproducts instead of biodiesel yield [36].
Although the present CaO-ZnO catalyst showed lower activity than the literature, this catalyst is
capable of sustaining and resisting poisioning of FFAs in low-quality oil with a considerably good
yield of product.

Table 2. Summary studies of Ca-Zn mixed metal oxide catalyst for biodiesel production.

Catalyst Catalyst
Synthesis Method

Feedstock and
Transesterification Condition Biodiesel Yield (%) Reference

CaO¨ZnO
Ball milling of CaO and
ZnO powder mixture

(CaO:ZnO = 1:2)

Methanolysis of sunflower oil, at
60 ˝C and 1 bar, using molar ratio of

sunflower oil to methanol of 1:10
and with 2 wt % of catalyst based

on oil weight, 3 h

99% [37]

CaO¨ZnO
Conventional

co-precipitation
(Ca:Zn = 0.25:1)

Transesterification of palm kernel
oil under conditions at 60 ˝C,

catalyst amount = 10 wt %,
methanol/oil molar ratio = 30,

reaction time = 1 h

>94% [38]

K2O/CaO-ZnO

CaO-ZnO prepared by
co-precipitation was

promoted by K2O via
impregnation method

(Ca:Zn = 1:3)

Tranesterification of soybean oil
under reaction temperature of

60 ˝C, catalyst loading of 2 wt %,
methanol to oil molar ratio of 15:1,

and reaction time of 4 h

81% [39]

CaO-ZnO Co-precipitation method
(Ca:Zn ratio = 1:1)

Transesterification of high-acid
crude jatrophas oil (12 wt % of FFA)
under reaction conditions: catalyst

amount,3 wt %; methanol/oil
ratio = 25:1; 120 ˝C; 3 h

94% Present study

3.3. Catalyst Reusability

From an economic point of view, the most important features for a catalyst to be industrially
competent are stability and reusability. Although single CaO showed comparable catalytic activity as a
MMO catalyst, some studies reported that the Ca2+ active metal of the CaO catalyst easily leached into
the methanolic solution, which reduces the catalytic activity [35]. Furthermore, strong surface basicity
of CaO favours the neutralization reaction with FFA to form large-molecule calcium soap. This inhibits
the continuous cycle of the reaction.

This scenario was affirmed in the present reusability study (Figure 6), in which jatropha-based
biodiesel yield obtained from CaO-catalyzed transesterification was reduced badly from 91% to 58%
after four cycles. In contrast, MMO catalytic activities only drop slightly as compared to that of the CaO
catalyst. The biodiesel yield capable to maintain around 80% for four runs using calcium-based MMO
catalysts (CaO-MgO, CaO-ZnO, CaO-La2O3), with CaO-ZnO being the most stable MMO catalyst.
In the case of magnesium-based MMOs catalyst (MgO-ZnO), the yield also dropped sharply after
the fourth cycle because of the higher solubility of magnesium in the methanol FFA medium [40,41],
which led to the poor reusability performance. As shown in Figure 7, the reusability profile was
well correlated with the leaching test in biodiesel products via AAS analysis. The Ca content in the
first-run biodiesel product (catalysed by CaO) was very high (156 ppm), followed by 87 ppm and
67 ppm for second and third runs, respectively. This finding was compatible with other studies, which
decreased CaO activity for continuous runs due to the leaching of Ca2+ active sites. For calcium-based
MMO catalysts, low concentrations of Ca (<30 ppm) were found in biodiesel yield for four cycles. It is
also shown that the leaching of CaO-ZnO is the lowest amongst the alkaline-based MMO catalysts.
This indicated the stronger stability of the binary metal oxide systems. The biodiesel derived by the
MgO-ZnO catalysed reaction showed high Mg content (68 ppm) in the first cycle, while second and
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third cycle products rendered lower Mg content (<15 ppm). This might due to the presence of unstable
amorphous MgO on the catalyst surface and easily be detached and solubilised during reaction.
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Figure 7. Elemental analysis of leached Ca2+ and Mg2+ in biodiesel medium.

Furthermore, the loss of transesterification activity of catalysts at continuous usage may be due
to the blockage of active sites by adsorbed intermediates or product species, such as diglyceride,
monoglyceride, and glycerine, and the contamination by O2, H2O, and CO2 in the air. These adsorbed
intermediates sometimes led to the formation of magnesium diglyceroxides or calcium diglyceroxides
that poisoned the active phase of the catalysts and, thus, reduced the transesterification rate [42].

Although MMO-catalysed transesterification renders lower leaching of active Ca or Mg active
metal (<15 ppm), the concentration is still above the biodiesel standard. Thus, simple water washing
was done prior to a fuel properties study. For the biodiesel to be used in diesel engines, it has to meet
the biodiesel standards ASTM D6751 and EN14214. Results showed that the biodiesel prepared by the
MMO-catalysed process complied with the biodiesel standard. The density and kinematic viscosity
of biodiesel at 40 ˝C is in the range of 891.8–890.7 kg/m3 and 3.8–3.9 mm2/s, respectively. The pour
point and flash point of biodiesel were ´6.0 to ´7.0 ˝C and 140–160 ˝C, respectively, which indicated
high adaptability for various weather conditions. Furthermore, the moisture content (<1.0 wt %,), acid
value (0.5 mg KOH/g), and FFA (<1.0 wt %) in this biodiesel was low after washing. In conclusion,
this biodiesel is suitable for use in diesel engines.



Energies 2016, 9, 611 10 of 12

4. Conclusions

In summary, a series of solid base MMO catalysts (CaO-MgO, CaO-ZnO, CaO-La2O3, and
MgO-ZnO) were studied via transesterification of non-edible jatropha oil. It was clearly shown that
the alkaline-based MMO catalysts possess higher catalytic activities compared to those of single-metal
oxides. As compared to single-metal oxides (CaO, MgO, ZnO, and La2O3), the MMO catalysts
(especially Ca-based catalysts) showed high basicity density and strong basic strength, which pose
excellent properties for the transesterification reaction. As a result, Ca-based MMO catalysts had
the highest catalytic activity (>90% biodiesel yield) and good reusability with low metal leaching.
Amongst these catalyst, CaO-ZnO is the most potential catalyst for transesterification of high-acid
feedstock without any pretreatment. CaO-ZnO showed a higher biodiesel yield (94%) with negligible
catalytic deactivation after four cycles.
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