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ABSTRACT: Biodiesel production is worthy of continued study and optimization of production procedures due to its
environmentally beneficial attributes and its renewable nature. Heterogeneous transesterification is considered to be a green
process. The process requires neither catalyst recovery nor aqueous treatment steps and very high yields of methyl esters
can be obtained, close to the theoretical value. However, heterogeneously catalyzed transesterification generally requires
more severe operating conditions, and the performance of heterogeneous catalysts is generally lower than that of the
commonly used homogeneous catalysts. Heterogeneous catalysis for biodiesel production has been extensively investigated
in the last few years. Many metal oxides have been studied for the transesterification process of oils; these include alkali
earth metal oxides, transition metal oxides, mixed metal oxides and supported metal oxides. The use of solid metal oxides
as catalysts in oil transesterification is well established, accordingly, researchers’ attempts are now focused on how to
attain the highest catalyst activity. Catalyst activity is a function of its specific surface area, base strength and base site
concentration. High specific surface area, strong base strength and high concentration of base sites are characteristics of an
active transesterification catalyst. This review provides a brief overview of the different metal oxides frequently used in the
process of transesterification of oils for the production of biodiesel with special reference to the various methods of
catalyst preparation and catalyst characterization. Reaction conditions and catalyst leaching analysis are also highlighted.
Finally, concluding remarks regarding catalyst selection and catalyst preparation steps are provided.
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INTRODUCTION
Biodiesel is a renewable, biodegradable,

environmentally benign, energy efficient, substitution
fuel which can fulfill energy security needs without
sacrificing engine’s operational performance (van
Gerpen, 2005). Thus it provides a feasible solution to
the twin crises of fossil fuel depletion and environmental
degradation. Transesterification is the general term used
to describe the important class of organic reactions where
an ester is transformed into another through interchange
of the alkoxy moiety (Freedman et al., 1986). Base-
catalyzed transesterification is the most commonly used
technique as it is the most economical process (Singh et
al, 2006). Base-catalyzed transesterification involves
stripping the glycerin from the fatty acids with a catalyst
such as sodium or potassium hydroxide, and replacing
it with an anhydrous alcohol, usually methanol. The

resulting raw product is then centrifuged and washed
with water to cleanse it of impurities. This yields methyl
or ethyl ester (biodiesel), as well as a smaller amount of
glycerol, a valuable by-product used in making soaps,
cosmetics, and numerous other products (Knothe et al.,
2005). An alternative method for the production of
biodiesel is to use heterogeneous (solid) catalysts in
the transesterification process. Heterogeneous (solid)
catalysts have the general advantage of easy separation
from the reaction medium and reusability. Heterogeneous
catalysis is thus considered to be a green process. The
process requires neither catalyst recovery nor aqueous
treatment steps: the purification steps of products are
then much more simplified and very high yields of methyl
esters, close to the theoretical value, are obtained (Cao
et al., 2008).  Glycerin is directly produced with high
purity levels (at least 98 %) and is exempt from any salt
contaminants (Melero et al., 2008; Bournay et al., 2005).
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However, heterogeneously catalyzed transesterification
generally requires more severe operating conditions
(relatively elevated temperatures and pressures), and
the performance of heterogeneous catalysts is generally
lower than that of the commonly used homogeneous
catalysts (Refaat, 2010). Moreover, one of the main
problems with heterogeneous catalysts is their
deactivation with time owing to many possible
phenomena, such as poisoning, coking, sintering, and
leaching (Sivasamy et al., 2009). The problem of
poisoning is particularly evident when the process
involves used oils (Lam et al., 2010). More general and
dramatic is catalyst leaching, which not only can increase
the operational cost as a result of replacing the catalyst
but also leads to product contamination. In general, the
best catalysts must have several qualities i.e., catalyze
transesterification and esterification, not be deactivated
by water, be stable, do not give rise to leaching, be active
at low temperature, and have high selectivity (Di Serio
et al., 2008). Thus far, the use of solid catalysts to
produce biodiesel requires a better understanding of
the factors that govern their reactivity. To improve the
performance of these catalysts, it is essential to
understand the correlations between acid and base
strength and catalytic activity. It is clear that the surface
of these heterogeneous materials should display some
hydrophobic character to promote the preferential
adsorption of triglycerides and to avoid deactivation of

catalytic sites by strong adsorption of polar by-products
such as glycerol and water  (Lotero et al . ,
2005).Heterogeneous catalysis for biodiesel production
has been extensively investigated in the last few years.
Many metal oxides have been studied for  the
transesterification process of oils; these include alkali
earth metal oxides, transition metal oxides, mixed metal
oxides and supported metal oxides. This review provides
a brief overview of the different metal oxides frequently
used in the process of transesterification of oils for the
production of biodiesel with special reference to the
various methods of catalyst preparation and catalyst
characterization. Reaction conditions and catalyst
leaching analysis will be also highlighted.

Catalyst selection
Heterogeneously catalyzed methanolysis reaction

is very complex because it occurs in a three-phase
system consisting of a solid (heterogeneous catalyst)
and two immiscible liquid phases (oil and methanol).
Also, concurrently with methanolysis, there are some
side reactions such as saponification of glycerides and
methyl esters and neutralization of free fatty acids by
catalyst (Veljkovic et al., 2009). Fig. 1 shows a simplified
flowsheet of a heterogeneous transesterification
process.

The catalyst efficiency depends on several factors
such as specific surface area, pore size, pore volume and

Fig. 1: Flowsheet of Heterogeneous Transesterification Process (Bournay et al., 2005).
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active site concentration (Smith and Notheisz, 2006). The
structure of metal oxides is made up of positive metal ions
(cations) which possess Lewis acidity, i.e. they behave
as electron acceptors, and negative oxygen ions (anions)
which behave as proton acceptors and are thus Brønsted
bases. This has consequences for adsorption. In
methanolysis of oils, it provides sufficient adsorptive sites
for methanol, in which the (O-H) bonds readily break into
methoxide anions and hydrogen cations (Fig. 2). The
methoxide anions then react with triglyceride molecules
to yield methyl esters (Chorkendorff and
Niemantsverdriet, 2003). Liu et al. (2008a) found that small
amounts of water can improve the catalytic activity of
CaO and biodiesel yields because in the presence of water,
O-2 on the surface of the catalyst extracts H+ from water
molecules to form OH- which subsequently extracts H+ of
methanol to form methoxide anions, which are the real
catalyst of the transesterification reaction. However, if
too much water (more than 2.8 % by weight of oil) is
added to methanol, the fatty acid methyl ester will
hydrolyze under basic conditions to generate fatty acids,
which can react with CaO to form soap. Dossin et al.
(2006a, 2006b) showed that the transesterification reaction
occurs between the methanol molecules adsorbed on a
magnesium oxide free basic sites. The methanol adsorption
is assumed to be the rate-determining step in catalysts
such as MgO and La2O3 while the surface reaction step
becomes rate-determining with catalysts having a higher
basicity, such as BaO, CaO or SrO. Calcium oxide is the
metal oxide catalyst most frequently applied for biodiesel
synthesis, probably due to its cheap price, minor toxicity
and high availability (Lee et al., 2009). It can be
synthesized from cheap sources like limestone and calcium
hydroxide.  Calcium oxide possesses relatively high basic
strength and less environmental impacts due to its low
solubility in methanol (Zabeti et al., 2009) and its easier
handling as compared to KOH (Sakai et al., 2009). A study
by Kawashima et al. (2008) has investigated thirteen
different kinds of metal oxides containing calcium, barium,
magnesium, or lanthanum for transesterification. The
results suggested that the Ca series catalysts have higher
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Fig. 2: Surface structure of metal oxides (Chorkendorff and Niemantsverdriet, 2003)

catalytic activity for the transesterification reaction.
Transesterification of edible soybean oil with refluxing
methanol was carried out in the presence of calcium oxide
(CaO), -hydroxide (Ca(OH)2), or -carbonate (CaCO3). At 1
h of reaction time, yield of FAME was 93 % for CaO, 12 %
for Ca(OH)2, and 0 % for CaCO3. Kouzu et al. (2008)
reported that under the same reacting condition, sodium
hydroxide with the homogeneous catalysis brought about
the complete conversion into FAME. The authors added
that CaO will probably bring about as the good
productivity as NaOH do, by taking advantage of the
easy product recovery and the environmentally benign
process. Sakai et al. (2009) confirmed this advantage by
conducting an economic feasibility study on four batch
processes for the production of biodiesel using a
homogeneous KOH catalyst and a heterogeneous CaO
catalyst with hot water purification process and vacuum
FAME distillation process. Among the four processes,
the manufacturing costs involved in the CaO catalyst
with hot water purification process proved to be the lowest.

Liu et al. (2008b) investigated calcium methoxide to
catalyze transesterification of soybean oil to biodiesel
with methanol and found that calcium methoxide has
strong basicity and high catalytic activity as a
heterogeneous solid base catalyst and a 98 % biodiesel
yield was obtained within 2 h in this reaction. The order of
reactivity Ca(OH)2 < CaO < Ca(CH3O)2 agrees with the
Lewis basic theory: the methoxides of alkaline-earth metals
are more basic than their oxides which are more basic
than their hydroxides. In a further study, Kouzu et al.,
(2010) argued that since alcohols are very reactive with
calcium oxide, even at room temperature, it is possible
that calcium methoxide functioned as the solid base
catalyst under the reacting condition and not calcium
oxide. Huang et al., (2009) demonstrated the efficiency of
magnesium methoxide as a catalyst in the
transesterification process and showed that the use of
heterogeneous catalysts was mass transfer limited.

Other alkali earth oxides, like for instance SrO, present
high activity but they are fully dissolved in the reaction
medium that means that in such cases the catalysis is
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Heterogeneous Transesterification

considered homogeneous (Granados et al., 2007;
Gryglewicz, 1999). Magnesium oxide which is produced
by direct heating of magnesium carbonate or magnesium
hydroxide has the weakest basic strength and solubility
in methanol among group II oxides (Zabeti et al., 2009).
Gryglewicz (1999, 2000) investigated the possibility of
using alkaline-earth metal hydroxides, oxides, and
alkoxides to catalyze the transesterifiction of rapeseed oil
at methanol reflux temperature. The author found that
sodium hydroxide was the most active, barium hydroxide
was slightly less active, and that calcium methoxide
showed medium activity. The reaction rate was lowest
when CaO powder was used as catalyst while magnesium
oxide and calcium hydroxide showed no catalytic activity.
The high activity of barium hydroxide was attributed to
its higher solubility in methanol with respect to other
compounds.

Abreu et al. (2005) showed that tin oxide was active
for soybean oil methanolysis in a heterogeneous system
achieving reaction yields of up to 93 % in 3 h at 60°C. The
authors also reported that they were able to recover and
reuse the catalyst three times without any loss of catalytic
activity. Zirconium oxide, titanium oxide and zinc oxide
are among the transition metal oxides that have attracted
attention for biodiesel production due to their acidic
properties (Zabeti et al., 2009). There have been several
reports on the usage of zirconia as a solid acid catalyst for
transesterification of different oils rather than other
transition metal oxides due to its strong acidity and it was
found that the acidity is promoted when the surface of
these metal oxides contains anions like sulfate and
tungstate. Sulfated zirconia showed more activity toward
conversion of triacetin than tungstated zirconia owing to
its higher specific surface area and active phase
concentration under the same conditions (López et al.,
2005).

Sulfated zirconia (SO4
-2/ZrO2), sulfated tin oxide (SO4

-

2/SnO2) and sulfated titanium oxide (SO4
-2/TiO2) have been

studied to catalyze the transesterification of vegetable
oils owing to their superacidity. These catalysts have
shown good catalytic activities and good stability when
used to catalyze esterification and transesterification
simultaneously. However, they have not been generally
used in the industrial production process, mainly because
of the high catalyst cost and difficulty in filtering the
small catalyst particles. Furuta et al. (2004) compared the
activity of sulfated tin oxide and zirconium oxide and
tungstated zirconia under the same reaction conditions
and found that WZO showed the highest activity for
conversion of soybean oil whereas 70 % and 80 %

conversions were reached over SZO and STO
respectively. Jitputti et al. (2006) investigated ZrO2, ZnO,
SO4

-2/SnO2, SO4
-2/ZrO2, KNO3/KL zeolite and KNO3/ZrO

as heterogeneous catalysts for the transesterification of
crude palm kernel oil and crude coconut oil. Their study
found that the order of activity of the solid catalysts for
crude palm kernel oil transesterification is SO4

-2/ZrO2 >
SO4

-2/SnO2 > ZnO > KNO3/ZrO2 > KNO3/KL zeolite > ZrO2.
In the case of crude coconut oil, the activity can be shown
from highest to lowest as follows: SO4

-2/ZrO2 > SO4
-2/

SnO2 > ZnO > KNO3/KL zeolite > KNO3/ZrO2 > ZrO2. The
SO4

-2/ZrO2 system can yield up to 90.3 wt.% of methyl
esters from crude palm kernel oil and 86.3 wt.% from crude
coconut oil. Kiss et al. (2006) studied various solid
catalysts and also founded that sulfated zirconia is the
most promising catalyst.

The activities of three modified-zirconias (titania
zirconia, sulfated zirconia, and tungstated zirconia) were
evaluated for both esterification and transesterification
reactions (Lopez et al., 2008). The study provided a
quantitative comparison of the rate of transesterification
and conversion of TGs versus the rate of esterification of
FFAs under simultaneous reaction conditions, which is
of great importance when using less pure biodiesel
feedstock (such as waste cooking oil). As expected,
esterification occurred at a much faster rate than
transesterification. However, under simultaneous reaction
conditions, by virtue of the water being produced in
esterification and hydrolysis of the TG taking place, the
conversion of the triglycerides to ester products was
greatly increased. Although the fresh sulfated zirconia
(SZ) catalyst was found to be the most active for these
reactions, its activity was not easily regenerated. Titania
zirconia (TiZ) was found to have a greater activity for
transesterification than tungstated zirconia (WZ).
However, the opposite result was found for esterification.
The higher activity of TiZ towards transesterification is
suggested to be due to its base sites, which are likely
poisoned in the presence of the carboxylic acid during
esterification. WZ was found to be the most suitable of
these catalysts for carrying out these reactions as it is
more active than TiZ for esterification and can be more
easily regenerated than SZ by simple re-calcination in air.

In a pioneering work by Peterson and Scarrah (1984)
the activities of different metal oxides to catalyze
transesterification of rapeseed oil to biodiesel have been
studied. They have reported that the most promising
catalyst examined was CaO-MgO. The activities of the
catalysts CaO and ZnO appeared to be enhanced with
the addition of MgO, therefore they argued that the
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transesterification reaction mechanism may be, in this
instance, bifunctional, but MgO caused soap formation
in the reaction process. Tanabe and Hoelderich (1999)
reviewed industrial application of solid acid and base
catalysts. They counted the number of solid acid, base,
and acid–base bifunctional catalysts used in industrial
processes as 127. Among them are included 10 solid
base catalysts and 14 solid acid–base bifunctional
catalysts. MgO–La2O3 and CaO–La2O3 complexes were
also investigated as transesterification catalysts (Yan et
al., 2009a, 2009b; Babu et al., 2008), they both showed
high activity on biodiesel production, but CaO–La2O3
deactivated rapidly when exposed to air. Yang and Xie
(2007) compared the catalyst performance of alkali earth
metals loaded on different catalyst supports for soybean
oil conversion to biodiesel and discovered a correlation
between loading amount of catalyst precursor on support
and the conversion of oil. They also found that the
catalyst performance is depending upon concentration
of basic sites on the surface of the catalyst.Supporting of
the alkali metal compound on a large surface area is an
interesting option for decreasing the amount of catalyst
required to still obtain a similar level of catalytic activity.
Accordingly, the transesterification of triolein using alkali
loaded on alumina achieved a high conversion yield,
making it of interest to apply in biodiesel production
(Ebiura et al., 2005). Samart et al. (2010) showed that
mesoporous silica as a Ca loading support improved the
transesterification efficiency of this alkali-supported
catalyst. The most suitable condition was a reaction
temperature of 60p C for 8 h, with a 15 wt.% Ca loaded
mesoporous silica catalyst at 5 wt.% by oil weight.
Ngamcharussrivichai et al. (2008) have investigated Ca
and Zn mixed oxide catalysts for transesterification. The
results indicated that the mixed oxides possess relatively
small particle sizes and high surface areas, compared to
pure CaO and ZnO. Moreover, the combination of Ca and
Zn reduced the calcination temperature required for
decomposition of metal carbonate precipitates to active
oxides. This result emphasizes the advantage of co-
existence of two different basic-oxide components in the
catalyst for transesterification.

From the aforementioned studies, calcium oxide can
be widely applied for biodiesel synthesis owing to its
cheap price, minor toxicity and high availability.  Calcium
oxide possesses relatively high basic strength and less
environmental impacts due to its low solubility in
methanol. As compared to KOH/NaOH, calcium oxide will
probably bring about similar productivity with added

advantages of easy product recovery, easier handling
and the environmentally benign process. The usage of
zirconia as a solid acid catalyst for transesterification of
different oils rather than other transition metal oxides is
due to its strong acidity and it was found that the acidity
is promoted when the surface of these metal oxides
contains anions like sulfate and tungstate. Co-existence
of two different basic-oxide components in the catalyst
for transesterification has to be also taken into
consideration. The selection of an appropriate solid
catalyst which could simultaneously carry out
esterification of FFAs and transesterification of
triglycerides would be of great interest for biodiesel
production especially in the case of feedstock which
feature high water and free fatty acids (FFAs) content,
which strongly affects the behavior of conventional
homogeneous base catalysts. Such a problem is usually
encountered on using low quality triglyceride-containing
raw materials, for instance waste cooking oil or yellow
and brown grease, or on using non-edible oils, for instance
Jatropha, as feedstock.

Catalyst characterization
The use of solid metal oxides as catalysts in oil

transesterification is well established, accordingly,
researchers’ attempts are now focused on how to attain
the highest catalyst activity. Catalyst activity is a
function of its specific surface area, base strength and
base site concentration. High specific surface area,
strong base strength and high concentration of base
sites are characteristics of an active transesterification
catalyst. The surface density of base sites, which is a
combination of surface area and overall number of base
sites, represents a relevant parameter to explain the
catalytic behavior in transesterification reactions when
different metal oxide solids show similar numbers of
strong and very strong base sites (Alonso et al., 2010).

Determination of Surface Area of the Catalyst
The principle underlying surface area measurements

is simple: physisorb an inert gas such as argon or
nitrogen and determine how many molecules are needed
to form a complete monolayer. As, for example, the N2
molecule occupies 0.162 nm2 at 77.2 K, the total surface
area follows directly (Chorkendorff and Niemantsverdriet,
2003). The specific surface area of the catalysts is usually
determined by an ASAP 2010 surface area analyzer based
on nitrogen adsorption/desorption isotherms acquired at
77.2 K using a 30 s equilibrium interval. The surface area
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is then computed using the BET (Brunauer–Emmett–
Teller) model. It is recommended that all catalyst samples
should be degassed at 200 oC for 5 h prior to analysis to
remove any adsorbed molecules from the pores and
surfaces.

Yan et al. (2009b) showed that there was a strong
interaction between Ca and La species in the binary
catalyst prepared by the ammonia–ethanol–carbon dioxide
precipitation method, which resulted in high basicity, high
BET surface area and high catalytic activity in oil
transesterification. The catalysts prepared by traditional
methods have low BET surface areas (<10 m2/g) as
compared to Ca3La1 (62.6 m2/g) (Yan et al., 2010). Increases
in CaO performances can be obtained using
nanocrystalline calcium oxides. Reddy et al. (2006)
showed that nanocrystalline CaO was an efficient catalyst
in the transesterification of soybean oil owing to the high
surface area associated with the presence of small
crystallites and lattice defects. The nanocrystalline calcium
oxides (crystal size = 20 nm; specific surface area = 90 m2/g)
gave 100 % conversion of soybean oil at room temperature
after 12 h while the conversion obtained with commercial
CaO (crystal size = 43 nm; specific surface area = 1 m2/g)
was only 2 % (Reddy et al., 2006).The specific surface area
is an important microstructural parameter of ZnO particles,
which depends on the geometrical shape and porosity of
the particles (Music et al., 2007). A specific surface area of
27.22m2/g was measured for ZnO nanocrystals. Verziu et
al. (2008) demonstrated that nanostructured MgO can be
used effectively as a heterogeneous catalyst system for
biodiesel transesterification and that the facet of MgO
exposed has an important influence regarding activity and
selectivity. Leclercq et al. (2006) tested the use of commercial
MgO/Al2O3 hydrotalcites and MgO (300 m2/g) in the
transesterification of rapeseed oil. They found that MgO
was more active than hydrotalcite.

Catalytic activity of ZrO2/SO4
2" and ZrO2/WO3

2" as
superacid catalysts in the methanolysis of triacetin was
compared by López et al. (2005) and the results indicated
that the specific surface area and active site concentration
play an important role in the catalyst activity. Sulfated
zirconia showed more activity toward conversion of
triacetin than tungstated zirconia owing to its higher
specific surface area (134 m2/g for sulfated zirconia
compared to 89 m2/g for tungstated zirconia) and active
site concentration (94  µmol/g for sulfated zirconia
compared to 54 ìmol/g for tungstated zirconia) under the
same conditions of 60°C and 8 h of reaction time. Comparing
the activity of TiO2/SO4

2" and ZrO2/SO4
2" as solid strong

acid catalysts in the transesterification of cotton seed oil to
methyl esters, both catalysts showed high activity.
However, higher methyl ester yields were obtained for
sulfated titanium oxide due to its higher specific surface
area of 99.5 m2/g compared to 91.5 m2/g for sulfated zirconia
(Chen et al., 2007). It was found that after the introduction
of sulfate anions new Bronsted acid sites were formed on
the catalyst surface. de Almeida et al. (2008) prepared
superacid sulfated titania catalyst via the sol–gel technique,
with different sulfate concentrations. The catalyst that
exhibits the highest catalytic activity in the methanolysis
of soybean and castor oils  was that which displayed the
highest specific surface area (266 m2/g), average pores
diameter (5.2 nm) and pore volume (0.327 cm3/g), and highest
percentage in sulfate groups.

From the above studies it is apparent that increases in
metal oxide performances can be obtained by using
nanocrystalline forms rather than commercial grade
catalysts.

Determination of Basicity of the Catalyst
It has been reported that the base sites over

heterogeneous catalysts are active centers for
transesterification. Thus, it is interesting to correlate the
effects of base strength and basicity of the catalysts on
activity. Basicity, that is, the number of exposed basic
sites per unit mass will decrease as the specific surface
area decreases (Arzamendi et al., 2008). The Hammett
indicator method is used to determine the basic strength
of the catalyst. According to Hammett scale, when
Hammett function H_ of a solid base is over 26, this solid
base can be defined as the super solid base or solid
superbase (Li et al., 2007). Catalytic performance was
shown to be closely related to the density of basic sites
(Antunes et al., 2008). Mootabadi et al. (2010) investigated
the ultrasonic-assisted transesterification of palm oil in
the presence of alkaline earth metal oxide catalysts (CaO,
SrO and BaO): The activities of the catalysts were
mainly related to their basic strength. The catalytic
activity was in the sequence of CaO < SrO < BaO.
However, it was shown that CaO has basic sites
stronger than H_ = 26.5 (Liu et al., 2008a) and SrO has
basic sites stronger than H_ = 26.5 (Liu et al., 2007).

Di Serio et al (2006) showed the possibility to use
calcined hydrotalcites and MgO for industrial biodiesel
production at moderately high temperature. High yields
of methyl esters were obtained in 1 h of reaction time at
180–200°C. The achieved experimental data showed a
correlation not only with the catalysts basicity, but
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also with its structural texture. However, the structural
texture of the examined catalysts was dependent on
both the precursor and the preparation method (Di Serio
et al., 2006). The strongest basic sites (super-basic)
promote the transesterification reaction also at very
low temperature (100°C), while the basic sites of medium
strength require higher temperatures to promote the
same reaction.

Bancquart et al. (2001) compared the base-catalyzed
activities of single metal oxides, La2O3, MgO, CaO, and
ZnO and the results confirmed that stronger basicity of
the catalysts resulted in their higher activity for
transesterification. The authors concluded that the
reaction rates by single metal oxides directly depend on
the basicity of the oxide, especially of the strong basic
sites. Sato et al. (2009) investigated the use of rare earth
oxides as transesterification catalysts and reported that
rare earth oxides (REOs) have similar basicity as CaO
and that the strength of the basic sites of heavy REOs is
dependent upon the radius of the rare earth cation. The
basic properties of REOs are related to lanthanide
contraction: the number and strength of basic sites of
REOs increased with increasing radius of the rare earth
cation. Sc2O3, having the smallest ionic radius, showed
the weakest strength of basic sites and the lowest
surface density of basic sites. Russbueldt and Hoelderich
(2010) investigated a series of rare earth aluminates,
titanates, and zirconates as heterogeneous catalysts for
the transesterification of different oils and fats with
methanol and found that the activity is decreasing in
the order La to Sm and Y in parallel to the decreasing ion
radius and basicity, leading to an excellent activity for
La2O3. In an optimization study of La2O3 catalysts in the
transesterification of rapeseed oil, the best results of
97.5 % FAME and 93.8 % glycerol yield were obtained
with 50 % methanol at 200 oC.

Li et al. (2007) prepared a novel solid superbase
catalyst of Eu2O3/Al2O3 with basic strength 26.5
measured by indicators according to Hammett scale and
BET surface area 103.6 m2/g. The catalytic activity of
Eu2O3/Al2O3 was evaluated for the transesterification of
soybean oil with methanol to biodiesel in the fixed bed
reactor under atmospheric pressure; and showed high
activity. Sun et al. (2010) discussed the relationship
between transesterification activity and surface basicity
of La2O3/ZrO2 catalyst and reported that the catalytic
activities showed a correlation with their basic properties
towards biodiesel production, which is that, the stronger
basicity, the higher biodiesel yield was achieved. The
La2O3 loaded on ZrO2 was an active catalyst for the

production of biodiesel from sunflower oil. After calcined
at 600p C for 4 h, the catalyst with 21 wt % La2O3 loaded
on ZrO2 was found to be with highest basicity and
catalytic activity for the transesterification reaction. Xie
and Huang (2006) used ZnO loaded with KF as a solid
base catalyst in the transesterification of soybean oil
with methanol which showed good activity. In this case,
the activity of the catalysts correlated well with their
basicity. The best performances were observed with a
KF loading of 15 wt %. The catalytic activity of ZrO2 in
the transesterification reaction increased as it was
enriched with more potassium anions as the catalyst
became more basic (Georgogianni et al., 2009a, 2009b).
Also, when different metal loading were used in the
biodiesel production over heterogeneous catalysts, it
was possible to observe how the incorporation of
sodium increased the basic strength and the number of
basic sites of the parent zeolite, increasing also the
catalytic activity for producing methyl esters (Ramos et
al., 2008).

Catalyst preparation
Several methods for the preparation of solid

catalysts for the transesterification process were
described in the literature. These methods include:
thermal pretreatment, hydrothermal synthesis, physical
mixing, impregnation, and precipitation.

Calcination (Thermal Treatment)
The surfaces of metal oxides are covered with carbon

dioxide, water, and in some cases, oxygen as they are
handled in air. To have basic sites exposed on the
surfaces, pre-treatment at high temperatures is required.
The nature of the surface basic sites varies with severity
of pre-treatment conditions. Beside removal of water
and carbon dioxide, rearrangement of surface and bulk
atoms occurs during pre-treatment, which changes the
number and nature of the basic sites with increasing
the pre-treatment temperature. Therefore, the optimum
pre-treatment temperature varies with the type of
reaction (Hattori, 2001).  As the pre-treatment
temperature increases, the molecules covering the
surfaces are successively desorbed according to the
strength of the interaction with the surface sites. The
molecules weakly interact with the surfaces are
desorbed at lower pre-treatment temperatures, and
those strongly interacting are desorbed at higher
temperatures. The sites that appear on the surfaces by
pre-treatment at low temperatures are suggested to be
different from those appearing at high temperatures. If
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simple desorption of molecules occurs during pre-
treatment, the basic sites that appear at high temperatures
should be strong. However, rearrangement of surface
and bulk atoms also occurs during pre-treatment, which
may change the number and nature of the surface basic
sites with increasing the pre-treatment temperature
(Hattori, 2004).

The active surface sites of CaO are unavoidably
poisoned by the atmospheric H2O and CO2. The catalytic
activity of CaO can be improved if before the reaction
the CaO is subjected to an activation treatment to remove
and to clean the surface of the main poisoning species
(the carbonate groups) and if after this treatment the
contact with room air is prevented (Granados et al., 2007).
used the activated calcium oxide as a solid base catalyst
in the methanolysis of sunflower oil to investigate the
role of water and carbon dioxide on the deterioration of
the catalytic performance by contact with air for different
periods of time. The study showed that CaO is rapidly
hydrated and carbonated in air. As a result, in order to
avoid reduction of CaO catalytic activity, the catalyst
was thermally treated at 700°C in order to chemically
desorb CO2 before being used in the reaction. Calcium
oxide as a heterogeneous catalyst was investigated for
its effect on the biodiesel synthesis from refined
sunflower oil by Vujicic et al. (2010). In order to
investigate the influence of temperature of the catalyst
activation on biodiesel yield the authors prepared two
batches of catalysts differing only in the calcination
temperature: 500 and 900 °C. It was shown that the
catalyst activation in static air conditions at 900 °C
preceding the reaction is necessary for the sake of strong
basic sites formation. Zhu et al. (2006) prepared a solid
super base by dipping CaO in ammonium carbonate
solution. The results showed that the base strength of
calcium oxide was more than 26.5 after dipping in an
ammonium carbonate solution followed by calcination.
After calcination at 850 °C, the catalyst showed high
activity for the transesterification process. When the
calcination temperature was over 900 °C, the catalytic
activity gradually decreased.

Arzamendi et al., 2008 claimed that basic catalysts
have to be activated, usually by means of high-
temperature thermal treatments and outgassing, in order
to remove water and surface carbonates thus developing
catalytic activity. The authors added that in the case of
CaO and MgO, basic sites appear upon treatments above
673 K; however, very strong basic sites such as those
required to form the methoxide anion do not appear for

samples calcined in air. For example, Dossin et al. (2006)
subjected a commercial MgO powder to a pretreatment
under dry nitrogen at 973 K for 12 h in order to remove
any adsorbed CO2 and water and prevent any contact
with the ambient air; the solid was active in the
transesterification of ethyl acetate with methanol
(Dossin et al., 2006b). The generation of very active
coordinatively unsaturated O2- acting as Lewis basic
sites requires very high pretreatment temperatures (Xie
et al., 2006). Leclercq et al. (2006) showed that the
transesterification of rapeseed oil with methanol could
be efficiently performed over a high-surface-area (300
m2 g) magnesium oxide to give a high conversion of the
vegetable oil and a high yield of methyl esters,
particularly when the hydroxide precursor was calcined
at 550 °C.

The activity of zirconium oxide functionalized with
tungsten oxide was studied by López et al. (2007) to
investigate the effect of calcination temperatures on
the catalytic properties of ZrO2/WO3

2" as a solid strong
acid for transesterification of triacetin. The most active
catalyst was obtained after calcination of 800°C with the
formation of Bronsted acid sites concentration of 161
ìmol/g. The catalyst was active for both transesterification
and esterification reactions although the reaction time
was relatively long. On the other hand, Ramu et al. (2004)
evaluated the effect of calcinations temperature on the
catalytic performance of ZrO2/WO3

2" as well as the effect
of amount of WO3 loading on the zirconium oxide for the
esterification of palmitic acid with methanol and
discovered that the catalyst which was calcined at 500°C
had the most activity. This activity was attributed to the
formation of tetragonal phase of ZrO2. Beyond 500°C
the tetragonal phase transferred to the monoclinic phase
which caused a decrease in the activity from 98 %
conversion of palmitic acid to 8% for the catalyst which
was calcined at 900°C. With 5 wt.% loading of WO3 the
acid site concentration of 1.04 mmol/g was achieved.
The acidity which is correlated to the activity decreased
by increasing the amount of WO3 as a result of excess
coverage of WO3 species on ZrO2. Xie and Yang (2007)
investigated the transesterification of soybean oil using
a Ba-ZnO catalyst. The results showed that with an
increase in the calcination temperature from 400 to 600p
C, the basicity of the catalysts increased which resulted
in an improvement in the conversion. However, at
calcination temperatures higher than 600p C, there was
a decrease both in the basicity of the Ba-ZnO catalysts
as well as in the conversion of the soybean oil.
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Hydrothermal Method
ZnO nanorods were synthesized in supercritical

water with a simple hydrothermal method using
flowthrough experimental apparatus from KOH and
Zn(NO3)2 aqueous solutions at 673 K and 30 MPa. The
order of preheating and mixing of the solutions was
very important and leads to difference crystal
morphologies. Preheating the Zn(NO3)2 solutions leads
to ZnO nanorods. Synthesized nanorods has an average
length/width of 230/38 nm (Sue et al., 2004). Continuous
supercritical hydrothermal synthesis has advantages for
preparing highly crystallized nanoparticles with narrow
size distribution and high purity without further
calcination step. Particle size, morphology, and crystal
structure can be controlled by varying synthesis
conditions such as temperature, pressure, and time (Sue
et al., 2004).

Veriansyah et al. (2010) examined the continuous
hydrothermal synthesis of decanoic acid-modified and
oleic acid-modified ZnO nanoparticles in scMeOH. The
usage of scMeOH and the surface modifiers changed
drastically the shape and size of the nanoparticles.
Nanorods shape particles with a clear facet were obtained
when scH2O was used whereas spherically shape
particles with 130–360nm in diameter were obtained when
scMeOH was used. When the surface modifiers were
used, primary particles with diameter of 7–13nm loosely
aggregated and formed secondary particles with the
diameter of 25–100 nm. The FT-IR spectra indicated that
the surface of ZnO was modified with the surface
modifiers. The surface area of ZnO increased from 0.7 to
36m2/g by reducing the particle size when a large amount
of the surface modifier was used (molar ratio of surface
modifier to Zn(NO3)2 = 30:1). The continuous synthesis
mode and short residence time (typically less than 1min)
is amenable to commercial-scale production of the
nanoparticles.

Yoosuk et al. (2010) proposed a hydrothermal
technique for increasing the transesterification activity
of CaO. Hydration and subsequent calcination of CaO
proved to increases both the specific surface area and
the amount of basic site. The BET surface area of the
commercial grade CaO was increased from 2.1 m2/g to 25
m2/g and the crystalline size was decreased from > 100
nm to 42.2 nm. Subsequently, transesterification of palm
olein was enhanced 18.4 wt.%. CaCO3 was thermally
decomposed at 800p C for 3 h. The solid product (CaO)
was refluxed in water at 60p C for 6 h, and the sample
was filtered and heated at 120p C overnight. Prior to use,
the product was calcined at 600p C for 3 h in order to

change the hydroxide form to an oxide form, the latter
being the active form for the transesterification reaction.
This technique has also been demonstrated previously
in MgO (Aramendia et al., 1999).

Impregnation Methods
Albuquerque et al. (2008) prepared a series of CaO

catalysts supported on mesoporous silica using an
impregnation method, and Wen, L. et al. (2010) prepared
KF/CaO nanocatalyst by using impregnation method.
Park et al. (2008) prepared zinc oxide nanostructures
with zinc acetate and activated carbon by impregnation
using a matrix-assisted method. ZnO nanostructures
have a great advantage to apply to a catalytic reaction
process due to their large surface area and high
catalytic activity. Zinc oxide, obtained by thermal
decomposition of zinc oxalate, has been impregnated
with different amounts of calcium oxide, and used as
solid catalyst for transesterification processes (alba-
Rubio et al., 2010). Calcium oxide is stabilized by filling
the mesoporous network of ZnO, as revealed by the
corresponding pore size distributions, thus avoiding
the lixiviation of the active phase in the reaction
medium. These supported CaO catalysts, thermally
activated at 1073 K, can give rise to FAME (fatty acid
methyl esters) yield higher than 90 %, after 2 h of
reaction, when a methanol:oil molar ratio of 12:1 and
1.3 wt % of the catalyst with a 16 wt % CaO were
employed.

Attempts have been made to promote the basicity
of the alkali earth oxides by doping with an alkali metal
such as lithium (Li). Alkali metal (Li, Na, K)-impregnated
calcium oxide catalysts were prepared and used for the
transesterification of karanja oil by Meher et al. (2006).
The authors reported that Li/CaO is a promising
heterogeneous catalyst for biodiesel production and
that its performance was not significantly affected by
the presence of a high FFA content up to 5.75 %. The
yield of methyl esters only decreased from 94.9 to 90.3
wt- % when the FFA content of the oil was increased
from 0.48 to 5.75 %. In a further study, the same authors
investigated a series of alkali metal (Li, Na, K) promoted
alkali earth oxides (CaO, BaO, MgO), as well as K2CO3
supported on alumina (Al2O3), as catalysts for the
transesterification of canola oil with methanol (D’Cruz
et al., 2007). Alkali metal (Li, Na, K) promoted BaO were
effective for transesterification, however, ICP-MS
analysis revealed that leaching of barium in ester phase
was too high (>1,000 ppm) when BaO based catalysts
were used. As barium is highly toxic, these catalysts
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are not recommended for transesterification processes.
Also, potassium-supported TiO2 catalyst was
successfully used for the transesterification of canola
oil by Salinas et al. (2010).

Xie et al. (2007) have prepared Li/ZnO catalyst using
an impregnation method followed by calcinations for
the transesterification of soybean oil. It was shown that
the activity of the catalysts for the transesterification
reaction is closely related to their basic properties. Li/
ZnO catalysts exhibited good catalytic activities, and
the catalytic performance was greatly dependent on the
loading amount of lithium and the calcination
temperature. Similar conclusions were achieved by
Alonso et al. (2009) who studied a series of catalyst
with different amounts of lithium supported on CaO.  It
was found that a lithium amount above 4.5 wt % is
required to promote the catalytic activity of CaO in the
transesterification of sunflower oil. Moreover, the
activation process to obtain an active catalyst was
determined. The catalyst starts to be active when
activation temperature was higher than the melting point
of LiNO3 (492 K). Above 773 K, the influence of the
activation temperature is not significant for catalytic
activity, but it is for homogeneous contribution. When
Li2O has been formed, active species are leached in the
reaction medium and catalysis is mainly homogeneous;
nevertheless, at lower temperatures when LiNO3 is
present on CaO, heterogeneous contribution must be
responsible for the activity because any possible LiNO3
leached in the reaction medium is not active. The
promoter effect of LiNO3 has been observed in a sample
activated at 773 K. At activation temperatures between
773 and 973 K, an intermediate situation will be expected.

Yang and Xie (2007) showed that the strontium metal-
doped ZnO, which was prepared by an impregnation
method followed by calcination at a higher temperature,
can be used as a catalyst for the transesterification of
soybean oil with methanol. The loading amount of 2.5
mmol Sr(NO3)2/g on ZnO and calcination at 873 K for 5
h was found to be the conditions for preparing the
optimum catalyst, which could exhibit the highest
basicity and the best catalytic activity. A maximum
conversion of 94.7 % was achieved using a 1:12 molar
ratio of soybean oil to methanol and a catalyst amount
of 5 wt. % at reflux of methanol for 5 h. The SrO derived
from thermal decomposition of Sr(NO3)2 at high
calcinations temperatures is probably the main
catalytically active specie. However, the used catalyst
was significantly deactivated and could not be directly
reused for transesterification. Yang and Xie explained

the deactivation by the deposition of reactants and
products on the active sites and/or by a transformation
of the active sites and their interactions during the
reaction. However, the leaching of SrO was not examined;
notwithstanding, its high solubility in the reaction
environment is known.

The preparation of a Li-doped MgO for biodiesel
synthesis has been investigated by optimizing the
catalyst composition and calcination temperatures. The
results show that the formation of strong base sites is
particularly promoted by the addition of Li, thus resulting
in an increase of the biodiesel synthesis. The catalyst
with the Li/Mg molar ratio of 0.08 and calcination
temperature of 823 K exhibits the best performance. The
biodiesel conversion decreases with further increasing
Li/Mg molar ratio above 0.08, which is most likely
attributed to the separated lithium hydroxide formed by
excess Li ions and a concomitant decrease of BET values
(Wen, Z. et al., 2010). MgO was prepared by hydration
with distilled water of the low surface area commercial
magnesium oxide. Then, the resulting Mg(OH)2 was
decomposed and stabilized at 773 K in a He flow for 18 h
to obtain the high-surface area MgO (137 m2/g). A series
of Li-doped MgO samples were prepared by the incipient
wetness impregnation with the Li/Mg molar ratio in the
range of 0.02–0.15. A similar approach was conducted
by Wan et al. (2008) in which biodiesel was synthesized
from rapeseed oil by transesterification over magnesium
oxide loaded with KF. It was also shown that the catalytic
activity strongly depends on the loading amount of KF
and calcined temperature. The authors found that the
reaction reached a 79.37 % yield when the loading
amount was at 35 wt % and calcined at 500oC. The simply
dried 30 %KF/MgO at 80 ºC was found to give equally
good results from the catalyst calcined at 500 ºC, avoiding
the usual activation at high temperature. The catalyst
was prepared by using the impregnation method. MgO
was doped in the aqueous solution containing the
desired amount of KF, air dried for 6 h at 80ºC, and calcined
at different temperatures (typically at 500ºC) in air for 3 h.
The measured BET surface area and the pore volume
decrease to about half of the MgO when it is loaded with
30 wt % KF (measured BET surface area decreased from
25.51 m2/g to 13.70 m2/g). Another example of surface
extension is the silica-supported sulfated titania reported
by Peng et al .(2008). This catalyst has been prepared by
impregnation of silica with titanium isopropoxide and
consequent calcination, followed by impregnation with
sulfuric acid and re-calcination. The so-prepared material
displayed improved textural properties compared with
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conventional sulfated titania. This material was used in
the simultaneous esterification and transesterification of
an oleic acid-refined cotton seed oil mixture with methanol.

Physical Mixing Methods
It has been reported that high-loading of active

components cannot be easily obtained using an
impregnation method (Wang et al., 2006). High loading
of active components can be obtained using physical
mixing (Wang et al., 2006). A major drawback of the
physical mixing method is low crystallinity of the catalyst
which has a negative effect on catalytic activity.
Furthermore, a high-loading catalyst generally results
in a low specific surface area, and thus low surface
concentration of catalytic sites for transesterification.
Kawashima et al. (2008) produced different kinds of metal
oxide catalysts using a physical mixing method.

Precipitation Methods
Precipitation methods show promise to obtain a high

concentration of active catalytic sites (Sree, 2009). Wang
et al. (2006) prepared CaO–ZrO2 catalysts using ammonia
solution as precipitant and Ngamcharussrivichai et al.
(2008) prepared Ca and Zn mixed oxide catalysts using
Na2CO3 as precipitant. Al2O3/ZrO2/WO3 solid acid
catalyst was prepared by co-precipitating method and
was investigated in the methanolysis of soybean oil
(Furuta et al., 2006). Macedo et al. (2006) prepared
catalysts obtained from the co-precipitation of aluminum,
tin and zinc oxides using an aqueous solution of sodium
carbonate. Recently, Nanometer magnetic solid base
catalysts were prepared by loading CaO on Fe3O4 with
Na2CO3 and NaOH as precipitator, respectively (Liu et
al., 2010). Ca2Fe2O5, a new kind of crystalloid with high
catalytic activity, is formed by calcining the precursors.
This achieves assembly of magnet and catalytic activity.
The catalytic activity of catalysts which are obtained by
calcining Ca (OH)2–Fe3O4 has proved to be better than
that by calcining CaCO3–Fe3O4. Furthermore, the authors
reported that Ca2+:Fe3O4=7 has shown to be the optimum
proportion for catalytic activity. The conversion rate of
transesterification reaction catalyzed by Ca (OH)27
reached 95 % in 80 min, and 99 % in 4 h.

A recent study by Yan et al (2010) argued that a
single precipitant cannot effectively precipitate all metal
ions in solution. So, they proposed a multistep
precipitation method with ammonia solution, ethanol and
carbon dioxide as precipitants for solid base catalyst
preparation. Such a precipitation process utilized
ammonia solution (as base precipitant), carbon dioxide

(as acid precipitant) and ethanol (as neutral precipitant)
in a sequential manner. The produced CaO–La2O3 based
catalyst prepared by this novel method was compared
with those prepared by physical mixing, impregnation,
and co-precipitation methods. The authors reported that
the cooperative effect among the precipitants allowed a
more complete and uniform precipitation process, a higher
specific BET surface area, higher concentration of strong
base sites, and a high catalytic activity in the oil
transesterification reaction for biodiesel production. The
previous overview has demonstrated the importance of
catalyst preparation step. From the several methods
described above for the preparation of solid catalysts
for the transesterification process: either a single method
or a combination of more than one method can be used
to attain the highest catalyst activity.

Operation conditions
Granados et al. (2007) used the activated calcium

oxide as a solid base catalyst in the methanolysis of
sunflower oil and showed that after 100 min of reaction
time, 94 % conversion was obtained at 60°C with
alcohol/oil molar ratio of 13:1 and catalyst content of 3
wt. % based on the weight of oil. Similar results were
obtained by Liu et al., (2008a) who used 12:1 alcohol/
oil molar ratio, 65°C reaction temperature and 8 wt. %
catalysts, but with the addition of 2.03 wt. % water into
the reaction medium. The methyl ester yields exceeded
95 % within 3 h of reaction time compared to 80 %
under anhydrous conditions. Demirbas (2007)
described the effect of the supercritical conditions on
the catalytic transesterification of sunflower oil in the
presence of 3 wt. % CaO 60-120 mesh, 40:1 alcohol/oil
molar ratio, at 252°C and pressure of 24 MPa. and found
that after 26 min of reaction time 98.9 % methyl ester
yields were obtained. In contrast to Granados et al.
(2007); Liu et al. (2008); Demirbas (2007) argued that
the calcium oxide catalytic performance is quite weak
at low temperatures since only 5 % methyl ester yields
were obtained at 60°C after 3 h.Kawashima et al. (2009)
studied the catalytic activity of calcium oxide for the
transesterification of rapeseed oil with methanol. The
authors highlighted the need for an optimal catalyst
activation protocol. The authors argued that, by
pretreating CaO with methanol, a small amount of CaO
was converted into Ca (OCH3)2, which acted as the
initiating reagent for transesterification. Subsequently, the
calcium-glycerol complex formed in the reaction of CaO
with glycerol functioned as the main catalyst in
transesterification. Under optimal reaction conditions (0.1
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Table 1 Summary of Catalyst Preparation for Different Metal Oxide Catalysts
Catalyst Preparation Method             Technique Yield (%) Reference
CaO Calcination 700 °C 94 Granados et al. (2007) 
CaO Calcination 900 °C 91 Vujicic et al. (2010) 
CaO Calcination 900 °C 93 Zhu et al. (2006) 
CaO Hydrothermal Hydration + Calcination (800 °C) 93.9 Yoosuk et al. (2010) 
CaO/Li Impregnation Wet impregnation (Li) 94.9 Meher et al. 2006 
CaO/KF Impregnation + Calcination (KF) + (600 °C – 4 h) 96.8 Wen,  et al. (2010) 
MgO Calcination 700 °C 93 Dossin et al. (2006b) 
MgO/Li Impregnation + Calcination (Li) + (600 °C) 89.1 Wen, et al. (2010) 
ZnO Hydrothermal Supercritical hydrothermal synthesis 100 Sue et al. (2004) 

Veriansyah et al. (2010) 
ZnO/Li Impregnation + Calcination (Li) + (600 °C – 5 h) 96.3 Xie et al. (2007) 
ZnO/Ba Impregnation + Calcination (Ba nitrate) + (600 °C – 5 h) 95.8 Xie and Yang (2007) 
ZnO/KF Impregnation + Calcination (KF) + (600 °C – 5 h) 87 Xie et al. (2006) 
ZrO2/WO3

2? Impregnation + Calcination (WO3) – 500 °C 98 Ramu et al. (2004) 
 

g CaO, 3.9 g methanol, 15 g oil, and 1.5 h activation time at
room temperature), the methyl ester was obtained in
approximately 90 % yield within 3 h at 60ºC.

Wang and Yang (2007) showed that Nano-MgO had
higher catalytic activity in the supercritical/subcritical
temperatures. At the stirring rate of 1000 rpm with 3 wt %
nano-MgO, the transesterification reaction was
essentially completed (more than 99 % yield) within 10
min under 533ºK and high pressure of 28.7 MPa and with
the methanol/oil molar rate of 36:1. Such high reaction
rate with nano-MgO was mainly attributed to the lower
activation energy (75.94 kJ/mol) and the higher stirring.
Transesterification of soybean oil with SrO as a solid
base catalyst showed that although the specific surface
area of the catalyst is as low as 1.05m2/g, 90 % yields of
methyl esters were achieved after 30 min of reaction time
at 65°C with alcohol/oil molar ratio of 12:1 and 3 wt.%
catalyst. The catalyst was stable even after 10 reaction
cycles (Liu et al., 2007). Mootabadi et al. (2010)
investigated the ultrasonic-assisted transesterification of
palm oil in the presence of alkaline earth metal oxide
catalysts (CaO, SrO and BaO): Reaction conditions:
methanol to oil molar ratio 9:1, ultrasonic power level 50%
and catalyst mass ratio 3 %). At optimum conditions, 60
min was required to achieve 95 % yield compared to 2–4
h with conventional stirring.

Jitputti et al. (2006) assessed the catalytic performance
of zinc oxide and zirconium oxide as solid acid catalysts in
transesterification reaction of palm kernel oil at
supercritical methanol and found that after 1 h of reaction
time, using 3 wt. % catalyst and 6:1 molar ratio of alcohol/
oil, 86.1% methyl ester yields were obtained for zinc oxide
while only 64.5 % for zirconium oxide. However, using
sulfated zirconia, the yields considerably increased to 90.3
% which might be due to high acidic strength of sulfate

anions on the surface of zirconia. Chen et al., (2007) found
that by introducing 2 wt. % catalyst and 12:1 alcohol/oil
molar ratio, in the transesterification of cotton seed oil to
methyl esters, after 8 h of reaction time the methyl ester
yields in the presence of TiO2/SO4

2" and ZrO2/SO4
2" were

90 % and 85 % respectively. Furuta et al. (2004) studied
conversion of soybean oil over tungstated zirconia and
found that the catalyst activity remained stable up to 100
h of use. After reaction time of 8 h at 300°C, 94% of oil was
converted with alcohol/oil molar ratio of 40:1. Al2O3/ZrO2/
WO3 solid acid catalyst was prepared by co-precipitating
method and was investigated in the methanolysis of
soybean oil (Furuta et al., 2006). The catalyst was
compatible for both esterification and transesterification
reaction and under reaction conditions of temperature
of 250°C and alcohol/oil molar ratio of 40:1 methyl ester
yields of 90% were obtained. This catalyst was also
compared to Al2O3/ZrO2; however, the yields were 80%.
Park et al. (2010) stated that the optimum reaction
conditions for  tungsten oxide zirconia
transesterification with a FFA conversion of 96 % were
20 wt. % WO3/ZrO2 at 150p C, 0.4 g/ml (oil), 9:1 (alcohol
to oil, molar ratio) and 2 h reaction time.

Yang and Xie (2007) compared the catalyst
performance of alkali earth metals loaded on different
catalyst supports for soybean oil conversion to biodiesel
and found that after 5 h of reaction time, at 65°C, with
12:1 molar ratio of alcohol/oil and 5 wt. % of catalyst
content, the maximum conversion achieved was 93.7 %.
In order to study the effect of cosolvent on the
conversion of soybean oil to biodiesel, Yang and Xie
applied different co-solvents such as THF, DMSO and
n-hexane and THF was found as the most effective co-
solvent since the conversion of soybean oil increased
to 96.8 %. Peng et al., (2008) studied the activity of a
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solid acid catalyst comprising SO4
2-/TiO2–SiO2 for the

production of biodiesel from several low cost feedstock
with high FFAs. The optimized reaction parameters were
reaction temperature 200oC, molar ratio of methanol to
oil 9:1 and catalyst concentration 3 wt. %. They reported
that the catalyst showed good stability, can be recycled,
easily removed and can simultaneously catalyze
esterification and transesterification. A continuous
process for biodiesel production from cheap raw
feedstock was proposed and a 10,000-tonnes/year
biodiesel production demonstration plant has been built.
Li-doped CaO catalyst at a concentration of 2 wt- %,
resulted in 94.9 wt- % of methyl esters in 8 h at a reaction
temperature of 65p C and a 12:1 molar ratio of methanol
to oil, during methanolysis of karanja oil (Meher et al.,
2006).

Most of the presented studies have shown that the
use of heterogeneous catalysts would result in high
biodiesel yields, simpler and cheaper separation
processes, a reduced water effluent load, and a higher
grade of glycerol could be obtained. On the other hand,
the main drawbacks are the high temperature and
pressure, as well as the higher methanol to oil ratio
needed for the transesterification reaction as compared
with homogeneous systems. Some of these catalysts

have shown a good catalytic performance even under
reaction conditions similar to those used for the
homogeneous catalysts. However, this kind of catalyst
is still far from an industrial application, since its
evaluation has only been carried out in stirred batch
reactors, there being few studies on continuous
processes using packed bed flow reactors.

Leaching analysis
Leaching affects the industrial application as

extensive leaching may threaten the reusability and
the environmental sustainability of catalyst (Granados
et al., 2009). Ca concentration in the biodiesel is limited
by strict regulations; moreover, the degree of leaching
directly affects the number of runs that the catalyst can
be reutilized when operating in batch-wise mode or the
time of operation when working in a continuous
process.Many studies about the use of heterogeneous
catalysts for transesterification treated anti-leaching
performance as issue of equal importance to catalytic
activities. The deactivation mechanism of heterogeneous
catalysts towards transesterification can be classified
into the leaching of active species and the adsorption of
acidic hydrocarbons onto basic sites. The deactivation
tests usually take the form of repeating the reaction cycle

Table 2 Summary of Operation Conditions for Different Metal Oxide Catalysts

Catalyst Feedstock 
Catalyst 
Content 
wt (%) 

Alcohol:
Oil Molar 

Ratio 
Temp. 

ºC 
Pressure

MPa 
Time 
Min. 

Other 
Conditions 

Yield 
(%) Reference 

CaO Sunflower Oil 3 13:1 60  100 Stirring 1000 
rpm 

94 Granados et al. (2007) 

CaO Soybean Oil 8 12:1 65  180 Water  2.03 
% 

95 Liu et al. (2008a) 

CaO Jatropha Oil 1.5 9:1 70  150  93 Zhu et al. (2006) 
CaO Sunflower Oil 3 41:1 252 24 26  98.9 Demirbas (2007) 
CaO/Li Karanja Oil 2 12:1 65  480  94.9 Meher et al. (2006) 
CaO/KF Tallow seed Oil 4 12:1 65  150  96.8 Wen, et al. (2010) 
MgO Soybean Oil 3 36:1 260 28.7 10 Stirring 1000 

rpm 
99 Wang and Yang (2007) 

MgO/Li Soybean Oil 6 9:1 65  120 Stirring 800 
rpm 

89.1 Wen, et al. (2010) 

SrO Soybean Oil 3 12:1 65  30  90 Liu et al. (2007) 
ZnO Palm kernel Oil 3 6:1 200 50 60 Stirring 350 

rpm 
86.1 Jitputti et al. (2006) 

ZnO/Li Soybean Oil 5 12:1 65  180  96.3 Xie et al. (2007) 
ZnO/Ba Soybean Oil 6 12:1 65  60  95.8 Xie and Yang (2007) 
ZnO/KF Soybean Oil 3 10:1 65  540  87 Xie et al. (2006) 
ZnO/ Sr(NO3)2 Soybean Oil 5 12:1 65  300  93.7 Yang and Xie (2007) 
ZrO2 Palm kernel Oil 3 6:1 200 50 60 Stirring 350 

rpm 
64.5 Jitputti et al. (2006) 

ZrO2/SO4
2? Palm kernel Oil 3 6:1 200 50 60 Stirring 350 

rpm 
90.3 Jitputti et al. (2006) 

ZrO2/SO4
2? Cotton seed Oil 2 12:1 230 10 480 Stirring 85 Chen et al. (2007) 

ZrO2/ WO3 Waste acid Oil  9:1 150  120  96 Park et al. (2010) 
ZrO2/WO3/ Al2O3 Soybean Oil  40:1 300  480  94 Furuta et al. (2004) 
TiO2/SO4

2? Cotton seed Oil 2 12:1 230 10 480 Stirring 90 Chen et al. (2007) 
 

215

IJEST
Placed Image



         Refaat A. A.

several times and measuring the catalytic activity in the
interval between each cycle. If the deactivation of the
catalyst is unavoidable, a method for regenerating its
initial activity was suggested in most cases (Lee et al.,
2009). Larger amount of leached species was observed
when glycerol is present because Ca diglyceroxide is
formed due to the reaction between CaO and glycerol
and this is a more soluble compound than CaO (Granados
et al., 2009).

Kouzu et al. (2009a, 2009b) pointed out that some
soluble substance was leached away from the CaO solid
base catalyst during the transesterification reaction. The
amount of the soluble substance corresponded to 10.5
wt% of the employed catalyst. They also suggested
that the reaction was catalyzed not only by basic sites
on the surface but also by the soluble substance. This
was due to moisture produced by transforming calcium
oxide into calcium diglyceroxide at the beginning of the
reaction. Although the leaching of solid base catalyst
was inevitable even in this case, the soluble substance
could be completely removed from the produced oil by
cation-exchange resin. With the help of the purification
technique, calcium oxide can be reused. On the other
hand, Kouzu et al., (2010) showed that the catalytic
activity was slightly reduced by turning calcium oxide
into calcium glyceroxide, but the change in the chemical
composition of the solid base catalyst provided a
tolerance to air-exposure. This property offers an
advantage for the practical use of the catalyst, because
deterioration of the catalytic sites by CO2 and H2O
contained in air is the established theory on solid base.
Due to the tolerance to air-exposure, decrease in the
catalytic activity was not obvious when the reaction
was successively repeated with reusing the collected
catalyst (Kouzu et al., 2007). Mootabadi et al. (2010)
investigated the ultrasonic-assisted transesterification
of palm oil in the presence of alkaline earth metal oxide
catalysts (CaO, SrO and BaO). It was found that BaO
had the highest residual elements detected in biodiesel
with nearly 14 wt. % of the catalyst leached into the
biodiesel layer after the reaction. Meanwhile, CaO had
the minimum solubility with only 0.04 % weight loss.
This result indicated that BaO had the highest solubility
in biodiesel and appreciable leaching occurred.

Granados et al. (2007) found that leaching of active
species was observed in the reaction medium when the
catalyst was activated at high temperature. However,
the amount of leaching did not result in catalyst activity
reduction and the catalyst was reusable for 8 cycles.

The catalytic reaction is assumed to be the result of the
heterogeneous and homogeneous contributions; part
of the reaction takes place on basic sites at the surface
of the catalyst and the rest is due to the dissolution of
the activated CaO in methanol that creates
homogeneous leached active species. Liu et al (2008a)
found that the activity CaO catalyst used in
transesterification was stable after 20 cycles of the
reaction and the biodiesel yield at 1.5 h was not affected
much in the repeated experiments. MacLeod et al. (2008)
have evaluated the stability of alkali-doped metal oxide
catalysts for application to biodiesel production,
concluding that metal leaching from the catalyst was
detected, and this resulted in some homogeneous
activity. The authors pointed out that this drawback
would need to be resolved before scaling-up biodiesel
production. In a recent study by Di Serio et al. (2010),
the behavior  of one of the more promising
heterogeneous catalysts (TiO2 supported on SiO2) was
investigated to verify its activity   and the eventual
leaching effect. The study was further deepened in batch
and continuous reactors by using the catalysts in
pellets, to evaluate the possibility of developing an
industrial process based on this catalyst. The catalyst
life-time run, in a continuous tubular reactor, was
determinant for this evaluation. In such a case, the
catalyst performances have been determined in both a
batch and a tubular continuous reactor to evaluate the
suitability of this catalyst for the development of an
industrial process. It was shown in the study that only a
slow leaching effect was present. This effect cannot easily
be evidenced in batch conditions also by repeating many
times the batch runs on the same catalyst, while,
continuous runs in tubular reactor are determinant for
evaluating deactivation effects and industr ial
suitability.

It can be found that many of the studies about the
use of heterogeneous catalysts for transesterification
treated anti-leaching performance as issue of equal
importance to catalytic activities. If the deactivation of
the catalyst is unavoidable, a method for regenerating
its initial activity was suggested in most cases.

The Role of Emerging Technologies
Emerging technologies are those technical

innovations which represent progressive developments
within a field for a competitive advantage. In the scope
of biodiesel production, two main technologies have
evolved in recent years which have proven to be of
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great advantage to the industry; ultrasonication and
microwave irradiation.

Synergy between Microwave Irradiation and
Heterogeneous Catalysis

Microwave heating compares very favorably over
conventional methods, where heating can be relatively
slow and inefficient because transferring energy into a
sample depends upon convection currents and the
thermal conductivity of the reaction mixture. Previous
results showed that application of radio frequency
microwave energy offers a fast, easy route to this
valuable biofuel with advantages of enhancing the
reaction rate and improving the separation process
(Hernando et al., 2007; Refaat et al., 2008; El Sherbiny
et al., 2010). In all these attempts conventional alkali
homogenous catalysts were employed. Recently,
Koberg et al. (2010) explored the optimization of
biodiesel production probing the combination of the
microwave irradiation of oil (soybean oil or cooked oil)
and SrO as a solid metal oxide catalyst. The authors
reported that this combination accelerated the reaction
(to less than 60 s), maintaining a very high conversion
(99 %) and high efficiency. Other studies which have
also supported the high efficiency of biodiesel
production by the combination of microwave irradiation
and heterogeneous catalyst include a recent study by
Zhang et al. (2010) using heteropolyacid solid catalyst
and a previous study by Carlin et al. (2009) using
calcium methoxide.

Synergy between Ultrasonication and Heterogeneous
Catalysis

The use of ultrasonication also provides a promising
alternative to the use of conventional transesterification.
Since this reaction can only occur in the interfacial region
between the liquids and also due to the fact that fats
and alcohols are not totally miscible, transesterification
is a relatively slow process. As a result, a vigorous mixing
is required to increase the area of contact between the
two immiscible phases, and thus to produce an emulsion.
Previous researches have indicated that the
ultrasonication provides the mechanical energy for mixing
and the required energy for initiating the
transesterification reaction. Previous results showed that
low frequency ultrasound is an efficient, time saving
and economically functional, offering a lot of advantages
over the conventional classical procedure. The reaction
time is reduced dramatically; the static separation time

is reduced remarkably, and the yield is generally higher
(Hsiao et al., 2010; Refaat and El Sheltawy, 2008;
Stavarache et al., 2007). In a recent study by Kumar et
al. (2010), it was shown that the combination of
ultrasonication and solid catalyst reduced the reaction
time compared to the conventional batch processes with
98.53 % biodiesel yield.

CONCLUSION
The most important concluding remarks in this

study are:
Two crucial steps are important for an efficient

heterogeneous transesterification process; appropriate
catalyst selection and careful catalyst preparation. Calcium
oxide is the metal oxide catalyst most frequently applied
for biodiesel synthesis, probably due to its cheap price,
minor toxicity and high availability. Calcium oxide
possesses relatively high basic strength and less
environmental impacts due to its low solubility in methanol
and its easier handling as compared to KOH/NaOH.
Calcium oxide will probably bring about as the good
productivity as NaOH do, by taking advantage of the
easy product recovery and the environmentally benign
process. There have been several reports on the usage of
zirconia as a solid acid catalyst for transesterification of
different oils rather than other transition metal oxides due
to its strong acidity and it was found that the acidity is
promoted when the surface of these metal oxides contains
anions like sulfate and tungstate. Some results emphasized
the advantage of co-existence of two different basic-oxide
components in the catalyst for transesterification.
Increases in metal oxide performances can be obtained
by using nanocrystalline forms rather than commercial
grade catalysts. This study has stressed the importance
of catalyst preparation step. Several methods for the
preparation of solid catalysts for the transesterification
process were described. Many studies about the use of
heterogeneous catalysts for transesterification treated
anti-leaching performance as issue of equal importance
to catalytic activities. If the deactivation of the catalyst is
unavoidable, a method for regenerating its initial activity
was suggested in most cases. The use of solid metal
oxides as catalysts in oil transesterification is well
established. It is recommended that new researches in
the field be directed to, but not limited to, introducing a
novel catalyst, making a crucial modification in an existing
catalyst, describing a method for increasing the activity
of a catalyst, using a treated metal oxide, using a mixed
metal oxide, …etc. The synergy between emerging
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technologies as ultrasonication and microwave irradiation,
on one side, and heterogeneous catalysis, on the other
side, for the production of biodiesel appears to be very
promising. However, this needs to be further investigated
for possible scale-up for industrial application.
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