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Abstract CaAlSi mixed metal oxide nanoparticles with
formula Ca,Al,SiO; and CaAl,O, (with molar ratio of
70:30) was prepared by sol—gel method and used as a basic
heterogeneous catalyst for transesterification of soybean oil
with methanol to methyl esters (biodiesel). The catalyst was
characterized using X-ray diffraction, scanning electron
microscope, Fouier Transform Infrared, and Termal Gravi-
metric Analysis techniques. Effect of important reaction
parameters such as methanol to oil molar ratio, reaction
time, and amount of catalyst were examined. It was found
that reaction of methanol and soybean oil with the molar
ratio of 30 in the presence of 6 % catalyst (based on soybean
oil weight) affords biodiesel almost quantitatively at 60 °C
within 6 h. The catalyst can be easily recovered and reused
for four cycles without significant loosing activity.
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1 Introduction

Energy is a basic requisite for economic development in
countries. As a result, energy importance has been
increasing along with the growth of human population and
industrialization. Common sources of energy are petroleum,
natural gas, and coal obtained from fossil fuels. Seriously
fossil energy resources reducing and increasing global
environmental concerns increasing petroleum such as plant
biomass [1-6]. Compared to other fuels among many pos-
sible sources, biodiesel as a clean renewable fuel has
recently been recognized as the best candidate for a diesel
fuel substitution because it can be used in any compression
ignition engine without the need for modification. Trans-
esterification is a method for production of fatty acid methyl
esters (FAME) used as biodiesel, as nontoxic, biodegrad-
able and renewable fuel, essentially free of sulfur and aro-
matics with proper viscosity, high flash point, and high
octane number makes it a cleaner burning fuel than petro-
leum. It is also considered as the best alternative fuel readily
used in diesel engines [7—11]. Vegetable oils and animal
fats cannot be used for fuel application due to undesirable
properties such as high viscosity, poor volatility undergo
atomization and polymerization during combustion leading
to fuel line filter chamber clogging. Therefore, the
increasing demand in the world for a clean fuel has
encouraged the scientists to search for alternative renewable
energy [11]. One of these alternative fuels is biodiesel. In
biodiesel synthesis, methanol is mostly used as alcohol
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because of its low cost and ability to produce alkyl esters
with lower viscosity.

Transesterification has traditionally been catalyzed by
acids, bases, or carried out in the presence of enzyme cat-
alysts [12—-17]. Commercial production of biodiesel
employs homogeneous alkali catalyst such as KOH or
NaOH [18]. The use of homogeneous alkali catalyst has
some difficulties such as separation of catalyst, formation of
soap, and formation of emulsifier between FAME and
glycerol [19, 20]. In order to minimize these problems,
attempts have been made to use heterogenized catalyst
systems in biodiesel production. Utilization of solid cata-
lysts offers several advantages such as easy catalyst
separation, mild reaction conditions, and no toxicity.
Therefore, many efforts have been devoted toward design of
heterogeneous catalytic systems for transesterification of
vegetable oils [21-31]. Examples include impregnation
alkaline metal salts on microporous or mesoporous mate-
rials such as zeolite [29-31] or MCM-41 [32], layered
silicate such as montmorilonite [33], alkaline metal oxides
[34, 35], and inorganic mixed oxides [36—45].

In this presentation, preparation of a new nanoparticles
with Ca mixed oxides along with its usage as heterogeneous
catalyst for transesterification of soybean oil with methanol
to methyl esters (biodiesel) production is described.

2 Materials and methods

Soybean oil was obtained from sigma. Its properties are
given in Table SI1. Si(OC,Hs)s, Ca(NO3),.4H,O, Al
(NO3)3.9H,0, citric acid, polyethylene glycol 20000 (PEG),
methanol, ethanol, n-hexane, ammunia (25 %), and methyl
heptadecanoate (>99 wt.%) as the standard of Gas Chro-
matography (GC) were purchased from Merck Chemical
Company (Darmstadt, Germany) and used without further
purification.

Fouier Transform Infrared (FTIR) spectra of the samples
(5 mg) were collected on a Bruker (Tensor 27) instrument
using KBr (100 mg) pellet in the range of 4000-400 cm™"
under the atmospheric condition. The chemical analysis was
carried out with atomic absorption Chermo double beam
instrument. The X-ray diffraction (XRD) patterns of sam-
ples were recorded on a Philips PW1800 diffractometer
using monochromatic Nickelfilter with Cu Ka radiation (1
=1.5405 A). The X-ray generator was run at 40 kV and 30
mA and the diffractograms were recorded in the 26 range of
4°-90°. The phases were identified using the powder dif-
fraction file (PDF) database (JCPDS, International Center
for Diffraction Data). The adsorption—desorption isotherms
and other physical properties such as surface area, pore
volume, and so on were determined by Brunauer-Emmett-
Teller (BET), BELSORP Mini from MicroTrac Bel Corp.
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Products were analyzed by GC and Gas Chromatography-
Mass (GC-Mass) using Agilent 6890 series with a Flame
Tonization Detector (FID) detector, HP-5, 5% phe-
nylmethylsiloxane capillary and helium as carrier gas, and
Agilent 5973 mass selective detector, HP-5 MS 6989 net-
work GC system. The scanning electron microscope (SEM)
was performed on KYKY-EM3200 operating at an accel-
erated voltage of 25 kV.

2.1 Preparation of CaAlSi mixed oxide nanoparticles
catalyst

The sol-gel method was used for the preparation of CaAlSi
mixed oxide designates as CASO nanoparticles. In a typical
procedure, stoichiometric amounts of calcium nitrate tetra-
hydrate (2.36 g), aluminum nitrate nonahydrate (2.47 g), and
tetraethoxysilane (2.06 g) were dissolved in 10 mL of water/
ethanol (v/v 2:1) under vigorous stirring. Then, certain
amount of citric acid solution in water (citric acid/M>* =2:1
molar ratio) and PEG (0.1 g/mL) were added into the above
solution, while the solution pH was maintained at 8-9 by
using ammonia solution (25 %). The resultant mixture was
stirred for 3h and heated at 90 °C in a water bath until
homogeneous gel is formed. After drying, it was calcined at
900 °C for 5h to afford the final sample as a white solid.

2.2 Transesterification of soybean oil, general procedure

Catalytic transesterification of soybean oil with methanol
having average molecular weight of 881 g/mol calculated
from the saponification value (S.V. =190 mg KOH/g) [27]
was carried out in a 50 mL high pressure autoclave. Soy-
bean oil (5 ml), methanol (with the methanol/oil molar ratio
of 6:1 upto 30:1), and catalyst (CASO nanoparticles, 1-6
wt.%) were loaded in the autoclave. The mixture was heated
at 60 °C for 1-8 h while stirring at 300 rpm. The solid was
separated by means of centrifuge and washed with CH,Cl,
and methanol. After evaporation of solvent under reduced
pressure at 60 °C, the two layers containing methyl esters,
soybean oil, mono and diglycerides in the upper and gly-
cerol in the lower phases were separated by a decanter. The
FAME content was determined by GC using the European
regulated procedure EN14103 [44]. The separated catalyst
was reused in fresh reactions.

3 Results and discussion
3.1 XRD studies
The XRD patterns of the CaAlSi mixed oxide nanoparticles

are shown in Fig. 1. As can be seen, it contains Ca,Al,SiO,
(JCPDS PDF No. 35-0755) coexisting with CaAl,O4
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Fig. 2 SEM image of CaAlSi mixed oxide nanoparticles

(JCPDS PDF No. 34-0440) as the major and minor phases,
respectively. The XRD pattern of the Ca,Al,SiO; shows the
d values at 3.70, 3.060, 2.8440, 2.4300, 2.3940, 2.0398,
1.754, and 1.3738 corresponding to 111, 201, 211, 310,
221, 212, 312, and 521 reflections, and the d values of
CaAl,0O, appears at 2.97, 2.52, and 2.41 corresponding to
220, 303, and 313 planes.

3.2 FTIR analysis

In order to obtain more information about CaAlSi mixed
oxide nanoparticles, FTIR spectrum of the sample was
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Fig. 4 Termal Gravimetric Analysis (TGA) of CaAlSi mixed oxide
nanoparticles

recorded in order to study the vibration modes displayed by
different species on the catalyst surface (Figure S1). A
broad peak appeared in the spectrum at 3448 and 1628 cm ™
is due to the stretching and bending vibration of the —OH.
The bands observed at 1135 and 963 cm™" are attributed to
the antisymmetric and symmetric vibrations of TO, (T: Si,
Al). Whereas the bands displayed at 800650 cm™" are due
to the T-O-T" stretching and bending vibrations [36], those
resonated at 542cm”' may be assigned to the Ca-O
stretching [36].
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3.3 SEM and elemental analysis

The SEM of the CaAlSi mixed oxide nanoparticles reveals a
uniform morphology of spherical shape with 48-54 nm
particle size (Fig. 2). Moreover, elemental EDS analysis of
CaAlSi mixed oxide nanoparticles (Fig. 3) shows the pre-
sence Ca, Al, Si, and O. The composition of the prepared
CaAlSi mixed oxide nanoparticles obtained by atomic
absorption determined the Ca, Al, and Si % as 25.32, 9.45,
and 19.09 %, respectively [45].

3.4 TGA/DTA studies

The TGA and Differential Termal Analysis (DTA) curves
of CaAlSi mixed oxide nanoparticles are shown in Fig. 4.
As indicated in the TGA curve, constant mass is achieved at
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Fig. 5 Adsorption—desorption isotherms of nitrogen measured on
CaAlSi mixed oxide nanoparticles

above 700 °C after losing 62.6 % of the original mass. The
first major weight loss of 36 % occurring at 210 °C is an
exothermic peak due to the dehydroxylation and loosing of
organic compounds. The other exothermic weight loose
should be due to the decomposition of the remaining
organic compounds.

3.5 Adsorption—desorption isotherms studies

Adsorption—desorption isotherms of nitrogen measured on
CaAlSi mixed oxide nanoparticles results are shown in
Fig. 5. Some physical properties data obtained such as Vi,
ay(BET), total pore volume, and mean pore diameter are
12.011cm® (STP)g', 52.276 m*g~", 0.3197cm® g™, and
24.464 nm, respectively (Table S2).

3.6 Transesterification reaction parameters

Biodiesel is composed of methyl or ethyl esters of fatty
acids produced through transesterification or alcoholysis of
different lipid sources with methanol or ethanol in the
presence of base, acid, or enzyme catalysts (Scheme 1).
Transesterification is necessary to improve the properties of

H,C—O0COR! H,C—OH R'COOCH;
Conditions |
HC—oOCOR? *+CH;0H HC—OH * R2COOCH;
3
H,C—O0COR? H,C—OH R°COOCH;
Triglyceride Methanol Glycerol Biodiesel

Scheme 1 Transesterification of triglycerides for the production of
biodiesel. R', R%, R® account for the different hydrocarbon chains of
the fatty acids
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methanol with the molar ratio of 30:1 under reflux condition
within 6 h was studied (Fig. 6). As seen, there is a direct
relation between the oil conversion and the amount of cat-
alyst. Significantly, transesterification reaction proceeded
with 82 % oil conversion together with the maximum for-
mation of biodiesel in the presence of 6 % catalyst.

Fig. 9 Recyclability of the prepared catalyst on biodiesel production
On the other hand, it was found that whereas 82 % oil

conversion occurs within 6 h, reaction proceeds almost quan-
titatively by increasing the reaction time to the 8 h (Fig. 7).
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The stoichiometry of transesterification reaction requires
3mol of methanol per 1mol of triglyceride to obtain
biodiesel and glycerol with the ratio of 3:1. Elevation
of the ratio by introducing an excess amount of methanol
shifts the equilibrium toward the product side (Fig. 8). As
indicated, maximum of biodiesel yield is obtained by using

the molar ratio of 30:1 in the presence of 6 % catalyst within
6 h. Rate acceleration results by decreasing the soybean oil
viscosity coefficient via methanol dilution and promotion of
mass transfer. However, utilization of methanol in high
excess is not favorable due to higher energy consumption
(Fig. 8).

Table 1 Comparison of the

produced biodiesel properties Test property Unit EN 14212 ASTM D6751 Measured value Test method

with standard samples Flash point °C 120 130 135 ASTM D93
Kinematic viscosity at 40 °C mm?/s 3.5-5.0 1.9-6.0 4.921 ASTM D445
Pour point °C - - 0 ASTM D97
Cloud point °C - - 0 ASTM D2500
Density at 15°C kg/m® 860-900 - 883.2 ASTM D 4052
Sulfur content % - 0.05 max <0.01 ASTM D4294
Acid value mg KOH/g 0.5 max 0.8 max 0.3 ASTM D664
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Scheme 2 The proposed reaction mechanism for biodiesel production
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3.8 Catalyst recycling studies and stability

In order to ascertain whether the prepared CaAlSi mixed
oxide nanoparticles behaves as solid catalyst in a truly
heterogeneous manner, the nanoparticles were recovered by
separation after the completion of the first run by cen-
trifugation followed by using it again for successive batch
reaction at 65°C under optimum condition. A slight
decrease in catalytic activity from 95 to 94 %, 92, and 91 %
in the second, third, and fourth runs, respectively Fig. 9,
was found. The similarity of FTIR and XRD patterns of
CaAlSi mixed oxide nanoparticles observed before and after
each reaction run confirmed the heterogeneity of the reac-
tion catalyst. On the other hand, neither significant amount
of Ca, Al, or Si nor catalytic activity was observed in the
filtrate under reaction conditions.

The fuel properties of the prepared biodiesel at the
optimal process conditions presented in Table 1 were found
to comply with ASTM and EN standards. As seen, the
produced biodiesel using CaAlSi mixed oxide nanoparticles
as catalyst meets the ASTM and EN limits.

3.9 Reaction mechanism

Although the precise mechanism is not known, a mechan-
istic postulate as shown in Scheme 2 may be invoked to
rationalize the formation of biodiesel. Upon treatment of the
O”” on the surface of CaAlSi mixed oxide nanoparticles as
catalyst with methanol, H* abstraction occurs followed by
the formation of I; as shown in Scheme 2. In the next step,
the triglyceride ester S undergoes attacks of I; perhaps via
methoxide anion, affording the tetrahedral intermediate T,
and CaAlSi mixed oxide nanoparticles (CASOH"). The
subsequent acid—base reaction of T; with CASOH™ regen-
erates CASO with concomitant formation of tetrahedral
intermediate T,. Rapid conversion of T, affords T; and
finally biodiesel as the reaction product.

4 Conclusion

In this study, CaAlSi mixed oxide nanoparticles (CASO)
were prepared by sol-gel method followed by calcination
upto 900°C. The CaAlSi mixed oxide nanoparticles
(CASO) were characterized by chemical analysis, XRD,
SEM, EDX, TGA, and FTIR techniques. It was found that
CASO successfully catalyze transesterification of soybean
oil with methanol to biodiesel in 95 % yield within 8 h. The
heterogeneity character and reusability of the CaAlSi mixed
oxide nanoparticles were also investigated.
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