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Abstract

The comprehensive study of smoke deposited nano-sized MgO as a catalyst for biodiesel production was in-
vestigated. The transesterification reaction was studied under constant ultrasonic mixing for different pa-
rameters like catalyst quantity, methanol oil molar ratio, reaction temperature and reaction time. An excel-
lent result of conversion was obtained at 1.5 wt% catalyst; 5:1 methanol oil molar ratio at 55 °C, a conver-
sion of 98.7% was achieved after 45 min. The conversion was three to five times higher than those are re-
ported for laboratory MgO in literature. This was mainly due to the enhancement of surface area of the
catalyst and the activity of ultrasonic waves. Catalyst is easily recovered and reused up to eight times with
easy regeneration steps. © 2013 BCREC UNDIP. All rights reserved
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1. Introduction removal i1s tedious [5] and its remains in the bio-

o ) . . diesel generated concern from the automotive pro-
Biodiesel is a renewable and potentially in-  qucers. A solution to the problems associated with
exhaustible energy source for diesel engines, which homogeneous catalysis is to use heterogeneous

can be synthesized by transesterification of vege- catalysts, which can provide green, recyclable cata-
table oil or animal fat [1]. This reaction was cata- lytic systems.

lyzed by both acids as well as alkali catalysts [2-4].
Acid-catalyzed transesterification uses homogene-
ous non-green catalysts (sulfuric acid, phosphoric
acid, hydrochloric acid etc.) and the reaction is
much slower when compared to alkali catalysis.
Whereas, in alkali catalyzed process the catalyst

Current researchers concentrate more towards
the development of industrial processes for bio-
diesel production using solid catalysts. The key
benefits of using heterogeneous catalysts are that
non-polluting and the catalysts do not mix with bio-
diesel that can be recovered and reused. Hetero-
catalytic process allows the production of biodiesel
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studies highlight the current interest in heteroge-
neous catalysis for transesterification [7-11]. Mag-
nesium oxide (MgO) is a solid and basic material.
It does not dissolve in the reaction medium and
hence it takes the role of heterogeneous catalyst in
transesterification reaction. Commercial MgO is
usually less active catalyst when compared to other
metal oxides of the same group [12]. But the re-
duced size and ultrasonication induces high cata-
Iytic activity.

MgO possess basic active surface site, which
makes them highly efficient in some catalytic proc-
esses. Smoke deposited catalyst have restructured
metal oxide sites leading to an increase in defects
which are electron donating O2- centers, postulated
as super basic sites in solid base catalysis. In this
report, we founded this catalyst have higher con-
version in biodiesel production. This is due to the
higher surface area, which intern results in higher
active sites.

No work has been established so far on the pro-
duction of biodiesel using smoke deposited MgO in
the literature. This study was aimed at the conver-
sion of vegetable oils to biodiesel via transesterifi-
cation reaction with MgO as heterogeneous cata-
lyst assisted by ultrasonic energy. The physical
structure, composition of the smoke deposited MgO
was studied in detail by means of Scanning Elec-
tron Microscopy (SEM), Energy Diffraction X-Ray
Spectroscopy (EDS), X-Ray Diffraction (XRD). The
variables affecting the methyl ester conversion
such as catalyst quantity, methanol oil molar ratio,
reaction temperature and reaction time were inves-
tigated. The conversion of the resulted biodiesel
was analyzed by H! Nuclear Magnetic Resonance
Spectroscopy (HINMR).

2. Materials and Methods

The transesterification reaction was carried out
using the waste mixed vegetable oil purchased
from local commercial source in Chennai, India.
Magnesium ribbon of 99.9% pure purchased from
Ranbaxy Chemicals (Mumbai, India) and methanol
99.9% pure was obtained from Merk (Mumbai, In-
dia). The chemicals were used without any further
purification.

2.1. Catalyst Preparation

During the course of study, nanosized MgO was
prepared by high temperature initiated, self-
propagated gas producing combustion method. The
process involves an exothermic combustion of Mg
metal in air. The mechanism of combustion reac-
tion is quite simple as shown in Equation (1).

2Mg + O2 — 2MgO (1)

Magnesium ribbon was accurately weighted and
cut into small pieces. The contents were placed in a
silica crucible on a clay triangle under the fume
hood. Heat was supplied continuously using a
Bunsen burner (moderate flame) until the magne-
sium starts to burn. Close the top of the crucible
partially with a stain less steel (SS-316) metal
plate. The gaseous entities formed absorb heat en-
ergy from subsequent combustion and acquire ki-
netic energy perpendicularly to the target to be de-
posited in a substrate to allow crystalline growth
[18]. The escaping white vapors are particles of
magnesium oxide. These particles deposited on the
metal plate were scrapped off and stored in a nitro-
gen purged airtight containers, to avoid the attack
of moisture and carbon dioxide.

2.2, Catalyst Characterization

The morphology and the structure of obtained
powder were determined by SEM (S-3400N, HI-
TACHI, Japan). Phase structure and the purity of
the prepared samples were characterized by XRD
(X’Pert PRO, PANalytical, Netherlands) with a dif-
fractometer 20 ranging from 10-80°, using Cu Ka
(A =0.15141 nm) radiation operated at 45 kV and
30 mA. Quantitative analyses of elemental compo-
sition were investigated by EDS (Noran System
Six, Thermo Electron Corporation, Japan).

2.3. Characterization of Oil

The important physical and chemical properties
of the extracted oil were determined in the fuels
and combustion laboratory according to AOCS Offi-
cial Methods. Gas Chromatography (GC) analysis
of the oil gives a qualitative and quantitative iden-
tification of fatty acids, which plays an important
role in biodiesel production and its performance in
diesel engine [14]. Fatty acids were initially trans-
formed into their respective methyl esters follow-
ing the methods as prescribed by Hartman and
Lago [15]. The fatty acid composition of mixed oil
was analyzed using GC, (CHEMITO GC 8610, In-
dia). The equipment was fitted with a BPX-70 col-
umn (50% Cyanopropyl, 50% Methyl siloxane). The
peaks were identified by comparing with standards
using Win-Chrome software.

2.4. Transesterification Mechanism

Transesterification is the displacement of alco-
hol from an ester by another alcohol [16]. Alcohol
preferred here is methanol because of its low cost,
polar nature and shortest chain [17]. Nano sized
MgO, catalyses transesterification reaction as a ba-
sic heterogeneous catalyst. When Mg atoms located
at corner or edge sites of MgO nano particles have
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a relatively low coordination number and a positive
charge that is substantially smaller than that in
the bulk [18, 19]. These cations are expected to be
the chemically active sites of the nanoparticles [20,
21]. The reaction occurs between the methanol
molecules adsorbed on MgO free basic sites and the
triglyceride from the liquid phase.

2.5. Transesterification Setup and Process

The batch experiments were performed in a
hard glass reactor (300 ml, 7 cm internal diameter)
with two neck grounded lid. One neck was con-
nected with a titanium sonotrode S7 with a diame-
ter of 7 mm and length of 100 mm. It can transmit
constant ultrasound irradiation (amplitude 50%
with 1 cycle per second) into the reaction mixture
throughout the reaction time. An ultrasonic proces-
sor UP200S (Hielscher Ultrasonics) was used to op-
erate the sonotrode with 200 W and 24 kHz fre-
quency. The other neck was fitted with a custom-
ized, water-cooled, stainless steel condenser to re-
flux the evaporated methanol. The whole appara-
tus was placed in a constant temperature oil bath
controlled by a proportional integral derivative
temperature controller. The temperature can be
raised up to 65 °C with an accuracy of +1 °C. All
the experiments were carried in triplicates.

Accurately weighed oil along with catalyst and
methanol were charged into the reactor. The differ-
ent parameters like catalyst amount, methanol oil
molar ratio, temperature and time were fixed as
required. After the reaction was completed the
product sample was collected, cooled and centri-
fuged at 10,000 rpm for 20 min. The upper layer
was separated for which the HINMR spectrums
were recorded on a Bruker AV-III 500 MHz NMR,
Switzerland. The peak differences in the HINMR
were used to find the conversion of biodiesel [22,
23].

The bottom catalyst layer was carefully re-
moved and regenerated. The catalyst was regener-
ated by washing three times with n-hexane by si-
multaneous sonication and centrifugation. This
was performed in between each cycle. The regener-
ated catalyst was then investigated for successive
uses. The biodiesel properties were determined ac-
cording to ASTM standard test methods and com-
pared accordance with ASTM D 6751 standard for
biodiesel.

3. Results and Discussion
3.1. Characterization of Oil

Physicochemical properties of mixed oil were de-
termined and shown in Table 1. The fatty acids
compositions illustrate the presence of high-level of
unsaturated fatty acid content (87.75 wt%) and

low-level of saturated fatty acid (11.81 wt%) indi-
cates that the oil is more of unsaturated fatty acids
(Table 2). This makes the oil a clear liquid at room
temperature.

The result shows that the raw material contains
18.91 wt% of mono unsaturated fatty acid, 68.76
wt% of poly unsaturated fatty acids and 0.44 wt%
of undetected materials may be due to the presence
of substances like sterols, hydrocarbons, aliphatic
alcohols etc.

3.2. Characterization of Catalyst

Magnesium oxide (periclase) crystallizes in cu-
bic symmetry (NaCl structure) were observed in
SEM micrograph (Figure 1.) The MgO has a three-
dimensional cubic shape and its edges were sharp
and uniform. Most of MgO particles were of a simi-
lar shape. It was also found that the side length of
MgO nano-cubic was approximately 60 nm.

From the Figure 2., X-ray diffraction pattern of
the prepared powder shows the diffraction peaks
that are indexed to cubic MgO. No characteristic
peaks of other impurities were detected in the pat-
tern. The sharp diffraction peaks indicate the good
crystallinity of the prepared MgO powder. The
crystallite size of MgO nano-cube was calculated

Table 1. Physical and chemical properties of mixed
oil

Properties of mixed vegetable oil

Specific gravity 0.912

Acid value 0.02 mg KOH g1 of 0il
Water content 0.01 vol%
Average molecular 873 g mol-!
weight

Saponification value 199

Todine value 141

Table 2. Fatty acid profile of sunflower oil

Fatty acid Composition (wt%)
Palmitic 6.47
Palmitoleic 0.08
Stearic 4.73
Oleic 18.91
Linoleic 68.04
Linolenic 0.65
Arachidic 0.19
Eicosadieonic 0.07
Behenic 0.42
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from the full width half maximum of all peaks. Av-
erage crystal size was found to be 50 + 5 nm using
Debye-Scherrer equation [24]. This value is close to
the crystallite size 40-60 nm obtained from the
SEM image. The XRD pattern is also compared
with that of literature [25, 26].

EDX spectra n Figure 3., show that the nano
particles were composed of magnesium and oxygen.
The molar ratio of Mg:O calculated from EDX and
stochimetric data were close to each other. Except
the two elements magnesium and oxygen, no other
peak for any other element has been found in the
spectrum, which confirms again that the grown
nano particles are pure MgO.

3.3. Effect of Catalyst Loading

Nano magnesium oxides posses mostly basic
surface sites, which make them highly efficient in
catalytic processes [27]. The transesterification re-

Figure 1. Typical surface-section SEM micrograph
of the obtained smoke deposited MgO powder with
5um resolution

Countss

Full scale counts: 5844
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1000+

Figure 2. X-ray diffraction pattern of the obtained

smoke deposited MgO powder

action was strongly affected by catalyst concentra-
tion. The biodiesel conversion was investigated
with 6:1 molar ratio of methanol oil and a tempera-
ture of 55 °C for 30 min. When the catalyst concen-
tration was increased from 0.5 wt% to 1.5 wt% the
conversion was increased from 45% to 88% respec-
tively as shown in Figure 4. However when the
catalyst concentration was increased beyond 1.5
wt%, the conversion remained unchanged. This
may be due to the presence of excess catalyst that
may tend to the reverse the equilibrium.

3.4. Effect of Methanol to Oil Molar Ratio

Another important factor affecting the biodiesel
conversion is methanol oil molar ratio. The sto-
chiometry of the transesterification reaction re-
quires only three moles of methanol to yield one
mole of glycerol and three moles of fatty esters
[28]. Transesterification reaction being a reversible
reaction excess methanol is used to shift the reac-
tion to the right. The reaction was carried out by
varying molar ratios of methanol from 3:1 to 6:1
under the conditions of 1.5 wt% catalyst, reaction

Base(172)

6000 Mg

Figure 3. EDX pattern of the obtained smoke de-
posited MgO powder are composed of Mg and oxy-
gen

100

C omversion %o
:\ﬂ
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Figure 4. Effect of catalyst loading
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temperature of 55 °C in 30 min. From Figure 5.,
conversion of biodiesel increased from 47 to 90% as
the molar ratio increased up to a value from 3:1 to
5:1. The conversion dropped from 90 to 88% when
the molar ratio was 6:1 due to the formation of
methanol cloud on the liquid surface due to high
power ultra sonic energy.

3.5. Effect of Reaction Temperature

Reaction temperature is another important fac-
tor that will affect the yield of biodiesel. Each ex-
periment was run for 30 min with 1 wt% catalyst
and 6:1 methanol oil molar ratio. The reaction tem-
perature was varied from 35 to 65 °C as shown in
Figure 6. The result indicates that the biodiesel
conversion was low at lower temperature with only
30% at 35 °C, biodiesel conversion increased
sharply and reached 94% at 55 °C. The conversion
decreased on further increase in temperature 90%
at 65 °C. When the temperature was higher metha-
nol vapourizes and most part of the methanol in
vapour phase in reactor head and condenser.
Therefore the optimum temperature was 55 °C.

3.6. Effect of Reaction Time

The conversion increases with reaction time as
shown in Figure 7. The effect reaction time on re-
action conversion was conducted at optimized 5:1
molar ratio of methanol, reaction temperature 55
°C with 1.5 wt% catalyst. The conversion of bio-
diesel increased with the reaction time from 15
min as 53.1% and reached a maximum 98.7% at a
reaction time of 45 min. The result indicates that
an extension of reaction time from 45-60 min had
no significant effect on the conversion of triglyc-
erides but leads to a reduction in product yield.
This is because longer reaction time enhances re-
verse reaction [29].

Conversion (%)
=]
L]

(o)
(%]

4 5 6

Methanol to oil molar ratio

Figure 5. Effect of methanol oil molar ratio

3.7. Effect of Catalyst Deactivation

Figure 8 shows the effect of catalyst reusability
on the biodiesel conversion percentage. Regenera-
tion removes the substances that were adsorbed on
the surface of the catalyst that would decrease the
contact between the basic sites and reactants. De-
activation of the catalyst during recycle and reuse
was observed. This is due to physical loss of cata-
lyst up to 1 wt% due to action of emptying the reac-
tion mass from the reactor, regeneration and also
contributed by leaching. The biodiesel yield was de-
creased from 98.7% to 90.1% when the process was
repeated for eighth time use. Biodiesel conversion
was decreased below 90% is observed only after the
eighth cycle. Therefore the service life of the cata-
lyst to attain a conversion above 90% was 8 times.

3.8. Mechanism for Transesterifaction
Reaction

Many reaction models were proposed for the
mechanism of transesterification on catalyst sur-
face based on the Eley—Rideal form of mechanism.
These models proposed that solely methyl alcohol
was adsorbed on the catalyst surface, which react
with free triglyceride. But according to Yan et al.
[30], a mechanism was proposed in Scheme 1. Ini-
tially, methanol and triglycerides were adsorbed on
the two-neighboring free active sites. Then metha-
nol was adsorbed on each Bronsted and Lewis base
sites and where nucleophilic attack occurs to create
a tetrahedral intermediate. Thus, the -C-O- bond
breaks and forms two sorts of esters, methyl group
ester and diglyceride. These transesterification
mechanisms are often extended to di- and mono-
glyceride.

3.9. Kinetics of Transesterification Reaction

The proposed mechanism assumes homogene-
ous catalytic reaction. This reaction follows a first
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45 55
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L
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[
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Figure 6. Effect of reaction temperature
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Figure 8. Effect of catalyst deactivation

Table 3. Properties of biodiesel produced under optimal reaction conditions and ASTM 6751 limits

Properties Units ASTM Limits Biodiesel
Specific gravity - - 0.870
Flash point oC 130 min 159
Cloud point oC Report 1
Viscosity @40 °C mm? s! 1.9-6 4.27
Acid value mg KOH g1 0.05 max 0.036
Carbon residue wt% 0.05 max 0.042
Water & sediments vol% 0.05 max 0.037
Cu strip corrosion - No. 3 max la
Na & K ppm 5 max 0.2
Ca & Mg ppm 5 max 5
Phosphorous wt% 0.001 max 0.0009

order kinetics as a function of the concentration of
oil (Triglyceride). Due to the high methanol concen-
tration, methanol was not considered as a limiting
reactant. This also shifts the equilibrium to the
right; therefore the overall reaction was assumed
to be a single step shunt reaction (neglecting the
intermediate reaction). Here three ester groups
were attacked by the methoxy ion at the same
time. Kinetic rate constant (k) was established us-
ing this model, ignoring the intermediate step [31].

Triglyceride + 3CH30OH < 3RCOOCH3; + Glycerol

The rate constant for different temperatures
was obtained at the optimum condition. Fitting the

Step 1: MgO < Mg2+ + O2

Step 2: 02 + CH30H «— OH- + CH30-

Step 3: OH- + CH30H « H20 + CH30-

Step 4: Triglyceride + 3CH30- — Glycerol + Biodiesel

Scheme 1. Possible mechanism for transesterifi-
cation reaction catalyzed by MgO

different k& values to Arrhenius equation, the ap-
parent activation energy was calculated as 58.49
kd mol! was calculated. From the observations, it
was found that the assumption of irreversible reac-
tion was agreeable. Similarly the rate constants
are found to be increasing with increase in tem-
perature for the forward reactions.

3.10. Properties of Biodiesel

The NMR spectrum of the biodiesel showed
(Figure 9) a conversion of 98.7%. The produced bio-
diesel was purified by phosphoric acid treatment
method [32]. The specific gravity of the product bio-
diesel decreased sharply from 0.912 to 0.870.
Lower value of the specific gravity of the final bio-
diesel is an indication of completion of reaction
[33].

The acid values obtained after purification step
was 0.036 mg KOH g1, which was slightly higher
than the feedstock sunflower oil (0.02 mg KOH g-1).
This may be due to the hydrolysis of esters in con-
tact with water during purification step. There is a
high probability for the entry of Mg and phospho-
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Figure 9. HINMR spectrum of biodiesel

rous in to the biodiesel from the catalyst and dur-
ing purification step. But the test results clearly
indicate Mg and phosphorous are removed during
washing and are in the range of fuel properties
prescribed American standards. Other quality pa-
rameter in biodiesel is given in Table 3. The deter-
mination of biodiesel fuel quality is therefore an is-
sue of great importance to the successful commer-
cialization of this fuel. Accordingly, the analysis of
biodiesel confirms the fuel qualities are according
to ASTM 6751 standards.

4. Conclusion

A higher conversion of biodiesel (97.8%) was ob-
tained which can be comparable with the homoge-
neous catalyst makes the former an upcoming
catalyst for the future. The production of catalyst
is quiet simple and catalytic conversion by these
materials i1s good when compared to other MgO
catalyst reported in the literature. Attempts to re-
cover and reuse the catalyst were also made. The
result revels that it can be reused up to eight times
with easy regeneration makes it economical and a
preferable one. In this regard the use of these cata-
lysts for continuous production of biodiesel at the
industrial level can be the subject for further inves-
tigation.
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