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Abstract — Methyl ester derived from coconut oil is very interesting to study since it contains free-fatty acid with
chemical structure of medium carbon chain (C,,-C,,), so the methyl ester obtained from its part can be a biodiesel and
another partially into biokerosene. The use of heterogeneous catalysts in the production of methyl ester requires severe
conditions (high pressure and high temperature), while at low temperature and atmospheric conditions, yield of methyl
ester is relatively very low. By using microwave irradiation trans-esterification reaction with heterogeneous catalysts, it
is expected to be much faster and can give higher vields. Therefore, we studied the production of methyl ester from
coconut oil using CaO catalyst assisted by microwave. Our aim was to find a kinetic model of methyl ester production
through a transesterification process from coconut oil assisted by microwave using heterogeneous CaQ catalyst. The
experimental apparatus consisted of a batch reactor placed in a microwave oven equipped with a condenser, stirrer and
temperature controllers. Batch process was conducted at atmospheric pressure with a variation of CaQ catalyst concen-
tration (0.5; 1.0; 1.5; 2.0, 2.5%) and microwave power (100, 264 and 400 W). In general, the production process of
methyl esters by heterogeneous catalyst will obtain three layers, wherein the first layer is the product of methyl ester, the
second layer is glycerol and the third layer is the catalyst. The experimental results show that the yield of methyl ester

increases along with the increase of microwave power, catalyst concentration and reaction time. Kinetic model of methyl

386

ester production can be represented by the following equation: -1, = 1.7-10° ™ ®T  Cyy;
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1. Introduction

The utilization of Tossil fuel still dominates energy consumption in
Indonesia, especially in transportation sector, and has significantly
increased in the past twently vears. Indonesia has turned from a net
exporter o a net imporier of oil in recent years, and faces big chal-
lenges since the international price of petroleum continually increases.
An alternative energy like biodiesel which 1s indispensable as the use
ol fossil Tuel always increases | 1]. One altermnative renewable energy
that 15 being developed is fatly acid methyl esters (FAME), other-
wise known as biodiesel. Biodiesel can be renewed., 1s non-toxic, has
a higher cetane number, contains low sulfur, as well as reduces emis-
sions of combustion, making it more environmentally friendly. The
utilization of biodiesel does not require engine modilications and has
high oxygen content (10-12%) that can be more complete combus-
tion |2]. FAME i1s made from vegetable oils, amimal fats or waste
oils. In general, vegetable oils are preferred and have advantages
over animal fat, because vegetable oil 1s a natural resource that is
very abundant, and can be refurbished. Vegetable oils do not require
complex purification for fuel requirements, so do not require much
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energy for pre-treatment |3].

Current biodiesel production in Indonesia uses raw materials ol
palm o1l and palm faity acid distillate (PFAD). Several other types ol

vegetable oils from Indonesia that can potentially be used to produce
biodiesel are coconut oil, jatropha oil, Calophyllum inophyilum ol
and cottonseed oil. Particularly, Indonesia is one of the highest coco-
nut o1l producing countries in the world. In 2000 coconut plantation
areas in Indonesia reached 3.76 million hectares with a total produc-
tion of about 14 billion and sources of income ol around 2.5 mullion
ol farming families. Indonesian coconut oil has the second highest
productivity when compared with other vegetable oils, reaching
2,689 liters’ha/year. Nowadays, Indonesia is the highest coconut oil
producing country that reaches 5,950 liters/ha/vear. This becomes
the reason to conduct research on the production of methyl ester
[rom coconut o1l as raw materials for biodiesel. Besides, coconut oil
contains medium chain fatty acids (C,,-C,) that is quite high, espe-
cially lauric acid (48%) and myristic acid (17%), so the methyl ester
ol coconut o1l obtained from the present research can partially be
separated from bio kerosene. Therelore, coconut o1l has polential as
raw matenals for the production of bio kerosene and biodiesel.
Biodiesel can be produced in various ways, such as cracking ther-
mal processes (pyrolysis), micro emulsion (micro emulsification)
and transesterification process. Transesterification 1s widely used
because 1t 1s quite simple and can produce high purity FAME. The
transesterification process is a chemical reaction in which triglycer-
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ide reacts with an alcohol in the presence ol a catalyst to produce
alkyl ester as the main product and glycerol as a byproduct |4]. With-
out a catalyst, the transesterification process runs very slowly, but
with the addition of a catalyst, the reaction is very [ast |5]. Alterna-
tive technologies developed in the transestertfication process [or bio-
diesel production currently include the use of microwave irradiation.
Microwave irradiation is very promising compared to conventional
methods, which are generally heating using conventional method
causing a reaction o be relatively slow and ineflicient due to the
transler of energy to the sample depending on flow of convection
and thermal conductivity of the reaction mixture [6-11].

Methyl ester from transesterification of coconut oil using conven-
tional methods with 0.5-1.0% NaOH catalyst takes | h. By using
microwave as heater, 1t 1s expected to reduce the reaction time as
reported by some previous studies |4, 12-14]. The use ol microwave
irradiation can reduce catalyst necessity | 15].

The advaniages ol using heterogencous catalysts are: catlalyst can
be regenerated, thereby it can reduce the purchase cost of the cata-
lyst and easier to separate, so it can also reduce the production costs
and the lormation ol waste. Therclore, heterogeneous catalysts make
them all more environmentally friendly, especially to produce high
quality esters and glycerol. The characieristics ol heterogeneous cai-
alysts that are needed in the present resecarch are catalysts with high
activity, stability, strong and large surface area. The use ol heteroge-
neous catalysts in the production of methyl ester requires severe con-
ditions (high pressure and high temperature), while low temperature
and atmospheric conditions can make the yield of methyl ester be
relatively low. By using microwave irradiation transestenfication
reaction with heterogencous catalysts, it i1s expected to be much
faster and can give higher vields. Therefore, we studied the produc-
tion of methyl ester from coconut o1l using Ca(Q) catalyst and assisted
by microwave.

2. Materials and Methods

2-1. Materials

We used relinery commercial coconut o1l {Barco Co) whose walter
and free fatty acid (FFA) content was about 0.09 wi% and 0.05 wi%,
respectively. The alcohol and catalyst used in the present study were
methanol and CaO, respectively. Methanol commercial (punty$S#6%:)
was purchased [rom Brataco Co. Lid. (Indonesia). The Ca0, pa
MERCK, purity: 99% was oblained from a local chemical supplier
(0. V. Chemicals, Co Lid).

2-2. Apparatus

The methyl ester was produced in a baich reactor using micro-
wave heating sources. The reaction study was performed by varying
catalyst concentration and microwave power. The design ol equip-
ment used in the present research 1s shown in Fig. 1. The reactor is a
round bottom {lask made from Pyrex glass equipped by magnetic
stirrer. The microwave oven commercial used in the present research
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Fig. 1. Schematiec apparatus for transesterification process assisted
by microwave.

l. Reactor 6. Cooling water in

2. Microwave 7. Cooling water out

3. Power control 8. Stirrer

4. Temperature control 9. Thermocouple

5. Condenser 10. Temperature indicato

is Electrolux Microwave EMM2007X with a frequency ol 2.45
GHz, power output of 100 to 800 W and time setting of 0 to 35 min.

2-3. Experimental procedures

Transesterilication reactions were carried out under microwave
heating to see the effects of microwave power on the reaction time
and concentration ol Ca() catalyst. The operating vanables are con-
centration ol CaO catalyst (1.0; 1.5; 2.0; 2.5 and 3.0 wi%) and micro-
wave power (100, 264, 400 and 600 W). First, C%ﬂlluﬂl was
introduced in the reactor and then a mixture of methanol and CaO
was added. The reaction was started by turning on the microwave
power of 100 W and setting the reaction time of (0.5 min. The pro-
cess was repeated for reaction times of 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5
min. Alier completion of the reaction, the product was kepl in a sepa-
ratory funnel over might for separating methyl ester and glycerol. The
methyl ester was first washed with warm water for three times.
Finally, the product was dried at 110 "C for | h.

2-4. Product analysis

The concentration of biodiesel was analyzed by gas chromatogra-
phy (Agilent 6890 GC) equipped with a capillary column Agilent
[9095N-123 INNOWAX, (30 m = 0.53 mm = | pl) and a {lame 1on-
tzation detector (FID). Helium was the carmer gas. The yield ol bio-
diesel was calculated from the content of methyl ester analyzed by
GC with the following equation:

W~ C o
Yield (%) = % x 100% (1)
T

in which W, 18 actual weight o’ methyl ester produced from
experiment (g). Wy, 1s weight of coconut o1l used in the present
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research (g). Cyyp 15 content of methyl ester measured by GC.

3. Results and Discussion

The latly acid composition ol the coconut o1l was obtained by gas
chromatography (Table 1). The content of fatty acids in coconut oil
used in the present research as shown in Table 1: the fatty acid for the
chain Cg-C 4 contained approximately 70%., while for the chain C, -
C,g ol about 30%, this indicates that coconut ol 1s rich in saturated
fatty acids, saturated fatty acids which are stable at high tempera-
tures, so it 1s best used as a raw material for the production ol alterna-
tive fuels, especially biodiesel, in addition to having the potential to
obtain other fuels such as bio kerosene, etc. In the present rescarch,
the biodiesel was prepared by single transestenfication process assisied
by microwave using CaQ) catalyst. The results are golden brown bio-
diesel on top and brown glycerol on the bottom.

3-1. The effects of microwave power

The microwave energy emitted electromagnetic waves, wherein
the amount of wave energy per unit of time 1s reflected as a power.
Heating with microwaves can take place very quickly because the
microwave energy absorption capability of the polar molecule 1s
very high, and in the presence of heat transfer in microwave that

gquickly toward molecular materials can lead to increased yield of

product. With the polarization properties, the homogeneity between
the alcohol and the oil may happen guickly due to the movement or
rotation of dipole molecules without changing the molecular struc-
ture of the matenal. This 1s what causes the addition of the supphied
power leading to heating at the molecular level which can happen
very quickly and positively affects the speed of the reaction rate
[5.16,17].

In studying the elfect ol the amount of catalyst to yield of methyl
ester, the experiments were conducted with 100, 264 and 400 W by

molar ratio of 1:9 mol of oil to methanol. Fig. 2 shows the effect ol

microwave power on yield of methyl ester as a function of reaction
time. This figure shows that the yield increases significantly along
with the increasing ol microwave power and reaction time. Padil et
al. (2010) [ 18] conducted a study by the transesterification reaction
ol vegetable oils using conventional batch methods by Ca() catalyst,
temperature of 105 °C, and reaction time of 1.5 h obtained methyl
ester as product of 73.38%. The use of a heterogeneous catalyst, par-

Table 1. The composition of fatty acids from coconut oil

Mo. Compounds Chemical formula Area (%)

1 Caprylic acid Cll,,0, 027
2 Capric acid Cypl,0, 391

3 Lauric acid Cyal1:50, 4121
4 Miristic acid Cpal1, 0, 23.90
5 Palmitic acid Cy 11,0, 16.50
6 Stearic acid C,y 15,0, 3.4
7 Oleic acid Cpll,, 0, 947
8 Linoleic acid Cyy115,0, 1.61
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Fig. 2. Yield of methyl ester as function of reaction time (Ca(Q) cai-
alyst of 2.5% (w/w)).

ticularly Ca0 to produce methyl ester using conventional methods,
requires longer periods of time, while the use ol microwave can
reduce reaction ime. Fig. 2 shows that with the use ol microwave, a
yield of 33.84% can be obtained only with reaction time of 3 min.

3-2. The effects of catalyst concentration

Transesierilication reaction with the addition of Ca() catalyst was
performed by the catalyst amount of 0.5, 1.0, 1.5, 2.0 and 2.5% (w/w).
Fig. 3 shows the eflect of catalyst concentration on yield of methyl
ester as a function of reaction time. 1t 1s clear that the higher concen-
tration ol catalyst used then causes the vield of methyl esters to be
higher, even though the increase is less significant for the catalyst
concentration ol 0.5 to 2.5% (w/w). Ca0 catalyst activily 1s not as
high as KOH or NaOH catalysts because the basicity of Ca( is lower
than homogencous catalysts. The oblained yield for catalyst concen-
tration of 0.5% (w/w) with a reaction time of 1 min 1s 10.23%, while
for catalyst concentration of 2.5% (w/w) with a reaction time of |
min 15 16.3%. A higher yield of methyl esters can be obtained by adding
or prolonging the reaction time. So it can be said that the higher cata-
lyst concentration used and the longer reaction time causes the yield
ol'methyl esters obtained to be lugher.

40
5 A * 100 W
- .
- 64 W T
30 e
A 400W I R
25 e
= . 600W
< b -
-_J; 20 4
b - _ : =
. P = "
10 . ; . *
/ x . . -—
5 - .
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0= . ; . . .
0.0 0.5 1.0 15 2.0 5 3.0 35

Tiine {itnity)

Fig. 3. Yield of methyl ester as function of reaction time (concentra-
tion ecatalyst of 0.5; 1.0; 1.5; 2.0 and 2.5% (w/w); microwave
power of 400 W).

Korean Chem. Eng. Res., Vol. 56, No. 2, April, 2018

4/7



11/14/21, 8:01 PM

Production of Methyl Ester from Coconut Oil using Microwave Kinetic of Transesterification Reaction - Suryanto_ Similarity

278 Mahfud Mahfud, Andi Suryvanto, Lailatul Qadariyah, Suprapto Suprapto and Heri Septya Kusuma
40 B 0.5 min tice to make the reaction one way, (irreversible) excess alcohol 1s
35 —@— 1.0 min used to shifi the reaction equilibrium to right. Diasakou et al. (1998)
¥ 1.5 min e |20] proposed a reaction mechanism that consists of three reaction
0 A . e . . . . .
—#— I0min A e | slagesSYriglycerides react with methanol to produce diglycerides,
PR B P S : - which then react further with methanol to produce monoglycerides.
=z A 30min 4 e i e :
E 20 - = ; g X Finally, monoglycerides further react with methanol to produce glye-
ﬁ ‘ . o o erol. In each reaction stage, one molecule of methyl ester is pro-
L X o = duced from each molecule of methanol that has been consumed. The
10 4 . P mechanism of this reaction can be seen in the lollowing equations,
)K’ - B T . 2. (3)and (4):
: | X - (2).(3)and (4):
- |
0 - - - - - TG+MeOH S5 DG+ME (2)
0.0 0.5 1.0 15 2.0 2.5 3.0 _
Ca0 (%) DG +MeOH 55 MG +ME (3)
Fig. 4. Yield of methyl ester as function of catalyst concentration . )
MG+MeOH = DG+ME (4)

{microwave power of 400 W).

Fig. 4 shows that the increase in the concentration ol catalyst for
the transesterification reaction aflects the reaction rate constants, and
because of it can directly lower the activation energy. In accordance
with the Arrhenius law activation energy decreases lead to increased
reaction rate constants. The rise in reaction rate constants has an
impact on increasing the speed of reaction because the reaction rate
constant 1s proportional to the speed of reaction. The use of micro-
waves reduces the reaction time, lor the molecular motion on the
reactants tends to adjust or align the molecules and 1ons, causing fric-
tion that causes heating to occur very rapidly.

Generally, the production process of methyl esters using heleroge-
ncouSatalysts will produce three layers, wherein the first layer 1s the
product of methyl ester, the second layer is glycerol and the third
layer is the catalyst deposition. Bul in this experiment there were
some samples, especially on the use of catalysts with low concentra-
tion was 1% found four layers, namely, the lirst layer was residue from
unconverted methanol, the second layer was a methyl ester product,
the third layer was glycerol and the fourth layer was the catalyst. This
phenomenon 15 caused by the use of low microwave power ol 100
and 264 W, whuch can produce an average temperature below 60 °C.
But in general, the increase of microwave power and catalyst con-
centration showed an increase in the conversion reactions and yield.
So as to obtain a high reaction conversion and yield, the reaction
should be done with a reaction time of 30 min up to 1 h. Kouzu et al.
(2008) |19] conducted an experiment using 12% CaO catalyst, a
reaction time ol 3 h in the transesterification reaction of soybean oil
obtaining conversion of 93%.

3-3. Transesterification reaction Kineties of coconut oil using
Ca() catalysi

The transesterilication reaction is a reaction between triglycendes
which becomes the main component of vegetable or animal oils when
being reacted with an alcohol, especially methanol, to form methyl
esters or known as biodiesel. Transesterification reaction is an equi-
librium reaction or a reaction reversible and very slow; then in prac-

Korean Chem. Eng. Res., Vol 56, No. 2, April, 2018

https://lib-umi.turnitin.com/viewer/submissions/oid:29585:11388243/print?locale=en

in which ki, k2 and k3 are the reaction raie constanis for the reac-
tion of Equations (2), (3) and (4). Each reaction stage 1s assumed
to be the first order for each reactant. However. since the desired
end product is a methyl ester, then Jain et al. (2010), Nautival et al.
(2014) and Shah et al. (2014) |21-23] proposed a simple mathe-
matical model by ignoring intermediate products ol diglycenides
and monoglycerides, so that the mechanism can be simplified into
a single stage ol irreversible reaction as [ollows MNautiyval et al.
(2014) [21].

TG+3MeOH5 3ME +GL (5)

Based on Equation (5) the rate of transesterification reaction for
inglycende can be expressed as follows:

C‘I'{a‘ T 3
“rye = —g = k[TGI[MeOH] (6)

Theoretically, the rate of reaction follows a fourth-order. How-

ever, the reaction 1s practically carnied out with a large excess ol

methanol so that the concentration ol methanol 1s considered unchanged
during the reaction runs (C,, ;15 constant). The reaction 1s assumed
to follow pseudo first-order | 12]. Therefore the raie ol reaction can
be expressed as follows:
— _dcrr:
T — m
TG concentration can be expressed in the conversion (X;;) with

= K'[Cy] (7

the following equation:

Cri = Craol 1 - X50) (8)
dXx,..
=K (1 Xyg) (9)
By rearranging Equation (9), the equation can be expressed as fol-
lows:
~In(1-X,;) = k't (10)

in which k 15 a kinetic constant of triglycerides (TG) and k' 1s k
[MeOHJ™
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Studies conducted on the reaction Kinetics ol coconut o1l transeter-
ification assume a pseudo first-order wherein a large excess of meth-
anol 1s used with Ca() as catalyst. In addition, the effect of a process
that uses microwave as a heater is that the reactants can directly
absorb microwaves, which can cause the reaction to occur more
gquickly. The temperature in the reactor 1s assumed to run in isthor-
mal conditions, because as long as the radiation waves are radiated,
the temperature inside the reactor is controlled by reflux to return the
evaporaled methanol. In this system 1t 1s assumed that reaction 1s
controlled by chemical reactions because the catalyst used 1s powder

form with very line particle size (average 10 pm) with surface area ol

16.505 mzfg; These charactenistics lead to the value of Thiele modu-
lus becoming very small (<0.4), which means that the resistance
caused by diffusion is negligible and the reaction 15 controlled by a
chemical reaction.

Study on Kinetics in a batch reactor for transesterification reaction

ol coconut o1l was done by Ca0 catalyst with a concentration of

2.5% (w/w). The analysis was done by varying of reaction time (0.5;
1.0; 1.5; 2.0; 2.5 and 3.0 min) and microwave power (100, 264, 400
and 800 W). In this study the assumptions used to determine the
kinetics model of the reaction are pseudo first-order and that the
transesterification reaction s irreversible. By using Equation 10 and
doing the data plotting between reaction time (1) to -In (1-X4;) as
Fig. 5, the value of k' for transesterification reaction of coconut oil in
a batch reactor with a Ca0 catalyst can be determined.

Based on Fig. 5, the function for all straight lines has a value of R

is close to 1 (R? = 0.9). In addition it also shows that assumptions of

lirst order are acceptable. To determine the activation energy and fre-
quency factor can be done by making a plot between In k and 1/T as
shown in Fig. 6. From Fig. 6 can be oblained the activation energy
and lrequency factor for the transesterification reaction of coconut
o1l in a baich process. In addition, it showed that the value ol k lor

Ca0 catalyst at 324 K 1s 2.969/min. This shows that the activity ol

the catalyst greatly alfects the rate ol reaction, because with catalyst
the lower energy barrier allows higher rate of reaction. The addition
of the catalyst facilitates the formation ol transition compounds, which

0.50 1
oo w
0451 seaw o
040 4 Ad00W '__,-'ﬂ
600 W
035 4 e
-~ 030
=
-
025
-
5 020
0.15 -
0.10 -
005 4
0.00 : : : : : : .
0.0 0.5 1.0 1.5 20 25 10 15

Time (min})
Fig. 5. The relation between reaction time and -ln (1-X,.) (CaO
catalyst of 2.5% (w/w)).
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Fig. 6. The relation between In k and 1/T (reaction time of 3 min;
Ca0 catalyst of 2.5% (w/w)).

means it can decrease the activation energy.

The effect of the microwave is significant against increasing the
rate ol reaction, even atl low temperatures it can still increase the value
ol K'. This can be seen from the use ol microwaves with heteroge-
neous CaO catalysts and temperature of 324 K, which can obtain yield
ol about 15%. This obtained vield is higher when compared to trans-
esterification using conventional heating, which takes about 3 to 5 h,

Based on Fig. 6, the values of activation energy and frequency fac-
tor obtained from CaO catalyst are 82.08 kl/mol and 3.54. 10°/min,
which shows that the catalyst can significantly decrease the activa-
tion energy. Based on the calculation of activation energy and reac-
tion rate constant by a simple model with the assumption that the
reaction follow pseudo first-order, then the equation for reaction rate
ol coconut oil in a batch process with 551(3{} catalyst can generally be
expressed as follows: —1p; = 1.7-10% KT Cys

4. Conclusion

Microwaves are not only used for heating in production of biolu-
¢ls (methyl ester) from raw matenals through transestenilication reac-
tion, but also can speed up the process or shorien the reaction time
when compared to the conventional methods. Increased microwave
power can cause the temperature of the system to rise very quickly so
that the transesterification reaction can run with a shorter time. In

addition, increased microwave power can also reduce the amount of

catalyst required for transesterification reactions. In this study the
highest yield of methyl esters was 33.84% obtained under operating
conditions ol microwave power of 600 W, concentration ol CaO cal-
alyst by 2.5%, reaction time of 3 min. Based on this research the
reaction Kinetics ol coconut oil transesterification using microwave
with Ca() catalyst can be assumed to follow pseudo first-order. So in
this research the reaction rate of coconut o1l transesierilication using
microwave with Ca( catalyst can be modeled into the following

) 4386
& ON: Ty = L e RT .,
uation: —r5; = 1.7-10° Cres
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