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ABSTRACT

Transesterification process of oil was performed using methanol and calcined catalyst refluxed at 50 °C
for 1 hr as the catalyst activation step. The optimum methanol concentration was 250 g, and the highest
oil yield was obtained at 65 °C temperatures, agitation rate of 1000 rpm and the reaction time of 3hr. The
transesterification process was observed with regard to the percent oil yield versus time, and the reaction
order was found to be 1%-order reaction kinetics by the differential method. The activation energy for the
oil transesterification kinetics of castor seeds was found to be Ea = 9.84 J/mol at the Arrhenius constant
of 0.14 s-1. The other thermodynamic parameters AH and AS were calculated to be 0.06 J/mol, and -
197.50 J/mol K respectively, which were used to deduce AG at different temperatures.
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1. INTRODUCTION

World today depends heavily on fossil fuel for transportation, industrial use and agricultural machineries
due to growth in both human and industrial populations. The fact is that a few nations that produce the
bulk of petroleum being used are now experiencing decline in oil reserves and this had led to price
fluctuation and uncertainty in supply for the consuming nations. Apart from these, the degradation of
environment and its associated health problems, global climatic changes and threat to the commercial
energy requirements of industries had been a menace to the life and properties of the world. This in turn
has led to the search for alternative energy sources most especially renewable energy sources. Among
the alternatives being considered are methanol, ethanol, biogas and vegetable oil (Munack, Schroder,
Krahl, and Bunger, 2001; Raja et al., 2011).

Biodiesel is renewable fuel that can be manufactured from vegetable oils, animal fats, or recycled
restaurant greases. Emission benefits include less particulate matter, reduced levels of carbon monoxide
and total hydrocarbons, and an improved odour. It is significantly safer than petroleum-derived diesel; it
has a lower flashpoint, and so does not ignite easily; it does not produce explosive vapours and even has
a low degree of toxicity to humans and animals if ingested. In contrast to conventional diesel, it is also
essentially free of aromatic compounds and sulphur, both of which are toxic and subject to legislation
(Broder and Barrier, 1990; Rao and Gopalakrishnan, 1991).

There are a number of kinetic studies in the literature on the transesterification of esters with alcohol.
However, only a limited of these researches deal with vegetable oil and fatty esters. Some works on the
transesterification kinetics for non-fatty esters include: the reaction rate constants determination, and the
estimation of activation energy for the acid- catalyzed reaction of butanol with ethyl acetate according to
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Farkas, Schachter and Vrornen, 1994. The transesterification kinetics for vegetable oils and fatty esters
has been conveyed in a few studies. Freedman et. al. (1986) explored both acid- and alkaline-catalyzed
transesterification of soybean oil in the presence butanol and methanol. They concluded the reaction rate
constants as reaction parameters such as temperature, molar ratio of alcohol to soybean oil, and catalyst
type while varying concentration. Mostly, a second- order reaction for all the three reversible reactions
gave a satisfactory mechanism. At a molar ratio of methanol to soybean oil of 6:1, a second-order
mechanism with a fourth-order shunt mechanism best described the kinetics.

Another factor of specific significance in the transesterification process is the degree of mixing between
the alcohol and triglyceride (TG) phases. Triglyceride and alcohol phases are not miscible they form two
liquid layers upon their initial introduction into the reactor. In order to increase the contact between the
reactants introduction of mechanical mixing is normally applied which resulting in an increase in mass
transfer rate. Therefore, differences in mixing strength are likely to alter the kinetics of the
transesterification reaction (Noureddini and Zhu, 1997).

The investigation of the kinetics of transesterification of soybean oil with methanol was also explored by
Noureddini and Zhu (1997). In their research, three stepwise and reversible reactions are understood to
happen. The result of variations in mixing strength (Reynolds number = 3,100 to 12,400) and temperature
(30 to 70°C) on the rate of reaction were considered while the molar ratio of alcohol to triglycerol (6:1) and
the concentration of catalyst (0.20 wt %) were held constant. It was revealed that the variations in mixing
strength appear to effect the reaction parallel to the variations in temperature. A reaction mechanism
involving of an initial mass transfer-controlled region was then suggested. The experimental data for the
latter area appear to be a good fit into a second-order kinetic mechanism. The reaction rate constants
and the activation energies were estimated for all the forward and reverse reactions. A research on
kinetics of palm oil transesterification was also carried out by Darnoko and Cheryan (2000). In their study,
methyl esters were produced by transesterification of palm oil with methanol in the presence of KOH
catalyst. The of transesterification rate in a batch reactor increased with temperature up to 60°C. The
conversion of triglycerides (TG), diglycerides (DG) and monoglycerides (MG) appeared to be second
order up to 30 minutes of reaction time. 0.018 — 0.191 (wt%.min)'1 reaction rate constants was obtained
for TG, DG and MG on hydrolysis reactions, and which were found to be higher at higher temperatures
and higher for the MG reaction than for the TG hydrolysis. Activation energies of 14.7, 14.2 and
6.4kcal/mol were obtained for the TG, DG and MG hydrolysis reactions respectively and at 1% KOH
optimal catalyst concentration.

2. MATERIALS AND METHODS

Batch process of Biodiesel Production

Transesterification method employed by Endalew, Yohannes and Rolando (2011) was adopted here
for biodiesel production, using a three — necked round bottom flask glass reactor system as a baich
reactor on a magnetic stirrer. The condenser was fixed at the center of the reactor; the agitator was
placed inside the flask and the thermometer at the left hand side. For a particular run, 100 g of
methanol and 10 g of calcined catalyst were first mixed and refluxed at 50 °C for 1 hr as the catalyst
activation step. Then, 250 g of refined castor oil was added to transesterify for a stated experimental
duration stipulated by design matrix as shown on Table 3.1. The reactor was heated to 65 °C
temperatures, and then magnetic stirrer was switched on at 1000 rpm on after the 65 °C temperatures
was attained and the reaction was allowed to take place for 3hr in order to obtain a clear phase
separation. The mixture was then filtered to remove catalyst particles; the clear solution obtained was
then separated using separating funnel and the yield of biodiesel produced was calculated based on
the principle of equation 1

Y (%) =&x100 1
W,

1
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2.1 Kinetics Studies Of the Transesterification Process.

The overall trans-esterification reaction process for biodiesel synthesis is a sequence of three
consecutive reversible reactions according to Levenspiel, (2003), Topallar and Gecgel, (2000) and
Hassan et. al., 2013

k
Triglycerides (IG) + Metharol (A) —— Dizlyceridss (DG)

-1
+ Biodiessl (FAME) 2

k,
Diglycerides (DG) + Methanol (4) k_ Monoglycerides (MG)

+ Biodiesel (FAME) 3

kg .

Monoglycerides (MG) + Methanol (A) - — Glycerol (G
+ Bicdiesel (FAME) 4

The overall transesterification reaction can then be seen as the formation of three molecules of Fatty
Acid Methyl Ester (FAME) which is the biodiesel as shown on equation 5:

Triglycerides (TG) +3Methanol (A) « 3Biodesiel (FAME) + Glycerol (G) 5

Based on previous researches, the transesterification has been assumed to follow first order kinetics as a
function of the concentration of FAME formed during reaction (Steinfeld, Francisco and Hase, 1989;
Kafuku and Mbarawa, 2010; Jain, Sharma and Rajvanshi, 2011; Shah, Jigisha and Kalpana, 2013;
Nautiyal, Subramanian and Dastidar, 2014). The rate constant of the particular reaction is dependent on
the increase in the amount of product at a particular time interval (Jain and Sharma, 2010). Hence the
rate equation for the formation of FAME is as given in equation 5:

Rate = _M 5
dt

The rate equation for the reaction can also be expressed as equation 6:
— Rate = k(FAME) 7

Where k is the rate constant (min™"). Equations 6 and 7 can be combined to form equation 8:
M =k(FAME) 8
1

Assuming that the initial concentration of biodiesel as FAME, at time { = 0 and concentration after time ¢
as FAME,, on integration of equation 8, equation 9 is obtained:

jFAME,d(FAME) " .
FAME, FAME 0
FAME In(FAME )—In(FAME
| FAME |\ o k=N )~ In( ) 10
FAME, P
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Using equation 9, the value of k was calculated for various temperatures and a differential plot of In
d(FAME)/dt and In(FAME) which is a straight line based on equation 8 it was used to verify the
assumption of the first order reaction.

2.2 Activation Energy Determination
The rate constant is a function of activation energy and temperature of a reaction as given by the
Arrhenius equation as shown in equation 11:

EU

k=Ae *T 11

where A and E, are the Arrhenius parameters which stand for frequency factor or pre-exponential
coefficient (min'1) and activation energy (J/mol.), respectively. R is the molar universal gas constant
(8.314 J mol’ K") and T is the absolute temperature (K). By taking the natural logarithm equation 11 can
be expressed as equation 12:

Ink=IlnA- E, 12
RT

The activation energy and frequency factor of reaction were determined from the plot of Ink and 1/T which
is a straight line.

2.3 Thermodynamic Studies of the Transesterification Process
The Eyring-Polanyi equation was used to calculate the Gibbs free energy (AG) according to Nautiyal,
Subramanian and Dastidar (2014) as shown on equation 13:

k =I%—Texp(—£j 13
h RT
AG =AH -TAS 14

Taking natural logarithm of equation 12 and substituting equation 13 gives equation 14:

k AH k, AS
In| — |=—| — |+| Inx+In| = [+— 15
T RT h R
where AH is the enthalpy, AS is entropy of reaction, k is the rate constant (min™), T is the absolute

temperature (K), R, k, and h are the universal gas (8.314 J mol” K, Boltzmann (1.38 x 10® J/K) and
Plancks (6.63x 10°* J s) constants respectively.

The transmission coefficient x , is often taken as unity. From the plot of In(k/T) and 1/T, using equation

15, the values of slope and intercept were used to calculate AH and AS and then at various
temperatures using equation 14, AG was calculated.
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3. RESULTS AND DISCUSSION

3.1 Kinetics of the Transesterification Process

First order reaction was assumed for the transesterification reaction from equation 2 to 8. In order to
establish the correctness of this assumption and then estimate the value of the reaction constant k at
various temperatures, plots of In (dY/dt) versus In Y at temperatures 45, 50, 55, 60 and 65 °C were made
as shown of Figure 1 while the values of k are as shown on Table 1 using the KOH (1:5) impregnated
bentonite clay. The resulting plots in Figure 1 were all straight line confirming the first order assumption
while all R? values of the plot ranged between 0.8646 and 0.9939. This relatively high R® of the estimate
values are indications of accuracy.

Table 1: Reaction constants at various temperatures

T (°C) k *10°(min™)
45 3.47
50 3.71
55 3.84
60 4.75
65 4.82

3.2 Determination of Activation Energy and Arrhenius Constant

In order to estimate the activation energy and the Arrhenius constant, the plot of In (k) against 1/T was
made as shown on Figure 2 using the values on Table 2. The calculated values for activation energy and
the Arrhenius constant were 9.84 J/mol. and 0.14 s-1, respectively. The activation energy of the particular
reaction is subject to reaction parameters involved, i.e. temperature, catalyst concentration, nature of
reactants, and also the slower the reaction, the higher will be the activation energy due to the presence of
unsaturation.

Arrhenius constant of 0.14 s-1 obtained is a measure of collision between reactants (higher value of
frequency factor means higher probability of successful collision that cause chemical change) and favours
the forward reaction. This is similar to Ong, Kurniawan, Suwandi, Lin, Zhao, and Ismadji (2013) who
affirmed the higher frequency factor that led to the formation of methanol ester during transesterification
process and higher activation energy of transesterification that caused slower formation of methyl ester,
which is due to intra and inter-molecular van der Waal repulsion that retarded neucleophilic attack on the
carbocation of triglyceride by methoxide radicals. Another factor that caused the increase of activation
energy is the structural conformation of the transition state involving the changes of both lengths and
angles (complex molecular structure).

Table 2: Showing k, In k and 1/T at various Temperatures

Temp. (°C) k *10°3(min’) Lnk 1/T *10° (K7
45 3.47 -5.66 3.14
50 3.71 -5.59 3.10
55 3.84 -5.56 3.05
60 4.75 -5.34 3.00
65 4.82 -5.57 2.96

3.3 Transesterification Process Thermodynamics

Considerations of thermodynamics of the transesterification process are necessary in order to conclude
whether the process is spontaneous or not. The spontaneity of chemical reaction was determined by the
change in Gibb’s free energy (AG).
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3.4 Determination of Thermodynamic Parameters

Thermodynamics analysis was addressed by evaluating activation enthalpy (AH), entropy (AS) and Gibb’s
free energy (AG), these are important parameters that were used to interpret the behavior of
transesterification reactions. Activation complex theory which was developed by Erying in 1935 was used
along with temperature dependent rate constant to evaluate thermodynamic parameters above, having
determined Arrhenius constant and activation energy. A plot of In (K/T) against 1/T (Equation 11) gives a
straight line whose slope (-AH/R) was found to be -0.0067 and the intercept was 0.0038 for Castor seed

oil transesterification process (Figure 3).

The values of K AS and AG for transesterification of castor oil using methanol under impregnated
bentonite heterogeneous catalyst were calculated using equations 15 which is Van’t Hoff relation. The
reaction system initially consists of the castor seed oil, catalyst and methanol, whereas the oil molecules
are transeterified from the Castor seed oil during the transesterification process, and therefore, the values
of AH and AS were calculated to be 0.06 J/mol, -197.50 J/mol K respectively, these values were used to
deduce AG at different temperatures (table 3).

_2-30 T T Iln Y T T T 1
31 3.12 3.14 3.16 3.18 3.2 3.22 3.24
-2.40 + ’
3
= 250 -
=
e | v =2.3692x - 10.022
~2.60 R*=10.8646
L 4
-2.70 -
(a)
0.00 : : —nY . . .
3.16 3.18 3.2 3.22 3.24 3.26 3.28 3.3
_;:1-00 . v =3.5164x - 13.642
B R*=0.948
=
=)
S IS S
-3.00 -
(b)
Iny
_2-[D T T T T T T T 1
205 34 3.42 3‘4 3.56
T 210 -
=
=
= 2215 - y = 1.475x - 7.2355
- R?=0.8846
-2.20 4 ’
-2.25 -
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Iny

In (dY/dt)
N
w
wu

y =1.354x% - 6.8002
R*=0.9937

InY
3.56 3.58 3.6 3.62 3.64 3.66 3.68 3.7

y=3.4861x - 14.621
R*=0.9668

(e)
Figure 1: Plot of In(dY/dt) against In(Y) at (a)45°C (b) 50°C (c)55°C(d)60°C (e)65°C

-5.480 : LT (K1)

3.05 3.15

-5.500 A
-5.520 -
-5.540 -
-5.560 -

E;.sso 1

-5.600 -

5620 - y=-1.184x-1.94
R? =0.9766

-5.640 -

-5.660 Plot of In K against 1/T *

-5.680 -

Figure 2: Arrhenius plot for transesterification of biodiesel.
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-0.0158 : , 1/T*10-3 (-K)

2.98 3 3.02 3.04 3.06 3.08 31 3.12 3.14 3.16

y =-0.0067x+ 0.0038
R? =0.8654

-0.0162 -

-0.0164 -

Ink/T

-0.0166 -

-0.0168 -

-0.0170 -

-0.0172 -

Figure 3: A plot of In k/T against 1/T for the transesterification of biodiesel

Table 3: The thermodynamic parameters (AG and AS) for oil yield at various temperatures

T (K) AH (J/mol.) AS (J/mol. K) AG (J/mol.)
313 0.06 -197.50 62808.06
323 63792.56
328 64780.06
333 65767.56

A positive value of AH shows physicochemical nature of the oil transesterification process and that heat
contribution is mandatory to bring the reactants to form the products. A negative value of AS specifies
that the degree of systematic geometry is better as compared to reactants in the transition state and that
the process is reversible (Liauw et al, 2008 Topallar and Geggel, 2000 and Khraisha, 2000) while at
temperatures less than 333 K the reaction is irreversible. Positive values of AG indicate that the reaction
was unspontaneous and endergonic in nature. The degree of spontaneity of the transesterification
reaction increase with increase in temperature as AG become more positive, this is to confirm that
transeterification using heterogeneous catalyst become more favourable at higher temperature.

4. CONCLUSION

It was established from the positive value of AH that heat contribution is mandatory to bring the reactants
to form the products. While the negative effect of AS stipulates the degree of systematic geometry is
better as compared to reactants in the ftransition state and that the process is reversible.
Transesterification process using heterogeneous catalyst become more favourable at higher temperature
with positive range of value of AG and thereby increase the degree of spontaneity.
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