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Abstract — Renewable resources such as animal fats and
plant oils can produced bio-lubricants that also known as oil-
based lubricants whereas this product are environmentally
friendly, biodegradable and non-toxic lubricants. A Kinetic
model that describe chemical transesterification of palm oil-
based methyl esters (POMESs) with pentaerythritol (PE) has
been developed. The kinetics of the transesterification reaction
was modeled as four distinct elementary reversible series—
parallel reaction mechanisms is simplified to the overall
equation. The model considers the transesterification reaction
to take place in both forward and reverse directions. The
resulting kinetics equations were solved using ode45 solver
function in MATLAB, where the rate constants of the
proposed kinetic model were determined by minimization of
errors based on the optimum criteria of statistical analysis and
by comparing the component concentrations at maximum and
at equilibrium. The optimum temperature at 170°C. The
validity of the model was tested by comparing the observed
experimental values with the theoretical calculated data. A
good correlation between simulated results and experimental
data was observed, confirming that the model was able to
predict the rate constants with plausible accuracy.
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I. INTRODUCTION

Renewable resources such as animal fats and plant oils
can produced bio-lubricants that also known as oil-based
lubricants whereas this product are environmentally
friendly, biodegradable and non-toxic lubricants (Chan, et
al., 2018). In lubricant production, plant-based oil is one of
the potentials to replace the mineral oils since their structure
is similar and comes along with the characteristics of being
renewables, economic, environmental-friendly and non-
toxic (Heikal, et al., 2017).

Regarding to European standards, bio-based carbon
content and biodegradability that required for a certified
bio-lubricants at least 25% and 60% respectively. There are
factors affected the market demand which are government
directives, global demand and consumer environmental

awareness for lubricants. Bio-lubricant is an alternative way
that researchers found to overcome the increasingly worse
issue that provide hazardous that required high
environmental cost and non-degradable lubricant entering
the environment.

Process of transesterification is the main process in bio-
lubricant production. The functions of bio-lubricant are to
prevent heat loss and reduce wear resulting from contact of
moving surfaces, to prevent corrosion and to reduce
oxidation (Cerdn, et al., 2018). Bio-lubricant can be
described as liquid oils produced from renewable or
biomass feed stock that can provide the oil easily
biodegradable and harmless to human beings or aquatic
habitat due to toxicity.

Other than transesterification process, hydrogenation and
epoxidation process also can be applied for lubricant
production. This process is the chemical modification due to
the production of bio-lubricant have limitations of plant oil.
This modification is to produce synthetic ester by enhance
the bio-lubricant thermal stability (Resul, et al., 2012).

Reaction Kinetics also known as chemical kinetics.
Usually, the rate of a chemical reaction has unit of sec-*
Development of reaction kinetics was started from the law
of mass action and formulated by Peter Waage and Cato
Guldberg in 1864. Chemical reaction Kinetics is related to
the rates of chemical processes. Chemical kinetics is the
study of chemical processes and rates of reactions including
analysis of conditions that affect the time required of a
chemical reaction. The law of mass action states the speed
of a chemical reaction is proportional to the amounts of
reactants. Factors that affected the reaction kinetics were
concentration of reactant, temperature, presence of catalyst,
physical state of reactants and pressure.

This study is to determine effect of temperature on the
reaction rate constant, k, by using Matlab Software. The
process for this research is specifically undergoes the
reversible transesterification reaction under vacuum process
of palm oil methyl ester, POME from vegetables oil with
pentaerythritol, PE to produce pentaerythritol (PE) ester or
also known as pentaerythritol (PE) tetraester. However,
there are three intermediate products that produce for this
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process which are monoester (ME), diester (DE) and triester
(TE).

The assumption has been made that the reaction is
directly reversible from 4 mol of palm oil methyl ester react
with 1 mol pentaerythritol to produce 4 tetraester and 4 mol
methanol. Since the reaction is under vacuum condition, the
side product that produce is methanol can be neglected.
Since this study is about temperature parameter, thus the
temperature varies at 140°C, 150°C, 160°C and 170°C.

This research is to study the kinetic formation of tetra
ester via reversible transesterification process. Reaction
kinetic also known as chemical kinetic. The importance of
kinetic is to provide evidence for the chemical process
mechanism. From Kinetic reaction, the condition of the
reaction can be controlled. Then, chemical kinetic is a
measurement of how fast reaction occur. In the previous
study on the formation of tetra ester, majority the
researchers only focusing on optimization of reaction
parameter and the application. However, there is no
literature available for kinetic study of tetra ester from
transesterification process of POME with PE in the previous
study. Since temperature is one of the parameters that
affected the kinetic formation of tetra ester, thus,
specification on this study is focusing the effect of
temperature are required. The initial hypothesis has been
made for this study which is the higher the temperature
resulted an increasing in reaction rate constant, k.

1. METHODOLOGY

A. Kinetic Mechanism and Assumption

The kinetic mechanism of the transesterification process to
produce tetra ester is described as follows:

POME + PE < ME + Methanol
POME + ME < DE + Methanol
POME + DE < TE + Methanol
POME + TE < TTE + Methanol
Assumptions:
1) Reversible series-parallel reaction mechanism that
follows elementary rate law.
2) POME is in excess, thus, the PE becoming the limiting
reactant resulted the order for the reaction was second order.
3) The by-product of methanol can be neglected since the
reaction is done under vacuum condition.
4) Rate law is based on elementary overall stoichiometric
equation.

From the mechanisms and assumptions, the overall chemical
reaction:

4 POME + PE & TTE

First step: Postulate the rate law:

-rpe = K1CpeCpome — K2Cr1e

-rrome = K1CpeCprome — k2Cr1e

rrre = - K1CpeCPowme + k2Crte

Based on the rate law, the conclusion that can be made is:
-rPE = -rPOME =rTTE

Combined the mole balance and rate law:

—dCaldt = ra

dCpe/dt = —~k1CpeCpome + k2Crre

Molar concentration:

Ci=(ni X pr) / My =---mmmmmmee- (1)

Where:

Ci: molar concentration

ni: mole of component

pr: total density

Mr: total mass of mixture

Fraction:

Xi = (ni x MW;) / Mt

ni = (Xi x Mr) / MW =-=-====----- (2)

(2) into (1)

Ci = (Xi x pr) I MW;

dCpe/dt = —k1CpeCprome + k2Ct7E

[d(Xpe pr) /dt(MWee)] = [(—Kk1XpeptXromeptMWee)/(MWee

MWoeome)] + [(K2X1re p1)/MWrTE]

dXpe/dt = [(—k1XpeXpomepT)/(MWponme)] +
[(k2X7TEMWpe)/ MWrTe]

Where:

X: mass fraction from secondary experimental data

pr: 9269/L

MWope: 136g/mol

MWPOME:847g/moI
MWore: 1194g/mol

B. Matlab Simulation

Determine the initial rate constants from experimental data
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1) The data of concentration-time obtained from previous study
that conducted an experiment.

2) Based on the data, graph is plotted by using Matlab.

3) Determine the gradient from the plotted curves.

4) Replace the values of obtained from the graph into the mole

balance equation to get the rate constant of the reaction k1 and

k2.

Postulate the rate law
Mole balance form
(N + J
( N\
Combine rate law and mole balance and formed rate of
reaction
. + J
( N\
Create Matlab code in m-file

. * J
( - -y .

The program reads the initial values of the rate constants, the

initial concentration of the reactants and the simulation start,
L end and interval times )

I1l. RESULTS AND DISCUSSION

A. Effect of temperature on transesterification process

The reaction temperature of transesterification process between
POME and PE to produce TTE was carried out at various
temperatures which were 140°C, 150°C, 160°C, 170°C and 180°C.
The final composition of TTE product was shown in figure 1. The
chart shows that the production of mass fraction of TTE at various
temperature with 10°C of temperature interval. Based on the chart,
the highest mass fraction of TTE production is indicated at
temperature of 170°C which was 0.133178. However, the lowest
mass fraction of TTE production is 0.09781 at temperature 140°C.
This is because the low temperature tends to reverse the reaction
easily. This statement was approved by using another vegetable oil
as bio-lubricant feedstock. On the other hand, higher temperature
reflected on colour of TTE products due to oil oxidation which
turned TTE into dark oil and coke formation will be formed due to
catalyst reduction. Increasing the temperature above the optimum
temperature also cause reactant volatile substance to vaporize.

3
Figure 1: Bar Chart of Mass Fraction of TTE vs Temperature
Mass fraction of TTE (wt%/wt%)
vs Temperature (°C)
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B. Effect of reaction time at various temperature
Reaction  time gives the significant impact in

transesterification process. This phenomenon can be shown at the
curve figure 2. Regarding to the figure 2, the curve that shows the
slowest reaction is at lowest temperature which was 140°C. The
optimum curve that found in the figure 3 is at temperature of
170°C that shows the highest mass fraction of TTE at 240 min.
However, the highest temperature at 180°C shows that at time 0-
30min, it increased rapidly, but at the final time reaction, it did not
reach maximum yield compared to the temperature of 170°C. This
is may be because the usage of catalyst depends on type, amount
and its properties. In order to maximize the reaction rate, there are
a few assumptions that are preferred for kinetic model such as used
sufficient catalyst to shift the reaction into equilibrium state, thus
the catalyst can be ignored and the concentration of catalyst is
constant so it can be assumed insignificant.

The occurrence of the reverse reaction of TTE was significant
at higher temperatures, hence reducing the overall yield of TTE.
This is because, after a certain period of times, the rate of the
reverse reaction gradually increased until it attained an equilibrium
condition, where the rate of the forward reaction and the rate of the
reverse reaction equaled. Consequently, the results indicate that the
assumption of irreversible reaction is only applicable for short
reaction times and moderate temperatures.

Figure 2: Graph of Mass Fraction of TTE vs Time

Mass fraction of TTE (wt%/wt%)
vs Time (min)
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C. Effect of rate constant at various temperature

Rate constant k1 and k2 were obtained from simulation of
Matlab. Theoretically, k1 is larger than k2 since k2 is rate constant
of reversible process. K2 will not be zero because the assumption
has been made that methanol was remove via vacuum
continuously. K1 and k2 is obtained by performing fit curve that
give the smooth curve to the secondary experimental data. Based
on the table 1, as temperature increased, the value of k also
increased. This is also followed the Arrhenius equation. The
optimum of k1 and k2 is 0.160 and 0.180 respectively at
temperature of 170°C. However, at the highest temperature which
was 180°C, the value of k is decreased from 0.160 to 0.140. This is
because, the transesterification process has already achieved the
limit, so it deviates the reaction.

Rate constant has relationship between the Arrhenius equation
since the factor that affect the Arrhenius equation is temperature.
The formula of Arrhenius equation shown as follow:

k=Ae"[-Ea/RT]

Where:

k: rate constant

T: absolute temperature (in kelvin)
A: pre-exponential factor

Ea: activation energy

R: universal gas constant

According to Darnoko and Cheryan, the activation energy that
involved in the transesterification process between reaction of
palm oil and methanol in the range of 6.4 — 14.7 kcal/mol under
atmospheric pressure and at temperature of 50-65°C. Since the
experiment is carried out under vacuum, the reactions were more
sensitive to temperature variation and resulted in higher activation
energies.

Table 1: Table of Value K1 and K2 at different Temperature

Temperature, °C k1l k2
140 0.057 0.048
150 0.070 0.059
160 0.120 0.096
170 0.160 0.180
180 0.140 0.178

IV. CONCLUSION

A kinetic model describing the process of transesterification
between POME and PE to produce TTE via series reaction. The
kinetic of the transesterification process was modeled as four
distinct elementary reversible series-parallel reaction mechanism.
However, the data that were key in in the Matlab is based on
overall reversible transesterification reaction. The validity of the
model was comparing the observed experimental values with the
theoretical calculated data. A good correlation between simulated

results and experimental data was observed, confirming that the
model is able to predict the rate constants with plausible accuracy.
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