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ABSTRACT 

Alcoholysis of triglycerides is a common method in the 
production of a renewable fuel - biodiesel, specifically 
methyl esters of fatty acids. In this work, kinetics of 
methanolysis was studied, with a focus on an undesired 
side reaction - hydrolysis. This side reaction, also called 
saponification, leads to deactivation of the used catalyst 
and affects the purity of the final product - biodiesel. 
For this reason, a model of methanolysis has been 
developed and verified considering both the main and 
side reactions. This mathematical model, assuming 
irreversibility of all reactions, is capable of describing 
measured experimental data under different initial 
reaction mixture composition and also different reaction 
temperature. The developed model was used for the 
prediction of optimal conditions of methanolysis under 
which saponification is reduced, and is important for the 
design of industrial manufacturing process, equipment 
and process control algorithms. 

INTRODUCTION 

Fats and oils have long been linked to life in society; 
they play an important role in the food industry, and are 
also a major raw material in the cosmetics industry. 
From the fats and oils (chemically triglycerides), a 
number of valuable products are also derived, the 
manufacturing of which is dealt with by the 
oleochemical industry.  

In recent years, the society has been interested in 
protecting the environment and using renewable 
resources (Canakci and Gerpen 2001). One of the 
renewable sources is biodiesel, which can be produced 
by a chemical process called transesterification (Gerpen 
2005). This chemical process is a reversible reaction 
where the triglycerides react with alcohols, mainly 
methanol or ethanol, in the presence of acid or basic 

catalyst to form fatty acid esters (i.e. biodiesel, in case 
the methanol is used) and glycerol (Knothe et al. 2005). 

Preparing Fatty Acid Methyl Esters 

In practice, two basic methods of preparing FAME 
(methyl esters of fatty acids) are used. The first method 
is based on esterification of free fatty acids, producing 
fatty acid methyl esters and water. The second, and 
most commonly used (Gerpen, 2005), method is 
transesterification of triglycerides with methanol, 
forming FAME and glycerol. Both methods are based 
on reversible reactions with specific equilibrium 
constants. For this reason, an easily recoverable alcohol 
is usually added in excess to convert the fatty acid feed 
source almost completely. (Ma and Hanna 1999) 

The transesterification can be performed using either an 
acid or basic catalyst. However, base-catalyzed 
transesterification proceeds much more rapidly than 
acid-catalyzed transesterification (Freedman et al. 
1986). 

Transesterification Reaction 

FAME, or biodiesel, is usually a product of the process 
known as transesterification as mentioned above.  The 
scheme of the reaction is depicted in Fig. 1. (Gerpen 
2005). The R1, R2 and R3 are long hydrocarbon chains, 
sometimes also called fatty acid chains. The reaction of 
triglycerides (generally glycerides) with methanol in the 
presence of a catalyst gives a mixture of fatty acid esters 
and glycerol (also called glycerin). 

Fig. 1 : Chemical reaction – Transesterification 
(Gerpen 2005) 
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In a more accurate description of the reaction, it is to be 
said that triglycerides react gradually to lower 
glycerides, FAME and glycerol as described in Fig. 2. 
(Pecha et al. 2016) 

 

Fig. 2 : Detailed Description of the reaction  
(Pecha et al. 2016) 

It is also important to note that the reaction mixture is 
heterogeneous consisting of a two-phase liquid-liquid 
system which complicates both the mathematical 
description and experimental study of this reaction 
(Csernica and Hsu 2012). 

Hydrolysis of Glycerides - Side Reaction 

As the alkaline (basic) catalyst is used in the reaction, a 
side and undesirable reaction - hydrolysis of glycerides 
(Fig. 3.) - occurs, resulting in cleavage of the ester 
bonds alongside the transesterification. It is a reaction of 
fatty acid esters with a basic catalyst, resulting in the 
formation of a molecule of soap (a fatty acid salt with a 
basic catalyst) together with a molecule of water. 
Consequently, this reaction is also called saponification. 
A similar reaction is neutralization of the basic catalyst 
with free fatty acids. These are undesirable reactions as 
the concentration of the catalyst is reduced, decreasing 
the reaction rate of transesterification. (Gerpen 2005) 

 

Fig. 3 : Neutralization of fatty acids - hydrolysis of 
glycerides (Gerpen 2005) 

Despite the fact that adverse effects of saponification on 
the rate of transesterification are known, this side 
reaction has been only rarely studied in current literature 
(Pecha et al. 2016). The purpose of our work was 
therefore to suggest and verify suitable mathematical 
models for transesterification reaction which comprise 
also the side reaction – saponification. Such verified 
model forms a basis for design of industrial production 
process and can be used for simulation of reaction 
conditions, which was another aim of our work.  

MATHEMATIC MODELING OF 
METHANOLYSIS KINETICS 

The tested models describe the course of reaction rates, 
i.e. reaction kinetics. In general, the so-called kinetic 
equation expresses the reaction rate dependence on the 
reaction conditions. Generally, the rate of reaction is a 

function of concentrations of all reactants (or catalysts) 
and temperature. (Novák et al. 2008) 

 + 2 → 3  (1) 

The reaction rate shown in (1) can be expressed by one 
kinetic equation as shown in (2). 

 = − = ( ) … (2) 

The right side of the equation comprises concentrations 
c of the starting substances and the velocity constant k, 
which encompasses the temperature dependence of the 
reaction rate. Concentration exponents (α, β) are usually 
determined on the basis of experiments. (Novák et al. 
2008) The velocity constant can be calculated according 
to the following equation:  

 =  exp −
∗

 (3) 

where E*  represents the activation energy, A is called 
the pre-exponential or frequency factor and R is the 
universal gas constant. The temperature has a major 
influence on the reaction rate. The relationship indicates 
that reactions with high activation energies are very 
sensitive to temperature changes, while reactions with 
low activation energy are relatively thermally 
insensitive. In elemental reactions, the value of the 
activation energy is always positive. It is possible to 
imagine it as the energy that must be supplied to the 
reacting molecules to stimulate the valence electrons. 
(Novák et al. 2008) 

The reparameterization of the Arrhenius equation 
through definition of a reference temperature allows 
minimization of parameter correlation and makes 
parameter estimation and interpretation much easier. 
For dynamic models where an analytical solution is not 
available, a closed analytical solution cannot be derived 
and a numerical procedure can be used to determine the 
optimum reference value. After considering several 
other theories, the following relationship is reached (4), 
which includes the reference temperature. (Schwaab and 
Pinto 2007) 

 =  exp − ( − )  (4) 

The models used in our work include a description of 
transesterification reaction scheme and are based on the 
knowledge of chemical kinetics. 

During the research, a set of models was proposed 
(more than 20 models with different variations); 
however, only those pointing to important results will 
be presented further in this work. 

All models were optimized with the help of MATLAB 
software. The simplex method was employed, which 



can search for a minimum in an n-dimensional space. 
The sum of squares of relative weighted deviations was 
selected as the objective function (5). 

 = ∑ , ,

,
 (5) 

The final model is described by a set of eight 
differential equations. The MATLAB ode15s function 
has been used to optimize model parameters because of 
the speed and the fact that the solved system of ordinary 
differential equations belongs to the STIFF systems. 

MODEL No.1 – without monoglycerides 

At first, we started with a model of methanolysis (6-16) 
proposed in the article on methanolysis and hydrolysis 
of triglycerides (Pecha et al., 2016), however, its 
validity was proved for different reaction system with 
different catalyst – TMAH (Tetramethylammonium 
hydroxide). 

All reactions are assumed to be irreversible, i.e. 
unidirectional. Saponification of FAME has been 
neglected in the model, according to experimental 
results (Pecha et al., 2016). Saponification of glycerides 
is described in (8) and (9). The rate of both reactions is 
considered to be the same, therefore the same constants 

,  and  can be used in both equations for the 
purpose of model simplification. In addition, presence 
of reaction intermediate - monoglycerides - is neglected, 
since DG is converted to glycerol directly. 

 = − , exp (− )  (6) 

 = − , exp (− )  (7) 

 = − , exp (− )  (8) 

 = − , exp (− )  (9) 

 = +  (10) 

 = − + − +   (11) 

 = + 2   (12) 

 = − − 2   (13) 

 = − −   (14) 

 = − − 2   (15) 

 = + 2   (16) 

MODEL No.2 – with monoglycerides and 
reparametrization of Arrhenius equation 

The Arrhenius equation was reparameterized using the 
discussed approach from paper (Schwaab and Pinto 
2007). Since the reaction was studied at temperatures of 
40 ° C and 60 ° C, a temperature of 50 ° C was chosen 
as the reference temperature for the reparameterization.  

In view of the relatively high concentrations of 
monoglycerides in the reaction systems currently 
studied, it has been considered that monoglycerides can 
notably influence the optimization and description of 
the reaction itself. In addition, presence of these 
compounds is important from the technological point of 
view. Said are the reasons why the presence of 
monoglycerides has been comprised in the reaction 
system. Special constants for saponification of 
individual glycerides have also been introduced. Model 
No. 2 is described by equations (17-30). 

= − , exp (− ( − ))  (17) 

= − , exp (− ( − ))  (18) 

= − , exp (− ( − ))  (19) 

= − , exp (− ( − ))  (20) 

= − , exp (− ( − ))  (21) 

= − , exp (− ( − ))  (22) 

 = +   (23) 

 = − + − +   (24) 

 = − + − +   (25) 

 = +  +    (26) 

 = − −  −    (27) 

 = − −   (28) 

 = − − −  (29) 

 = + +   (30) 

 



EXPERIMENTS 

The models suggested in previous chapters were 
verified by experiments conducted in the laboratory at 
the Faculty of Applied Informatics. Individual 
experiments lasted approximately two hours, depending 
on the selected procedure and initial conditions, i.e. the 
initial amounts of oil, methanol and catalyst. 

In particular, taking samples of the reaction mixture was 
time consuming. After each sampling, it was necessary 
to stop the ongoing methanolysis to determine the 
content of individual substances in the samples taken at 
a given time by titration and gas chromatography in 
order to get as detailed description of the reaction 
system as possible.  

Samples taken for chromatographic analysis (approx. 2 
ml of the reaction mixture) were immediately admixed 
in a vial with 3 ml adipic acid in order to stop the 
reactions. The vial with acid was weighed before 
weighing the sample to re-weigh the sample vial to 
calculate the weight of the sample. Glycerides (i.e., TG-
Triglycerides, DG-Diglycerides, MG-Monoglycerides), 
methyl esters of fatty acids as well as glycerol were 
quantified by gas chromatographic method. From the 
vial with sample of stopped reaction mixture, approx. 
340 mg of the sample was taken, which was 
subsequently diluted with 4 ml of pyridine (Sigma-
Aldrich). Subsequently, approx. 200 mg of the sample 
was transferred into a vial and 0.5 ml of internal 
standards was added. For the quantification of glycerol, 
an internal standard 1.4-butanediol was used, for FAME 
(methyl esters of fatty acids) internal standard methyl 
heptadecanoate and for glycerides, tricaprin was used as 
the internal standard. Samples were derivatized with 
100 μl of BSTFA (bis (trimethylsilyl) 
trifluoroacetamide) for 15 minutes. Samples were also 
diluted with heptane (to the final volume of 5.5 ml) and 
injected into the gas chromatograph. Detailed 
description of the analytical method is available in 
(Šánek 2013).  

 For the determination of the extent of saponification 
reaction, 6 ml of the reaction mixture was taken and 
immediately mixed with 4 ml of sulfuric acid in a 
titration flask. To the titration flask was then added 50 
mL of a mixture of ethanol and demineralized water 
(4:1 v/v). The mixture in the titration flask was 
thoroughly mixed. The sample solution thus prepared 
was titrated with 0.1M TMAH (Tetramethylammonium 
hydroxide) on a Mettler-Toledo G20 automatic titrator 
with potentiometric indication of the equivalence point. 
(Pecha et al. 2016) 

For the sake of the most detailed modeling of fat and oil 
methanolysis, kinetic experiments with different initial 
conditions were performed. The influence of the 
reaction temperature, the effect of the catalyst 
concentration, and also the effect of the initial 

composition of the reaction mixture on the course of the 
reaction were studied. The aim was to obtain the data 
necessary for the validation of proposed mathematical 
models. 

Rapeseed oil purchased in a local store was used as the 
feedstock. Chemicals and solvents used in the present 
study were of analytical reagent grade and were used as 
received without any further purification. The 
experiments were carried out at 40 °C and 60 °C and at 
the initial catalyst concentrations of 0.6 % and 0.3 % 
(based on the weight of rapeseed oil). The catalyst used 
was potassium hydroxide dissolved in methanol.  

The typical procedure was the following: an amount of 
250 g of rapeseed oil was mixed with methanol (in a 1:6 
molar ratio) in a four-way sulphonation flask. The 
mixture was slowly heated under reflux in a water bath 
(Thermo HAAKE P5) with constant stirring with a 
Heidolph RZR 2020 metal stirrer at a speed of 300 rpm. 
After reaching a steady temperature, a catalyst solution 
(21% KOH in MeOH in an amount corresponding to the 
design of the experiment) was injected into the reaction 
mixture, followed by an increased stirring speed of 2000 
rpm. This stirring speed ensures that measurement 
proceeds in the so-called kinetics regime of 
measurement – details were provided in (Pecha 2016). 
The moment when the catalyst was added to the 
reaction mixture is considered to be the beginning of the 
reaction. 

RESULTS AND DISCUSSION 

The accuracy of the experimental data was examined by 
comparing the total glycerol (i.e. the sum of glycerides 
and glycerol) calculated from the initial composition of 
the reaction mixture (i.e. determined by the weights and 
purities of used chemicals) the average total glycerol 
determined by the whole experimental setup (sampling, 
reaction termination, reaction mixture chromatographic 
analysis) in order to assess the measurement accuracy 
and minimalize the systematic error. Specifically, the 
average relative error in total glycerol was 1.2 % from 
all data sets. This method was also used to verify the 
accuracy of the experimental data by means of the total 
base concentration calculations, the average relative 
error in total base was 1.3 % from all data sets. 

Table 1: Estimated optimal parameters of the model 
i ki,∞ [1/s] i EAi [kJ/mol] 
1 30.72 1 40255.38 
2 65.88 2 48686.37 
3 128.44 3 47143.36 
4 0.14 4 90423.48 
5 2.24 5 24224.85 
6 1.94 6 20077.37 
- - - - 

n [1] 1.4667 m [1] 1.1257 



Optimal model parameters have been found (as can be 
seen on Table 1.) by the described method. The 
optimization script looking for a minimum in a 14- 
dimensional space was a difficult task, since it is a 
reaction that involves not only the direct but also 
multiple side reactions. 

 

 

 

Fig. 4 : Comparison of experimental data (points) and 
model No.2 prediction (lines) 

 

As shown in Fig. 4, the model No.2 is able to simulate 
the concentrations of the individual components of the 
reaction mixture over time with optimized parameters 
with good precision. Average model deviation from 
measured experimental data was 12.9 %. In comparison, 
deviation for model No.1 was 24.5 %. 

The reaction was simulated at various initial conditions 
and temperatures to determine the optimal reaction 
conditions. Conversion of glycerides (31) was chosen as 
a comparison element. 

 ( ) = 1 − ( ) ( ) ( )
( ) ( ) ( )

 (31) 

 

Fig. 5 : Simulation – model No.2 prediction - 
concentration of soap vs conversion of glycerides 

  

 

Fig. 6 : Simulation – model No.2 prediction - 
conversion of glycerides vs Time 

 

Conversion of glycerides represents the extent of 
consumption of glycerides in the reaction, respectively, 
how many glycerides reacted with methanol to methyl 
esters. 
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Another very important factor is the concentration of the 
soaps generated due to the undesired side reaction, 
hydrolysis. From the viewpoint of the final product 
quality and also from an economic point of view, 
hydrolysis needs to be suppressed as much as possible.  

By simulation (Figures 5 and 6.) of the methanolysis 
model it is clear that transesterification proceeds more 
rapidly and into higher conversions at given time with 
increasing reaction temperature and catalyst 
concentration. This observation is not surprising, it 
corresponds to theoretical ideas and could be expected. 
It is also confirmed by experimental data. Surprisingly, 
however, at lower temperature (40 °C) and the lowest 
catalyst concentrations, the concentration of the soaps in 
the reaction mixture is the highest. The measured 
experimental data supports this conclusion. 

In view of the conversion achieved at an acceptable 
time (2 hours) and the soap concentrations in the 
reaction mixture, the KOH catalyst concentration of 
0.09 mmol/g proved sufficient, although it can be seen 
in Fig. 6 that higher conversion of glycerides can be 
achieved using KOH concentration of 0.13 mmol/g.  By 
using a lower catalyst concentration (by more than 30 
%), economical savings can be achieved while 
maintaining the required reaction rate of 
transesterification. Therefore, a KOH catalyst 
concentration of 0.09 mmol/g and a reaction 
temperature of 60 °C were selected as the optimal 
reaction conditions. 

CONCLUSION 

The aim of our work was to propose a model of 
methanolysis of glycerides, taking into account the 
undesired side reaction, hydrolysis, in which soaps are 
formed.  

Several experiments were conducted in order to clarify 
the kinetics model of glycerides methanolysis using 
KOH as a catalyst. The modeling has been based on 
theories of chemical reactions and available literature.  

The presented model uses reparametrization of the 
Arrhenius equation with a reference temperature of 
50 °C. The model also describes the concentration of 
monoglycerides that were neglected in the initial model. 
Average model deviation from measured experimental 
data was calculated as 12.9 %. 

Subsequently, the resulting model was used to simulate 
the reaction under different initial conditions.  
Conversion of glycerides and the soap concentration 
were chosen as comparison elements. 

The optimal value of reaction temperature and KOH 
catalyst concentration is 60 °C and 0.09 mmol/g, 
respectively, since under these conditions there is a very 
good and rapid conversion of glycerides.  In spite of the 

fact that soap concentration increases rapidly from the 
very beginning of the reaction, resulting in higher 
catalyst deactivation by hydrolysis, the increase in the 
soap concentration under said optimal conditions was 
the slowest compared to other simulated conditions. 

Consequently, the developed verified model proved to 
be useful for reaction conditions optimization and is 
therefore suitable for the design of industrial 
manufacturing process, equipment and process control 
algorithms. 
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