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Abstract Biodiesel is generally produced through transesterification with base catalysts, using veg-

etable oils as raw materials. These vegetable oils can be expensive, being replaced for other alterna-

tives like animal fats. However, animal fats usually present high free fatty acid (FFA) levels, which

make the use of base catalysts difficult. Pre-esterification of these raw materials is an effective pre-

treatment to reduce FFA levels as free fatty acids react with methanol to produce methyl esters and

water. In this research work, the esterification of animal fats was studied, obtaining kinetic param-

eters through a simplified model. This model, with 1.5 reaction order with respect to FFA, only

takes into account the direct reaction of esterification chemical equilibrium, proving that the reac-

tion rate of the inverse reaction is negligible. The reaction rate coefficient, which presents a linear

correlation between methanol and the catalyst (H2SO4), was adjusted to temperature through the

Arrhenius equation, obtaining the activation energy and the pre-exponential factor. A thorough

experimentation has been carried out in order to determine the influence of catalyst concentration,

methanol/fat ratio and reaction times corresponding to esterification and transesterification. Reac-

tion times for esterification and transesterification longer than 120 min were enough to obtain bio-

diesel yields above 97%.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The use of biodiesel as an alternative for fossil fuels has been a

reality for decades. Traditional raw materials to produce
biodiesel have been vegetable oils, like jatropha, rapeseed, saf-
flower or sunflower, among others, which have been widely
studied (Chhetri et al., 2008; Encinar et al., 2020, 2019;

Knothe and Razon, 2017; Marjanović et al., 2010; Nogales-
Delgado et al., 2019; Sánchez et al., 2019; Voloshin et al.,
2016). Apart from frying used oils, which are wastes that are

difficult to manage, vegetable oils can be expensive due to
the production, collection and extraction process, and there
might be concerns about the competition between food and

biofuel production, among other economic and environmental
issues (Coronado et al., 2009; Knothe and Razon, 2017; Popp
et al., 2016). That is the reason why the use of wastes from
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vegetable oils (like frying oils) or animal fats have resulted in
interesting raw materials for biodiesel production, due to their
low (or zero) cost and the valorization of contaminating wastes

(Adewale et al., 2014; Ramos et al., 2019; Toldrá-Reig et al.,
2020). However, animal fats show a high free fatty acid
(FAA) content, and therefore, hydrolysis and oxidation reac-

tions can take place in these substances (Banković-Ilić et al.,
2014; Demirbas, 2007).

Transesterification reaction between triglycerides and

methanol is the most common way to produce fatty acid
methyl esters (that is, biodiesel). Homogeneous base catalysts
like sodium or potassium hydroxide or methoxide are the most
popular catalysts for this process (Athar and Zaidi, 2020).

Under these circumstances, the presence of high-acidity raw
materials implies the reaction between free fatty acids and base
catalysts, producing soap and the subsequent catalyst loss for

biodiesel production (Alajmi et al., 2018). Therefore, pre-
treatments are necessary when acidity is high in the raw mate-
rials used for biodiesel production. Among the existing

options, acid esterification with methanol is the most popular.
Thus, methanol reacts with free fatty acids to produce an ester
(biodiesel) and water (Demirbas, 2007). Once the pre-

treatment is carried out, the remaining triglycerides can react
with methanol through acid or base transesterification, to
obtain about 100% conversions (Pisarello et al., 2010).

Whereas transesterification process has been widely stud-

ied, including different raw materials and operating conditions
(Aransiola et al., 2014; Rathore et al., 2016; Singh et al., 2020),
esterification as a pre-treatment for biodiesel production has

not been completely covered, with most studies dealing with
pure free fatty acids (Bart et al., 1994; Goto et al., 1991) or oils
that were artificially acidified (Berrios et al., 2007; Marchetti

et al., 2011; Pisarello et al., 2010).
Concerning kinetics, several studies have covered the

kinetic modeling of the esterification of fatty acids. For

instance, different raw materials or wastes, like sunflower
oil (Pisarello et al., 2010) or olive pomace (Che et al.,
2012), with high acidity, were studied for this purpose. Also,
different catalyst were used, and the kinetics of the process

was assessed, like for the use of layered zinc laureate and zinc
stearate (de Paiva et al., 2015), La3+/ZnO-TiO2 as a photo-
catalyst (Guo et al., 2021), or hydrochloric acid (Su, 2013).

Even the use of microwaves was studied from a kinetic point
of view, as in the case of the esterification of free fatty acids
from Ceiba pentandra oil seed (Lieu et al., 2016). However,

to the best of our knowledge, studies that deal with the
pre-esterification of animal fats, including a thorough kinetic
study, were scarce.

In this research work, a thorough study was carried out,

including a kinetic model for high acidity animal fat esterifi-
cation. The chemical reactions were done with methanol and
sulfuric acid (as alcohol and catalyst, respectively) using a

wide range of experimental conditions that include different
catalyst and methanol concentrations and different tempera-
tures. This model was applied to animal fats with different

fatty acid content. Finally, after esterification, the resulting
raw material was tested, carrying out a base transesterifica-
tion and assessing the characteristics and properties of the

biodiesel obtained in order to compare with the equivalent
product without pre-treatment.
2. Materials and methods

Animal fats were supplied by a company from Mérida (Extre-
madura, Spain), called ‘‘Extremeña de Grasas, S. A.”. The fats

were made up of non-edible fatty wastes from slaughterhouses.
The studies about esterification and the influence of tempera-
ture and catalyst concentration were carried out with animal

fat samples with a free fatty acid (FFA) content of 10.7%,
using different reaction temperatures (from 35 to 65 �C),
methanol/oil ratios (from 3:1 to 18:1) and different catalyst
concentrations (from 0.1 to 2.0% H2SO4).

Also, sulfuric acid esterification, a secondary reaction that
can take place during esterification was studied by using a
method that was similar to the one described in the literature

(Pisarello et al., 2010). According to this method, 250 g of bio-
diesel was introduced in the reactor, with an acid value less
than 0.3 mgKOH�g�1, instead of fats. Once the reaction temper-

ature was reached, the methanol-sulfuric acid mixture was
added, following the reaction by taking samples at certain
reaction times and measuring acid value. Under these condi-

tions (without esterification), the changes in acid value were
only due to the alkylation of sulfuric acid with methanol. Con-
sequently, if the acid value obtained for these conditions (with-
out fats) is subtracted from the acid value obtained for the high

acidity fats, the result will provide the change in acid value due
entirely to esterification of free fatty acids.

For transesterification studies, additional fat samples were

used, with FFA contents of 4.9 and 13.5%. The transesterifica-
tion reaction had the following conditions: reaction time,
65 �C; catalyst concentration (KOH); methanol/fat ratio, 6:1;

reaction time, from 30 to 120 min. Thus, Methanol (95% v/
v), KOH and sulfuric acid (98% w/w) were supplied by Pan-
reac (Barcelona, Spain). Ethanol and diethyl ether, used for

acid value determination, were analytical grade and supplied
by Panreac. For the transesterification experiments that were
carried out to compare biodiesel samples (obtained by differ-
ent conditions), chromatographic standards (fatty acid methyl

esters, FAMEs) were used, which were analytical grade and
supplied by Sigma-Aldrich (San Luis, USA). Details about
the procedure followed and the facilities used can be found

in previous works (Encinar et al., 2011).
The esterification reactions were carried out in a 500-ml

spherical reactor, equipped with a thermostat, a magnetic stir-

rer, a condensate system and sample collection. First, 250 g of
animal fats was pre-heated in the reactor, to the reaction tem-
perature. When that temperature was reached, a mixture of
methanol and sulfuric acid was added, considering that event

the initial time of the experiment. At certain time intervals,
1-ml samples were taken to obtain the acid value. This param-
eter was determined at different reaction times, according to

the UNE-EN 14104:2003 standard, by adding 25 ml of ethanol
96�, 25 ml of diethyl ether and phenolphthalein, using a solu-
tion of KOH 0.1 N for tritation (UNE-EN 14104:2003, 2003).

The experiments were done with a methanol/fat ratio of 6:1,
which was a suitable mole ratio to carry out the esterification
of fats, as established elsewhere (Encinar et al., 2011).

Finally, a kinetic study about the esterification of free fatty
acids from animal fats was carried out, in order to develop a
kinetic model for real animal fat transesterification. Thus, a
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model that considered only the esterification process (with a
first-reaction order for the direct reaction and a second reac-
tion order for the reverse reaction) was selected, as explained

in following sections. In order to avoid the effect of the catalyst
on the kinetic data, the samples collected were pre-washed with
water to remove the surplus sulfuric acid and methanol. For

the results obtained, the adjustment was obtained by least
squares adjustments, showing the coefficient of determination
(R2) as a measure of the variation explained by the kinetic

model.

3. Results and discussion

In an esterification process of high acidity fats, apart from the
esterification reaction, secondary reactions take place, which
should be taken into account in the development of a kinetic

study. Generally, high acidity raw materials are complex mix-
tures that, apart from triglycerides and free fatty acids, contain
other compounds such as phospholipids, pigments and other
insaponifiable compounds. In the literature (Pisarello et al.,

2010), these possible secondary reactions were assessed. These
reactions, apart from esterification of free fatty acids, include
transesterification of tri-, di- and monoglycerides, hydrolysis

of glycerides and alkylation of sulfuric acid with methanol.
Among the latter, alkylation was the reaction with the greatest
impact on the kinetics of the process. In this present work, the

variation of acid value due to sulfuric acid alkylation was
assessed. Fig. 1 shows the results obtained. The acid value cor-
responding to free fatty acid esterification was obtained
according to the difference between the abovementioned pro-

cedure in Materials and Method section (A. V. FFA calcu-
lated) and also experimentally through sample collection and
prewash with water to remove the surplus sulfuric acid and

methanol (A. V. FFA). The coincidence of the two curves
points out that it is possible to calculate the free fatty acid con-
centration during the reaction by using the acid value of the

reaction medium and the corresponding and the acid value
corresponding to sulfuric acid alkylation.
Fig. 1 Variation of acid value for different samples. Reaction

conditions: catalyst amount = 0.5 wt%, methanol:fats molar

ratio = 6:1, reaction temperature = 65 �C.
3.1. Kinetic model

Although there might be secondary reactions, FFA concentra-
tion during esterification can be suitably adjusted to a simple
kinetic model where the main esterification reaction is consid-

ered (Bart et al., 1994; Berrios et al., 2007; Marchetti et al.,
2011). In this work, whose aim was the development of a
kinetic model for real animal fat esterification, the esterifica-
tion reaction was only considered, admitting that it is a rever-

sible reaction. The reaction is expressed by Eq. (1), where FFA
represents the free fatty acids and FAME are fatty acid methyl
esters.

FFA + MeOH ¡ FAME + H2O ð1Þ
As the reaction is carried out with excess methanol, it can

be assumed that the concentration of this reagent remains con-
stant. Under these circumstances, a model was proposed,
where the direct reaction was considered a first order reaction

and the reverse reaction as a second order one. This model,
represented by Eq. (2), was used by Berrios et al.(Berrios
et al., 2007) for the esterification of sunflower oil with FFA
addition. In this equation, all the concentrations were

expressed in mol L�1 and k1 andk2are the pseudo-kinetic con-
stants for the direct and reverse reaction, respectively. In these
constants, methanol concentration (k1) and the contribution of

sulfuric acid as a catalyst (k1 and k2) are included.

� d FFA½ �
dt

¼ k1 FFA½ � � k2½FAME�½H2O� ð2Þ

Eq. (2) can be simplified, considering that initial FAME
and H2O concentration are zero. On the other hand, as the

reaction represents a 1:1 stoichiometry for all its components,
the concentrations of all the compounds at a certain reaction
time can be written as a function of the initial concentration

of free fatty acids ([FFA]O) and conversion (X). These concen-
trations are given by Eqs. (3)–(5).

[FFA] = [FFA]O(1-X) ð3Þ

[FAME] = [FFA]OX ð4Þ

[H2O] = [FFA]OX ð5Þ
Taking into account these premises, Eq. (2) becomes Eq.

(6):

dX

dt
¼ k1 1� Xð Þ � k2½FFA�OX2 ð6Þ

The adjustment of experimental data to Eq. (6) has been
carried out by applying a differentialmethod of analysis of

data through statistics software (MicroMath Scientist). How-
ever, the adjustment was not satisfactory, especially for long
reaction times. For this reason, a correction was made, assum-

ing a reaction order of M with respect to fatty acid for the
direct reaction. Consequently, Eq. (6) becomes Eq. (7).

dX

dt
¼ k1ð1� XÞM½FFA�M�1

O � k2½FFA�OX2 ð7Þ

Fig. 2 shows the adjustment of experimental data to Eq. (7)
for an experiment. Data were adjusted with great accuracy,
obtainingk1, k2 and M values of 0.0770, 0.0002 and 1.50,

respectively. According to these results, k1was 400 times



Fig. 2 Adjustment of experimental data to Eq. (7) (Catalyst

concentration, 0.5% H2SO4; MeOH/fat ratio, 6:1; T, 65 �C).

Fig. 3 Acid value evolution with catalyst concentration

(MeOH/fat mole ratio, 6:1; T, 65 �C).

Table 1 Data corresponding to the adjustment of the kinetic

model (Eq. (9)). Influence of catalyst concentration. (MeOH/fat

mole ratio, 6:1; T, 65 �C).

[H2SO4], mol�L�1 k1, L
0.5�min�1�mol�0.5 R2

0.035 0.078 0.99

0.071 0.137 0.98

0.142 0.298 0.98
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greater than the constant for the reverse reaction, k2. This way,
a kinetic model that only considers the direct reaction, like the

one represented in Eq. (8), should be taken into account. On
the other hand, concerning Eq. (2), it should be noted that
the inclusion of water in the reverse reaction is questionable,
as water is mainly present in methanol phase, due to the

heterogeneous nature of this reaction. As a consequence, only
considering the direct reaction can better fit the experimental
data.

dX

dt
¼ k1ð1� XÞ1:5½FFA�0:5O ð8Þ

Following the same procedure (as explained above), Eq. (8)
was adjusted. The adjustment provided a R2 value of 0.99995

and a kinetic constant k1value of 0.0770, that is, the kinetic
constant was identical to the one obtained previously. Thus,
for further experimentation, the direct reaction was only con-

sidered, which allowed to work with the integral method,
which facilitates the adjustment of experimental data. The inte-
gration of Eq. (8) results in Eq. (9), that is, the equation that

will be used to study the rest of experiments.

1� ð1� XÞ0:5
ð1� XÞ0:5 ¼ 0:5½FFA�0:5O :k1:t ð9Þ
3.1.1. Influence of catalyst concentration

The influence of catalyst concentration on the esterification

process has been tested by carrying out four experiments with
H2SO4 concentrations between 0.1 and 2.0% with respect to
animal fats. These concentrations, expressed in mol�L�1, corre-

sponded to the following values: 0.007, 0.035, 0.071 and 0.142,
respectively. In these experiments, MeOH/fat mole ratio was
6:1, and temperature was 65 �C. Fig. 3 shows the evolution

of acid value for these experiments. As it can be seen, the cat-
alyst concentration of 0.1% (0.007 mol�L-1) was not enough to
produce the esterification reaction, and therefore the acid value
was kept constant throughout the experiment. In the rest of the

cases, a considerable decrease in acid value was observed, espe-
cially during the first minutes of reaction. Afterwards, an
asymptotic trend was reached after two hours. Considering

the above, three experiments (0.5, 1.0 and 2.0%) were consid-
ered for the kinetic study.
The results corresponding to the previous experiments were
adjusted to the proposed kinetic model (Eq. (9)). For this pur-

pose, the real acid value corresponding to the free fatty acids in
the reaction medium was determined, that is, the acidity corre-
sponding to the catalyst was removed. Table 1 shows the

results obtained. It can be observed that the kinetic constant
increased as the catalyst concentration was higher, which sug-
gests that k1 includes the contribution of the catalyst. Other

studies pointed out the same trend as the catalyst concentra-
tion increased (Su, 2013). In order to determine this depen-
dence, the linear model represented by Eq. (10) was
proposed, where [H2SO4] is the catalyst concentration,

expressed in mol�L�1, k’ is the kinetic constant regarding the
catalytic contribution, expressed in L1.5�mol�1.5�min�1, and
k’’ is the kinetic constant for the non-catalytic contribution,

expressed in L0.5�mol�0.5�min�1.

k1 = k’[H2SO4] + k’’ ð10Þ
According to Eq. (10), the graphical representation of k1 vs

[H2SO4] should be a straight line whose slope and intercept are
k’ and k’’, respectively (see Fig. 4). It can be observed a good

adjustment, and the value of the intercept (k’’) was small,
which points out the poor contribution of the non-catalytic
process to the global transesterification reaction.

3.1.2. Influence of methanol/fat ratio

The influence of this variable was studied through four exper-
iments with different MeOH/fat ratios: 3:1, 6:1, 12:1 and 18:1.

Thus, the methanol concentrationsin the reaction medium for



Fig. 4 Dependence of k1 with catalyst concentration (MeOH/fat

mole ratio, 6:1; T, 65 �C).

Fig. 5 Acid value evolution with MeOH/fat mole ratio ([H2SO4],

0.035 mol�L�1; T, 65 �C).

Table 2 Data corresponding to the adjustment of the kinetic

model (Eq. (9)). Influence of MeOH/fat mole ratio. ([H2SO4],

0.035 mol L�1; T, 65 �C).

MeOH/fat

ratio

k1, L
0.5.

min�1.mol�0.5
k1/[MeOH]O
L1.5.mol�1.5.min�1

R2

3:1 0.021 0.008 0.97

6:1 0.078 0.016 0.99

12:1

18:1

0.120

0.165

0.015

0.016

0.99

0.99
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these experienceswere 3.25, 5.75, 9.35 and 11.80 mol�L�1,
respectively. Also, its concentration in volume was 13.14,

23.24, 37.74 and 47.57% v/v, respectively. For these experi-
ments, the catalyst concentration was 0.035 mol�L�1and the
reaction temperature was 65 �C. Fig. 5 shows the evolution
of the acid value under these circumstances. The reaction rate

increased with methanol concentration and, as a consequence,
a decrease in acid value was observed. Apart from the reaction
rate, methanol concentration affected the chemical balance,

promoting the ester generation as its concentration increased.
On the other hand, the higher the amount of methanol, the
higher dilution for water was observed, affecting the develop-

ment of the reaction to a lesser degree (Gerpen et al., 2010;
Ghadge and Raheman, 2005).

Considering these results, 6:1 mol ratio seemed to be the
optimum one, as similar balance values were obtained com-

pared to 12:1 and 18:1, reducing the subsequent costs related
to methanol recovery.

As in the previous case, the experimental data were

adjusted to Eq. (9). Table 2 shows the values for k1and R2.
As it can be observed, k1increased with methanol concentra-
tion, as k1 includes methanol concentration (according to the
proposed model). The same behavior was observed in the case

of free fatty acid content in olive pomace, where % v/v of
methanol increased from 15 to 40, showing k values from
0.0104 to 0.0261 (Che et al., 2012). Other authors have

observed the same trend when methanol molar ratio increased,
as in the case of free fatty acid esterification with hydrochloric
acid (Su, 2013). In this table, k1/[MeOH]O values are also

included, which should be constant according to the model.
These constant values were kept for all the experiments except
for the one with 3:1 mol ratio, where the constant concentra-
tion for methanol deviated from reality due to the low metha-

nol concentration. For this reason, as previously indicated,
methanol concentration was 6:1 or higher, except for the
abovementioned experiment.

Taking into account the results obtained in the study about
the influence of catalyst concentration and methanol/fat mole
ratio, k1could be expressed according to Eq. (11), where k rep-

resents the real kinetic constant.

k1 = k[H2SO4][MeOH] ð11Þ
3.1.3. Influence of reaction temperature

The influence of temperature was carried out through four
experiments whose reaction temperatures were between 35

and 65 �C. For these experiments, catalyst concentration was
0.035 mol�L�1 and methanol/fat ratio was 6:1. Fig. 6 shows
the evolution of acid value depending on the reaction temper-

ature. The typical behavior of an endothermic reaction was
observed, as the conversion increased with temperature, that
is, in accordance with Le Chatelier’s principle, the chemical
balance changed towards product generation as temperature

increased. On the other hand, as it was observed for the slopes
of the curves, the reaction rate increased with temperature.
Other authors observed a similar behavior in the literature

(Marchetti and Errazu, 2008; Suresh et al., 2017). Indeed, sim-
ilar temperature ranges were covered in other studies for ester-
ification of free fatty acids, observing a considerable increase in

the reaction rate (from 2.3�10�3 to 1.84�10�2) (Su, 2013).
As in previous sections, the experimental data were

adjusted to Eq. (9). The values for k1 and R2 are included in
Table 3. As expected, k1increased with the reaction tempera-

ture. As this constant included several dependencies, the values
for the real kinetic constant k is shown (obtained by applying
Eq. (11)), following an increasing trend with temperature.

The dependence between the kinetic constant and tempera-
ture is usually expressed by the Arrhenius equation, whose log-
arithmic regression is given by Eq. (12), where Ea is the



Fig. 7 Graphic representation of Arrhenius equation.

Table 4 Activation energy and pre-exponential factor

determination through the Arrhenius equation.

AO, L
2.5 mol�2.5 min�1 Ea, kJ mol�1 R2

6.106 46.04 0.99

Fig. 6 Acid value evolution with temperature ([H2SO4],

0.035 mol L�1; MeOH/fat ratio, 6:1).
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activation energy (kJ�mol�1), R is the ideal gas constant
(kJ�mol�1�K�1), T is absolute temperature (K) and Ao is the
pre-exponential factor, whose units depend on k.

lnk ¼ �Ea

R

1

T
þ lnAO ð12Þ

The representation of Eq. (12) should be a straight line,
whose slope and intercept allow the determination of the acti-

vation energy and pre-exponential factor, respectively. Fig. 7
shows the abovementioned representation and Table 4 shows
the results of the adjustment. The activation energy value fell

within the range of values obtained by other authors in the lit-
erature, for FFA mixtures with sunflower, palm oil waste and
frying oils (Aranda et al., 2008; Berrios et al., 2010; 2007). On
the other hand, the activation energy was also similar to the

values obtained by other authors for free fatty acids from
Ceiba pentandra seed oil (Lieu et al., 2016).

3.2. Reaction time. Two-stage process (esterification and
transesterification)

As it was pointed out previously, the esterification stage had

the aim of reducing the initial acidity of the sample so that
the basic transesterification can be carried out with a high yield
in fatty acid methyl esters. The efficiency of the base catalyst

used in this second stage greatly depends on the acidity
decrease obtained during the esterification stage. Table 5
Table 3 Data corresponding to the adjustment of the kinetic

model (Eq. (9)). Influence of temperature. ([H2SO4], 0.035 mol.

L-1; MeOH/fat mole ratio, 6:1).

Temperature,

�C
k1, L

0.5.

min�1.mol�0.5
k, L

2.5.mol�2.5.

min�1
R2

35 0.016 0.093 0.98

45 0.028 0.160 0.98

55

65

0.052

0.078

0.296

0.447

0.99

0.99
shows a comparison among different situations (with different
reaction times for these stages). The reaction conditions were

chosen according to previous works in the literature (Encinar
et al., 2011) and the experimental data of this research work.

As expected, the absence of esterification prevented the

transesterification in the second stage. In this case, such high
free acidity provoked the neutralization of the base catalyst
(KOH), and transesterification did not take place. The esterifi-

cation time reduction from 240 to 120 min (Runs 2 and 3) pro-
voked a slight increase in final acid value. Nevertheless, these
negligible values, although in the worst-case situation, did
not influence on the effectiveness of transesterification and

the yield was practically the same for Runs 2 and 3. Concern-
ing Runs 4 and 5, a comparison between different transesteri-
fication times was carried out. Compared to Runs 2 and 3, a

slight decrease in FAME yield was observed, especially in
the case of Run 5 where FAME yield was 92.5%. Thus,
according to the above, it can be assumed that esterification

and transesterification times of 120 min are enough to obtain
high FAME yields.

4. Conclusion

High methyl ester content biodiesel was obtained by a two–
step process from high acidity animal fats. The first step was

an acid esterification and it was followed by basic transesteri-
fication. The experimental conditions were: 0.1–2.0% H2SO4,
35–65 �C, and MeOH:fat ratio from 3:1 to 18:1. As a result,
0.5% H2SO4 allowed the reduction of acid value in animal fats

to 2.11 mgKOH�g�1, using 6:1 as MeOH:fat molar ratio, 65 �C
and 120 min. These fats were converted into biodiesel (with
97.2% of fatty acid methyl ester content) by basic transesteri-

fication with 0.5% KOH, 6:1 MeOH:fat ratio, at 65 �C and
120 min.



Table 5 FAME yield. Influence of esterification and transesterification times.

Run Esterification time*, min Final acid value, mgKOH�g�1 Transesterification time**, min FAME yield, %

1 0 18.84 120 –

2 240 1.08 120 97.3

3

4

120

120

2.04

2.11

120

60

97.2

95.7

5 120 1.93 30 92.5

* Esterification conditions: T, 65 �C; [H2SO4], 0.5%; MeOH/fat ratio, 6:1.
** Transesterification conditions: T, 65 �C; [KOH], 0.5%; MeOH/fat ratio, 6:1.
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The experimental data pointed out that, although there
were secondary reactions, it was possible to establish a kinetic

model to estimate the free fatty acid content in animal fats dur-
ing esterification with methanol. With this kinetic model, a
reaction order of 1.5 with respect to free fatty acids was

obtained. As methanol was in excess, its concentration was
included in the pseudo constant rate, which shows a linear evo-
lution with catalyst concentration and methanol/fat ratio. The

activation energy obtained was 46.04 kJ�mol�1, which was sim-
ilar to other values included in the literature. The time required
to decrease free fatty acid concentration in animal fats was
inferred from the kinetic model and the subsequent kinetic

constants, with the initial concentration as the only factor
required.

Concerning further research, the simultaneous effects of

sulfuric acid, methanol and free fatty acid concentration
should be taken into account to assess the possibility of addi-
tive or synergistic effects.
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