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Abstract: The search for alternatives to fossil fuels has been widely covered, especially in the past
two decades. Thus, the role of biodiesel has been important, and its implementation in biorefineries
seems feasible due to the sustainability of the process. This way, the knowledge of kinetics is vital to
design industrial facilities and to compare the efficiency of catalysts (both typical and innovative ones)
during transesterification or other similar processes taking place in a biorefinery, such as biolubricant
production through transesterification with superior alcohols. In this work, a thorough kinetic study
of homogeneous catalysts (base catalysts, such as KOH, NaOH or CH3OK, and acid catalysts (H2SO4,
H3PO4 and p-toluenesulfonic acid, CH3C6H4SO3H)) applied to the transesterification of soybean
oil was carried out to provide extensive kinetic data about this process. As a conclusion, a pseudo-
first-order reaction mechanism was applied in all cases, with activation energies of 65.5–66 and
92.3 kJ·mol−1 for KOH and CH3C6H4SO3H, respectively, proving the higher activation energy for
acid catalysis compared to base catalysis.

Keywords: biodiesel; sodium hydroxide; potassium hydroxide; sulfuric acid; p-toluenesulfonic

1. Introduction

The search for alternatives to petroleum products has been increasingly important,
supported by policies (both national and global), such as the Sustainable Development
Goals (SDG) [1,2].

For instance, fatty acid methyl (or ethyl) ester (FAME or FAEE) production from
different sources (especially fatty acids obtained from vegetable oils) is a recurring process
to produce biodiesel, directly used in Diesel engines if this biofuel complies with some
quality parameters [3]. In that sense, biodiesel production can play a really important role
as an alternative to Diesel, implying many advantages, such as contribution to zero-net
CO2 emissions, sustainability, or economic growth of developing areas, for instance [4,5].

This way, the use of a wide variety of vegetable oils (among other raw materials
or wastes) could make the implementation of this technology feasible regardless of the
climate or agronomic conditions. In that sense, the use of some vegetable oils, such as
rapeseed or soybean, has been important, including many studies whose main conclusion
was the high quality of the biodiesel produced, complying with most of the requirements
included in standards [6–8]. Additionally, biodiesel production could take part in more
complex processes, such as biorefineries and contribute to sustainability, green chemistry,
and circular economy [9–11].

Even though biodiesel production and application has been widely studied in the
literature, including its catalysis (both homogeneous and heterogeneous), the experimental
conditions of research works are different even for the same kind of oil [12,13], with many
factors, such as temperature, methanol:oil ratio, the fatty acid composition of the raw
material, playing an important role during transesterification [14,15]. Thus, the values
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used for the most influencing variables (that is, kind and amount of catalyst, methanol/oil
ratio, temperature and stirring rate [16–18]) on yield process and quality parameters vary
depending on the study considered. Moreover, kinetic parameters are important for the
correct implementation of this kind of process in real biorefineries, especially concerning
reactor design and reagent supply.

Finally, activation energy determination is vital to compare processes with differ-
ent techniques applied, such as innovative catalysts or green procedures, which can be
an alternative for homogeneous catalysts, offering some advantages, such as the avoidance
of washing treatments [19], although some disadvantages can be found (for instance, longer
reaction times or the low reusability of heterogeneous catalysis, which might make them
economically unviable) [13,20], requiring further improvements for the suitable imple-
mentation of this technique. In that sense, homogeneous catalysis is still economically
feasible, requiring washing treatments and the subsequent water treatment to neutralize
the corresponding catalyst [21]. This way, many researchers have compared homogeneous
catalysts (both acid and base) with other kinds of catalysts, such as heterogeneous or
nano-heterogeneous catalysts, taking the former as a reference to compare the efficiency of
the process [18,22–27].

Considering the above, the aim of this work was the thorough kinetic study of soybean
transesterification through homogeneous catalysis, paying attention to different catalysts
(such as sodium hydroxide, potassium hydroxide, sulfuric and p-toluenesulfonicacids) and
their proportion, methanol/oil ratio, temperature and stirring rate. Thus, kinetic constants
and activation energy values were obtained.

2. Results and Discussion
2.1. Base Catalysis

For the kinetic study, transesterification of soybean oil with methanol by using
base (KOH, NaOH and CH3OK) and acid (H2SO4, H3PO4 and p-toluenesulfonic acid,
CH3C6H4SO3H) was used. In order to carry out the kinetic study, the following simplifica-
tions were assumed:

• Although transesterification reaction is reversible, a methanol/oil ratio clearly ex-
ceeding the stoichiometric ratio was selected for the experiments included in this
study, with the aim of shifting the reaction equilibrium towards FAME production.
Consequently, product generation was only considered for the kinetic study.

• Although the transesterification reaction mainly has three stages in series (to generate
diglycerides, monoglycerides and fatty acid methyl esters, respectively), the evolu-
tion of the different glycerides was not considered in this study, only quantifying
FAMEs. For this reason, the kinetic study of the global reaction was carried out (that
is, triglyceride conversion to fatty acid methyl ester).

• As soybean oil was refined and presented as a low acid number (2.74 mgKOH·goil−1),
the effect of saponification reaction was considered negligible.

• Further, catalyst weight loss was considered negligible and, therefore, it will not take
part as a product in any secondary reaction related to this process.

• After the study of the effect of stirring rate, the external diffusion effect was negligible
for values higher than 500 rpm and, therefore, the control of the reaction rate was
given by the chemical reaction.

Taking into account this approach, the kinetic model used in this study was developed
by Singh and Fernando and used by other researchers, [28,29]. The global transesterification
reaction can be described by Equation (1):

A + 3B Cat→ 3C + D (1)

where A is triglyceride, B is methanol, C is FAME and D is glycerol.
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The reaction rate of the given reaction will be expressed according to the following equation:

rHOM = −dCA
dt

= k·Cα
A·C

β
B (2)

where −dCA/dt represents reagent A consumption; k is a pseudo-kinetic constant that
includes catalyst action; CA is the concentration of reagent A at a certain time t; CB is the
concentration of reagent B at a certain time t; α and β are the reaction orders regarding A
and B, respectively.

On the other hand, considering the relation between reagent concentration and its
conversion, as well as the stoichiometry of the process, θB can be defined as follows:

CA = CA0(1− X) (3)

CB = CA0(θB − 3X) (4)

θB =
CB0

CA0

(5)

where CA0 and CB0 represent the initial concentration of A and B, respectively, and X is
triglyceride (A) conversion.

Considering these equations, Equation (2) can be written as:

dX
dt

= k·Cα+β−1
A0

(1− X)α(θB − 3X)β (6)

Which is a differential equation whose integration, once the limits are established
(t = 0, X = 0; t = t, X = X), is given by Equation (7):

X∫
0

dX

(1− X)α(θB − 3X)β
=

t∫
0

k·Cα+β−1
A0

dt (7)

In this work, six cases were considered for the resolution of this integral, as observed
in Table 1:

Table 1. Integral resolutions for different cases.

Case Condition Equation

1 α = 0, β = 0 CA0 = k·t (8)

2 α = 1, β = 0 ln
[

1
(1−X)

]
= k·t (9)

3 α = 0, β = 1 − 1
3

[
ln (θB−3X)

θB

]
= k·t (10)

4 α = 1, β = 1 1
(θB−3)

[
ln (θB−3X)

(1−X)θB

]
= k·CA0 ·t (11)

5 α = 2, β = 0 X
(1−X)

= k·CA0 ·t (12)

6 α = 0, β = 2 X
(θB−3X)θB

= k·CA0 ·t (13)

Regarding fatty acid methyl ester conversion during the transesterification of soybean
oil, the effect of base catalysts is shown in Figure 1 for the case of KOH at different
catalyst concentrations. The increase in methyl ester content was considerable at the initial
stages, obtaining stabilization after 30 min (red dashed line). As the catalyst concentration
increased, the reaction rate was higher, reaching higher FAME yields at shorter reaction
times. The same behavior was observed for the rest of the catalysts included in this study
(data not shown) and explained by other authors [16,30,31].
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tions: T, 65 °C; methanol:oil ratio, 9:1; catalyst concentration, 0.5% w/w KOH; stirring rate, 700 rpm; 
reaction time, 120 min. 

Thus, the results obtained for the adjustments observed in Figure 2, as well as those 
observed for the rest of catalysts at different concentrations (expressed in % w/w), are in-
cluded in Table 2. 
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soybean oil (base catalysis, KOH at different concentrations).

The adjustment of Equations (8)–(13) (see Table 1) for an experiment (in this case,
using KOH as a catalyst) is included in Figure 2. Under these circumstances, the chemical
balance was achieved after 10 min, which was the range selected for the corresponding
adjustments. The same trend was observed for NaOH and CH3OK, omitting these results
in this figure.
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Figure 2. Experimental data adjustment to kinetic models for base catalysis. Experimental conditions:
T, 65 ◦C; methanol:oil ratio, 9:1; catalyst concentration, 0.5% w/w KOH; stirring rate, 700 rpm; reaction
time, 120 min.

Thus, the results obtained for the adjustments observed in Figure 2, as well as
those observed for the rest of catalysts at different concentrations (expressed in % w/w),
are included in Table 2.

As inferred from this table, regardless of the kind of catalyst and its concentration,
the best determination coefficients were obtained when the experimental data were adjusted
to Equations (9) and (11); that is, Cases 2 (first-order reaction with respect to reagent A and
zero-order reaction with respect to reagent B) and 4 (first-order reaction with respect to
both reagents), respectively.
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Table 2. Results concerning the use of kinetic models to global transesterification reaction through base
homogeneous catalysis. Experimental conditions: T, 65 ◦C; stirring rate, 700 rpm; methanol:oil ratio, 9:1.

KOH NaOH CH3OK

Case Parameter 0.5% 1.0% 1.5% 0.5% 1.0% 1.5% 0.5% 1.0% 1.5%

1
k (mol·L−1·min−1) 0.0857 0.313 0.375 0.075 0.345 0.407 0.0808 0.340 0.176

R2 0.732 0.890 0.872 0.767 0.884 0.786 0.739 0.919 0.579

2
k (min−1) 0.384 0.791 1.22 0.232 0.948 1.60 0.273 0.937 1.42

R2 0.987 0.988 0.997 0.972 0.988 0.965 0.961 0.999 0.995

3
k (min−1) 0.0146 0.0516 0.0634 0.0130 0.0574 0.0174 0.0137 0.0566 0.0305

R2 0.786 0.910 0.894 0.813 0.904 0.801 0.781 0.939 0.588

4
k (L·mol−1·min−1) 0.0650 0.135 0.219 0.0409 0.165 0.295 0.0493 0.163 0.283

R2 0.988 0.996 0.999 0.984 0.996 0.978 0.972 0.999 0.999

5
k (L·mol−1·min−1) 3.38 2.46 6.22 0.997 3.37 12.2 1.51 3.39 255

R2 0.880 0.927 0.917 0.945 0.928 0.947 0.956 0.939 0.811

6
k·10−3

(L·mol−1·min−1)
2.52 8.55 10.8 2.19 9.63 3.05 2.34 9.49 5.36

R2 0.830 0.929 0.916 0.854 0.923 0.818 0.819 0.957 0.598

In both cases, regarding the experiments carried out at 1.0% and 1.5% catalyst concentration,
the kinetic constant obtained through the corresponding adjustment (and, as a consequence,
the reaction rate) followed the decreasing order: NaOH > CH3OK > KOH, whereas at 0.5%
the order was KOH > CH3OK > NaOH. However, it should be taken into account the way
these concentrations are expressed (grams of catalysts per 100 g of oil), and considering
the different catalyst molecular weights, these orders might vary if the concentration is
expressed as catalyst moles per total volume of the reaction mixture.

Considering Case 2, the reaction rate would be directly proportional to triglyceride
concentration, and Equation (2) would be simplified as follows (Equation (14)):

rHOM = −dCA
dt

= k′·CA (14)

where k′ is the apparent kinetic constant, including both catalytic and non-catalytic contri-
butions according to Equation (15):

k′ = k1·CCat + k2 (15)

where CCat is catalyst concentration (expressed in mol·L−1), k1 is the kinetic constant
corresponding to the catalytic contribution (L·mol−1·min−1), and k2 is the kinetic constant
due to non-catalytic contribution (min−1).

Regarding Case 4 (first-order with respect to each reagent), the reaction rate equation
would be given by Equation (16):

rHOM = −dCA
dt

= k′·CA·CB (16)

where, again, k′ is the apparent kinetic constant, including k1 (kinetic constant correspond-
ing to the catalytic contribution, expressed in L2·mol−2·min−1) and k2 (kinetic constant
corresponding to the non-catalytic contribution, expressed in L·mol−1·min−1).

Considering the above, the representation of k′ values (included in Table 2) versus
catalyst concentration should imply a line with an intercept and a slope corresponding to
k2 and k1, respectively. Thus, Figure 3 shows the adjustment of Equation (15) to Cases 2
(Equation (9)) and 4 (Equation (11)), with the corresponding results regarding the least-
squares adjustment included in Table 3.
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Table 3. Catalytic and non-catalytic constant determination for base catalysis (Cases 2 and 4). Chemi-
cal conditions: T, 65 ◦C; methanol:oil mole ratio, 9:1; stirring rate, 700 rpm; reaction time, 120 min.

Case Parameter KOH NaOH CH3OK

2 (α =1, β = 0)
k1(L·mol−1·min−1) 7.258 8.420 12.43
k2(min−1) −0.034 −0.440 −0.273
R2 0.999 0.999 0.992

4 (α =1, β = 1)
k1(L2·mol−2·min−1) 1.335 1.565 2.524
k2(L·mol−1·min−1) −0.014 −0.087 −0.069
R2 0.997 0.999 0.999

According to these data, the kinetic constant corresponding to the non-catalytic contri-
bution (k2) had a negative value. Although in the case of KOH this value can be considered
negligible, for the remaining base catalysts, the interpretation of these results would lead
to considering the absence of transesterification without a catalyst (zero non-catalytic con-
tribution) or the possibility of a lower limit for the catalyst addition, below which the
transesterification reaction does not take place, with this limit being higher in the case
of NaOH.

On the other hand, when the catalyst concentration was expressed in molarity, CH3OK
seemed to be the most effective catalyst, as inferred from k1 values. Other studies had
observed a slightly higher activity for methoxides compared to hydroxides in transesterifi-
cation reaction [32–34]. This behavior can be due to the negative effect of small amounts
of water generated once hydroxides are dissolved in methanol, decreasing the yield in
FAME production [33].

Finally, it should be pointed out that the values corresponding to the coefficient
of determination were slightly higher for Case 4; that is, a second-order reaction (first-
order for each reagent, α = 1, β = 1). In that sense, the fact that Case 2 showed good R2

values could indicate that, considering the experimental conditions, where reagent B was
three times higher than the stoichiometric ratio (methanol:oil ratio of 9:1), the surplus
methanol simplifies Case 4, obtaining Case 2; that is, a pseudo-first reaction order.

Following the above-mentioned procedure, a similar study was carried out for the
transesterification through base catalysis with KOH, changing the methanol:oil ratio. In
this case, the initial concentration of triglycerides (A) was kept constant, changing the
initial methanol (B) concentration, and working with the same catalyst concentration (CCat,
1% w/w KOH), temperature (65 ◦C) and stirring rate (700 rpm). However, when the catalyst
concentration was expressed in mol·L−1, it was lower when the methanol:oil ratio increased.

Thus, a higher methanol volume (higher CB0) implies a higher total reaction volume
and, therefore, a higher dilution of the catalyst. For this reason, with the aim of compar-
ing the results of the adjustment with the proposed kinetic model in this experimental
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set, the influence of the catalyst concentration was considered in Equations (9) and (11)
(corresponding to Cases 2 and 4). Thus, taking into account Equation (15) and according to
the results shown in Table 3 (and considering the non-catalytic contribution, k2, negligible
compared to the catalytic contribution, k1), the combination of Equations (9), (11) and (16)
results in Equations (17) and (18):

Case 2 : α = 1, β = 0 ln
[

1
(1− x)

]
= k1·CCat·t (17)

Case 4 : α = 1, β = 1
1

(θB − 3)

[
ln

(θB − 3X)

(1− X)θB

]
= k·CCat·CA0 ·t (18)

Table 4 shows the values of k1 and R2 obtained for the adjustments of Equations (17)
and (18) for the selected experiments (varying methanol/oil ratio) in the initial time range
(10 first minutes, until the chemical balance was achieved).

Table 4. Results of the application of the kinetic model. Influence of the methanol:oil mole ratio in
homogeneous catalysis. Experimental conditions: catalyst addition, 1% w/w KOH; T, 65 ◦C; stirring
rate, 700 rpm.

Methanol/Oil Ratio (CB0 , mol·L−1)

Case 3:1
(2.84)

6:1
(5.09)

9:1
(6.92)

12:1
(8.44)

2 (α = 1, β = 0)
k1

(L·mol−1·min−1) 2.428 4.015 6.820 6.735

R2 0.990 0.932 0.998 0.994

4 (α = 1, β = 1)
k1

(L2·mol−2·min−1) 1.165 1.129 1.165 0.957

R2 0.9969 0.9673 0.9956 0.9966

As inferred from the data included in this table, the determination coefficients showed
the suitability of Equations (17) and (18) to represent the transesterification process in
the chemical conditions tested. On the other hand, whereas the adjustment to Case 4 im-
plied that the k1 value did not vary with the methanol:oil mole ratio (average value of
1.10 L2·mol−2·min−1, approximately), k1 increased with the initial methanol:oil ratio in
Case 2, up to a 9:1 mole ratio, from which it was practically constant. The influence of the
methanol:oil mole ratio on k1 is shown in Figure 4.

Catalysts 2022, 12, x  7 of 17 
 

 

catalyst concentration was expressed in mol·L−1, it was lower when the methanol:oil ratio 
increased. 

Thus, a higher methanol volume (higher 𝐶஻బ) implies a higher total reaction volume 
and, therefore, a higher dilution of the catalyst. For this reason, with the aim of comparing 
the results of the adjustment with the proposed kinetic model in this experimental set, the 
influence of the catalyst concentration was considered in Equations (9) and (11) (corre-
sponding to Cases 2 and 4). Thus, taking into account Equation (15) and according to the 
results shown in Table 3 (and considering the non-catalytic contribution, k2, negligible 
compared to the catalytic contribution, k1), the combination of Equations (9), (11) and (16) 
results in Equations (17) and (18): 

Case 2: α = 1, β = 0    𝑙𝑛 ቂ ଵ(ଵି௫)ቃ = 𝑘ଵ ∙ 𝐶஼௔௧ ∙ 𝑡 (17) 

Case 4: α = 1, β = 1       ଵ(ఏಳିଷ) ቂln (ఏಳିଷ௑)(ଵି௑)ఏಳቃ = 𝑘 ∙ 𝐶஼௔௧ ∙ 𝐶஺బ ∙ 𝑡 (18) 

Table 4 shows the values of k1 and R2 obtained for the adjustments of Equations (17) 
and (18) for the selected experiments (varying methanol/oil ratio) in the initial time range 
(10 first minutes, until the chemical balance was achieved). 

Table 4. Results of the application of the kinetic model. Influence of the methanol:oil mole ratio in 
homogeneous catalysis. Experimental conditions: catalyst addition, 1% w/w KOH; T, 65 °C; stirring 
rate, 700 rpm. 

  Methanol/Oil Ratio (𝑪𝑩𝟎, mol·L−1) 

Case  3:1 
(2.84) 

6:1 
(5.09) 

9:1 
(6.92) 

12:1 
(8.44) 

2 (α = 1, β = 0) 
k1 (L·mol−1·min−1) 2.428 4.015 6.820 6.735 

R2 0.990 0.932 0.998 0.994 

4 (α = 1, β = 1) 
k1 (L2·mol−2·min−1) 1.165 1.129 1.165 0.957 

R2 0.9969 0.9673 0.9956 0.9966 

As inferred from the data included in this table, the determination coefficients 
showed the suitability of Equations (17) and (18) to represent the transesterification pro-
cess in the chemical conditions tested. On the other hand, whereas the adjustment to Case 
4 implied that the k1 value did not vary with the methanol:oil mole ratio (average value 
of 1.10 L2·mol−2·min−1, approximately), k1 increased with the initial methanol:oil ratio in 
Case 2, up to a 9:1 mole ratio, from which it was practically constant. The influence of the 
methanol:oil mole ratio on k1 is shown in Figure 4. 

 
Figure 4. First-order (Case 2, left axis) and second-order (Case 4, right axis) kinetic constants versus
initial methanol concentration for homogeneous catalysis.



Catalysts 2022, 12, 146 8 of 17

In conclusion, given that the kinetic constant must be constant, only depending on the
reaction temperature, the results showed that the use of the kinetic model given by Case
4 (first-order for each reagent) was the one that best represented the kinetics of soybean
oil transesterification through base catalysis for all the tested conditions. As it is assumed
that the catalyst is not consumed during the reaction, the reaction rate can be defined as
follows (Equation (19)):

rHOM = −dCA
dt

= k′·CA·CB = (k1·CCat)·CA·CB (19)

In the case where the chemical conditions imply excess methanol (methanol:oil ra-
tios above 9:1), a pseudo-first-order can be assumed, complying with Case 2, as shown
in Equation (20):

rHOM = −dCA
dt

= k′·CA =
(
k′1·CCat·CB

)
·CA = (k1·CCat)·CA (20)

Once the kinetic expression for the transesterification reaction of soybean oil through
base catalysis was determined, the influence of the temperature on kinetics was studied.
This way, as mentioned above, the experimental data corresponding to soybean oil trans-
esterification with KOH as a catalyst at different reaction temperatures (35, 45, 55, 65 and
72 ◦C) were adjusted to Cases 2 and 4 (Equations (9) and (11)). Once the k values were
obtained through these models, k1 was finally determined. At 65 ◦C, an average k1 value
was selected for Cases 2 (methanol:oil ratios exceeding 9:1) and 4 (experiments at different
KOH concentrations and methanol:oil ratios). The results are included in Table 5.

Table 5. Results for k1 determination. Influence of temperature on base catalysis. Experimen-
tal conditions: catalyst addition, 0.058–0.173 mol·L−1 KOH; methanol/oil ratio, 9:1–12:1; stirring
rate, 700 rpm.

Temperature, ◦C

Case Parameter 35 45 55 65 72

2 (α = 1, β = 0) k1 (L·mol−1·min−1) 0.793 1.515 2.846 6.806 12.40
R2 0.990 0.998 0.992 0.992 0.986

4 (α = 1, β = 1) k1 (L2·mol−2·min−1) 0.136 0.260 0.486 1.108 2.270
R2 0.994 0.998 0.994 0.992 0.990

Once the kinetic constants were calculated at different temperatures for both cases,
the activation energy was calculated through the Arrhenius equation (Equation (21)):

ln k = −EA
R
· 1
T
+ ln A0 (21)

where EA is the activation energy (kJ·mol−1), R is the universal gas constant (kJ·mol−1·K−1),
T is the average temperature (K) and A0 is the pre-exponential factor. Figure 5 shows the
influence of temperature on kinetic constant, and the subsequent results corresponding to
its adjustment to the Arrhenius equation are included in Table 6.

Table 6. Activation energy determination through Arrhenius adjustment.

Case 2 Case 4

Ea, kJ·mol−1 R2 Ea, kJ·mol−1 R2

65.5 0.988 66.0 0.984
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As expected, the activation energies were the same, regardless the model used, as
long as these operating conditions were considered (methanol:oil ratios exceeding 9:1 for
Case 2). Concerning the Ea values, they are within the range determined in the literature
(see Table 7), with kinetic models where the mechanism of three reactions in series was used
for transesterification, considering a second-order reaction (first-order for each reagent).

Table 7. Activation energies found in the literature for transesterification of triglycerides.

Process
Ea, kJ·mol−1

Reference
T→D D→T D→M M→D M→G G→M

Methanolysis of Brassica carinata oil with KOH 10.8 71.0 92.4 70.7 12.0 n.d. [35]
Methanolysis of palm oil with KOH 64.5 n.d. 59.4 n.d. 26.8 n.d. [36]

T = triglyceride; D = diglyceride; M = monoglyceride; G = glyceride.

Finally, Figure 6 shows the experimental evolution of the conversion for two experi-
ments (shown as examples), comparing with predicted values obtained by Cases 2 and 4.

As inferred from this figure, Case 4 represented more exactly the experimental data
for the experimental set included in this study. This difference between both cases was
noticeable for the experiments where low methanol:oil ratios (<9:1) were selected. This was
due to the fact that, as previously checked, Case 2 was not valid in these circumstances.

Finally, once the best chemical conditions were selected for soybean biodiesel pro-
duction (1% w/w KOH, 9:1 methanol/oil ratio, 65 ◦C, 700 rpm and 120 min), a final
FAME content of 97.6% was obtained, complying with the standards, with the following
FAME profile: 52.1% methyl linoleate, 25.1% methyl oleate, 10.6% methyl palmitate, 5.91%
methyl linolenate, 3.20% stearic acid and 3.09% others. It should be noted that, during
the different stages of transesterification, the FAME profile did not change. Equally, when
different catalysts were used, the FAME profile did not present significant differences (data
not shown).
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responding to Cases 2 and 4. Experimental conditions for (A): Catalyst, 1.0 % w/w KOH; reaction
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conditions for (B): Catalyst, 1.0 % w/w KOH; reaction time, 120 min; methanol:oil mole ratio, 3:1;
stirring rate, 700 rpm; temperature, 65 ◦C.

2.2. Acid Catalysis

The effect of acid catalysts is shown in Figure 7 in the case of p-toluenesulfonic acid
at different concentrations (9%, 15% and 20% w/w). The increase in methyl ester content
was not as abrupt as in the case of base catalysis, requiring longer reaction times (up to
9–10 h) to obtain similar conversions, as observed in previous studies where sulfuric acid
was compared to other base catalysts, such as sodium hydroxyde and sodium ethoxide,
applied to the transesterification of Terminaliacattapa L. and Moringa oleifera oils [37,38]. As
the catalyst concentration increased, the reaction rate was higher, reaching higher FAME
yields at shorter reaction times.
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In addition, as it can be observed, acid homogeneous catalysis of soybean oil transes-
terification had an initial induction period (red dashed circle in Figure 7). This period could
be due to diffusion phenomena of reagents between the phases [39–41], which were more
pronounced in acid catalysis. Due to this fact, in order to use the same models applied to
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base catalysis, the time range due to the chemical reaction control was considered (where
the reaction rate will be given by the chemical reaction); that is, once this induction period
ended and until the chemical balance was achieved. This approach would allow the adjust-
ment of these data to the kinetic model. Thus, Equation (7) can be integrated, considering
Cases 2 and 4, resulting in the following (Equations (22) and (23)):

Case 2 : ln
[
(1− X1)

(1− Xi)

]
= k·(ti + t1) (22)

Case 4 :
1

θB − 3

[
ln

(1− X1)·(θB − 3Xi)

(1− Xi)·(θB − 3X1)

]
= k·CA0 ·(ti − t1) (23)

where Xi is triglyceride conversion at a certain time ti (before the chemical equilibrium) and
X1 is triglyceride conversion at the beginning of the period corresponding to the control of
the chemical reaction (t1).

The kinetic study of acid catalysis was carried out following the same procedure
explained for base catalysis, adjusting Equations (22) and (23) to different experimental
data (varying the kind of catalyst and their concentration). Table 8 shows the main results,
including k and R2.

Table 8. Results concerning the use of kinetic models to global transesterification reaction through
acid homogeneous catalysis. Experimental conditions: T, 65 ◦C; stirring rate, 700 rpm; methanol:oil
ratio, 9:1.

H2SO4 H3PO4 CH3C6H4SO3H

Case Parameter 9% 15% 20% 9% 15% 20% 9% 15% 20%

2
k′·10−3 (min−1) 2.134 2.535 2.805 0.3068 0.4292 0.5452 5.752 7.109 8.388

R2 0.996 0.989 0.994 0.957 0.980 0.982 0.998 0.998 0.993

4
k′·10−4

(L·mol−1·min−1)
3.555 4.319 4.840 0.4541 0.6413 0.8221 10.75 13.53 16.35

R2 0.993 0.978 0.986 0.961 0.984 0.987 0.998 0.998 0.985

As inferred from this table, and similarly to the base catalysis, both pseudo-first and
second reaction orders showed good determination coefficients for all the catalysts tested
in this experience, with lower values for the pseudo-kinetic constant, as expected. On the
other hand, it can be checked that, for the same catalyst, the kinetic constant increased as
catalyst concentration was higher and, therefore, in this case, it would also be an apparent
kinetic constant, k′, depending on catalyst concentration (Ccat), according to Equation (15).
Nevertheless, the influence of catalyst concentration was lower compared to base catalysis
and, therefore, k2 (non-catalytic constant) could not be considered negligible compared to
k1 (see Table 9).

Table 9. Catalytic and non-catalytic kinetic constant determination for acid catalysis. Experimental
conditions: T, 65 ◦C; methanol:oil mole ratio, 9:1; stirring rate, 700 rpm.

Case 2 Case 4

Parameter k1·104 k2·104 R2 k1·104 k1·104 R2

Units (L·mol−1·min−1) (min−1) (L2·mol−2·min−1) (L·mol−1·min−1)

H2SO4 9.164 1.604 0.996 1.756 2.537 0.996
H3PO4 3.239 1.131 0.999 0.4988 0.1553 0.999

CH3C6H4SO3H 69.53 36.10 0.999 14.75 61.77 0.997

As in the previous subsection, in order to confirm which case (Cases 2 and 4) best fits
to the behavior observed in transesterification experiments through acid catalysis, different
experiments with different methanol:oil ratios for the most efficient catalyst were carried



Catalysts 2022, 12, 146 12 of 17

out (keeping the rest of parameters constant; that is: catalyst concentration, 0.337 mol·L−1

CH3C6H4SO3H; Temperature, 65 ◦C; and stirring rate, 700 rpm). As in these experiments,
the same catalyst concentration was selected, the k′ values were compared instead of the
corresponding ones to the evolution of the constant with Ccat (k1 and k2). The results are
shown in Table 10.

Table 10. Results for the application of the kinetic model. Influence of methanol:oil mole ratio on
acid catalysis. Experimental conditions: catalyst addition, 0.337 mol·L−1 CH3C6H4SO3H; T, 65 ◦C;
stirring rate, 700 rpm.

Methanol/Oil Ratio
(CB0, mol·L−1)

Case Parameter 9:1
(2.84)

18:1
(5.09)

24:1
(6.92)

2 (α = 1, β = 0)
k′ (min−1) 5.752·10−3 5.740·10−3 5.787·10−3

R2 0.998 0.998 0.990

4 (α = 1, β = 1)
k′

(L·mol−1·min−1) 1.075·10−3 6.037·10−3 5.038·10−3

R2 0.998 0.992 0.995

Thus, the second-order model (Case 4) was not suitable to represent the experimental
data, as k′ should be independent of the methanol:oil ratio, as it happened in Case 2,
with an average k′ of 5.76·10−4 min−1. As a consequence, the model representing the
pseudo-first reaction order was suitable for the kinetic behavior of the transesterification of
soybean oil through acid catalysis with p-toluenesulfonic acid for the tests included in this
experience. This could be due to the high methanol concentrations used, clearly exceeding
the stoichiometry of the process (methanol:oil ratio of 3:1).

Further, the influence of temperature for acid catalysis was studied, determining
the value of k′, through the adjustment to Equation (22) for the experiments with differ-
ent reaction temperatures. The rest of the parameters were kept constant, as explained
in Table 11.

Table 11. Results for k′ determination. Influence of temperature on acid catalysis. Experimental
conditions: catalyst addition, 0.337 mol·L−1 CH3C6H4SO3H; methanol/oil ratio, 18:1; stirring rate,
700 rpm.

Temperature, ◦C

Case 35 45 55 65

2 (α = 1, β = 0) k′·103(min−1) 0.2486 0.7433 2.563 5.740
R2 0.974 0.995 0.984 0.998

Finally, Figure 8 shows the influence of temperature on k′, and its adjustment to the
Arrhenius equation (Equation (21)). As a result, the activation energy obtained (EA) was
92.3 kJ·mol−1 (R2 = 0.996), a higher value (as expected) compared to the experiments
corresponding to base catalysis (with an average value of 65.7 kJ·mol−1).

Considering the EA values, Figure 9 shows the experimental evolution (and predicted
values) for some experiments carried out (at different reaction temperatures) for acid
transesterification of soybean oil using CH3C6H4SO3H as a catalyst, where the good results
of the applied model (Case 2) are observed.
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3. Materials and Methods
3.1. FAME Production through Homogeneous Catalysis
3.1.1. Raw Material

Soybean oil was used for biodiesel production. It was provided by the “Agrarian
Research Institute Finca La Orden-Valdesequera”, from CICYTEX (Centro de Investigacione-
sCientíficas y Tecnológicas de Extremadura). The seeds were collected in the 2021 season,
and the oil was obtained through mechanical extraction (without any chemical treatments).
The oil had free fatty acid content below 3% and moisture below 1% (avoiding the sub-
sequent hydrolysis and free fatty acid generation), and it was filtered and stored in 25-L
containers for further processing.

3.1.2. Transesterification Reaction

FAME synthesis, including the main steps and experimental facilities, is explained
elsewhere [42,43]. Briefly, 250 g of soybean oil was added to a three-necked reactor, adding
the corresponding amount of methanoland reaching a certain temperature and stirring
rate. Once the reaction parameters were achieved, a suitable amount of homogeneous
catalyst (acid or base) was added. The reaction took place for 180 min. In order to monitor
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the process, 2 mL of sample was collected and filtered at certain reaction times, cooling
it down for FAME quantification through gas chromatography determination according
to the UNE-EN 14214 standard [44]. In short, aVARIAN 3900 chromatograph was used
(VARIAN, Palo Alto, CA, USA), provided with a flame ionization detector and employing
a silica capillary column (30 mm long, 0.32 mm internal diameter, 0.25 µm film thickness).
The carrier gas was helium (Linde, Dublin, Ireland) at a flow rate of 0.7 mL·min−1. The
injector temperature was kept at 270 ◦C, and the detector temperature was 300 ◦C. The
temperature program started at 200 ◦C, increasing at 20 ◦C·min−1 up to 220 ◦C. Heptane
was used as a solvent, and methyl heptadecanoate was used as an internal standard. All
the standards were provided by Sigma-Aldrich (St. Louis, MO, USA). This way, catalytic
activity was determined by obtaining the transesterification yield. When biodiesel exceeded
the lower limit established by the standard (that is, 96.5%), it also complied with most
quality standards (including viscosity, density, cold filter plugging point, etc.). These data
were not shown in this study, which was basically focused on kinetic parameters.

3.2. Kinetic Study

For the kinetic study, transesterification of soybean oil with methanol by using
base (KOH, NaOH and CH3OK) and acid (H2SO4, H3PO4 and p-toluenesulfonic acid,
CH3C6H4SO3H) catalysis was carried out at different catalyst concentrations and tempera-
tures. More details about the description of the kinetic study are provided in the Results
and Discussion section in order to make the reasoning of the article easier.

The progress of the transesterification reaction has been monitored through the in-
crease in FAME (product C in Equation (1)), which was analyzed and quantified through
gas chromatography, expressed as mC/mTotal (g/g). Thus, the C concentration needs to
be related to the conversion (X) of the main substrate (triglycerides, A), hence the value of
mTotal should be known at every reaction time.

According to the characteristics of the chromatographic method and the procedure
followed for sample analysis, mT is the sum of masses corresponding to triglycerides
(without reaction, mA), fatty acid methyl ester generated (FAMEs, mC) and free fatty acid
included in the raw material (mFFA):

mT = mA + mC + mFFA (24)

Thus, for mA, mC and mFFA, the following equations were obtained:

mA = nA·MA =

(
nA0 −

1
3

nC

)
·MA (25)

mc = nc·MCi (26)

mFFA = constant (27)

where nAis triglyceride (A) moles at a certain time t; MA is the molecular weight of triglyc-
erides; nA0 are the initial moles of triglycerides; nC are FAME (C) total moles at a certain
time t; MCi is the average molecular weight of FAMEs at a certain time t.

Operating with these equations, it is possible to calculate triglyceride conversion (X)
from the chromatographic results according to Equation (28):

X =
[mFAME/mT ]·

(
nA0 ·MA + mFFA

)
1 + [mFAME/mT ]·

(
1
3 MA −MCi

) · 1
3·nA0

(28)

Once triglyceride conversion was obtained with the above-mentioned equation,
the selection of the most suitable kinetic model for transesterification (depending on test
conditions) was carried out, requiring the adjustment of experimental data (X evolution over
time) to the different cases included in Table 1 (Equations (8)–(13)). Thus, a least-squares
adjustment of the experimental data (between the beginning of the reaction and the time
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when the chemical equilibrium was achieved) to these equations will allow the assessing of
the suitability of these models, comparing their coefficient of determination (R2).

Finally, according to the most suitable kinetic models, the kinetic constant of the
process, as well as the activation energy, were obtained. For this purpose, different catalysts
were used at different concentrations (0.5, 1.0 and 1.5 % w/w), methanol concentrations
(corresponding to different methanol:oil ratios; that is, 3:1, 6:1, 9:1 and 12:1 for base catalysis
and 9:1, 18:1 and 24:1 for acid catalysis) and temperatures (35, 45, 55 and 65 ◦C). The rest of
the chemical conditions were kept constant (stirring rate at 700 rpm). To sum up, the main
steps carried out in this study are included in Figure 10.
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4. Conclusions

The most interesting findings were the following:

• A thorough kinetic study was carried out with different acid and base catalysts, which
can serve as a dataset for further comparisons with other catalysts or can contribute to
the design of experimental or industrial facilities.

• In the case of base homogeneous catalytic transesterification, a second-order kinetic
(first-order for each reagent) is proposed, whereas in the case of methanol/oil ratios
higher than 9:1, a pseudo-first reaction order with respect to triglycerides was selected.

• In any case, the kinetic constant depended on catalyst concentration, according to
the expression k′ = k1·CCat, which is valid regardless of the kind of catalyst and the
concentration range used in this experience.

• At 65 ◦C, the k1 values (which are independent of catalyst concentration) for the
pseudo-first reaction order for KOH, NaOH and CH3OK were 7.258, 8.420 and
12.43 L·mol−1·min−1, respectively. Under the same circumstances, the k1 values
for the second-order reaction were 1.335, 1.565 and 2.524 L2mol−2min−1 for KOH,
NaOH and CH3OK, respectively.

• According to the Arrhenius equation, in the case of base catalysis with KOH, an acti-
vation energy of 65.5–66 kJ·mol−1 was obtained.

• Concerning acid homogeneous catalysis, a pseudo-first-order reaction was proposed
(linked to triglycerides) once the first stage took place (corresponding to external
diffusion control of the reagents between phases).

• The pseudo-first reaction order constant depended on catalyst concentration under the
chemical conditions considered in this study, according to the expression: k′ = k1·CCat + k2.

• Thus, at 65 ◦C, the k1 values were 3.239·10−4, 9.164·10−4 and 6.953·10−3 L·mol−1·min−1

for H3PO4, H2SO4 and CH3C6H4SO3H, respectively. On the other hand, k2 was
1.131·10−4, 1.604·10−4 and 3.610·10−3 min−1 for H3PO4, H2SO4 and CH3C6H4SO3H,
respectively. According to these values, it was confirmed that transesterification
through acid homogeneous catalysis was much slower than in the case of base homo-
geneous catalysis.

• For CH3C6H4SO3H, an activation energy of 92.3 kJ·mol−1 was obtained, which was
higher (as expected) than in the case of base homogeneous catalysis.
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