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� Montmorillonite was impregnated
with different oxides for biodiesel
synthesis.

� Biodiesel was obtained by ethylic
transesterification, while most papers
use the methylic one.

� More than 80% conversion was
obtained in a green chemistry process
using ZnO impregnated on natural
bentonite.
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This research aims to study the feasibility of using bentonite clays in their natural form, acidified and
impregnated with CuO, ZnO and CeO2 by a microwave-assisted solvothermal method, for use in the pro-
duction of biodiesel. Characterization of the materials confirmed impregnation on the bentonite.
Transesterification reactions were performed using the ethylic route at 200 �C in a Parr reactor for 1, 2
and 4 h. The results indicated that acidified bentonite led to the conversion of triacylglycerides into esters
in addition to small amounts of diacylglycerides and monoacylglycerides. However, this material does
not lead to the homogeneous impregnation of the oxides on its surface. For the natural bentonite, almost
no conversion was obtained for the pure material, but a homogeneous impregnation with zinc oxide was
attained, leading to 88% conversion after 4 h of a catalytic test.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Natural clays have been used in catalytic reactions. For instance,
K-10 montmorillonite and HB zeolite were used as catalysts in the
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methylic transesterification of Pongamia pinnata oil at 120 �C for
24 h. Conversions of 47% and 59% were obtained, respectively [1,2].

The structural properties of clay minerals can be modified by
different methods or can be used as supports for the deposition
of catalysts. The use of a catalytic support aims to increase the sur-
face area and improve the dispersion of the active phase leading to
more active sites [2,3]. In the present work, a bentonite was used
as a support for ZnO, CuO and CeO2.

ZnO is a material with promising results in the synthesis of bio-
diesel, with conversions up to 96% depending on the method of
synthesis and the reaction conditions during transesterification
[4]. Karmee and Chadha [1] obtained an 83% conversion in the
methylic transesterification of Pongamia pinnata oil at 120 �C for
24 h. The simultaneous synthesis of nanometric ZnO and biodiesel
was performed by the solvothermal reaction of vegetable oils and
zinc nitrate in methanolic media with conversion of almost 97%
[5]. Zinc was also used as a salt for the methanolic transesterifica-
tion of castor oil [6,7]. ZnO was also mixed with other oxides, as
CaO, La2O3 or SiO2 for the transesterification reaction [8–12].

CuO has been mixed with other oxides and used in the synthe-
sis of biodiesel from cooking oil. CuO–CeO2 mixed oxides led to
92% conversion [13]. Caland et al. [14] obtained �84% conversion
using CuO–Al2O3 for the methanolic transesterification of babassu
oil. CuO was supported on SrO for the transesterification reaction
in addition to the selective hydrogenation of hempseed oil [15].

CeO2 has been used as a support or mixed with other oxides for
the methanolic transesterification of different oils. For instance,
CeO2–CaO mixed oxides were used as catalysts by Thitsartarn
and Kawi [16] for the methanolic transesterification of palm oil
with 95% conversion and also by Kawashima et al. [17], with 80%
conversion. Ramírez et al. [18] obtained 56% conversion after 1 h
of reaction for CeO2 impregnated on MgO in the transesterification
of cooking oil. In other studies, CeO2 was used as a support for CaO
in the methylic transesterification of soybean oil. [19,20].

In the present work, ZnO, CuO and CeO2 were deposited on ben-
tonite using the microwave-assisted hydrothermal/solvothermal
method of synthesis, which has been widely used to obtain nano-
metric materials with different compositions [21]. The transester-
ification reaction was performed by the ethylic route because
Brazil produces ethanol from sugar cane, which leads to a very
green fuel.
2. Materials and methods

2.1. Synthesis of the catalytic system

The natural (NAT) and acid (ACD) clays were provided by
BETONISA S.A. ZnO and CuO solutions were prepared separately
using acetates as precursors (Zn2(CH3COO)2�H2O and Cu
(CH3COO)2�H2O, respectively) under ethanolic media and CeO2

was obtained using Ce(SO4)2�4H2O in aqueous media. All of the
suspensions were obtained after alkalinization by NH4OH. The
bentonite was added to the suspension containing the cations
under constant stirring for 20 min and solvothermalized/hydrother
malized in a microwave reactor at 100 �C for 15 min. The precipi-
tated material was washed with distilled water in a centrifuge
until neutralization at pH = 7 and dried at 100 �C for 5 h. Samples
were named based on the bentonite used as the support (NAT for
the natural one and ACD for the acid one) and the symbol of the
cation present in each oxide.

Powders were characterized by X-ray diffraction in an XRD
6000 instrument from Shimadzu using Ka (Cu) radiation
(k = 1.54), a step scan of 0.03�/s and a 2h range of 3–80�.
Analyses of the surface area were performed by N2 adsorption
using the BET equation. Measurements were taken in a BELSORP
II instrument. FE-SEM micrographs were performed using a FEG-
VP Zeiss Supra 35 instrument.

For the catalysts NAT, ACD, NAT Zn and ACD Zn, the acid sites
were determined by the n-butylamine adsorption/desorption,
according to the methodology described by Silva et al. [22], except
for the activation temperature which was done at 200 �C instead of
400 �C, due to the clay dehydroxylation reaction which takes place
between 400 and 500 �C. Quantification of the n-butylamine adsor-
bed/chemisorbed on the acid sites was performed by thermosorp-
tion using thermogravimetry measurements by a Mettler 851 TG/
SDTA equipment. For this calculation the mass loss assigned to
dehydroxylation was subtracted from the total mass loss. The anal-
yses were carried out in alumina crucibles containing ca. 10 mg of
sample pre-adsorbed with n-butylamine. High purity nitrogen was
used as carrier gas was with a flow of 25 mL min�1. Samples were
heated with a rate of 10 �C min�1 up to 850 �C.
2.2. Catalytic test

Synthesis of the biodiesel was performed using ethyl alcohol
and soybean oil in a molar ratio of 12:1. The catalysts were used
in a concentration of 5% m/m. Reactions were performed in a
Parr reactor, model 4561, with a capacity of 300 mL. The reagents
were placed in the reactor and heated to 200 �C at a heating rate of
2 �C min�1 under stirring at a speed of 600 rpm. The final pressure
varied from 300 to 330 psi. Samples of 35 mL were removed from
the reactor after 1, 2 and 4 h. These samples were centrifuged for
separation of the catalysts and then transferred to a decantation
balloon, where they were washed and dried at 80 �C under
vacuum.

The biodiesel samples were characterized by kinematic viscos-
ity measurements using a Julab viscometer, model V18, with a
Cannon Fenske glass capillary immersed in a water bath at 40 �C.
1H NMR spectra were obtained on a GEMINI 300BB VARIAN spec-
trometer operating at a frequency of 200 MHz. Conversion of the
oil into biodiesel was evaluated based on the integrated peaks of
the spectra [23–25] according to the methodology developed by
Ghesti [24]. The concentration of the ethylic esters was determined
using a gas chromatograph with a flame ionizing detector (GC-FID)
from Shimadzu, model CGMS-2010, with an automatic sampler
and a split injector. The capillary column Durabond – DB-23
(Agilent Technologies) was used. Helium was used as the carrier
gas with a flow rate of 30.0 mL min�1 and an injection volume of
0.5 lL. The temperature of the FID detector was 380 �C.
3. Results and discussion

3.1. Synthesis of the catalysts

The XRD patterns of the pure and impregnated bentonites are
presented in Fig. 1 and Table 1. The presence of smectite was con-
firmed, in addition to quartz and minor amounts of illite and kaoli-
nite. One peak assigned to CeO2 was identified at 28�, which
confirmed the formation of the fluorite phase. Superposition of
the peaks assigned to CuO and ZnO with those of the smectite
made identification of these phases difficult. Moreover, this behav-
ior may be related to the formation of ZnO and CuO with low crys-
tallinity, which would lead to low-intensity peaks in the XRD
patterns.

After deposition of the oxide on the bentonite, a significant
decrease in the intensity of the (001) peak of the smectite can
be observed, in addition to its dislocation to larger angles, which
indicate that the interlamellar distance decreased. This behavior
can be assigned to the intercalation of H3O+ molecules among
the lamellae being exchanged with hydrated Na+ cations.



Fig. 1. XRD patterns of the natural (NAT) and acidified (ACD) clays impregnated
with CuO, ZnO and CeO2.

Table 1
Results obtained by XRD and N2 adsorption measurements.

Catalyst 2h Angle (�) d001 (Å) SBET (m2/g)

NAT 5.7 15.4 54
NAT Cu 6.8 12.9 54
NAT Ce 6.8 12.9 120
NAT Zn 6.6 13.4 64
ACD 6.1 14.4 15
ACD Cu 7.0 12.6 56
ACD Ce 6.6 13.3 94
ACD Zn 7.0 12.7 58
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For the systems composed of oxides deposited on natural ben-
tonite, changes were similar to those observed for the acid ben-
tonite. The decrease in the interlamellar distance indicates that
these oxides are deposited not only on the surface of the smectite
but also among the lamellae. For the samples obtained from
Fig. 2. FE-SEM images of the bentonite samp
deposition of the oxides on the acid clay, a decrease in the intensity
of the (001) peaks and a shift to larger angles was also observed.

The results related to the d(001) values obtained in the present
work are similar to the literature data concerning natural montmo-
rillonite and in relation to the dislocation of the (001) peaks when
clays are acidified or impregnated with metals [3,26,27].

Evaluation of the morphology was performed by FE-SEM, as
shown in Fig. 2. Micrographs of the bentonite samples impreg-
nated with CuO, ZnO and CeO2 showed the dispersion of the metal
oxides on the clay. For the acid bentonite, the formation of agglom-
erates on and beside the clay particles was observed. As these
images were obtained with a backscattering signal, brighter
regions are related to atoms with larger atomic numbers, as clearly
observed for the ACD Ce sample. When impregnation was
les impregnated with CuO, ZnO or CeO2.



Fig. 3. Thermogravimetric curves of (a) NAT and ACD clays before n-butylamine
adsorption; (b) NAT, ACD, NAT Zn and ACD Zn samples after n-butylamine
adsorption.
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performed on natural bentonite, deposition on the clay particles
occurred. These depositions were not homogeneous, with forma-
tion of agglomerated material with a brighter color on the surface
of darker particles. The most homogeneous impregnation took
place for ZnO on the natural clay (NAT Zn).
Table 2
Adsorption site distribution for NAT, ACD, NAT Zn and ACD Zn.

Sample Acidity (mmol g�1) Adsorption type

NAT 1.65 Physical adsorption
0.21 Weak chemisorption
0.16 Medium chemisorption
0.06 Strong chemisorption

NAT Zn 0.09 Physical adsorption
0.25 Weak chemisorption
0.66 Medium chemisorption
0.24 Strong chemisorption

ACD 0.27 Physical adsorption
0.40 Weak chemisorption
0.80 Medium chemisorption
0.64 Strong chemisorption

ACD Zn 0.40 Physical adsorption
0.13 Weak chemisorption
0.40 Medium chemisorption
0.95 Strong chemisorption
In relation to the surface area, the results presented in Table 1
indicate that acid treatment led to a significant decrease in the sur-
face area. This behavior can be explained by the removal of impu-
rities with small particle sizes during acid treatment. Impregnation
of the oxides on the natural clay leads to an 18% increase in the sur-
face area for NAT Zn and a 122% increase for NAT Ce. For samples
prepared using the acid clay, this increase was remarkable for all
oxides with an increase larger than 250%. This behavior is related
to a nonhomogeneous deposition of the oxides on the surface of
the bentonite and to a segregation of the oxides, particularly for
the acid clays, as shown in the FE-SEM micrographs.

The use of n-butylamine as probe molecule for determination of
acid properties is well known in literature [22,28–29]. For instance,
Ruiz et al. [29] evaluated the acid sites of palygorskite clays by the
mass loss of adsorbed n-butylamine, evaluated by thermogravi-
metric analysis. This work was used as reference for the correlation
among mass loss regions in the thermogravimetric curves with the
acid strength sites identified by n-butylamine thermosorption.
According to the authors, four mass loss regions were identified:
the first one was assigned to n-butylamine physical adsorption
with mass loss between 27 and 110 �C; the second one was related
to a weak chemisorption in the temperature range from 110 to
210 �C; in the third one, medium chemisorption was quantified
between 210 and 330 �C; the fourth mass loss in the range from
330 to 720 �C was assigned to strong chemisorption. According
to Silva et al. [22], the physisorbed n-butylamine is related to very
weak acid sites, which do not contribute effectively to chemisorp-
tion phenomena at low temperatures.

The thermogravimetric curves obtained in the present work for
samples NAT, ACD, NAT Zn and ACD Zn are presented in Fig. 3.
Quantification of n-butylamine desorption from the different acid
strength sites are indicated in Table 2, as well as the temperature
range of n-butylamine mass losses. The acidity calculation consid-
ered a 1:1 adsorption stoichiometry, similarly to Ruiz et all [29],
while the total acidity was calculated by the sum of n-
butylamine mass loss considering only chemisorption which is
related to weak, medium and strong acid sites.
3.2. Catalytic test

The results for the viscosity of the oils after the catalytic test are
shown in Table 3. Lower viscosities were obtained for the samples
catalyzed by ACD, NAT Zn and NAT Ce, which indicates that these
materials have a higher activity. Impregnation of the oxides on the
acid clay leads to a reduction in activity.
Desorption range, DT (�C) Total acidity (mmol g�1)

30–144 0.43
144–291
291–380
380–790

61–104 1.15
104–226
226–395
395–865

47–106 2.31
106–221
221–396
396–780

47–154 1.48
154–217
217–357
357–732



Table 3
Viscosity values of the oil after the catalytic tests.

Catalyst Viscosity (m2 s�1) Reduction (%) Catalyst Viscosity (m2 s�1) Reduction (%)

Soybean oil 34.0 0 Soybean oil 34.0 0
ACD – 1 h 18.3 46.2 NAT – 1 h 32.0 5.9
ACD – 2 h 16.1 52.6 NAT – 2 h 26.4 22.3
ACD – 4 h 12.7 62.6 NAT – 4 h 31.2 8.2
ACD Cu – 1 h 30.9 9.1 NAT Cu – 1 h 32.8 3.5
ACD Cu – 2 h 29.5 13.2 NAT Cu – 2 h 32.8 3.5
ACD Cu – 4 h 27.3 19.7 NAT Cu – 4 h 31.3 7.9
ACD Zn – 1 h 29.3 13.8 NAT Zn – 1 h 26.2 22.9
ACD Zn – 2 h 26.2 22.9 NAT Zn – 2 h 16.0 52.9
ACD Zn – 4 h 21.1 37.9 NAT Zn – 4 h 8.4 75.3
ACD Ce – 1 h 35.5 0 NAT Ce – 1 h 33.2 2.3
ACD Ce – 2 h 32.4 4.7 NAT Ce – 2 h 28.2 17.6
ACD Ce – 4 h 26.4 22.3 NAT Ce – 4 h 16.2 52.3
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Results described in Table 2 indicate that acidification of NAT
clay and ZnO impregnation onto ACD clay lead to significant vari-
ation of the amount of the different acid sites as well as to a signif-
icant variation of the total acidity of these catalysts. In relation to
the acidification process, a high efficiency is attained with a
5-fold increase of the total acidity for ACD clay comparing to
NAT one. While the amount of very weak acid sites (which do
not contribute to the catalytic process) had a significant decrease,
the amount of weak, medium and strong acid sites were increased
by 2, 5 and 11 times, respectively. For ZnO impregnation onto the
NAT Clay (NAT Zn), a 3-fold increase of the total acidity was
attained. Once again a significant decrease of the very weak acid
sites was observed, besides a 4-fold increase of the medium and
strong acid sites. The same behavior was not observed for ZnO
impregnation onto ACD clay (ACD Zn). For this sample, the total
acidity was reduced to half comparing to ACD, indicating that the
alkaline conditions used in the impregnation process are not ade-
quate for acid clays. For ACD Zn, only the amount of very weak acid
sites and of strong acid sites increased, while the amount of weak
and medium acid sites decreased 3 and 2 times, respectively.

These results confirm that a change in the characteristics of the
acidic clay takes place due to the hydrothermal/solvothermal syn-
thesis in alkaline medium, which reduces the acid sites of the ben-
tonite. Moreover, this reduction in activity after impregnation of
acidic clay can also be related to the distribution of the metal oxide
on the ceramic particles because clays with acid treatment led to
the impregnation of agglomerates both on the surface of and out-
side the interlamellar region (Fig. 2), whereas impregnations on
the natural clays caused a coating to form around the clay particles.
This behavior may contribute to a larger dispersion of oxides on
the clay, leading to the exposition of more active sites for the
NAT Ce and NAT Zn samples. The activity of the ACD sample may
be related to the presence of acid groups on the surface acting as
active sites that promote the transesterification reaction in spite
of the low surface area of this material compared with the NAT
sample.

The reduction in viscosity of the oils likely indicates that trans-
esterification occurred. This reduction takes place even when the
reaction is not complete and diacylglycerides or monoacylglyc-
erides are still present in the material.

1H NMR spectroscopy was used for a better evaluation of the
reaction (Fig. 4). The region of the spectrum between 0 and
3.0 ppm is characteristic of peaks assigned to the fatty acid groups
constituting triglycerides, which do not change after transesterifi-
cation [30,31]. The transesterification reaction can be evaluated by
considering the two doublet of doublets between 4.0 and 4.4 ppm
and the 5.2 ppm peak associated with the hydrogens of the CH2

and CH groups present in the triglycerides, respectively [23,24],
which are modified after the reaction. According to the reaction
mechanism, mono- and diacylglycerides are intermediates in the
transesterification reaction, and these peaks disappear if the reac-
tion is complete. Moreover, the production of ethyl esters can be
shown by the quartet between 4.0 ppm and 4.2 ppm, characteristic
of etoxila methyl groups originally present in the ethyl alcohol
[23,24].

The behavior observed in the 1H NMR spectra of glycerides may
be analyzed by considering the structures of the different acylglyc-
erol classes (MAG – monoacylglycerides, DAG – diacylglycerides or
TAG – triacylglycerides) and the fatty acid ethyl esters (FAEE).
These structures are represented in the inset of Fig. 4a [31].

The 1H NMR spectra of the samples after the catalytic tests are
presented in Fig. 4a. It is possible that FAEE formation is negligible
for NAT-, NAT Cu- and ACD Cu-catalyzed samples because the pro-
files of their 1H NMR spectra are very similar to that of the oil
(Fig. 4b), whereas the peaks assigned to FAEE, between 4.0 and
4.2, are not observed. These samples also showed less reduction
in their viscosity values and approached the results obtained for
the oil.

The oils catalyzed with NAT Ce, ACD Ce and ACD Zn samples
show an overlap of the doublet of doublets and the quartet that
is observed between 4.0 and 4.2 ppm. Moreover, the 1H NMR spec-
tra for the samples catalyzed by these materials also indicate the
presence of TAG and the formation of FAEE, 1,2-DAG and MAG-1.
This result indicates that the conversion of TAG into ethyl esters
was incomplete [23,24].

The spectra of samples obtained with ACD and NAT Zn show a
significant decrease in the doublet of doublets in the region
between 4.2 and 4.4 ppm and the appearance of a quartet between
4.0 and 4.2 (Fig. 4b). These samples exhibit 1H NMR spectra char-
acteristic of a large amount of FAEE from the presence of protons
b and an almost insignificant amount of a1,2 and a1 protons (char-
acteristic of 1,2-DAG and 1-MAG), especially for the sample cat-
alyzed by NAT Zn, indicating that this catalyst led to a better
performance than ACD. It is important to emphasize that these
samples also showed the largest reduction in viscosity values.

Several studies have reported the use of 1H NMR spectroscopy
to quantify the conversion of oils into fatty acid esters
[23–25,30,32–33]. Ghesti [24] and Costa-Neto [25] reported the
use of this technique for transesterification reactions using ethyl
alcohol. The conversion values obtained in this study (Table 4)
are consistent with the reduction in viscosity, and the peaks
present in the 1H NMR spectra confirm that the use of ACD, NAT
Ce, and NAT Zn catalysts leads to larger conversions, whereas
lower conversions were obtained with NAT Cu, ACD Cu and NAT
catalysts. Though they were used to evaluate the conversion,
superposition of the peaks assigned to tri-, di- and



Fig. 4. (a) 1H NMR spectra of soybean oil and of the products obtained after the catalytic tests. Inset: Structures of the MAG – Monoacylglycerol, DAG – Diacylglycerol,
TAG – Triacylglycerol and FAEE – fatty acid ethyl ester [34]; (b) amplification of the 1H NMR spectra between 3.8 and 4.4 ppm.

Table 4
Conversion percentages (CEE) obtained after catalytic tests.

Samples Oil NAT Cu ACD Cu NAT ACD Ce ACD Zn ACD NAT Ce NAT Zn Biodiesel

% CEE 0a 11.0 13.5 15.5 25.5 40.0 55.0 75.0 88.0 100a

a The values of 0% and 100% were attributed to pure soybean oil and pure ethyl esters, respectively.
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monoacylglycerides in the 1H NMR spectra do not permit one
to evaluate which reactions are not complete and which
intermediates (such as di- and monoacylglycerides) are present.

The characterization of these intermediates was carried out by
13C NMR spectroscopy, as shown in the spectra of the samples
before and after 4 h of catalytic tests (Fig. 5a). In the 13C NMR spec-
tra, the transesterification reaction can be confirmed by the chem-
ical shift of the signals between 56 and 70 ppm (highlighted region
in Fig. 5b). In this case, a reduction in the signals assigned to the
methylene group of the glycerol is observed at 62 and 69 ppm,
whereas another signal appears at 60 ppm, which is assigned to
the ethylene group of the alcohol moiety of the ester group
[CH3CH2OC(@O)AR]. The presence of residual mono-, di- and
triglycerides can also be identified in the 13C NMR spectra based
on the data presented in Table 5 [23,34–35].

A closer look at the region between 56 and 70 ppm, as pre-
sented in Fig. 5b, shows important differences after the catalytic
tests. The spectra of the samples after reaction in the presence of
NAT Cu and NAT catalysts are very similar to the oil before trans-
esterification, without peaks assigned to esters, mono- or diacyl-
glycerides, indicating that almost no conversion occurred with
Fig. 5. (a) 13C NMR spectra of the samples after catalytic test; (b) amplification of the s
M = monoacylglycerol, D = diacylglycerol, T = triacylglycerol and EE = ethyl ester.
these catalysts. According to the spectra obtained for the samples
catalyzed by NAT Ce, ACD Ce, ACD Cu and ACD Zn, peaks character-
istic of ethyl esters are observed at 60 ppm, but it is also possible to
observe the formation of diacylglycerides and small amounts of
monoacylglycerides, in addition to the presence of residual triacyl-
glycerides, which indicates the ineffectiveness of these catalysts
for complete conversion to the ethyl esters.

The samples obtained with ACD and NAT Zn catalysts have
more noticeable differences. In these spectra, a significant reduc-
tion of the peak at 62 ppm and the disappearance of the peak at
69 ppm are observed, and another high-intensity peak appears at
60 ppm. These peaks indicate that only small amounts of mono-,
di- and triacylglycerides are still present in these samples.

Among all of the tested catalysts, the sample catalyzed byNAT Zn
presented the largest conversion, as indicated by the lowest viscos-
ity values, by the NMR spectra (1H- and 13C) and by conversion cal-
culations, which indicate that a large amount of FAEE was formed.
The catalytic activity of the NAT Zn catalyst is directly related to a
better dispersion of the active phase on the support, as indicated
in the FE-SEM results, whereas no correlation with surface area
was observed. In other words, the metal oxide must be
pectra between 56 and 70 ppm. Assignments were done in agreement to Table 5;



Table 5
Chemical shift values (d) of carbons in different classes of glycerides and in ethylic ester [36–37].

Resonance code d (ppm) Carbon atom

D; T 62.04 –CH2/sn-1,2-Diacylglycerides; –CH2/Triacylglycerides
M 63.34 –CH2/sn-1-Monoacylglycerides
D 64.99 –CH2/sn-1,2-Diacylglycerides
D 68.14 –CH/sn-1,3-Diacylglycerides
T 69.02 –CH/Triacylglycerides
M 70.37 –CH/sn-1-Monoacylglycerides
EE 60.00 (–CH2–CH3) – Ethylene group of the alcohol moiety of the ester
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homogeneously distributed over the bentonite surface. Moreover,
the choice of the appropriate clay is extremely important to obtain
a better interaction between the catalyst and the support.

In spite of the larger conversion into ethylic esters (Table 4),
NAT Zn has a smaller total acidity than ACD and ACD Zn. This
behavior may be related to the different acid strength sites present
in each material. BONELLI et al. [38] evaluated the influence of the
catalyst superficial acidity on the transesterification reaction using
homogeneous and heterogeneous catalysts. The authors found out
that an optimal range of strength for Lewis acidic catalysts exists,
as strong acid sites seem to be less active for transesterification
reactions because desorption of reaction products is unfavorable,
making subsequent reactions more difficult. In the present work,
ACD and ACD Zn have a high total acidity but 28% and 64% of these
sites are assigned to strong ones, respectively. As a consequence, a
smaller conversion takes place, especially for ACD Zn leading to the
presence of triacylglycerides even after 4 h of reaction.

For NAT Zn, ZnO impregnation increases the catalytic activity
with a significant increase in the amount of medium acid sites
comparing to the NAT clay. According to literature, ZnO has an
amphoteric character with a high efficiency in transesterification
of oils even in the presence of high amount of free fat acids.
Triacylgliceride molecules adsorb on the Zn2+ sites on the surface,
behaving as Lewis acid, while O2� sites behave as Lewis base favor-
ing methanol adsorption to promote the transesterification reac-
tion [10].

The transesterification reaction was evaluated by gas chro-
matography for the sample obtained with the NAT Zn catalyst.
According to the chromatogram, a 82.1 ± 0.5% conversion of fatty
acid ethyl esters was achieved, similar to the value obtained by
1H NMR (88.0%). These results confirm that the catalyst system
composed of bentonite impregnated with ZnO is an interesting
alternative for biodiesel synthesis.

4. Conclusions

The microwave-assisted hydro/solvothermal method was effec-
tive in the synthesis of the catalysts, leading to a substantial
change in the characteristics of the clay. The impregnation of oxi-
des using acid bentonite as a support led to the formation of
agglomerated particles but that a larger dispersion was attained
for the natural clay.

The largest viscosity reduction after catalytic tests and the lar-
gest ester conversion were obtained for NAT Zn, which presented
a large dispersion on the bentonite surface during impregnation
with higher amount of medium acid sites, and for ACD, which con-
tains weak and medium acid groups that are active in the catalysis.
The natural bentonite (NAT) was not catalytically active for biodie-
sel synthesis but can be used as a support.
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