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Abstract: . This work shows the results obtained in the synthesis of srilankite nanoparticles, (Zr, Ti)O 2,
and TiO2 anatase, both catalysts presented an admix of phases, anatase/rutile, and srilankite/rutile,
respectively. Their performance in the production of biodiesel through the esterification of oleic acid was
evaluated. The catalysts were obtained using the sol-gel process and sulfated via the impregnation
method. The samples were characterized using X-ray diffraction (XRD), scan electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS) and Fourier-Transform Infrared Spectroscopy (FTIR) to
analyze the properties in its crystalline structure, morphology, and chemical composition. Its efficiency
during the esterification reaction was measured based on the decrease in free fatty acids (FFA). FFA, oleic
acid was added at different weight percentages (1%, 3%, and 5% w/w). The time of reaction was 6 hours
at 55 °C and the catalyst with better performance was the sulfated Srilankite/rutile, reaching a maximum
conversion of up to 90%.
Keywords: Esterification; Heterogeneous catalyst; Biodiesel; Srilankite; anatase; Nanoparticles.

1. Introduction
In the process of biodiesel production, the transesterification reaction is the most common process
used. This kind of reaction is known as homogeneous catalysis, and it uses alkaline hydroxides. A
deviation of this kind of reaction is to carry out the reaction under acid conditions [1]. The homogeneous
catalysts (basic or acidic) has advantages like high activity (a reaction could be complete within one hour),
it is not essential high temperatures and pressure (40 to 65 ° C and atmospheric pressure). At the industrial
level, the homogeneous base catalysis is more commonly applied for biodiesel production because the
base-catalyzed reaction is faster than the acid-catalyzed reaction [2].
However, homogeneous base catalysis causes soap formation; this leaves for the possible
deactivation o the catalyst [3]. Other aspects are the difficulty of separating impurities, the removal of the
catalyst after the reaction, the use of a large amount of water in the purification of biodiesel process and
the generation of wastewater, all these aspects increase the production costs of biodiesel [4]. These
disadvantages of homogeneous acid and base catalysis have promoted the research in heterogeneous
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catalysts since they can activate the reaction process and allow easy separation from the reaction because
they keep their solid phase [5].
During a process of heterogeneous catalysis, the catalyst and the reaction system are in different
phases. At the finish of the reaction, the removal of the catalyst is simple, and its reuse is possible. Another
aspect important about the heterogeneous catalysis is that throughout the process of obtaining biodiesel,
glycerin of high purity is obtained, compared with homogeneous catalysis. Moreover, catalyst
heterogeneous can be reusable; therefore, it makes the heterogeneous catalysts a better process than the
homogeneous one and reducing costs [6].
Table 1. Advantages and disadvantages of the different kinds of catalysis and some examples of
catalysts.
Advantages
Disadvantages
Example of catalyst Reference
High
activity.
Homogeneous
Formation of soap. No NaOH,
KOH,
Inexpensive
and
[7,8]
base catalyst
reusability.
NaOCH3
non-corrosive.
Long
time
reaction
compared
to
Under mild conditions, homogeneous
base
H2SO4,
H3PO4,
Homogeneous the catalytic activity is catalysis.
CH3SO3H,
AlCl3,
[9–11]
acid catalyst enjoyable.
Corrosive.
C2HF3O2
Do not form soaps.
The separation of the
products is complicated.
Just once is usable.
Non-corrosive can be
Lower yields.
regenerated,
reused,
The catalyst synthesis is Na2CO3,
K2CO3,
Heterogeneous applied in continuous
expensive.
CaCO3, CaO, MgO,
[12–16]
base catalyst processes, and have easy
The active sites have low SrO, BaO
separation
of
the
efficiency.
obtained product.
Easy separation.
The catalyst synthesis is
SO42-/ZrO2-TiO2/La3+,
Heterogeneous Is possible the use of the expensive.
sulfatedMetal
[17–20]
acid catalyst catalyst more once a Deactivation
of
the
oxide
time.
catalyst is possible.
Between the heterogeneous base and acid catalysts, the last one presents advantages, because of its
hydrophobic make the catalyst highly stable, this promotes high activity due to the presence of high acid
site strength and minimal leaching of the active site [3,21]. This kind of catalyst also is used in esterification
reactions. The production of biodiesel using heterogeneous acid catalysts improves the selectivity of the
reaction, and avoid undesirable reactions such as saponification and possible uses in oils, with large
amounts of free fatty acids [22]. Table 1 shows a summary of the advantages, disadvantages, and some
examples of the different kinds of catalysts.
In order to develop heterogeneous acid catalysts for the production of biodiesel, many compounds
have been investigated, acid-functionalized carbon [23], metal oxides/mixed metal oxides [24], and
acid-functionalized metal oxides [25,26]. These catalytic reagents have shown good catalytic activity in the
esterification of FFA [12,17]. Due to its excellent performance, there is a great interest in research related to
the synthesis of these catalysts.
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There are many methods for the preparation of the acid catalysts, self-assembly [23], coprecipitation
[24], incipient wetness impregnation [27], hydrothermal [25], and sol-gel [28], this technique has many
advantages, as low cost, control of the phase structure, better homogeneity, control in crystal size,
monodispersity, and microstructure [26]. The most common method to make acid a catalyst is via
impregnation whereby a metallic hydroxide, or oxide, interacts with a solution of H 2SO4 or (NH4)2SO4,
followed by drying and calcination[12,29].
The importance of this work is in the absence of reports suggesting the Srilankite as an acid catalyst in
the esterification reaction. The reaction catalytic to evaluate the performance of TiO 2 and Srilankite was
conducted using esterification of oleic acid, employing both sulfated TiO 2 and sulfated Srilankite; first, the
nanoparticles are obtained by the sol-gel method and after, they are sulfated via impregnation. The
characterization of the compounds consisted of its crystal structure and morphology.
In this work, six main products were possible to obtain, which differ in the ratio of proportions of Ti
and Zr precursors used, as well as in their immersion in a sulfuric acid solution, used to impregnate the
TiO2 and Srilankite catalysts with sulfur.

2. Materials and Methods
2.1 Reagents.
All the reagents used were by Sigma-Aldrich. Tetra-butoxide Titanium (Ti (OC4H9)4) and zirconium
propoxide (Zr (OC3H7)4) as precursors for titanium and zirconium, respectively. Sulfuric acid at 95% was
used to sulfate the catalysts. The acidity index was determined using reagents under the AOCS standard
Ca 5a-40 and the NMX-F-101-1987.
2.2 Catalyst synthesis.
The synthesis of TiO2 and (Zr, Ti)O2 was carried out by the Sol-Gel Method, using Ti (OC4H9)4 and Zr
(OC3H7)4. According to the literature, using this method is possible to obtain nanoparticles. The catalysts
obtained were TiO2, and the Srilankite, labeled as ZrO 2/TiO2 1:3 and ZrO2/TiO2 1:4, prepared with a molar
ratio of 1:3 and 1:4 of Zr and Ti, respectively. The gel obtained from the process was dried in an oven at
105 °C for 16 hours, the powder got was ground, then washed in ethanol. Subsequently, it was dried in an
oven at 105 °C for 8 hours. Finally, it was calcined in a tubular oven at 550 °C for 3 hours under airflow of 5
min/h.
Table 2 shows the labels used for all the samples characterized and evaluated, also in the table, it is
specified the precursor percentage used in the synthesis and if it was sulfated or not. These labels will be
used from now on.

Table 2. List of the samples obtained indicating the rate of Zr and
synthesis. Also is indicated the sulfation of the catalyst.
Sample
Rate (w/w %) Rate (w/w %)
(Zr (OC3H7)4) (Ti (OC4H9)4)
TiO2
0
1
TiO2_1.5M
0
1
ZrO2-TiO2_1-3
1
3
ZrO2-TiO2_1-3_1.5M
1
3
ZrO2-TiO2_1-4
1
4
ZrO2-TiO2_1-4_1.5M
1
4

Ti precursor used during the
Sulfated
No
Yes
No
Yes
No
Yes
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2.3 Sulfation catalyst.
The sulfation of the catalysts was carried out by simple impregnation with sulfuric acid (95% H2SO4).
Three solutions of H2SO4 at different molar concentrations were used (0.5 M, 1 M, and 1.5 M). 0.25 L of
the acid solution and 50 g of the catalyst were mixed and stirred for 3 hours. Afterward, by centrifugation,
the solution was separated, and the sulfated catalyst was dried at 105 °C for 12 h in an oven to remove the
water from the catalysts.
2.4 Characterization.
The characterization of the crystal structure for TiO2 and Srilankite were realized by X-ray diffraction
(XRD), in a RIGAKU SmartLab high-resolution diffractometer, using Bragg Brentano mode and CuKα
radiation, at an acceleration voltage of 40 kV and a current of 44 mA. The measure scanned was carried out
in a θ/2-θ range of 20°- 70°, at a scanning speed of 4° min-1. The morphology was observed in an SEM
JEOL JSM-7100F equipment at 5 kV acceleration voltage under high vacuum conditions.
Energy dispersion spectrometry (EDS) and Fourier Transform Infrared Spectrometry (FTIR)
techniques were used to determine the elemental composition and the chemical species, respectively. To
carry out the EDS analysis, a detector coupled to the SEM (JEOL JSM-6010LA) for a semiquantitative
analysis and distribution of elements on the surface of the samples, was used. For the IR analysis, a pellet
using a mix of the sample with KBr (Sigma Aldrich grade FTIR) at a concentration of 10% w/w, was
prepared. Then, analysis in a Shimadzu Mod. IRAFfinity-1 FT-IR spectrometer, in a range of 4500 cm-1 400 cm-1, at a resolution of 2 cm-1 and 40 scans, were realized.
2.5 Reaction procedure.
The esterification reaction was carried out to evaluate the performance of the catalysts in a three-neck
glass reactor in a temperature range from 50 °C to 55 °C, and the pressure at room conditions. The molar
ratio of oleic acid and methanol of all reactions was 1:15. Different catalyst concentrations respect to oleic
acid were used (1%, 3%, and 5% by weight). The variation of the acid number (AIm) and the variation of
free fatty acids (FFA), from the oleic acid, was calculated with the methodology of the AOCS standard Ca
5a-40 and the NMX-F-101-1987. The conversion of oleic acid to methyl oleate (methyl ester), was obtained
with the following equation:

 A Im 
Conversion(%) = 
 * 100
 Aoleic 
Where AIm and AIoleic indicate, the acid number of the sample measured during the reaction and
the acid number of the oleic acid at t = 0, respectively, 20,21.
2.6 Statistical analysis.
The estimation of the percentage conversion was using a factorial design, considering three
treatments T1: Composition of the catalyst (TiO2, ZrO2/TiO2 1:4, ZrO2/TiO2 1:3); T2: concentration of
sulfation solution (1.5 M) and T3: percentage of catalyst (1%, 3%, and 5%), each sample with three levels
and three repetitions. The results obtained were analyzed by Analysis of Variance (ANOVA) and Least
significant difference (LSD), using the Infostat software (version 2017.1.2).

3. Results
T3.1 Catalyst characterization
In Fig. 1, it is possible to observe the XRD diffractograms of the different samples. Fig 1a shows the
XRD patterns for the samples TiO2 and TiO2_1.5M. In the plots, it is possible to identify the peaks at
approximately 2θ = 25.3°, 37.8°, 48.8°, 53.9°, and 62.7° corresponding to the crystalline planes (1 0 1), (0 0 4),
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(2 0 0), (1 0 5) and (2 0 4), respectively, for anatase phase. Additionally, the peaks for the rutile phase were
observed in the same sample, founding them at approximately 27.44° and 69.0°, corresponding to the
planes (1 1 0) and (3 0 1), respectively. It is possible to observe no considerable changes in the TiO2 before
and after to be immersed in a 1.5 M H2SO4 solution. Through these observations, it is evident that using the
method of synthesis here reported; it is viable to obtain the admix of phases above mentioned and, the
sulfation process does not affect the phase structure.
Figure 1b shows the diffractograms for the samples obtained using different rates of Zr and Ti
precursors (1:4 and 1:3) and its corresponding sulfated samples. In the plots, it is possible to observe the
characteristic XRD peaks for rutile phase, at around 2θ = 27.3°, 54.55°, 69°, and 69.6° corresponding to the
crystalline planes (110), (211), (301) and (112), respectively. Moreover, the peaks for Srilankite phase were
identified at 2θ = 24.6°, 30.6°, 32.57°, 35.82°, 37.11°, 38.5°, 40.68°, 42°, and 53.37°, with the crystalline plane
(110), (111), (020), (002), (021), (200), (102), (121), (130), respectively.
The results above presented suggest that ZrO2-TiO2_1-3 and ZrO2-TiO2_1-4 and their corresponding
sulfated sample (ZrO2-TiO2_1-3_1.5M and ZrO2-TiO2_1-4_1.5M), has an admix of phases (rutile and
Srilankite). Another observation is the notorious decrease intensity of the peaks in the samples
ZrO2-TiO2_1-4 and its respective sulfated sample; in comparison with ZrO2-TiO2_1-3 and its respective
sulfated sample, this suggests a decrease in the crystallite size because of the hydrolysis reaction leading to
the formation of original nuclei or basic units. In particular, the effect of the concentration ratio
[Men+]/[H+], leads to decrease in particle size [30]; another observation is that after the sulfation is the
absence of the anatase phase, due to rebuilding of the Srilankite phase, according to a similar observation
made by Li et al. [25].
Table 3. Crystallite size calculated from Scherrer equation.
Catalyst
The crystallite
(nm)
TiO2
15.48
TiO2_1.5M
14.37
ZrO2-TiO2_1-3
16.95
ZrO2-TiO2_1-3_1.5M
16.59
ZrO2-TiO2_1-4
17.44
ZrO2-TiO2_1-4_1.5M
17.09

size

The crystallite size was calculated using the Scherrer equation [31], taking a form factor of 0.90, an
X-ray wavelength of 1.5406 Å , the width at the average height of the diffraction peak (FWHM) of the
principal peak, (1 0 1) and (1 1 0), for Anatase and Srilankite phases, respectively. Table 3 shows the results
obtained. The results in crystallite size are according to the above discussed.
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Figure 1. X-ray diffractograms for the samples obtained, according to Table 1. Anatase (A), Rutile (R),
and Srilankite (S) phases and its patterns are identified and shown.
Figure 2 shows the FTIR spectra analysis. The spectra reveal the composition of materials and
functional groups present in the samples. The objective of this study is to analyze the nanocatalysts
TiO2, TiO2/Srilankite, and their sulfated samples to observe the significant presence of the sulfate ion.
In general, for all Figure 2, the spectroscopic bands observed between 3600-3000 cm-1 describe
both the symmetric and asymmetric stretching vibrations of the hydroxyl group (OH). The
wideband observed is related to the vibrational stretching mode of the hydroxyl groups, indicating
the presence of moisture in the sample, and peak at 1630.81 cm-1 is associated with the O-H bending
vibrations of the water molecules absorbed. Therefore, the peaks observed at around 3600-3000 cm-1
and 1640 - 1600 cm-1 correspond to water adsorbed on the surface and to hydroxyl groups [32].
Peaks in ranges of 2400 - 2300 cm-1 and 1300 - 950 cm-1 are associated with the stretching mode
of the CO2 molecule, and symmetrical vibration of stretching of the S-O bonds of the sulfate groups,
respectively [25,33,34].
The bands at around 1070 - 1045 cm-1 correspond to the symmetric stretching of S=O bonds of
the sulfate groups [34]. The broadband of the region of 1000 to 400 cm -1 corresponds to the Ti-O
stretch and Ti-O-Ti stretch modes. The peaks at 573.85, 525.62, and 515.98 cm -1 correspond to the
symmetrical Ti-O-Ti stretch, and the ranges of 800-400 cm-1 suggest the anatase phase of [35,36].
In general, IR spectra of compounds labeled ZrO2-TiO2 (1-3 and 1-4) present a difference to the
TiO2 spectrum, due to the incorporation of Zr precursor, with peaks in the range of 700 - 400 cm-1 [37],
the peaks between the 745 - 490 cm-1 ranges are assigned to the asymmetric vibrational stretches
Zr-O-Zr, this confirms the presence of the Srilankite phase.
In Figure 3, the results of the characterizations by SEM show images obtained at 50,000 X,
observing an agglomeration of particles showing spherical morphology. Although SEM
micrographs showed that the catalyst morphology was not affected by the sulfation process in the
same material, it is possible to observe a slight increase in particle size as the amount of ZrO 2 in the
material increased (approximately 9-13%). TiO2 (Figure 3a-c) presents the smallest particle size
compared to the sample ZrO2-TiO2_1-3 (Figure 3d-f) and ZrO2-TiO2 1:4 (Figure 3g-i). The increase in
particle size may be related to a larger atomic radius size of zirconium relative to titanium (Zr = 206
Å , Ti = 176 Å ). This result is consistent with those obtained from the calculation of particle size made
with the Scherrer equation [38].
The composition of the material employing the EDS technique is shown in Figure 4. The graphs
show the elemental composition of the sample in Figure 4a) (TiO2), the presence of Zr and its
increase gradually are visible, according to the methodology used which increases the rate of Zr in
the samples ZrO2-TiO2_1-3 and ZrO2/TiO2_1-4, shown in Figures 4b) and 4c), respectively. In Table 3,
the composition data derived from the EDS analysis, are shown. Quantitatively the Zr concentration
in ZrO2/TiO2 1:3 is 26.31% weight, 4.06% more than sample ZrO2/TiO2_1-4.
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samples. a)TiO2, b)TiO2_1.5M, c)ZrO2-TiO2_1-3, d)

ZrO2-TiO2_1-3_1.5M, e)ZrO2-TiO2_1-4, f)ZrO2-TiO2_1-4_1.5M.
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Figure 3 SEM images for TiO2 and Srilankite samples. TiO2 a)-c), ZrO2-TiO2_1-3 d)-f) and ZrO2-TiO2_1-4 g)-i).
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Figure 4 EDS spectra for a) TiO2, b) ZrO2/TiO2_1-3 and c) ZrO2/TiO2_1-4.

Table 4. Normalized composition of the catalytic materials TiO2, ZrO2/TiO2 1:3, and ZrO2/TiO2
1:4 obtained from EDS analysis.
Sample
Element Average Weight %
TiO2
O
42.03
ZrO2-TiO2 1:3

ZrO2-TiO2 1:4

Ti

57.97

O

35.18

Ti

38.51

Zr

26.31

O

36.51

Ti

41.23

Zr

22.25

3.2 Effect of the catalyst.
Figure 5 shows the performance of the catalysts labeled as a)TiO2, b)TiO2_1.5M, c)ZrO2-TiO2
1:3_1.5M, and d)ZrO2-TiO2 1:4_1.5M of the esterification reaction. The reaction was carried out using
a 5 % weight of the catalyst concerning FFA. The plots show FFA percentage (95 % in all cases) vs.
the reaction time ●(360 minutes in all cases) and the percentage conversion of FFA vs. the reaction
time ■.
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The final conversion of the catalysts corresponds to a)70. 5 %, b)88.8 %, c)86.8 %, and d)90.1 %. It
is clear the lower conversion of the TiO2 (70.5 % of conversion); however, this increases (at 88.8 %)
after the sulfation. The reactions present a slightly lower for the sample ZrO 2-TiO2 1:3 (Figure 5c),
but, it is possible to observe in the short reaction times of 120 minutes that ZrO 2/TiO2 1:4 reached a
higher conversion, close to 75%, 10% higher than the other two materials.

Figure 5 Efficiency of conversion of FFA for a)TiO2, b)TiO2_1.5M, c)ZrO2-TiO2 1:3_1.5M, and
d)ZrO2-TiO2 1:4_1.5M of the esterification reaction
From above, it is possible to establish a high conversion efficiency in the phases Srilankite
labeled as ZrO2-TiO2_1-4_1.5M and ZrO2/TiO2_1-3_1.5M, this may be related to the following
reasons:
1) the increase of surface area due to the nano-crystalline structure of the catalyst and the acid
sites (active sites), dispersed in large surface area, thus providing higher volume surface to facilitate
the diffusion of reactants and reagent molecules[39].
2) The high number of sulfated ions increase the acid strength of the catalyst and has more
significant catalytic activity. This effect maintains the same behavior as found by Li et al. (2012),
where the conversion of lactic acid was directly proportional to a higher amount of the catalyst [25].
Furthermore, these results reflect a correlation similar to Carlucci et al. (2019) [40], where sulfate
ions improve the surface acidity to the solid matrix. These ions are adhered to through structural
bridges with the metal oxides, and, this coordination improves to specific molar ratios of Zr/Ti.

4. Conclusions
By the Sol-Gel method, TiO2 and Srilankite nanoparticles were synthesized; the crystal
structures corresponded to an admix of phases Anatase/rutile and admix of phase Silankite/rutile,
respectively. After obtaining the catalysts, these where sulfated by a solution of H 2SO4 at different
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concentrations (0.5 M, 1.0 M, and 1.5 M), where the better results found to be at 1.5 M concentration.
The sulfur ions within the TiO2 and Srilankite sites were absorbed, which were verified by the FTIR
analysis.
During the esterification reaction, the sample (Srilankite/rutile), with the biggest nanoparticles,
showed good efficient catalytic activity (90% conversion). It is attributable to the high number of
sulfur ions, which demonstrates the high potential of this catalyst (sample ZrO2-TiO2 1:4_1.5M);
therefore, with this compound, it would be a good alternative in the reaction of esterification.
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title, Table S1: title, Video S1: title.
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