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Sulfated tin oxides (5042~ /Sn0; ) with different SO42~ contents (0.15, 0.3 and 0.45 wt%) were synthesized
from hydroxylated tin oxide obtained by the precipitation method, followed by ion exchange of the OH
groups with SO42~ species using a sulfuric acid solution. In samples annealed at 673, 773 and 873K the
characterization of the solids was made by XRD, FT-IR and nitrogen adsorption. The strength and number
of acid sites were determined by titration with n-butylamine using Hammett indicators an acid strength
of Ho < —8.2 was found. Sulfated tin oxides were tested in the esterification reaction of free fatty acids
with ethanol (molar ratio 1:10), at 353 K. XRD profiles showed that the sulfating inhibits the SnO, crystal
growth. The SO4 species remained strongly bonded at the SnO, surface stabilizing its crystallite size
against sintering and it acts as a structure porogen director mediating nanoparticle growth and assembly
yielding a mesostructured form of SnO, with wormhole morphology and high thermal stability. The
conversion of oleic acid increases with the increase of surface acidity showing a maximum when the
sulfate content and calcination temperature were 0.3 wt% and 773 K, respectively. Regeneration through
heating the SO42~/Sn0, with the highest activity for 4 h allows it for reuse without losing of its catalytic
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1. Introduction

Biodiesel consists in a mixture of alkyl esters of fatty acids
formed by esterification and transesterification of vegetable oils or
animal fats with methanol or ethanol [1,2]. The rate of the transes-
terification reaction is faster employing a base catalyst, and for this
reason the industrial process uses, as catalysts, alkaline hydroxides
or methoxides dissolved in methanol, under homogeneous condi-
tions. Basic catalysts are on the other hand not favorable for the
production of fatty acids esters owing to the disadvantages such
as high sensitivity of the catalysts to water and free fatty acids,
and formation of soap [3,4]. Formation of soap lowers the yield of
esters and makes the separation of esters difficult. Besides, the base
catalyzed reaction requires the use of expensive refined oils that
should have low free fatty acids content (inferior to 0.5 wt%) [5,6].
In this way alternative solid base catalysts such as Mg/M (M = Al
and Ca) [7], CaO stabilized in siliceous SBA-15 [8], and Ca0O/ZnO is
a very active catalysts prepared from calcium zincate dihydrate as
precursor [9] have been recently reported. Among the variety of
basic solid catalysts that have been tested, activated CaO is one of
the most useful. This catalyst, although affected by some leaching
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from dissolution of its components, can be reused for several runs
without significant loss of activity. Recently, we have found that
mixing activated CaO with biodiesel in a proportion of a few grams
of biodiesel per gram of solid catalyst result in a notable protection
of the activated CaO against poisoning by atmospheric CO, and H,O
that may occur during handling of the solid. Small amounts of MG
and DG present in the biodiesel were found to be the origin of the
increase of the reaction rate. IR studies demonstrated that the glyc-
erol formed in situ during the pretreatment of the biodiesel-CaO
reacted with the surface forming very active Ca-glyceroxide [10].
The homogeneous and heterogeneous catalysts are also
employed for esterification reactions of free fatty acids for the pro-
duction of fatty acids esters. Among the homogeneous catalysts
sulfuric acid, methane sulfonic acid, p-toluene sulfonic acid are
the most common acid catalysts. In spite of several advantages,
homogeneous catalysts have some limitations which include prob-
lem in recovering the catalysts, disposal of toxic wastes formed
during reactions, separation of the products, and loss of cata-
lysts. So, an effective environmentally benign, low cost production
of biodiesel extensively demands solid heterogeneous catalysts.
The recent works on the esterifications of free fatty acids to
produce biodiesel involve the use of different heterogeneous inor-
ganic catalysts such as, zeolites [11], heteropolyacids [12], ion
exchange resin [13], carbon based material [14], sulfated ZrO,
[15], sulfated TiO, [16], sulfated SnO, [17], and Nb,05-5H,0 [18],
WO3/ZrO, [19], tungstophosphoric acid [20], tungstosilicic acid
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[21] and molybdophosphoric acid immobilized on SiO; [22], SnO
[23].Since the discovery of the M41S materials [24], by supramolec-
ular assembly, several efforts have been focused to extend this
pathway to the synthesis of a variety of mesoporous metal oxide
and sulfide compositions in order to increase the exposed sur-
face area. Mesostructured forms of tin oxide [25] have been
obtained by hydrolysis of inorganic precursors in the presence of
cationic, anionic and neutral surfactants as structural directors.
In most cases, SnO, is not stable to the surfactant removal and
the mesostructure collapsed upon calcinations of the template or
attempted removal by ion exchange in solution. To increase the
mesostructure stability against surfactant removal, several groups
have proposed the synthesis of mesoporous metal oxides by using
an anionic surfactant with phosphate, sulfate or sulfonate head-
surfactant template [26-29]. The sulfate or phosphate headgroups
remain bonded to the surface, stabilizing the mesostructured walls
and increasing its thermal stability. In fact, it has been reported
that functionalization of the oxide surface by sulfate preserves the
textural properties of oxides [30,31].

On the other hand the use of solid acid catalysts offers many
advantages; they have especially the ability to simultaneously
catalyze the esterification and transesterification reactions, and
many of them have been already reported in the literature to
be active in both reactions. Many studies have been reported
concerning sulfated metal oxides as superacids, where sulfated
zirconia (SO42~/Zr0,) which exhibits high catalytic activities for
various reactions is a typical example [32], it shows strongest
superacidity; its acid strength is lower than —16 on the Hammett
function scale [4]. Commonly, the superacids have been prepared
by following the next steps: (i) preparation of amorphous metal
oxide gels as precursors; (ii) treatment of the gels with sulfate
ion by exposure to a H,SO4 solution or by impregnation with
(NHg4)2S04; (iii) calcination of the sulfated materials at a high
temperature in air. In this way sulfated tin oxide (S042~/Sn0O,)
is one of the more promising acids solids with strongest acid-
ity. It has been reported that its acid strength can be comparable
to that of SO42~/ZrO, [33]. Temperature programmed desorption
(TPD) of pyridine [34] and temperature-programmed reaction of
adsorbed furan [35] indicate the possibility that SO42~/Sn0O, has an
acid strength higher than that of SO42~/ZrO,. Nevertheless, papers
concerning the study of SO42~/Sn0, catalysts have been scarcely
reported [36-38] because of the complexity in their preparation, in
particular owing to the difficulty to obtain the oxide gels from its
salts.

However, to our knowledge the mesoporous SO42~/SnO, has
not yet been explored as a catalyst in esterifications reactions
of free fatty acids. In this work, thermally stable mesostruc-
tured tin oxide was synthesized by functionalization of SnO,
nanoparticles obtained directly by precipitation of chloride pre-
cursor with ammonia, without surfactant, and sulfated with
sulfuric acid. The SO42~/Sn0, catalysts showed activity during the
esterification reaction of free fatty acids with ethanol at 373 K.
Regeneration through heating of the SO4%~/Sn0,-0.3-773 K used
mesoporous catalyst allowed it for reuse without losing of its cat-
alytic activity.

2. Experimental
2.1. Reagents

Stannous chloride at 99% was procured from Mallinckrodt.
Ammonium hydroxide at 25 vol%, ammonium acetate and oleic acid
at 79% were obtained from Carlo Erba. Red methyl, blue thymol, vio-
let crystal, antraquinone, sulfuric acid 95% and n-butylamine were
supplied by Merck. Ethanol 99.9% was selected from ].T. Baker.

2.2. Preparation of the SO42~/Sn0, catalysts

The SO42~/Sn0; catalysts were prepared following the method
described elsewhere [39,40]. In a typical synthesis, 22.82¢g of
SnCl,-2H,0 (99% purity) were dissolved in 600 mL of distilled
water, then aqueous solution was added dropwise a NH4OH
(25 vol%) solution with continuous vigorous stirring until the solu-
tion reach a final pH 8. The pale yellow gel type precipitate obtained
was filtered and suspended in a 4% CH3COONH,4 solution during
30 min. Then, the Sn(OH), XH,0 gels were impregnated with the
appropriate amount of a 3 M H,SO4 solution to obtain 0.15, 0.3 and
0.45 wt% of sulfate. After, the gels were dried at 373K for 24 h and
calcined at 673K, 773K and 873K for 3 h. For identification the
solids were labeled as SO42-/Sn0, 0.15K, 0.3K and 0.45 K, where
the figures indicate the SO42~ content and K the calcinations tem-
peratures. Ablank was prepared with the SnCl,-2H, O precursor but
omitting the sulfation step.

2.3. Characterization

2.3.1. Specific surface area

Nitrogen adsorption isotherms were obtained on the tin oxide
and sulfated tin oxides, using an equipment Nova 1200 mark Quan-
tachrome. The surface area was calculated with the BET equation
and the mean pore size diameter was calculated by using the BJH
method.

2.3.2. FTIR spectroscopy

The IR absorption spectra were obtained with a Bruker model
Tensor 27 equipment in the range of 4000-400cm™~!, using KBr
powders.

2.3.3. X-ray diffraction

The SO42~/Sn0, catalysts were characterized by powder X-ray
diffraction with a RIGAKU, model D/MAX IIIB diffractometer. A Cu
target was used as X-ray source at 40kV and 20 mA. The samples
were recorded in the 2 <260 <70 range with a step time of 1s and
a step size of 0.02° (260). The crystallite size (nm) was calculated
from the broadening of the strongest peak of SnO,, peak (110) at
20=26.64, using Scherrer equation [41].

kA
~ Bcosh

where k is the crystallite shape constant (1), A is the radiation
wavelength (A), 8 is the line breadth (radians) and 6 is the Bragg
angle.

2.3.4. Thermogravimetric analysis

A Seiko Exstar 6300 thermal analysis instrument was used to
study the thermal evolution of the catalyst precursors. The samples
were heated from room temperature to 800°C at a heating rate of
10°C/min under static air.

2.3.5. Titration method with n-butylamine using Hammett
indicators

The surface acidity and acid strength of the catalysts were
determined by titration with n-butylamine using the Hammett
indicators: red methyl (Ho < +4.8), blue thymol (Ho < +1.6), violet
crystal (Ho <+0.8) and antraquinone (Ho < —8.2). The titration was
carried out by dispersing 0.05 g of catalyst in 5 mL of dry benzene;
two indicator drops in the benzene solution were then added to
the resulting dispersed solution and the titration was done with
a solution of n-butylamine 0.01 N. The acidity was calculated in
mole of acid sites per gram of catalyst and the acidity strength was
expressed in terms of the Hammett acidity (Ho) [42].
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2.4. Esterification reaction of free fatty acids

The esterification reactions of free fatty acids were carried out
under reflux at 353 K and constant stirring (250 rpm) using an oleic
acid at 79%, oleic acid:ethanol molar ratio was of 1:10 and the
weight of was 3 wt%. The analysis of the products was made at var-
ious time intervals taking the samples from the reactant system
during 4 h and analyzed by gas chromatography using an Agilent
6890 gas chromatograph connected to a flame ionization detec-
tor (FID) equipped with a HP-InnoWax Polyethyleneglycol capillary
column (30 m x 0.320 mm x 0.25 pm). The weight of the used cat-
alyst was 3% over the initial weight.

3. Results and discussion
3.1. Characterization of SO42~/Sn0, by FT-IR spectroscopy

The infrared absorption spectra of tin oxide are shown in Fig. 1.
Sulfated tin oxides showed absorption bands in the 1200 cm~! and
900cm~! region, while those cannot be observed on tin oxide.
The bands were assigned to vibrational modes of bidentate sul-
fate groups on Sn** cation [17]. The bands at 1044 and 990 cm™!
were assigned to asymmetric and symmetric S-0O stretching vibra-
tions, respectively [43-45]. The bands at 1622 and 3398 cm~! were
associated with the bending and stretching vibrations of the OH
group of water molecules on the surface of the solid and with ter-
minal OH which are characteristic of metal oxides, respectively;
the band around 610cm~! corresponds to Sn-O bending vibra-
tions [46]. The FTIR spectra indicates that the S=0 group acts as
an electron-withdrawing species followed by the inductive effect;
thus, the Lewis acid strength of Sn** becomes stronger.

3.2. XRD study

The effect of sulfate content on the crystallinity of SO42~/Sn0O; is
shownin Fig. 2. The stabilization of crystallite size by the SO4 groups
bonded to the SnO, surface can be clearly observed by comparing
the XRD patterns of the sulfated tin oxide annealed at 773K and
without sulfate. Tin oxide shows a patterns characteristic of pure
Sn0, phase with tetragonal cassiterite structure at 260 =26.63, 33.82
and 51.77 (PDF-2 of ICDD). The cassiterite phase was also showed
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Fig. 1. FT-IR spectra of tin oxide, (a) Sn0,-773 and sulfated tin oxide: (b) SO42~ /Sn0>

0.45-673K, (c) SO42-/Sn0; 0.45-773 K, (d) SO42~/Sn0; 0.45-873K, (e) SO42~/SnO;
0.3-773K and (f) SO42~/Sn0, 0.15-773 K.
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Fig.2. X-ray diffraction profiles of tin oxides annealed at 773 K: (a) SO42~ /Sn0, 0.45,
(b) SO427/Sn0; 0.3 (c) SO42~/Sn0; 0.15 and (d) SnO,.

by the sulfated tin oxides; however the intensity of the bands grad-
ually decreases. The decrease in the crystallite size can be explained
by the hypothesis that the bulky sulfate groups on the surface of
Sn0O, particles prevent their glomeration during annealing. The
width of the reflections is considerably broadened, indicating a
small crystalline domain size, Khder et al. [41] observed similar
patterns. To see the effect of sulfate content on the crystallinity of
the samples quantitatively, their mean crystallite sizes was calcu-
lated from the broadening of the strongest peak of SnO,, peak(110)
at 20=26.6 and based on Scherrer equation, Table 1. The crystal-
lite size of pure SnO,; (II) started at 7.3 nm, addition of sulfate was
associated with a notable decrease of crystallite size to reach 3.4 nm
for SO4/Sn0,-0.45-673. At 773 K the SO,4 groups remain bonded at
the surface and inhibit the growth of the SnO, crystallites, such
as have been done by sulfating of other transition metal oxides like
TiO,, Zr0O,, Fe;03, and so forth [47-49]. Gutiérrez-Baez [50] by XRD
Rietveld analysis found that crystallite size increased considerable
when the SO4 groups were removed from SnO; surface.

The effect of annealing temperature on the crystallinity of
S042-/Sn0; is shown in Fig. 3. A progressive narrowing of the main
lines as function of the temperature can be observed showing a
small increase of the crystallite size [22]. This small sintering of
crystalline SnO,, can be attributed to the loss of some sulfate groups
bonded to SnO, [17]. At 673K, 773 K and 873K the sulfate groups
remain bonded at the surface of the solid and inhibit the growth of
SnO, crystallites. Recently, Toledo-Antonio et al. [51] had reported
that in sulfated tin oxide the hydroxyls remaining in the bulk of
the crystallite generate a structure poorly crystallized with a large
amount of tin vacancy sites. The fresh sulfated SnO, sample, which
has SO42~ and also hydroxyls in it, presented a large amount of
tin vacancy sites (~50%) which decreased to 22.8% while anneal-
ing the sample at 773 K. However, when SO42~ was eliminated, the
tin vacancy sites drastically decreased at 5.6 and 4.4% when the
samples were annealed at 973 K and 1273 K, respectively.

Table 1
Crystallite size of the SnO, and SO42~/SnO; obtained from XDR using Scherrer
equation.

Catalyst Crystallite size (nm) I(110) peak
Sn0,-773 73 1834
S04%~/Sn0,-0.45-873 4.5 92.9
S04%~/Sn0,-0.3-773 43 92.9
S04%[Sn0,-0.15-773 39 80.2
S042~[Sn0,-0.45-773 338 69.7
S04%~/Sn0,-0.45-673 34 55.4
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Fig. 3. X-ray diffraction profiles of SO42~/Sn0,-0.45 samples annealed at (a) 873 K,
(b) 773K and (c) 673 K.

3.3. Specific surface area of catalysts

Itis clear that interaction between SO42~ and SnO, stabilizes the
SnO, against sintering producing a strongly deformed structure.
However, itis interesting to know how the presence of SO42~ on the
SnO, surface affects the specific surface area and pore size distri-
bution, which are important parameters to take into account when
this material is used as ion host or as catalyst. The specific surface
areas obtained from the nitrogen adsorptionisotherms are reported
in Table 2. The results showed that for the sulfated samples the BET
areas are higher in comparison with SnO,. The specific surface area
of tin oxide was 62 m?/g and for the sulfated tin oxides were 92, 99
and 88 m?2/g for the catalysts (0.45% SO42~ ) annealed at 673 K, 773 K
and 873 K respectively, while for samples annealed at 773K with
0.15,0.3 and 0.45 wt% SO42~ the BET areas were 85, 87 and 99 m?/g,
respectively. Thus, for sulfated samples the annealing temperature
as well as the sulfate content have only marginal effects in the BET
areas, pore volume and pore diameter. The important diminution in
the specific surface areas (289-143 m2/g) on nanocrystalline SnO,
particles obtained by the sol-gel method as function of the anneal-
ing temperature reported by Zhang and Gao [22] is not observed in
the present work i.e. the sulfated ion strongly diminishes the sin-
tering of SnO,. Recently, Sarkar et al. [52] developed a mesoporous
Sn0,/WOj3 catalyst with surface area, pore volume and pore size of
130m?2/g, 0.198 cm3/g and 3.9 nm, respectively.

The results of analysis thermo gravimetric (TGA) are showed in
Table 2. These results show that the amount of sulfate groups coor-
dinated at tin oxide decreases with the calcination temperature
indicating loss of sulfate groups. At 773 K the amount of sulfated
groups increased with the amount added.

The isotherms observed in the SO42~/Sn0, catalysts annealed
at 723K, Fig. 4, corresponded to type IV in the Brunauer Deming
Deming and Teller (BDDT) classification often observed in porous
solid. When the annealing temperature was increased from 673

Table 2
Textural properties of the SnO, and SO42~/Sn0O, catalysts.

Catalyst Specific Pore Pore [TGA]
surface volume diameter mmol SOs/g
area[m?/g] [cm3/g] [A] catalyst

Sn0,-773 62 0.051 70

S04%27/Sn0,-0.45-773 99 0.054 25 0.201

S04%~/Sn0,-0.45-873 88 0.052 28 0.137

S04%/Sn0,-0.3-773 87 0.050 28 0.194

S04%27/Sn0,-0.15-773 85 0.060 28 0.129

S04%~/Sn0,-0.45-673 92 0.060 26 0.194
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Fig. 4. The isotherms of the SO42~/Sn0; catalysts; (A) SO42~/Sn0,-0.45-873 K; (B)
S042-/Sn0,-0.15-773 K; (C) SO042-/Sn0,-0.45-673K; (D) SO42-/Sn0,-0.3-773K;
(E) SO42-/Sn0,-0.45-773 K; and (F) Sn0,-773 K.

to 873K, the hysteresis loop of the nitrogen isotherms moved
to higher relative pressure with the consequent increase in pore
diameter and decrease in the corresponding BET surface area. The
changes in nitrogen adsorption isotherms were due to the struc-
tural transition from a wormhole mesotructure to a nanocrystalline
material which had interparticle mesoporosity. The wormhole
structure template by the SO42~ was retained. In the sulfated sam-
ple annealed between 623 at 823K, the crystallite size did not
change, suggesting that SO4 species remain bonded at the surface,
stabilizing it against sintering.

The above results suggest that the interaction between SO42~
and SnO, crystallites not only stabilizes the crystallites in lower
dimensions, but it remains at the SnO, surface inhibiting the
crystallite aggregation and acts as a structure porogen director
mediating nanoparticle growth and assembly. Also the sulfate
groups remain bonded to the surface, stabilizing the mesostruc-
tured walls and increasing its thermal stability. In fact, several
efforts have been focused to obtain mesostructured forms of SnO5,
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Fig. 6. Chromatogram of the reaction mixture obtained during the esterification of free fatty acids with S042~/Sn0,-0.3-773 K catalyst after 4 h.

using ionic and neutral surfactants as a structure porogen director.
However, their thermal stability was very low and the mesostruc-
ture collapsed after removing the surfactant by annealing at 573 K
[53].

3.4. Acid properties of acid sites in SnO, and SO42~/Sn0,

The acid strength and amount of acid sites is presented in Fig. 5.
This result clearly shows a remarkable increase in acidity when
sulfated ion is incorporated in to the sample. The total number of
acid sites/g for the SnO, and S042~/Sn0; catalysts was calculated
using Hammett indicators: red methyl (Ho <+4.8), blue thymol
(Ho <+1.6), violet crystal (Ho < +0.8) and antraquinone (Ho < —8.2).
The titration with n-butylamine shows that tin oxide has a low
number of acid sites, while on samples with 0.45% SO42~ a gradual
increase of the total number of acid sites as a function of anneal-
ing temperature can be seen: it varies from 1.1 to 1.64 mmol/g
for the samples thermally treated at 673 and 873K respectively.
For the samples annealed at 773 K with different sulfate content
a maximum on acidity was observed on the SO42~/Sn0,-0.3-773
sample (2.60 mmol/g), after it decreases on the S042~/SnO,-
0.45-773 catalyst (1.25 mmol/g). The low acid strength distribution
over the surface of the tin oxide (Ho <+1.6) and the higher acid
strength (Ho < —8.2) showed by the sulfated tin oxide samples
is attributed to the strong interactions between the sulfate ions
and the cassiterite phase of tin oxide. This result agrees with

the amount of sulfate groups coordinate at tin oxide, showed in
Table 2.

3.5. Catalytic evaluation

Esterification of oleic acid at 79% with ethanol was studied
over the 3.0wt% SO42~/Sn0; catalysts at a reaction temperature
of 353 K. The reactants molar ratio (oleic acid:ethanol) was main-
tained at 1:10. Fig. 6 shows the chromatogram of the reaction
mixture obtained during the esterification of free fatty acids with
S042-/Sn0,-0.3-773 catalyst after 4 h of reaction. The ethyl esters
were the only reaction products indicating 100% selectivity at ethyl
oleate. The effect of sulfate content and calcination temperature on
structure, acidity and catalytic activity of tin oxide is presented in
Fig. 7. The conversion of oleic acid increased with the total number
of acid sites of catalyst. Total number of acid sites was maximum
when the sulfate content and calcinations temperature was 0.3 wt%
and 773 K. These results indicate that the activity is attributed to
acid sites. Similar behavior was observed by Khder et al. [41] dur-
ing the esterification of acetic acid with amyl alcohol at 523 K using
with a molar ratio acetic acid:amyl alcohol of 1:2. The catalytic
activity over 0-30 wt% SO42~/SnO; catalysts annealed at 673, 823,
and 1023 K was maximum when the sulfate content and calcina-
tions temperature was 30 wt% and 823K, respectively. Recently,
Sarkar et al. [52] studied the synthesis of a new, effective and
reusable heterogeneous catalyst, mesoporous SnO,/WO5 catalyst.

50__! T T T T 1_2.8
s f '
2‘40} 1 2
2 f d9 EE,
g W . ‘fg

L "]
S I T ex

20 J ©
B0 J1a EE
© L 1" = B
g 10F ] g&<
= - =
2 10 {11

ks , e . . LY

0 1 2 3 4 5 6

Fig. 7. Catalytic activity and total number of acid sites of the catalysts: (1) Sn02-773 K, (2) SO42~/Sn0,-0.45-673 K, (3) SO42~/Sn0,-0.45-773 K, (4) SO42~/Sn0,-0.45-873 K,
(5) SO4%~/-Sn0,-0.3-773 K and (6) SO42~/Sn0,-0.15-773 K during the esterification reaction of oleic acid with ethanol (molar ratio 1:10) at 353 K, after 4 h of reaction.
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Fig. 8. FT-IR spectra of S042~/Sn0,-0.3-773 K catalyst (a) fresh and (b) used.

The developed mesoporous Sn0O,/WO3 catalyst with surface area
of 130m?/g and pore size of 3.9 nm exhibited up 90% conversion of
oleic acid during 2 h reaction at 353 K with high yield (~92%) to the
ethyl oleate.

3.6. Reusability of catalyst

Fig. 8 shows the infrared absorption spectra of sulfated tin
oxide, S042~/Sn0,-0.3-773, fresh and used catalysts. Both spectra
showed absorption bands in the 1200 cm~! and 900 cm~! region,
corresponding to vibrational modes of bidentate sulfate groups,
indicating the presence of sulfate groups in the solid used. Recy-
cling of the catalyst is an important aspect of any industrial process.
For this purpose, reusability of the catalyst is tested by carrying out
a repeated cycles of the reaction at 353K, keeping the reactants
molar ratio oleic acid:ethanol at 1:10. After performing the reac-
tion over fresh catalyst, the catalyst was washed with hexane and
acetone and then was dried at 393 K. The catalyst was reactivated
with N, at 673K for 4 h. The reaction was again performed on the
reactivated catalyst. It is evident that the activity of the catalyst
did not decrease appreciably even after three cycles as shown in
Fig. 9. The oleic acid conversion was of 50% and 40% in the fresh
and used catalysts after 4 h. This result indicates that a heteroge-
neous catalytic process is happening. The leaching of the sulfates
species produces homogeneous catalytic reactions with 100% oleic
acid conversion in 2 h of reaction. In this case does not reach the

50

40 -

30

% conversion of oleic acid

10

Fresh Cycle 1

Cycle 2

Cycle 3

Fig. 9. Conversion of oleic acid obtained with the fresh and used SO42~/SnO;-
0.3-773 K catalyst during the esterification reaction with ethanol (molar ratio 1:10)
at 353K, after 4 h of reaction.

leaching total sulfates groups. These results are comparable with
sulfated tin oxide used in other system catalytic [41,53].

4. Conclusions

The conditions of preparation of sulfated tin oxide are determi-
nant on the structure, acidity and catalytic activity. The stabilization
of crystallite size by the SO,4 groups bonded to the SnO, surface was
clearly observed. At 673, 773 and 873 K the sulfate groups remain
bounded to the surface of the solid and inhibit the growth of SnO,
crystallites. The sulfate groups increase the specific surface area,
stabilizing the mesostructured walls and increasing its thermal sta-
bility. There is a direct correlation between the amount total of acid
sites and the catalytic activity of sulfated tin oxide in the esterifi-
cation reaction of oleic acid. The conversion of oleic acid and the
surface acidities was maximum when the sulfate content and cal-
cination temperature was 0.3 wt.% and 773 K. Sulfated tin oxides
are solids acids catalysts of low pollutant and promisourios cata-
lysts in the production of alternative ethyl esters from free fatty
acids.
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