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New solid acid was prepared by loading of aged 15 wt.% SO2�
4 /SnO2 catalyst with 15 and 35 wt.% WO3. The

catalysts were calcined at 400 and 650 �C. The surface areas of the catalysts were determined by the data
of N2 adsorption at �196 �C. The surface acidity was measured potentiometricaly using n-butylamine
solution in acetonitrile. The types of acidic sites were determined by FT-IR spectra of adsorbed pyridine.
The catalytic activities of the catalysts were tested toward esterification of propionic acid (PA) with n-
butanol (B). The SBET values of the ISS were decreased with an increase in the calcination temperature,
whereas, the SBET of the loaded catalysts was maximum at 400 �C. The results reveal that the used cata-
lysts possess very strong acid sites and contain both Brønsted and Lewis acidic sites. The acid strength,
total surface acidity and the conversion of PA were maxima for 400 �C products. The effect of the reaction
parameters was also studied, and shows that the PA conversion was increased with an increase in the
reaction temperature and the catalyst weight. The reactant molar ratio shows a maximum conversion
at PA:B = 1:2. The kinetics study indicates that the catalytic esterification of PA with B obey first order
kinetics equation.

The results were compared with previously prepared non-aged catalysts. The comparison reveals that
the aging of the support would causes a decrease in SBET, acid strength and catalytic activity, but increases
the acid amount of the catalyst.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Solid acids and superacids have prominent advantage over reg-
ular mineral acids or Lewis acids as much as that they do not re-
quire large quantities of noxious, corrosive reagents, and to avoid
difficulties that emerge from handling, post reaction separation,
recovery, recycling, and contamination [1,2]. Lately, numerous re-
search outputs have been compensated in developing different
superacids as green chemicals to implement environmental regu-
lations [3–5] and to substitute the use of hazardous conventional
acid catalysts [6]. Mechanism involves the utilization of superacids
is to provide an environment to create and maintain cations sup-
plier, which are useful as intermediate molecules in numerous
reactions such as those used for theoretical research [7] and syn-
thetic applications of isomerization [8,9], cracking [10], dehydra-
tion [10,11], alkylation [12], acylation [13], Friedel–Crafts
reaction [14,15], removal of volatile organic compounds (VOC)
[16], hydration [17], esterification [2,18–24] and Pechmann con-
densation reactions [25].

Among various solid acid catalysts some metallic oxides (e.g.
alumina, titania, zirconia and SnO2), mixed metal oxides, ion ex-
change resins and zeolites [26,27], the load of some metal oxides
with sulfate, WO3 or MoO3 have emerged as powerful catalysts
due to their super-acidity, high activity, and selectivity [3,5,28].
Tin oxide is an n-type semiconductor with a large band gap
(Ea = 3.6 eV), also it is stable and sensitive to gases. These proper-
ties make the uses of this oxide as a promising material for gas sen-
sors, transistors, photocells, thin films, photo-catalyst,
optoelectronic devises and negative electrodes for lithium batter-
ies and as catalyst [29–35]. Concerning the catalytic uses it is re-
ported that SnO2 is an active catalyst for many reactions due to
its stability, acidic, basic, oxidizing and reducing surface properties
[36]. Recently, it has been proved that the acid strength and cata-
lytic activity of sulfated tin oxide are higher than that of other sul-
fated metal oxides [5,10,28,37]. On the other hand, it is found that
when some oxides are supported with WO3 and calcined at high
temperatures (800–1200 �C), exhibit acidity and catalytic activity
for some reactions as skeletal, cracking of isopentane [38], esterifi-
cation of n-octanic acid with methanol [8], dehydration of alcohols
and cracking of cumene [10], and biodiesel production [39]. It is
also found that loading of MCM-41 with polytungstophosphoric
acid (PWS) produces solid acid catalysts used for Pechmann reac-
tion, esterification and Friedel-Craft reactions [40].

Generally, superacid sites of sulfated and tungstated metal oxi-
des are not created by impregnation on the crystallized oxides, but
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on the amorphous forms of metal oxides. The loading of oxides
with sulfate and tungstate ions causes an increase in the surface
area and surface acidity due to the retardation of oxides crystal
forming [5]. Their textural properties, surface acidity and catalytic
activity are dependent largely on the percentage of loading, prep-
aration methods and thermal treatment [3,7,14,17,37,41–45].

Concerning esterification reaction, it is one of the fundamental
acid-catalyzed reactions. The esters are good solvents and play a
major role in the production of flavors, fragrances, plasticizers,
plastics, medicinal and surface-active agents [20]. n-butyl propio-
nate ester (n-BPE) possesses a high boiling point temperature
(146.7 �C), a high electrical resistance and a good non-VOC solvent.
Many research offers have been given to prepare n-BPE by using
solid acid catalysts utilizing cation exchange resins [18–20], PWP
supported on alumina [2], 12-tungstosilicic acid supported on zir-
conia [21], and fibrous polymer-supported sulphonic acid [22].
Nevertheless, papers concerning the esterification of propionic acid
with n-butanol over sulfated SnO2 or WO3/SO2�

4 /SnO2 catalysts are
rare [23,24].

We have previously prepared and characterized a series of cat-
alysts based on non-aged 15 wt.% SO2�

4 /SnO2 support loaded with
5–45 wt.% WO3 and exploited to optimize a model catalytic system
for esterification of propionic acid with n-butanol [23]. In the pres-
ent investigation, however, we have prepared aged 15 wt.% SO2�

4 /
SnO2 hydrogel support, dried, then loaded with 15 and
35 wt.%WO3. The prepared catalysts are calcined at 400 and
650 �C. The effect of WO3 loading and calcination temperature on
the surface area, surface acidity and catalytic activity toward pro-
pionic acid esterification with n-butanol are studied.
2. Experimental

2.1. Catalysts

Pure tin oxide hydrogel is prepared by a dropwise addition of ammonia solution
(10 wt.%) to 0.5 M solution of SnCl4�5H2O (Riedel–deHaen) up to the final pH of 8
with continuous stirring for further 4 h. The gel is left overnight then washed by
decantation in sequence with solution of 1% ammonium acetate (Merck) [46,47],
followed by bidistilled water. Appropriate amount of 1 M H2SO4 solution is added
with vigorous stirring for 4 h to the hydrogel making the final sulfate ion percentage
up to 15 wt.%. The obtained gel is aged for 24 h at room temperature, then filtered
and finally dried at 120 �C. The resulting product is designated hereafter as ISS.

Appropriate amounts of ammonium paratungstate (Prolabo) solution are added
to known amounts of ISS catalyst, with stirring for 4 h, to make the percentage load-
ing up to 15 and 35 wt.% WO3, and then dried at 120 �C. The obtained materials are
calcined in air at 400 and 650 �C for 4 h. The catalysts are designated hereafter as 15
IWSS and 35 IWSS, respectively, followed by a number indicating the calcination
temperature.

2.2. Techniques

The specific surface area (SBET) is determined by the analysis of data of nitrogen
adsorption at �196 �C, using Gemini III 2375 Surface Area Analyzer. Prior to any
adsorption measurement, the sample is degassed at 200 �C for 6 h under a reduced
pressure of 10�4 Torr.

The surface acidity (strength and amount) of the prepared catalysts is measured
by means of potentiometric titration method [48,49]. That is performed by sus-
pended 0.2 g of the dry solid in 20 mL acetonitrile (Lab-Scan), and agitated for
3 h. Then, the suspension is titrated with 0.02 N or 0.1 N n-butylamine (Merck) in
acetonitrile at 0.05 mL/min. The electrode potential variation is measured with Ino-
lab Digital pH-mV model using a double junction electrode. The initial electrode po-
tential (Ei, mV) measures the strongest acid strength. The nature of acid sites
presented on the surface of the catalyst is determined from FT-IR transmission
spectra of adsorbed pyridine (Scharlau) within the range of 1200–1700 cm�1 (at a
resolution of 4 cm�1) using Jasco FTIR-460 spectrophotometer. Prior to the pyridine
adsorption [37,49], the samples are degassed at 200 �C for 3 h under high vacuum
followed by suspending in a dried pyridine. The excess pyridine is removed by
evaporation at 70 �C. A mixture of 0.005 g sample with 0.1 g of KBr is pressed into
13 mm disks.

The catalytic activity of the prepared catalysts is tested for the esterification of
propionic acid (Merck) with n-butanol (SRL). The esterification reaction is carried
out in 100 mL flat-bottomed flask, equipped with a reflux condenser, containing a
stirring mixture of propionic acid (0.05 mol), n-butanol (0.10 mol) and 0.2 g of
the prepared catalyst. The reaction mixture is kept at 110 �C with stirring speed
of 600 rpm for 4 h, the reaction mixture then immediately filtered and quenched
to stop the reaction. Liquid samples of 0.5 mL volume are withdrawn and the
amount of unreacted acid is determined by the titration with 0.1 N NaOH. The ef-
fects of reaction time, reaction temperature, weight of the catalyst, the initial molar
ratio between the acid and alcohol (PA:B), and calcination temperature are all
studied.

3. Results and discussion

3.1. Specific surface area

The specific surface areas (SBET) of the catalysts are determined
from the nitrogen adsorption at �196 �C. The SBET values are pre-
sented in Table 1 and reveal the following points: (i) The addition
of sulfate ions to the SnO2 hydrogel causes a pronounced increase
in the surface area. The main reason for the increase in surface area
is the retardation of crystallization by sulfate treatment. (ii) The
SBET of ISS catalyst is decreased with the increase in the calcination
temperature. (iii) The loading of ISS catalyst with WO3 causes a
gradual decrease in SBET for the 200 and 400 �C products, whereas,
the SBET is increased gradually with WO3 loading for 650 �C prod-
ucts. The maximum SBET is observed at 400 �C for WO3-loaded cat-
alysts. (iv) The surface areas at 650 �C are higher than that of pure
SnO2 which means that the addition of both sulfate ions and WO3

hinder the crystallization and sintering of SnO2.

3.2. Surface acidity measurements

The surface acidity measurements of the prepared catalysts by
means of potentiometric titration with n-butylamine in acetoni-
trile [48–50] are used to estimate the amount of acid sites and their
relative acid strengths according to the value of the initial elec-
trode potential (Ei). n-butylamine is a strong base and can be ad-
sorbed on acid sites of different strengths and types, thus it
titrates both Lewis and Brønsted sites [26]. On the other hand,
the acid strength of these sites can be classified according to the
following scale [2]: Ei > 100 mV (very strong sites), 0 < Ei < 100 mV
(strong sites), �100 < Ei < 0 mV (weak sites) and Ei < �100 mV
(very weak sites). Fig. 1 shows the titration curves obtained from
the calcined catalysts. The computed amount of the acid sites
(mmol/g) and the number of the acid sites per m2 (N/m2) as well
as the values of Ei are listed in Table 1. For comparison, the surface
acidities of SnO2-400 and SnO2-650 catalysts are presented in the
table.

The results of the acidity measurements reveal the following
points: (i) The investigated catalysts possess very strong acid sites,
with Ei values that are in the range of 135–396 mV. (ii) Mixing of
SnO2 hydrogel with 15 wt.% sulfate ions enhances the acid strength
as well as the amount of surface acidity of the catalyst due to the
formation of new strong acid sites. (iii) Calcination of the catalysts
at 400 �C causes a pronounced increase in the surface acidity,
whereas, the raising of the calcination temperature to 650 �C is
accompanied with a sharp decrease in the strength and amount
of acid sites which may be due to the loss of surface OH groups
as well as the decomposition of sulfate ions. (iv) Loading of ISS cat-
alyst with WO3 causes a slight decrease in the surface acidity for
400 �C products, whereas, no change in the surface acidity is ob-
served for 650 �C products. The number of acid sites per m2

(DSA) is decreased slightly due to the gradual increases of the sur-
face area with an increase in the WO3 loading. (v) The increase of
WO3 loading causes a slight increase in the acid strength, total
amount and the number of acid sites for 400 �C products.

The Brønsted and Lewis acidic sites of the catalyst can be char-
acterized using pyridine as a probe molecule. The distribution of
both types of acidic sites on the catalysts is confirmed by FT-IR
techniques. The FT-IR spectra of the chemisorbed pyridine on the



Table 1
Surface acidity of IWO3/SO2�

4 /SnO2 catalysts determined from potentiometric titration by n-butylamine in acetonitrile.

Catalyst SBET (m2/g) Ei (mV) Acid amount (mmol/g) DSA (N/m2) 10�17

SnO2-400 55.5 113 0.016 1.715
SnO2-650 14.6 112 0.180 7.416
ISS-200 140.8 135 0.163 6.973
ISS-400 112.6 396 0.515 27.65
ISS-650 28.23 170 0.096 20.48
15 IWSS-200 96.54 218 0.140 8.734
15 IWSS-400 105.3 322 0.280 16.02
15 IWSS-650 31.18 175 0.078 15.07
35 IWSS-200 81.31 200 0.094 6.963
35 IWSS-400 83.71 348 0.290 20.87
35 IWSS-650 39.69 177 0.097 14.72

Fig. 1. Represents the potentiometric titration curves using n-butylamine in acetonitrile.
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surface of the catalysts calcined at 400 and 650 �C are shown in
Fig. 2. The spectra show bands at 1340–1440 cm�1 indicating the
adsorption of pyridine by hydrogen bonds [26,51]. The bands ap-
peared at 1540, 1636 and 1649 cm�1 are attributed to the adsorbed
pyridine on Brønsted acidic sites with the formation of pyridinum
ions [26,48,50,51]. The bands appeared at 1456, 1507, 1558, 1575
and 1618 cm�1 are assigned to the adsorbed pyridine on Lewis
acidic sites [26,48,52,53]. In addition, all the spectra exhibited
bands at 1490 cm�1 which are attributed to the adsorption of pyr-
idine on Brønsted or/and Lewis acidic sites [41,50,52] or the pres-
ence of the adjacent Brønsted and Lewis acidic sites [40]. The
spectra also show that the intensities of the bands for the modified
catalysts are decreased with the increasing of wt.% WO3 loading as
well as the raising of the calcination temperature.

The generation of strong Lewis acidic sites by sulfate species
may be attributed to the presence of surface sulfur complex which
has a covalent S@O bond, which acts as electron-withdrawing spe-
cies that stimulates the inductive effect (structure A, Scheme 1).
Thus, the inductive effect of S@O makes the Lewis acid strength
of Sn4+ very strong [54]. On the other hand, the presence of water
or OH-surface groups on the surface of the catalyst give Brønsted
acid sites, and the adsorption of water molecule may convert Lewis



Fig. 2. Represents the FT-IR of adsorbed pyridine on prepared catalysts.

Scheme 1. Suggested structures binding of; (A) sulfate groups on the surface of
SnO2, and (B) WO3 directly with SnO2 surface and/or with sulfate groups on the
surface of SnO2.
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acidic sites to Brønsted acidic sites. Loading of WO3 on the surface
of ISS followed by calcination causes changes in the textural and
acidic properties and leads to tungsten-support interactions. These
interactions may occur by different manners, e.g., WO3 is likely to
replace sulfate groups and interact directly with SnO2 surface and/
or interact with sulfate groups on the surface of SnO2 as shown in
structures B, Scheme 1 [51]. It is clear from Table 1 that the addi-
tion of WO3 is accompanied by a decrease in the surface acidity
and the surface area, which may be due to the presence of WO6

groups on the surface. Moreover, samples with higher WO3 content
or higher calcination temperature (650 �C) exhibit an increase in
the surface acidity and SBET that are probably due to the agglomer-
ation of crystalline WO3 on the surface and the decomposition of
sulfate ions.
Fig. 3. Change of PA conv.% with reaction time over the catalysts calcined at 400 �C.
3.3. Catalytic activity

The esterification of carboxylic acids with various alcohols is an
electrophilic substitution reaction. The reactions are extremely
slow which may be enhanced by thermal activation or by an acid
catalyst of either, Brønsted acid [2,22] or Lewis acid [37]. Generally,
the esterification reaction is dependent on several parameters,
such as, the reaction time, reaction temperature, catalyst amount,
reactant molar ratio, and stirring speed [37]. The effects of some
parameters on the esterification of propionic acid with n-butanol
over the prepared catalysts are investigated hereafter. It is found
elsewhere that the acid conversion in the esterification of propi-
onic acid with 1-propanol or other alcohols is independent on stir-
ring speed of 200 rpm and above [20]. Therefore, a stirring speed of
600 rpm is maintained during all the experiments.
3.3.1. Effect of reaction time
The effect of the reaction time on PA conversion is studied over

the catalysts calcined at 400 �C using 0.20 g catalyst and with reac-
tant molar ratio of PA:B = 1:2 at 110 �C. The results are represented
in Fig. 3, and indicate that the percentage conversion of PA has
sharply increased with time up to 3 h with yields of 75.98%,
70.97% and 65.46% attained over SS, 15 IWSS and 35 IWSS, respec-
tively. The conversions have slightly increased after 4 h to yield
78.52%, 76.98% and 71.97%, and reach at the end of 6 h the values
of 81.48%, 80.98% and 73.97% respectively. The selectivity in using
these catalysts towards n-butyl propionate remains the same, i.e.
100%. The time of 4 h is taken hereafter to optimize the reaction
parameters.

Kinetic data reported on esterification of propionic acid with n-
butanol are relatively scarce in the open literature. Study of this
reaction over cation exchange resins [1] and SWS catalysts [24]
indicate that the reaction obeys a second order equation with re-
spect to propionic acid concentration. However, esterification of
acetic acid with alcohols over zeolites [55] or over SO2�

4 /SnO2

[37] has found to obey a first order reaction. In this work, however,
the kinetic data of the esterification of PA with B over the prepared
catalysts calcined at 400 �C are shown in Figs. 3 and 4. The plots of
�ln (1-conv.) or 1/[PA] with time are linear over a considerable
range of time, (up to 2 h). The slope of the linear part is a measure
of the specific reaction rate constant. Table 2 shows the values of
the reaction rate constants by applying the first order and second
order equations. It is obvious from data and R2 values that the reac-
tion follows first order kinetics with respect to acid rather than the
second order kinetics.

The values of the rate constants reveal that the ISS catalyst is
more active than the WO3 loaded catalysts, which is due to its
higher surface area and surface acidity. Besides, the rate of the
reaction is decreased with the increase of the WO3 loading which
may be due to the decrease of the surface area.
3.3.2. Effect of reaction temperature
Table 3 shows the influence of the reaction temperature on the

esterification of PA with B, over the catalysts calcined at 400 �C, in
the range of 70–110 �C using 0.20 g catalyst and molar ratio of
PA:B = 1:2 for 4 h. The results indicate that the conversions of PA
at 70 �C are low and increased gradually with the raising of the
reaction temperature. The increase of the temperature brings more
successful collisions which have sufficient energy (activation
energy) to break the bonds and form products, resulting in higher
values of PA conversion [20], and thus favor the formation of the
ester [56]. It is also observed from Table 3 that the PA conversion
over the catalysts calcined at 650 �C is much lower than the con-



Fig. 4. Kinetics of esterification of propionic acid with n-butanol over the catalysts calcined at 400 �C.

Table 2
Rate constants of the reaction over catalysts calcined at 400 �C.

Catalyst First order Second order

k1 (h�1) R2 k2, (M�1 h�1) R2

ISS 0.5761 0.9969 0.22165 0.9833
15 IWSS 0.4745 0.9944 0.18251 0.9887
35 IWSS 0.3772 0.9964 0.12213 0.9707
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version over the400 �C products. The PA conversions at 90 �C are
22.45%, 8.51% and 9.91% over ISS-650, 15 IWSS-650 and 35
IWSS-650, respectively. The increase of reaction temperature to
110 �C causes a pronounced increase in PA conversion to attain
59.11%, 41.76% and 53.51%, respectively. The raising of the calcina-
tion temperature to 650 �C causes the loss of most Brønsted acid
sites, the decomposition of sulfate ions and an increase in the crys-
tallinity of the present phases, as a result decreases of both the sur-
face acidity and the surface area of the catalysts (see Table 1). The
Lewis acid sites at this calcination temperature are responsible
mainly for the esterification of PA. These results are approved by
increasing the WO3 loading to 35 wt.% which are accompanied
with an increase in the PA conversion that is due to the increase
of the surface acidity and surface area of 35 IWSS-650 catalyst.
Generally, the highest conversions are observed at the reaction
temperature of 110 �C for both calcined products of 400 and
650 �C indicating that the reaction temperature of 110 �C is the
optimum reaction temperature to the esterification of PA with B.

3.3.3. Effect of catalyst amount
The effect of the catalyst weight (0.05–0.30 g) on the esterifica-

tion of PA with B over the 400 �C products is studied using the
reactant molar ratio of PA:B = 1:2 at 110 �C for 4 h. The conversion
of propionic acid results are given in Table 4, which indicate that
the PA conversion is increased gradually with an increase in the
weight of the catalyst. The PA conversion, however, over ISS and
Table 3
Effect of reaction temperature on PA conversion over the prepared catalysts.

Catalyst Reaction temperature (�C)

70 80 90 110

ISS-400 23.88 32.06 47.99 78.54
15 IWSS-400 18.27 27.46 58.62 73.95
35 IWSS-400 12.14 27.46 36.84 71.97
ISS-650 22.45 59.11
15 IWSS-650 8.51 41.76
35 IWSS-650 9.91 53.51

Catalyst weight. 0.2 g; PA:B = 1:2; Reaction time 4 h.
35 IWSS catalysts has slightly increased when the catalyst weight
is increased from 0.20 to 0.3 g. The increase of the catalyst weight
means that there are more available active sites for this reaction.
3.3.4. Effect of reactant molar ratio
The influence of the reactant molar ratios on the PA conversion

over the catalysts calcined at 400 �C is studied using 0.2 g of the
catalyst at 110 �C for 4 h. The results for PA:B = 2:1, 1:1, 1:2 and
1:3 M ratios are shown in Table 5. It is clear that the increase of
alcohol concentration to 1:1 leads to a remarkable increase in
the PA conversion. Increasing the alcohol ratio further increases
the conversion gradually to exhibit maximum at PA:B = 1:2. Gener-
ally, the increase of alcohol concentration causes a shift in the
equilibrium toward the formation of the ester. Furthermore, high
initial amount of acid has a retarding effect on the esterification
kinetics [57].

The decrease of the PA conversion may be explained on the ba-
sis of the fact that the increase in alcohol concentration hinders the
esterification reaction by blocking the active sites on the catalyst
surface [37,56] or dilution of propionic acid by excess alcohol.
Thus, there is a competitive adsorption of the alcohol molecules
on the acid sites with the acid molecules, which reduces the effi-
ciency of the catalyst [37]. These obtained results are in good
agreement with that observed on the esterification of PA with alco-
hols over Amberlyst 35 [19], a fibrous polymer-supported sul-
phonic acid (Smopex 101) [57] and PWS/ alumina catalysts [2].
The conversion of PA with n-butanol over the catalysts prepared
in this work reach 62.5–70.40%, which are higher than that
converted over cation exchange resins and HZSM-5 zeolites cata-
lysts (30–56%) applying the same reaction conditions (PA:B = 1:1
at 110 �C for 4 h).

Comparison of the values of SBET, surface acidity and catalytic
activity of the prepared catalysts with that prepared previously
in our laboratory which contain the same ratios of sulfate ions
Table 4
Effect of catalyst weight on PA conversion over the catalysts calcined at 400 �C.

Catalyst weight (g) PA conversion (%)

ISS-400 15 IWSS-400 35 IWSS-400

0.05 36.66 57.09 37.68
0.10 69.35 62.71 55.05
0.20 78.54 73.95 71.97
0.30 82.12 82.63 75.99

Reaction temp. 110 �C; PA:B = 1:2; Reaction time 4 h.



Table 5
Effect of the molar ratio of reactants on PA conversion over the catalysts calcined at
400 �C.

PA:B PA conversion (%)

ISS 15 IWSS 35 IWSS

2:1 38.94 41.55 39.41
1:1 69.43 70.42 62.53
1:2 78.54 73.95 71.97
1:3 77.82 71.59 58.42

Reaction temp. 110 �C; catalyst weight 0.2 g; Reaction time 4 h.
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and WO3, but without the support aging, namely, SS, 15 WSS and
35 WSS catalysts [23], indicate that a slight change in the prepara-
tion conditions may highly influence these properties. For instance,
catalysts prepared without aging the support, the SS, 15 WSS and
35 WSS and calcined at 400 �C show the following: (i) The SBET val-
ues of 131, 114 and 86.9 m2/g, (ii) The acid strengths (Ei values) of
435, 473 and 465 mV, (iii) The acid amounts of 0.110, 0.063 and
0.140 mmol/g, (iv) The PA conversions of 76.76%, 71.38% and
77.20%, at the reaction conditions of: AP:B = 1:2, 0.20 g catalyst
at 90 �C for 4 h. Whereas, in this work for similar catalysts pre-
pared with aging, namely, for ISS, 15 IWSS and 35 IWSS catalysts,
the results (see Tables 1 and 3), indicate that the aging of the sup-
port causes a decrease in SBET, acid strength and catalytic activity,
but a sharp increase in the acid amount of the catalyst.

3.3.5. Reusability of the catalysts
The reusability of solid catalysts is one of their main advantages

over liquid homogeneous catalysts, and it is very important aspect
of any industrial process. For the same purpose, reusability of the
prepared catalysts hereafter is tested. The catalyst after 4 h conver-
sion reaction is separated by filtration, washed with distilled
water, dried at 120 �C and reactivated by calcination at 400 �C for
4 h. The catalyst then reused in the esterification reaction at the
same conditions, using 0.2 g catalyst and PA:B = 1:2 at 110 �C for
4 h. The PA conversion over ISS-400 catalyst for a second run has
decreased to 59.11%, i.e. loss �20%, whereas for 15 IWSS-400 and
35 IWSS-400 catalysts the PA conversion has decreased by �13%
to be 61.18% and 58.11%, respectively. Sulfur leaching or reaction
with alcohol is a possible cause of the catalyst deactivation during
multiple reaction cycles [58]. These observations were in agree-
ment with the results observed on esterification reactions over
some catalysts such as SO2�

4 /ZrO2 [58–60], SAC-13 [18] and 20%
H3PW/ZrO2 catalysts [61]. For example, the catalytic esterification
of methanol with carboxylic acids over SAC-13 catalysts has de-
creased by 50–70% [18], whereas, the activity of esterification of
oleic acid with ethanol over 20% H3PW/ZrO2 catalyst has decreased
by �50% after use in second time [61].

3.3.6. Mechanism of the reaction
The esterification reaction is a straightforward reaction and

subject to general acid catalysis. It may occur over Brønsted solid
acid [1,2,20] or over Lewis acid sites [24,61]. Many authors
[37,62,63] have reported that both Brønsted and Lewis acid sites
are responsible for catalyzing the esterification reactions. The re-
sults obtained from the prepared catalysts indicate that these cat-
alysts possess both Brønsted and Lewis acidic sites, and these sites
are active in the esterification of PA with B. The mechanism of the
reaction follows a Rideal–Eley mechanism in which propionic acid
molecules are adsorbed first on the active acid sites of the catalyst,
Brønsted and Lewis acid sites, forming protonated propionic acid
or carbocation intermediate, and then react with n-butanol mole-
cules from the bulk liquid forming new adsorbed carbocation
which lose water molecule leaving adsorbed n-butyl propionate
carbocation on the active sites. The n-butyl propionate is then des-
orbed from the surface. The adsorption and protonation of PA or
carbocation formation on the catalyst surface is assumed to be
the rate-controlling step. Details of these mechanisms can be found
in the literature [37,24,56,57].
4. Conclusions

Mixing SnO2 hydrogel with 15 wt.% SO2�
4 causes an increase in

SBET. The SBET values depend on the calcination temperature and
WO3 loading. The addition of sulfate ions and WO3 hinder the crys-
tallization of SnO2. The catalysts possess very strong acid sites and
contain both Brønsted and Lewis acid sites. The addition of sulfate
and WO3 loading enhances the surface acidity and increases the
acid strength of the acid sites. The acid strength, amount of acid
sites, and esterification of propionic acid with n-butanol are the
highest for the products calcined at 400 �C. The aging step shows
a very critical advantage over non-aged catalysts.

The catalytic activity increases with reaction time and catalyst
weight, and it is maximum for PA:B ratio of 1:2. The reaction obeys
first order kinetics equation with respect to PA concentration.
Brønsted and Lewis acid sites are proved to be essential for cata-
lytic activity in n-butyl propionate formation.
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