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Novel solid acid catalysts synthesized from aluminum phosphate were prepared via a
precipitation method and a subsequent sulfating treatment. Their catalytic performances
for the esterification of propanoic acid with n-butanol were investigated. The as-prepared
catalysts were characterized by means of X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), nitrogen adsorptionedesorption, Fourier transform infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), temperature programmed desorption of
ammonia (NH3-TPD), infrared spectroscopy of adsorbed pyridine, and other techniques.
Experimental results of esterification reactions indicated that the calcination temperature
can significantly affect the catalytic performances and the catalyst calcined at 500 �C
(SO4

2�/AlPO4-500) exhibited the highest activity. The effects of different reaction condi-
tions including reaction time, reaction temperature, catalyst amount and alcohol/acid
molar ratio were studied in detail. The maximum propanoic acid conversion of 91% was
achieved under optimum reaction conditions. Furthermore, the as-prepared SO4

2�/AlPO4-
500 catalysts were tested for their reusability in repeated reaction cycles and could be
effectively regenerated by a simple reactivation method.

© 2016 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Esterification is a common and essential reaction for the
synthesis of numerous fine chemicals such as perfumes,
solvents, pharmaceuticals, food preservatives, cosmetics
and biofuels [1,2]. As is widely known, acid catalysts are
indispensable in esterification reactions. Conventional acid
catalysts employed in industrial esterification processes are
mainly homogeneous mineral acids (e.g., sulfuric acid),
which possess high activities and low costs. However, the
utilization of these mineral acids inevitably brings about
some serious problems like the corrosion of equipment, the
separation of catalyst and environmental contamination.
g).
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Therefore, the replacement of these homogeneous acid
catalysts by heterogeneous acid catalysts is highly neces-
sary [3].

By comparison, solid acid catalysts have some advan-
tages: they can be readily separated from liquid reaction
mixtures, and they are environmentally friendly with
respect to corrosiveness [4]. In recent years, various solid
acid catalysts have been investigated for esterification re-
actions, including cation-exchange resins [5,6], zeolites
[7,8], supported heteropolyacids [9,10], sulfate group pro-
moted solid acids [11e13], oxides of elements with valence
five or higher [14,15], carbon based solid acids [16,17] and
biomass derived solid acids [18,19]. Among them, sulfate
group promoted solid catalysts (mostly sulfated metal ox-
ides) have drawn considerable attention in the field of solid
acid catalysis [20e24].
ll rights reserved.
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Owing to its superior properties, aluminum phosphate
is regarded as a high-quality support material and has been
applied in a variety of catalysis systems [25e28]. Amor-
phous aluminum phosphates commonly have high surface
areas and large pore volumes. The skeleton of amorphous
aluminum phosphate consists of tetrahedral units of AlO4
and PO4, which have a similar structure to that of silica [29].
This type of structure results in the high thermal stability of
AlPO4 [30]. All these above are believed to be vital prop-
erties for a catalyst support. In addition, the surface struc-
tural defects of AlPO4 promote the formation of surface OH
groups, which are similar to the SieOH groups of zeolites.
Thus an appropriate loading of heteroelements can
remarkably enhance the catalytic performance of the AlPO4
supported catalysts, due to their satisfactory dispersion and
specific interactions with the support [31]. However, pub-
lications about AlPO4 supported solid acid catalyst are rare
in the literature [32]. Till now, to the best of our knowledge,
investigations of sulfated aluminum phosphate solid acid
used in esterification reactions have not been available.
Moreover, acting as a support of solid acid, aluminum
phosphate has a relatively lower cost compared with some
frequently-used metal oxides such as ZrO2 and TiO2.

Accordingly, in the present work, amorphous aluminum
phosphate was prepared and used as support for the
immobilization of sulfate groups. Physicochemical proper-
ties of the resulting solid acid catalysts (SO4

2�/AlPO4-T)
were investigated with the help of various characterization
techniques. Catalytic activities of these catalysts were
evaluated by the esterification of propanoic acid with n-
butanol. The effects of esterification reaction parameters
such as reaction time, reaction temperature, catalyst
amount andmolar ratio of alcohol to acid on the conversion
of propanoic acid were studied in detail. Besides, recycling
tests as well as reactivation of the catalyst were also
performed.

2. Experimental

2.1. Preparation of catalyst

All chemicals in this study were of analytical grade and
were used as received. Aluminum phosphate support was
prepared via an incipient precipitation method under basic
conditions. Typically, 15.01 g of Al(NO3)3$9H2O and 4.61 g
of H3PO4(85%) (corresponding to theoretical Al/P molar
ratio of 1:1) were dissolved in 100 mL deionized water. To
this solution, a diluted NH3 solution (10 wt %) was added
dropwise under vigorous stirring to attain a final pH of 9
and the resulting suspensionwas further stirred for 1 h. The
precipitate was filtered, washed with deionized water to
remove soluble impurities, and dried at 110 �C overnight.
The thus obtained white solids were ground to fine pow-
ders in a carnelianmortar and calcined at 400 �C for 3 h. For
targeted catalysts preparation, 0.8 g of the prepared AlPO4

was added into a solution of 0.4 g (NH4)2SO4 dissolved in
15mL deionized water in a 50 mL beaker. After standing for
5 h at room temperature, this mixture was dried at 110 �C
for 16 h and finally calcined at 400e550 �C for 3 h. The as-
prepared catalysts were denoted as SO4

2�/AlPO4-T, where T
denote the calcination temperature (�C).
2.2. Characterization of catalysts

The crystalline structure and phase composition of
these prepared catalysts were analyzed by powder X-ray
diffraction (XRD) technique on a Bruker AXS D8-Focus X-
ray diffractometer equipped with a nickel filtered Cu Ka
(0.15418 nm) radiation source and a scintillation counter
detector. The XRD patterns were recorded by scanning the
samples in a 2q range of 3e60�. Themorphologies and sizes
were observed using a Hitachi S-4800 field emission
scanning electron microscope (FE-SEM). Nitrogen adsorp-
tionedesorption measurements were performed at liquid
nitrogen temperature (77 K), using a Micromeritics ASAP
2020 gas sorption analyzer. Specific surface areas were
calculated from the linear part of adsorption data via the
BrunauereEmmetteTeller (BET) equation. The total pore
volumes were estimated according to the adsorbance of
nitrogen at a relative pressure (P/P0) around 0.99. Fourier
transform infrared (FT-IR) spectra of catalysts and the
matrix were recorded on a Nicolet 6700 IR spectrometer in
the spectral range of 2000e500 cm�1 with a resolution of
4 cm�1 using the conventional KBr pellet technique.
Chemical states of the elements present on the catalyst
surfacewere analyzed by X-ray photoelectron spectroscopy
(XPS) on a Thermo ESCALAB 250 Xi instrument with
monochromatized Al Ka line (hy ¼ 1486.6 eV) as the exci-
tation source. Analyses were done at room temperature
and the samples were maintained in a high vacuum (less
than 10�8 Pa) to avoid noise in the spectra. The C 1s peak of
hydrocarbon at 284.8 eV was used as an internal standard
to which the binding energy values were referenced. The
acidic properties of the catalysts were evaluated by tem-
perature programmed desorption of ammonia (NH3-TPD)
using a Micromeritics AutoChem II 2920 instrument
equipped with a TCD detector. Each sample was pretreated
under a helium flow (50 mL/min) at 300 �C for 1 h and then
cooled down to 100 �C. Subsequently, the sample was
exposed to a flowing 10% NH3/He gas mixture (50 mL/min)
for 30 min. The excess physisorbed NH3 was flushed out for
1 h with a pure helium gas flow. Measurements were
conducted by heating the sample up to 650 �C with a
ramping rate of 10 �C/min under a helium flow. To identify
the Brønsted (B) and Lewis (L) acid sites on these catalysts,
FT-IR spectra of pyridine adsorbed on the catalysts were
recorded on a Nicolet 6700 spectrometer equipped with an
in situ quartz cell. Before measurement, the sample was
pretreated at 350 �C for 2 h in a vacuum of 10�2 Pa. After the
quartz cell was cooled to room temperature, the sample
was saturated with pyridine vapor. Excess physisorbed
pyridine was removed by degassing for 30 min at room
temperature under vacuum. The FT-IR spectrum of the
adsorbed pyridine was then recorded. The quantities of
acid sites present on the catalysts were estimated from the
total amount of sulfate groups determined by an ion-
exchange/titration method [33,34]. In a typical experi-
ment, 0.30 g of catalyst and 3.0 g of NaCl, as an ion-
exchange agent, were added into 60 mL of deionized
water and stirred for 24 h. Afterwards, the solid was
filtered. Using phenolphthalein as an indicator, the filtrate
was titrated with 0.05 M NaOH solution. The amounts of
acid sites were thus determined.
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2.3. Catalytic activity test

The esterification reactions were performed in a 100 mL
three-necked round bottom flask attached with a reflux
condenser. This apparatus was placed on a magnetic-
stirred oil bath maintained at a specified temperature.
Propanoic acid, n-butanol and desired amount of catalyst
were added into the reaction flask, the reaction was con-
ducted under vigorous stirring. Various parameters of the
reaction conditions, including reaction time, reaction
temperature, catalyst amount (weight percentage of the
reaction mixture), and the molar ratio of n-butanol to
propanoic acid, have been optimized individually. After
each batch reaction was terminated, the catalyst was
immediately separated from the reaction mixture by
filtration. The samples were drawn from the reaction
mixture and analyzed by gas chromatography using a gas
chromatograph (GC, SP-6890A) equipped with a FID de-
tector and a capillary column (SE-54
30 m� 0.32mm� 0.25 mm). Under the employed reaction
conditions, butyl propionate was the predominant product
detected (selectivity>99%). The blank experiment was also
carried out with no catalyst for comparison.

3. Results and discussion

3.1. Characterization

The XRD patterns of SO4
2�/AlPO4 catalysts calcined at

different temperatures and AlPO4 sample are shown in
Fig. 1. The AlPO4 support does not reveal any prominent
diffraction peaks, indicating an amorphous phase. There
are obvious characteristic peaks (2q ¼ 20.3�, 21.5�, 22.9�

and 35.5�) of the orthorhombic a-AlPO4 crystalline phase
(JCPDS card no. 51-1674) observed for all the calcined
SO4

2�/AlPO4 catalysts, indicating that the blend of
(NH4)2SO4 promotes the formation of orthorhombic a-
AlPO4 crystal. The SO4

2�/AlPO4-400 sample even exhibits
clear peaks at 10.6�, 24.2�, 30.6� and 37.9�, respectively,
corresponding to the diffraction of crystalline NH4Al(SO4)2
(JCPDS card no. 23-0001). This implies that (NH4)2SO4
contained in the catalyst precursor has not completely
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Fig. 1. XRD patterns of (1) AlPO4; (2) SO4
2�/AlPO4-400; (3) SO4

2�/AlPO4-
450; (4) SO4

2�/AlPO4-500; and (5) SO4
2�/AlPO4-550.
decomposed at this calcination temperature. When the
calcination temperature further increases, the NH4Al(SO4)2
crystalline phase tends to disappear. However, two new
weak diffraction peaks (15.1� and 25.4�) assigned to crys-
talline Al2(SO4)3 are identified for SO4

2�/AlPO4-450, SO4
2�/

AlPO4-500 and SO4
2�/AlPO4-550 catalysts, which might be

attributed to the interaction between excess SO4
2� and

metal ions during the calcination procedure. Similar phe-
nomena were also observed in those SO4

2�/MxOy solid
acids [35e37].

FE-SEM images displaying the surface morphologies of
AlPO4 support and the prepared SO4

2�/AlPO4 catalysts are
shown in Fig. 2. As can be seen, catalyst support AlPO4
shows the agglomerations of nanoparticles with irregular
geometries (Fig. 2A). The incorporation of sulfate species on
this support has yielded a SO4

2�/AlPO4 catalyst with large
particle sizes and irregular shapes as shown in Fig. 2B.
Besides, compared to bare AlPO4, the as-prepared catalyst
seems to have more porous structures. Actually, this is
formed by the aggregation of numerous catalyst particles
with larger sizes.

The textural properties of the catalysts and AlPO4 sup-
port based on N2 physical adsorptionedesorption mea-
surements are summarized in Table 1. It can be observed
that the specific surface areas and pore volumes of the
prepared SO4

2�/AlPO4 catalysts are evidently low
compared to the support. This is due to the anchoring of
sulfur species on the catalyst support resulting in the
blockage of the pores as well as the sintering of AlPO4
support during calcination (evidenced by XRD analysis).
The relatively low surface areas and pore volumes of the
catalysts may also have a high correlation with their larger
particle sizes compared to bare AlPO4 (see Fig. 2). Specific
surface areas and total pore volumes of the as-prepared
catalysts increased from 10.66 to 22.45 m2/g and 0.035 to
0.071 cm3/g, respectively, as the calcination temperature
rose from 400 to 550 �C. These gradual changes well reflect
the decomposition of (NH4)2SO4 and the loss of sulfur
species from the surface of catalysts alongwith the increase
of calcination temperature.

Fig. 3 represents the FT-IR spectra of the AlPO4 support
and SO4

2�/AlPO4 catalysts of varied calcination tempera-
tures. As can be discerned, the spectra of all samples exhibit
broad absorption bands in the range of 1100e1130 cm�1,
which correspond to the asymmetric vibration of phos-
phate (triply degenerate PeO stretching vibration) [38]. For
these prepared catalysts, it is noteworthy that the in-
tensities of the bands (~1120 cm�1) are markedly higher
than that of the AlPO4 support. Considering the overlapping
between absorption bands of the PeO and SeO bonds, this
may due to the additional asymmetric stretching vibration
of the SeO bond associated with the incorporated sulfate
groups. The spectra of these catalysts also show bands at
1385 cm�1, which are assigned to the stretching vibration
of S]O [39]. Hence, it can be concluded that the sulfate
groups are covalently bonded to surface metal atoms of the
AlPO4. The surface sulfate groups are believed to be
responsible for enhancing the acidity of the catalyst [40].
However, for SO4

2�/AlPO4-400 in particular, a weak peak at
1410 cm�1 identified in its spectrum reveals the presence of
polynuclear sulfate S2O7

2�, namely ammonium pyrosulfate,



Fig. 2. Comparison between the SEM images of (A) AlPO4 and (B) SO4
2�/AlPO4-500.

Table 1
Physico-chemical properties of the prepared samples.

Sample ABET
a

(m2/g)
Vp

b

(cm3/g)
Surface acid
sites amount
(mmol/g)

Surface acid
sites density
(mmol/m2)

AlPO4 152.16 0.678 d d

SO4
2�/AlPO4-400 10.74 0.025 2.559 0.238

SO4
2�/AlPO4-450 13.66 0.039 2.404 0.176

SO4
2�/AlPO4-500 18.63 0.050 2.152 0.115

SO4
2�/AlPO4-550 22.45 0.071 2.009 0.089

a Specific surface area calculated by the BET method.
b Total pore volume estimated from nitrogen adsorbance at a relative

pressure of 0.99.
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Fig. 3. FT-IR spectra of the prepared samples: (a) AlPO4; (b) SO4
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which is due to the incomplete decomposition of
(NH4)2SO4 [41]. This result is in line with the XRD analysis.
The bands around 1630 cm�1 observed in all the spectra are
attributed to the OeH bending vibration of the terminal
eOH groups and absorbed water molecules present on the
surface of the solids. Besides, the bands at ~690 cm�1 and
505 cm�1 for the catalysts are the AleOeP stretching vi-
brations as well as the OePeO bending mode of the PO4

3�

tetrahedral, respectively, indicating the presence of crys-
talline AlPO4 that is also corroborated by the XRD analysis.

The scan spectra of the catalyst SO4
2�/AlPO4-500 drawn

from XPS analysis are depicted in Fig. 4. The survey scan
spectrum (Fig. 4a) reveals clear peaks of Al, P, S, C, and O
elements. Therein, the observed peak of C 1s is due to
carbon tape (i.e., internal standard) from the XPS instru-
ment itself. There is also a faint peak of N 1s (around
400 eV) in the survey scan spectrum. This indicates that the
SO4

2�/AlPO4-500 still contains traces of ammonium salt
(i.e., (NH4)2S2O7), though not detected by the X-ray
diffraction technique (Fig. 1). The detailed spectrum of Al
2p (Fig. 4b) shows one peak with binding energy at 75.4 eV,
suggesting the presence of the Al3þ cation that results from
the bonding of sulfate group [42]. As observed from the O
1s spectrum (Fig. 4c), the peak location at a binding energy
of 532.7 eV can be attributed to surface O with chemical
valence of �2, which is present in the phosphate matrix as
well as surface sulfate groups [43]. Correspondingly, the
peak at 169.6 eV is detected for the S 2p binding energy
(Fig. 4d), which is assigned to sulfur with oxidation state of
þ6 contained in the catalyst [44]. The hexavalent sulfur is
doubtlessly critical in the formation of the strong acid site
[45,46]. The anchoring of these electron-drawing sulfur
species to the AlPO4 support would exacerbate the electron
deficiency of surface Al atom, thus facilitating the forma-
tion of strong acidity. This result is in good accordance with
the IR analysis. The surface sulfur content quantitatively
estimated from the peak area of XPS spectrum is 4.79%
(atomic ratio). In addition, the peak with binding energy
around 134.6 eV found in P 2p spectrum (Fig. 4e) is ascribed
to pentavalent phosphorus of PO4 tetrahedral unit in the
AlPO4 skeleton [47].

The catalytic efficiency of a solid acid catalyst largely
depends on its acidic properties, which can be evaluated by
NH3-TPD measurement. The NH3-TPD profiles obtained for
the prepared SO4

2�/AlPO4 catalysts are revealed in Fig. 5.
There are various peaks observed in the measurement re-
gion of 100e650 �C, which correspond to desorption of NH3
from the acid sites of different acid strength. The desorp-
tion temperature positively correlates with the strength of
acid sites on the catalyst. The desorption profile of SO4

2�/
AlPO4-400 catalyst primarily shows a broad peak centered
at 280 �C in the range of 100e500 �C, indicating that the
acid sites present on this catalyst are mainly weak and
medium ones. This is probably due to the presence of re-
sidual (NH4)2S2O7 (verified by XRD and IR analysis) on the
catalyst, which results from the incomplete decomposition
of (NH4)2SO4 and is unfavorable for the formation of strong
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acid site. In contrast, the TPD profiles of SO4
2�/AlPO4-450,

SO4
2�/AlPO4-500, and SO4

2�/AlPO4-550 all exhibit the
principal desorption peaks around 566 �C in a range of
450e620 �C, which can be assigned to strong acid sites. The
covalent bonding of SO4

2� to surface Al atoms of the AlPO4
support and the strong electron-withdrawing effect of
SO4

2� are believed to be responsible for the generation of
strong acidic active centers. It can be also noticed that the
areas of the NH3 desorption curves gradually decrease
along with the increase of calcination temperature for all
these catalysts. Since the area of the NH3-TPD curve is in
proportion to acid site amount of the corresponding
catalyst, this reflects a gradual decline in total acid sites on
these catalysts, which can be attributed to the decompo-
sition of sulfur species present on the surface of the cata-
lyst. This phenomenon is in line with the results based on
the ion-exchange/titration method for the determinations
of acid site content (see Table 1).

FT-IR spectra of pyridine adsorbed onto a solid surface
can provide further insight into the nature of the surface
acid sites. The resulting spectra for SO4

2�/AlPO4 catalysts
are presented in Fig. 6. All the characteristic bands are
revealed in the spectral region of 1400e1700 cm�1. Cova-
lently bonded pyridine (corresponding to Lewis acid sites)
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exhibits peaks at 1450 and 1616 cm�1 [48]. Bands at 1540
and 1640 cm�1 are assigned to pyridinium ion (pyridine
adsorbed onto Brønsted acid sites) [49]. The bands centered
at 1490 cm�1 in all spectra represent combined pyridine
adsorbed on both Brønsted and Lewis acid sites [50].
Furthermore, the peaks around 1576 cm�1 can also be
attributed to pyridine adsorbed onto Lewis acid sites [51].
These spectra revealed in Fig. 6 indicate the presence of
both Brønsted and Lewis acid sites on the corresponding
catalysts. It is worth noting that the band around
1640 cm�1 is absent only in the spectrum of pyridine
adsorbed on the SO4

2�/AlPO4-400 catalyst. According to the
weak and medium acidity of this catalyst (confirmed by
NH3-TPD analysis), the band at 1640 cm�1 may be associ-
ated with the presence of strong acid sites.

3.2. Catalytic performance

The conversions of propanoic acid are used to evaluate
the efficiencies of the catalysts in esterification reactions
and the results are listed in Table 2. For comparison, the
catalytic performance of the AlPO4 support and the result of
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blank esterification (without catalyst) are also included. As
it can be seen, the AlPO4 support shows almost negligible
catalytic effect compared to the result of blank reaction.
These results also indicate that the calcination temperature
significantly affects the catalytic activity of these catalysts.
Among the catalysts investigated, the SO4

2�/AlPO4-500
exhibits the highest catalytic activity. It is noteworthy that
the SO4

2�/AlPO4-400 has evidently lower catalytic effi-
ciency in comparison with other catalysts, despite the
largest amount of acid sites it possesses. The results of NH3-
TPD and N2 adsorptionedesorption measurements reveal
that the SO4

2�/AlPO4-400 possesses a predominantly weak
and medium acidity and the lowest surface area (barely
10.74 m2/g). In contrast, the NH3-TPD profiles (Fig. 5) of the
catalysts calcined at higher temperature (450 �C, 500 �C
and 550 �C) verified the existence of strong acid sites on
their surface, which are totally different from the SO4

2�/
AlPO4-400. This is the main reason why these catalysts
showed drastically higher catalytic efficiencies than the
SO4

2�/AlPO4-400. Besides, the diffusion rate of the reaction
substrate can also affect the catalytic activity of a solid
catalyst. As the calcination temperature increased, the solid
acid catalyst with the larger surface area (Table 1) may
allowmore facile diffusion of the reaction substrate; hence,
the catalyst calcined at 500 �Cwas slightlymore active than
the one prepared at 450 �C. However, the catalytic activity
decreases when the calcination temperature further in-
creases. At excessively high calcination temperature, the
decomposition of surface sulfate groups results in the loss
of strong acid sites from the solid acid, thus undermining
the activity of the solid acid.

Reaction parameters, such as reaction time, reaction
temperature, catalyst amount and molar ratio of alcohol/
acid, have considerable influences on the proceeding of
esterification reaction. The effects of these reaction pa-
rameters were thus studied and the results are plotted in
Fig. 7. The catalyst selected in these studies was SO4

2�/
AlPO4-500, which possesses the best catalytic performance.
Fig. 7a shows the effect of reaction time on the conversion
of propanoic acid. Within the initial 3 h, the propanoic acid
conversion witnessed a drastic growth and a final conver-
sion of up to 91% is attained. Thereafter, the growth in the
conversion almost stagnated, indicating the achievement of
Table 2
Comparison of catalytic activity of different catalysts.

Catalyst Conversion of propanoic acid (%)

SO4
2�/AlPO4-400 60.7

SO4
2�/AlPO4-450 85.9

SO4
2�/AlPO4-500 89.5

SO4
2�/AlPO4-550 79.2

AlPO4 31.6
Blank 29.8
Recycling experiments of SO4

2�/AlPO4-500 catalyst
Run 1 89.5
Run 2 81.6
Run 3 71.3
Run 4 64.7
Run 5 57.1

Reaction conditions: reaction temperature was 125 �C, reaction time was
150min, molar ratio of n-butanol to propanoic acid was 1.5:1, and catalyst
amount was 1.01 wt %.
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equilibrium. A reaction time of 3 h is appropriate for the
maximum conversion of propanoic acid.

The effect of reaction temperature on the esterification
process is displayed in Fig. 7b. Apparently, the increase in
the reaction temperature from 95 to 125 �C brought about a
noticeable increase in the conversion of propanoic acid. It is
well known that the esterification is an endothermic re-
action, so a higher reaction temperature will facilitate the
conversion of propanoic acid. However, a slight decrease in
the conversion is observed as the reaction temperature
increases beyond 125 �C. This can be ascribed to the
vaporization of unreacted n-butanol at an excessively high
temperature that far exceeds its boiling point (117 �C). The
optimum temperature for this reaction should be deter-
mined at 125 �C.

Fig. 7c depicts the effect of catalyst amount on the
conversion of propanoic acid. A nearly linear increase in the
propanoic acid conversion from 64% to 89.5% can be
observed by increasing the catalyst amount from 0.34 to
1.01 wt %. This may suggest that there are not enough active
acid sites for the reaction with a relatively less catalyst
amount and extra catalyst would enhance the reaction rate.
Similar phenomena have been also observed in some other
catalytic esterification reactions [52,53]. However, by
further increasing the catalyst amount beyond 1.01 wt %,
the conversion of propanoic acid tends to be constant
owing to the limitation of the reaction equilibrium. Thus, a
catalyst amount of 1.01 wt % is suitable for this esterifica-
tion reaction.
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Fig. 7. Effects of (a) reaction time, (b) reaction temperature, (c) catalyst dose and (d
esterification.
The results of catalytic performances with various
alcohol/acid molar ratios from 1:1 to 2:1 are demonstrated
in Fig. 7d. As can be seen, the conversion of propanoic acid
raised markedly from 74.1% to 89.5% when the alcohol/acid
molar ratio increased from 1:1 to 1.5:1. Stoichiometrically,
the molar ratio of alcohol to acid is 1:1 in the esterification
reaction. Actually, a moderate excess of n-butanol is
needed to promote the formation of the ester as the
esterification reaction is reversible. Nevertheless, the
further excess of alcohol may dilute carboxylic acid in the
reaction mixture and flood the acid sites of the catalyst,
which have adverse effects on the protonation of carbox-
ylic acid at the acid sites, thus resulting in a decrease in the
conversion of carboxylic acid [54,55]. Accordingly, there is
a slight downward trend in the conversion of propanoic
acid when the molar ratio exceeds 1.5:1. Hence, the
alcohol/acid molar ratio of 1.5:1 is found to be optimal for
this reaction.

In the reusability test, the SO4
2�/AlPO4-500 catalyst was

subject to successive reaction cycles. After each batch re-
action cycle, the catalyst was separated by filtration,
washed with ethanol, dried at 80 �C in air, and then used in
the following reaction cycle without any further reac-
tivation. The results are presented in Table 2. As can be
noted, the catalyst revealed a gradual decline in catalytic
activity and the conversion of propanoic acid had fallen to
57.1% after five reaction cycles. This deactivation is probably
due to the blockage of active acid sites with the reaction
product molecules of ester and water adsorbed on the
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catalyst surface [56,57]. Furthermore, the acid site amount
determined (by ion-exchange/titration method) for the
recycled catalyst (after five reaction cycles) was
0.813 mmol/g, far less than that of the fresh catalyst
(2.152 mmol/g). The NH3-TPD profiles in Fig. 9 vividly
elucidated this drastic change. The lessening in the amount
of acid sites corresponds to the loss of surface sulfate
groups, which is also responsible for the deactivation of the
catalyst. Therefore, it is necessary to recover the catalytic
activity of the spent SO4

2�/AlPO4-500 catalyst via a reac-
tivation treatment. The recycled catalyst was immersed in a
(NH4)2SO4 solution (mass ratio of (NH4)2SO4 to a recycled
catalyst maintained 1:4, dried at 110 �C, and finally calcined
at 500 �C. This reactivation method was proved to be
effective as the reactivated catalyst exhibited a similar
catalytic activity to the fresh sample (see Fig. 8). It can be
clearly found from Fig. 9 that the reactivated catalyst has a
NH3-TPD curve similar to that of fresh SO4

2�/AlPO4-500,
which accounts for its recovered activity.

4. Conclusion

A series of SO4
2�/AlPO4-T solid acid catalysts were pre-

pared by a facile precipitation method and a subsequent
surface sulfate modification. These catalysts were charac-
terized in detail and applied in the esterification of prop-
anoic acid with n-butanol. The calcination temperaturewas
found to have an evident impact on the catalytic activities
of these catalysts. The catalysts calcined at different tem-
peratures have varied physicochemical properties
including specific surface area, acid strength and total acid
sites, which are key factors determining the catalytic ac-
tivity of a solid acid. Among them, the SO4

2�/AlPO4-500
catalyst exhibited the highest activity. The maximum
propanoic acid conversion of 91% can be achieved under
the optimized reaction conditions: a reaction time of 3 h, a
reaction temperature of 125 �C, a catalyst amount of
1.01 wt % and an alcohol/acid molar ratio of 1.5:1. Reus-
ability tests revealed that the SO4

2�/AlPO4-500 suffers from
an inevitable depletion in catalytic activity and a simple
reactivation method was proposed. In summary, sulfated
60 120 180
30

40

50

60

70

80

90

C
on

ve
rs

io
n 

(%
)

Reaction time (min)

 fresh catalyst
 reactivated catalyst

Fig. 8. Catalytic activity of fresh and reactivated SO4
2�/AlPO4-500. Reaction

conditions: temperature was 125 �C, catalyst amount was 1.01 wt %, and the
molar ratio of n-butanol to propanoic acid was 1.5:1.
aluminum phosphate can be considered as a promising
heterogeneous catalyst for acid catalyzed reactions.
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