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Abstract: A new spinel solid acid catalyst of S,04>/ZnAl,0,-x wt%Ce was simply prepared by
modifying S,04%/ZnAl,O, with Ce for acid catalysis of acetic acid and n-butanol. The prepared catalysts

10 were characterized by means of XRD, IR, TG, XPS, NH;-TPD, SEM and Ny-physisorption. The
experimental results showed S,05%/ZnAl,0,-x Wt%Ce solid acid catalysts belonged to spinel-type
ZnAl,O, structure. The addition of Ce played a key role in stabilizing the surface sulfur species and
consequently increasing the acid strength of S,04>/ZnAl,O,-x Wt%Ce. The appropriate modification of
Ce was 4 wt% and S,052/ZnAl,0,-4 wt%Ce catalyst had 95.9% esterification efficiency under the

15 optimum reaction conditions. Compared with unmodified S,0¢%/ZnAl,0, catalyst, S,04>/ZnAl,0,-4
wt%Ce solid acid catalyst showed much better reusability, which could remain above 80% esterification
even after being used for six times. The loss of sulfur species on the surface of S,04>/ZnAl,0,-4 wt%Ce
solid acid was one of the essential reasons for its deactivation during the acid catalyzed reaction.

1. Introduction

In recent years, acid catalysts have been widely used in many acid
catalytic reactions, including dehydration, isomerization, acylation,
esterification, alkylation and polymerization, etc. Conventional
industrial acid catalysts, such as inorganic acids (e. g. HsPO,, HCI,
H,SO,, etc.) and Lewis acids (e. g. AICI3, TiCly, etc.), have
unavoidable drawbacks because of their severe corrosivity and
environmental problems. To overcome these disadvantages, a
number of heterogeneous solid acid catalysts, such as ion exchange
resin, sulfonated-carbon materials, zeolites, heteropoly acids,
niobium oxide, sulphated metal oxides (SOf‘/MxOy), etc, have
been studied because of their significant advantages of easy
recovery, few disposals, less corrosion, and environmental safety.
® Nowadays, solid acid catalysts has been tested for many organic
reactions, such as esterification, sugar dehydration, n-alkanes
isomerization, condensation reaction, acetalization reaction, and so
forth. ®° The SO,%/M,0y is an interesting class of solid acid
catalysts because of its unique advantages. 1> ** For example, it has
been demonstrated that it is easy to synthesize and presents other
advantages of better thermal stability, stronger acidity and higher
catalytic activity in many kinds of organic reactions even at very
mild conditions. However, SOf‘/MxOy solid acid catalysts,
including two representative systems of SO,%/ZrO, and SO,%/TiO,,
usually surfer from low stability and rapid deactivation, which
limit their promising practical applications. *> ** To overcome these
drawbacks, numerous approaches have been employed over the
past several decades. Among them, the modification of SOf‘/MxOy
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with other metallic ions is typically considered as an effective
method to greatly improve the acid sites dispersion, stabilize the
surface sulfur species and enhance the stability of SOf‘/MXOy solid
acid catalysts. 8 However, crystal structure transformation will
inevitably happen in the process of modification SOf’/MXOy solid
acid with other metallic ions. Moreover, this phenomenon is
difficult to control and leads to a negative effect on the catalytic
performances of SO,%/M,O, solid acid catalysts. > So, the quest
for new superior systems that avoids the above disadvantages of
SOf'/MXOy has led to exploration of alternative metal oxides as a
substitute for synthesis of SOf’/MXOy solid acid catalysts. In our
preliminary experiment, we had identified that composite oxide
spinel ZnAl,O, could be successfully used in synthesis of S,0¢*
/ZnAl,0, spinel solid acid, which had exhibited high catalytic
activity in the esterification of n-butyl acetate. Particularly, S,04%
/ZnAl,O, had the prominent advantages of stable structure owing
to its single spinel crystal shape. 2 However, for unmodified S,04>
/ZnAl,0, solid acid catalyst, there were still similar disadvantage
of the relatively short lifetime and low reusability with other SO,*
IM, O, solid acid catalysts. Therefore, directions for further
improving its catalytic properties include modifying S,04%
/ZnAl,O, with other promoters.

Based on the above background, the present work makes an
attempt on modifying S,052/ZnAl,0, with Ce. The main aim of
this paper is to investigate the effect of Ce modification on acidic
properties, the catalytic activities and the stability of S,04%
1ZnAl,0, spinel solid acid in detail. For this purpose, a new spinel
solid acid catalyst of S,04>/ZnAl,0,-x Wt%Ce was simply
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prepared by modifying S,04>/ZnAl,0, with Ce for acid catalysis
of acetic acid and n-butanol in this paper. In addition, synthesis
conditions of S,052/ZnAl,0,-4wt%Ce solid acid catalyst were
optimized, including reaction times, acetic acid/n-butanol ratio and
catalyst amounts. In the meantime, the reusability of $,04*
1ZnAl,0,-4wt%Ce solid acid catalyst was also evaluated. The
catalyst structure and the acidic activity of $,05°/ZnAl,0,4-x
wit%Ce solid acid catalysts were characterized by XRD, IR, TG,
NH;-TPD, XPS, SEM and N,-physisorption techniques. Up to now,
there are few reports about the reasons for deactivation of SO,*
/M, O, solid acid catalysts. However, it is of great importance in the
evaluation of catalyst lifetime. Therefore, we had an attempt to
understand of the deactivation of S,04%/ZnAl,04-4 Wt%Ce solid
acid during the reaction, with the aim to provide the reference data
for the further study of SOf’/MXOy solid acid catalyst. There are
only few studies on concerning S,05%/ZnAl,04-x wt%Ce solid
acid catalysts, which are expected to act as a promising catalyst
system and have certain application prospect in the acid catalytic
reaction.

2. Experimental
2.1 Catalysts preparation

Solid acid catalysts S,04>/ZnAl,0,-x Wt% Ce (x=0, 2, 4, 6, 8, 10)
were prepared as follows: 15.004 g Al(NO3)3-9H,0, 5.950 g
Zn(NOs),-6H,0 and stoichiometry amounts of Ce(NO)3-9H,0
were dissolved in absolute ethyl alcohol, followed by adding 5
wit% (~1.048 g) of polyethylene glycol to the ethyl alcohol solution
with magnetic stirring at room temperature for 4 h. The obtained
mixture was evaporated with further stirring for 2 h in a water bath
at 60 °C to get the sol. The sol was dried and was grounded into a
fine powder. Then, the powder was calcined at 600 °C for 5 h in air
sequentially to obtain the spinel ZnAl,O4-x wt%Ce. The ZnAl,04-x
wit%Ce precursors were then sulfated for 12 h by impregnating
with 1.50 mol/L (NH,4),S,0g solution on the proportion of 10 mL/g
solution to 1 g precursors. Finally, after having been filtered and
dried, the samples were calcined at 550 <C for 5 h in air, which
subsequently obtain the S,04/ZnAl,0,-x wt%Ce catalysts.

2.2 Catalysts characterization

The solid phases of the calcined catalysts were determined by
using the X-ray powder diffraction (XRD) (Bruker AXS D8-Focus
X diffractometer), using CuKa radiation at 40 kV and 40 mA ; IR
spectrum of the catalysts was recorded by a Nicolet 6700 IR
spectrometer using the KBr pellet technique; Thermogravimetric
analysis (TG) was performed on a STA-409PC thermoanalyzer in
the temperature range of 30-1000 <C with a heating rate of

20 <T/min; Scanning Electron Microscopy (SEM) was performed
on a SU 8010N electron microscope with an acceleration voltage
of 10 Kv; The X-ray photoelectron spectroscopy (XPS) was
performed in a VG Multilab 2000; The NH; temperature
programmed desorption (NH5-TPD) experiments were carried out
using a Micromeritics AutoChem 11 2920 quipped with a TCD
detector; N, adsorption analysis was carried out using
micromeritics (ASAP-2020) at liquid nitrogen temperature (77 K),
and the surface area was calculated by the BET method and the
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pore size distribution was obtained from the adsorption isotherm by
the BJH method.

2.3 Catalytic activity test

The catalytic activities of the catalysts were tested in a three-
necked flask equipped with a magnetic stirrer, a thermometer and a
refluxing condenser tube under atmospheric pressure. The reaction
conditions were as follows: the range of reaction temperatures was
115-118 <C, the molar ratio of acetic acid to n-butanol was 1:1-1:5;
the reaction time was 1.0-4.0 h; the catalyst amount was 0-2.21%
(percentage content of the reaction mixture). The initial and
residual acid was determined by means of titration. The
esterification efficiency of acetic acid can be calculated using the
following equation (by the method of GB1668-81):

Esterification efficiency of acetic acid (%) =

MXJ.OO

0

Where My is the acid value before reaction and M; is the acid value
after reaction. 0.50 mL initial or final reaction mixture was added
in 20.00 mL absolute alcohol and titrated by 0.10 mol/L NaOH
solution using phenolphthalein as an indicator.

In order to test the catalyst lifetime, S,05%/ZnAl,0,-4 wt% Ce
were repeatedly used for the batch reaction process under the
optimum synthesis conditions. After each catalytic evaluation was
finished, the catalyst was recovered by filtering and drying and
reused for the next evaluation.

3. Results and discussion
3.1 Catalytic activities

Table. 1 showed the effect of x value on the catalytic activity of
S,04%1ZnAl,0,-x Wt%Ce in esterification of acetic acid with n-
butanol. For comparison, the catalytic activities of the support of
ZnAl,O,4 and ZnAl,O4-4wt%Ce were also provided in Table 1. It
was found that both ZnAl,O,4 and ZnAl,O4-4wt%Ce showed lower
catalytic activity with less than 50% esterification efficiency.
However, S,057/ZnAl,04-x Wt%Ce catalysts all exhibited
significantly high catalytic activities with above 90% esterification
efficiency. According to the IR results, their higher catalytic
activities of S,04/ZnAlL,0,-x Wt%Ce catalysts were attributed to
the formation of the acid structures between sulfuric groups and
metal ions. By comparison of S,05° /ZnAl,0,, S,0%/ZnAl,0,-x
wt%Ce (x = 2-10) catalysts presented better catalytic activities.
This result may be caused by the following reasons. First, the
cerium addition changed the chemical state of the exterior atom in
the spinel lattice of the samples, which was confirmed by the
results of XRD and XPS. Correspondingly, the polarization degree
of surface elements was increased. As a result, the addition of Ce
enhanced the acid strength of S,0%/ZnAl,0,-x Wt%Ce, which was
further proved by NH3-TPD and TG techniques. Secondly, the
addition of cerium could strengthen the interaction between S,04>
and metallic ions, which is beneficial to preserve sulfate ions on
the surface of catalysts and prevent the loss of S,04%.% 2 2 This
was coincident with the experimental results of the reusability, IR
and XPS studies. Based on the above analysis, we could assume
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that the addition of cerium played an important role in the
improvement of acidic property and the catalytic activities of the
samples. The similar results were also reported by other literatures.
For example, Xiao et al prepared cerium-doped mesoporous TiO,
nanofiber (SO,%/Ce,/TiO,) solid acid catalysts, and discovered that
doping Ce into TiO, resulted in the increase of total acidity.'® Yet,
it was worth noting that excess cerium as an assistant component
might reduce the number of S,04% bonding to the surface of metal
ions, thereby the acid strength and catalytic activities of the
catalysts would drop accordingly. As shown in Table. 1, the
appropriate addition of Ce was 4 wt% and S,0¢%/ZnAl,0,-4
wt%Ce exhibited the highest catalytic activity with maximum
95.9% esterification efficiency. Based on the results of NH3-TPD,
this result might be owing to its strongest acid strength and its
maximum amount of acid sites in all samples.

Table 1 Effects of x-value on the catalytic activities of S,05%/ZnAl,04-x
wt%Ce in the esterification reaction of acetic acid with n-butanol

of acetic acid to n-butanol was beyond 1:3.% Thereby, the molar
ratio of 1:3 was sufficient to achieve a high catalytic activity.

The reaction time is one of the most important factors that affect the
catalytic activity of the catalysts. The effects of the reaction time on

s the catalytic activity of S,05%/ZnAl,0,-4 Wt%Ce were examined. As

listed in Table 2, the longer reaction time would lead to the

esterification rate increase rapidly when the reaction time was less
than 3 h. And then, the esterification efficiency had leveled off at
around 96% in longer duration of reaction. So, 3 h was sufficient

ss for the completion of the esterification reaction.

Table 2The effect of reaction conditions on catalytic activities of S,0¢*
1ZnAl,0,-4 wt%Ce

Catalysts x value Esterification efficiency (%)
0 91.4
2 94.3
S,0671ZNnAl,04-x 4 95.9
wit%Ce 6 95.4
8 94.8
10 94.8
ZnA|204-X
WI%Ce 0 45.2
ZnA|204-X
W%Ce 4 44.5

The range of reaction temperature was 115~118 <C; The molar ratio of
acetic acid to n-butanol was 1:3; the amount of catalyst was 1.55 %,; the

reaction time was 3 h;

.nb e
Catalyst Amount?  Time (h) arellt?o ff?itgirégg;té%

1.55 3.0 11 57.1

1.55 3.0 1:2 86.2

155 3.0 1:3 95.9

1.55 3.0 1:4 95.9

1.55 3.0 1:5 95.9

0.00 3.0 1:3 38.0

0.37 3.0 1:3 79.6

S:08/ZnALO,- 0.73 3.0 1:3 83.4

4 wt%Ce 1.14 3.0 1:3 88.7

1.85 3.0 1:3 95.8

221 3.0 1:3 95.1

1.55 15 1:3 86.6

155 2.0 1:3 91.8

1.55 25 1:3 94.4

155 35 1:3 96.5

1.55 4.0 1:3 96.8

2 the amount was calculated on the basis of total weight of the reactants

® the molar ratio of acetic acid to n-butanol
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It is well known that the catalyst amounts are closely related with the
number of acid center on the surface of the solid acid catalysts,
which play an important role in the catalytic activity of the catalysts.
Thus, the reaction was studied with different catalyst amounts of
S,0571ZnAl,0,-4 Wt%Ce. As shown in Table 2, the esterification
efficiency was less than 40% when the reaction was carried out
without catalyst. The esterification efficiency was obviously
improved with the addition of the catalyst. In the meantime, the
esterification efficiency was increased with catalyst amounts
increasing from 0.37 to 1.55%, which might be attributed to the
increase of the number active sites with increasing catalyst amounts.
However, the excess acid amount might promote the occurrence of
the reverse reaction.?® Accordingly, the esterification efficiency was
reduced slightly when the catalyst amount exceeded 1.55%. Thus,
the optimum catalyst amount was considered to be 1.55% with the
maximum 95.9% esterification efficiency.

Table 2 gave the effects of the molar ratio of acetic acid to n-
butanol on the esterification efficiency of S,052/ZnAl,0,-4 wt%Ce.
The esterification efficiency was increased obviously with
increasing the molar ratio of acetic acid to n-butanol from 1:1 to
1:3. This result might be that excess n-butanol was usually
beneficial to push the reversible reaction forward, which resulted in
the increase of the esterification efficiency. However, a mass of n-
butanol might dilute the concentration of the acid, so there was no
45 obvious change in the esterification efficiency when the molar ratio

o

a

It is well known that 3042'/MXOy solid acid catalysts commonly
suffer from rapid deactivation and low service life despite of their
high initial activities, which is mainly owing to the loss of sulfur
species as well as carbon deposition. ® For example, Shi had
reported that the catalytic activities of sulfate-promoted iron oxide
dropped from 84.48 % to 51.48 % after 10 recycles in the n-butyl
acetate esterification.?” In fact, deactivation is a general problem
and a rather complicated phenomenon in heterogeneous catalysis,
which is also the main problem faced by SO42'/MXOy solid acid
catalysts. 2 Thus, the reusability and its improvement are of great
importance in the study of SOf‘/MXOy solid acid catalysts. In view
of this point, $,052/ZnAl,0, and $,05%/ZnAl,04-4 wt%Ce solid
acid catalysts were recycled to study the stability of the catalysts
under the same synthesis conditions. The results were presented in
Fig. 1. It could be seen clearly that the addition of Ce played a very
important role in improving the lifetime and the stability of the
catalyst. Compared with S,052/ZnAl,0,, $,05%/ZnAl,04-4 Wt%Ce
solid acid catalyst showed the obviously better reusability, which
remained above 80% esterification even after being used for six
times. This result might be attribute to its excellent structural

g0 Stability and excellent resistance to the loss of the sulfur species.

This result was also in agreement with other literature.?

This journal is © The Royal Society of Chemistry [year]
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The recycle times

Fig.1 Reusability of S,05°/ZnAl,0, and S,0s>/ZnAl,04,-4 wt%Ce in the

esterification reaction of acetic acid with n-butanol.( The range of reaction
temperature was 115~118 °C; the molar ratio of acetic acid to n-butanol
5 was 1:3; the reaction time was 3 h, the amount of catalysts was 1.55 %. )

Table 3 demonstrated the comparison of S,0%/ZnAl,0,-4 wt%Ce
with other reported solid acid catalysts. The catalytic activity of
S,04%1ZnAl,0,-4 Wt%Ce is comparable with the series of SO,>—
Cep 02/ TiO,,*® mesoporous materials catalyst,?® and other type solid

10 acid catalysts®®32 in this esterification reaction. However, crystal
structure transformation was generally occurred in the synthesis
and modification of SO,%/TiO,, which directly influenced their
catalytic activities.'> ** In this present work, composite oxide
spinel ZnAl,O, as a new superior system for synthesis of S,04%

15 /ZnAl,04-x wt%Ce solid acid catalysts exhibited the characteristic
advantages of the simple crystal structure and excellent structure
stability in the process of synthesis and modification. Besides,
S,04%/ZnAl,0,4-x Wt%Ce solid acid catalysts had the advantages of
easier preparation and lower cost compared to other type solid acid

2 catalysts as shown in Table 3.

Table 3 Comparison of S,04>/ZnAl,0,-4 wit%Ce catalysts with other reported solid acid catalysts

Reaction conditions

Esterification

Catalyst a: _na amount® (Wt%)  Reaction time efficiency (%) Refs.
ratio (h)

S,08“7/ZnAl,04-4 Wt%Ce 1:3 1.55 3 95.9 Present work
S04-TiO, 1:3 2 0.75 60.1 [16]
S0>~Ceq o/ TiO, 1:3 2 0.75 97.1 [16]
Mesoporous resin -SOsH 15:1 0.12 4 97.6 [29]
Mesoporous carbon -SO3;H 151 0.12 4 96.8 [29]
20% TPA /AT-GMB 31 2.36 12 88 [31]
sulfate-promoted iron oxide 1:1.56 4.88 1 84.5 [27]
10 wt% MoOs/Al,O3 1:3 1 2 81 [32]

2 The molar ratio of acetic acid to n-butanol

P Catalyst amount is calculated on the basis of total weight of the reactants

3.2 Catalytic Characterization

25 In order to understand the crystal transformation process, Fig. 2
showed XRD pattern of ZnAl,0,- x wt%Ce (a) and S,05”
1ZnAl,04-x Wt%Ce solid acid catalyst (b). As shown in Fig. 2 (a),
the diffraction peaks at 20 =18.9< 31.4< 36.90< 44.2< 49.2%
55.8%,59.5° and 65.4° were observed in ZnAl,0,-x wt%Ce,

3 Which were the characteristic of ZnAl,0, spinel phase (PDF No.
73-1961). Similar peaks were also observed in S,04>/ZnAl,0,-x
wt%Ce solid acid catalysts (shown in Fig. 2 (b)), indicating that
the carrier spinel of ZnAl,O, had the prominent advantages of
single crystal shape and stable structure in the process of

s modification and sulfation. However, there were also some
differences in the samples. Compared with ZnAl,0,, ZnAl,0,4-x
wt%Ce (x= 2, 4, 6, 8, 10) displayed the new diffraction peaks of
CeO, because of cerium addition. Moreover, the characteristic
peaks of CeO, became stronger with the increase of Ce doping

40 amount, indicating that Ce mainly existed in the form of CeO,.
Besides, the weak diffraction peaks of ZnO phase were also
observed in all samples of ZnAl,O,4-x wt%Ce (x=2, 4, 6, 8, 10),
which might be related to the change of the chemical
environment in the spinel lattice because of the cerium addition.

45 ZnSO, H,0 and Al,(SQO,); crystalline phases were observed in all
samples of S,04%/ZnAl,04-x Wt%Ce by comparison with

ZnAl,04- x Wt%Ce. It might be attributed to the interaction
between excess S,0¢> and metal ions.** ** A similar phenomenon
was also observed in other SO,*/M,0, solid acid catalysts.*> ** In
so addition, the characteristics diffraction peaks of CeO, became
unapparent in all samples of S,04>/ZnAl,0,-x Wt%Ce, which
might be of high dispersions or amorphous phases. In the
meantime, the characteristics diffraction peaks of ZnO were not
detected in all samples of S,05%/ZnAl,0,-x wt%Ce, suggesting
s5 that Zn?" might be in the form of ZnSO,+H,0.

4 | Journal Name, [year], [vol], 00—00
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28/°
Fig. 2 XRD pattern of ZnAl,04-x wt%Ce (a) and 52082'/ZnAI204-x wt%Ce
solid acid catalyst(b).

Fig. 3 recorded the FT-IR spectra of $,052/ZnAl,0,- X Wt%Ce
s solid acid catalysts. Three strong bands around 670 cm™, 557 cm’
Yand 497 cm™ were attributed to Al-O stretching vibrations, Zn-O
stretching vibrations and Al-O bending vibrations, respectively,
which belonged to spinel-type ZnAl,O, structure.>” This result
was in good agreement with the XRD results. The special bands
in the range of 900-1400 cm™ were detected in all samples and
characterized the active acid structures of the catalysts.*® The
specific bands in this region were attributed to the strong
interaction between sulfuric groups and metal ions, which were
correlated to their high catalytic activities. Among them, the
bands at 975 cm™, 1110 cm™ and 1180 cm™ corresponded to the
symmetric and asymmetric stretching vibration of S-O bonds,
respectively.* The band at 1398 cm* was attributed to the
symmetric and asymmetric stretching mode of S=0,
respectively.*’ The suction-induced complex S=O improved the
electron-accepting capability of the metal atoms, which made the
samples possess super acid sites.** Besides, the band located at
1635 cm'* was assigned to the deformation vibration of the
adsorbed water.*? In order to evaluate the structural stability, Fig.
3 also showed the IR spectra of S,05%1ZnAl,0,-4 Wit%Ce after
being used repeatedly for six times. By contrast with the fresh
catalyst, the typical bands at 670 cm™, 557 cm™* and 497 cm™
were still observed in S,0%/ZnAl,0,-4 Wt%Ce after being used
repeatedly for six times, indicating that it had excellent structural
stability. In particular, S,04*/ZnAl,0,-4 Wt%Ce showed similar

15}

a

1S}

a

@

=)

@ F %0 intensity and characteristics bands in the range of 1400-900 cm™
" o—ZaAl,0, after being used repeatedly for six times. This result suggested
m—=Ce0, that S,05%/ZnAl,0,-4 wt%Ce also presented excellent resistance
V=4u0 to the loss of the sulfur species, which might be one of the
i " important reasons for its better reusability.
= Nx=10 = .
8\t " AN
g‘ for six recycle times (x=4)
v M= 0
=
% =4
= £
=0 g
T T T T T ‘g
10 20 30 40 50 60 70 g
28/° =
[}
(b) *-—ZnAlLO,
. u---ZnSO ¢ HzO
¥---AL(SO),
T ¥ T T T X T T T T T
. 3000 2500 2000 1500 1000 500
-
8 Wavenumbers/cm”
Q Fig. 3 IR spectra of 52032'/ZnAI204-x wt%Ce before reaction and 52082'
a /ZnAl,0,4-4 wt%Ce after being used repeatedly for six times
o
= To probe the element type and element valence state on the
surface of the catalysts, XPS analysis for S,04%/ZnAl,O, and
0 $,0471ZnAlLL0,-4 Wt%Ce was performed. It was found Zn atom
maintained the same chemical valence states in two samples.*®

Two peaks corresponding to Zn 2p3/2 and Zn 2p1/2 were all
located at 1022.1 eV and 1045.1 eV in the two samples,
respectively. However, the addition of Ce had a certain affect on
the chemical valence states of Al atom, O atom and S atom.
Accordingly, there were some significant differences in the XPS
spectra of the two samples. Compared with $,05°/ZnAl,O,,
there were higher binding energy of Al 2p, O 1sand S 2p in the
XPS spectra of S,05%/ZnAl,0,-4 Wt%Ce. The change of the
electron binding energy was resulted from the different chemical
environment of the atoms. So, we could suppose that the addition
of Ce might affect the interaction between atoms and atom type in
combination with each other. From the result of catalytic activity,
it was apparently demonstrated that S,0%/ZnAl,0,-4 wt%Ce
had higher catalytic activity and better reusability than S,05*
1ZnAl,0O,4. XPS analysis in this section might be one of the
possible explanations for this result. The peaks at 886.1, 897.3
and 904.8 eV were corresponding to Ce 3d binding energy,
demonstrating the cerium oxidation state was +4.** %> As shown
in Fig. 4, Ce was observed in the XPS spectra of S,05%1ZnAlL0,-
4 wt%Ce, indicating that Ce had been successfully introduced to
the catalyst. With reference to the XRD result, the intensity of
CeO, diffraction peaks became not apparent in the sample. So,
the detection of the Ce in XPS result further evidenced that CeO,
might be highly dispersed in the sample. In addition, it is noted
that the peak corresponding to S 2p binding energy was clearly
observed in the two samples, which was assigned to the sulfur
oxidation state of +6.% It is well known that S®* plays a key role
on the formation of the acidity structure. The suction-induced
complex S=O promotes the electron-accepting ability for the
metal atoms, making the samples possess supper acid.
Accordingly, IR spectra of $,052/ZnAl,04-4 wt%Ce showed the

This journal is © The Royal Society of Chemistry [year]
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special bands in the range of 900-1400 cm™, which were
correlated to the active acid structures of the catalysts.

1022.1

Intensity/a.u.
Intensity/au.

(2)

1000 oo 600 400 200 L 1020 1030 1040 1050

Binding Energy/ eV Binding Energy/eV

AlZp o 749

Intensity/a.u.

Intensity/a.u,

T T T T T T T T T T
70 T2 74 76 78 Ll 155 160 165 170 175
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Fig. 4 XPS spectra of $,05>/ZnAl,0, and S,05>/ZnAl,0, -4 wt%Ce.(1)
5 S,08%/ZnAl,04; (2) S;:08% /ZnAl0, -4 wt%Ce

In order to examine the thermostability of the catalysts, the TG
analysis was showed in Fig. 5. The TG curve exhibited three
weight loss stages of the two samples. The first weight loss below
400°C belonged to desorption of the physical adsorbed water. The
second weight loss between 400 <C and 600 <C was assigned to
the dehydroxylation or the removal of S,04% from the surface of
the catalysts. The third weight loss at a higher temperature range
between 600 and 1000 T was due to the gradual decomposition
of the sulfur species on the surface of the catalysts.* So, the third
weight loss above 600°C was closely related to the sulphur
content and the acid sites on the surface of the samples. By
contrast, the fresh $,04%/ZnAl,0,-4 Wt%Ce gave the mass
weight loss of 15.89% above 600°C. But, the fresh SZOSZ'
/ZnAl,0,4 had the relatively little weight loss of 8.03% above
600°C. This result revealed that the addition of Ce was beneficial
to improve the number of acid center and the acid strength,
making the catalytic activity of S,02/ZnAl,04-4 Wt%Ce

1

1S}

1

a

2

S

increase. This result was not only identified by NH,;-TPD analysis,

but also was in good consistent with the results of the catalytic
activities. For the used catalysts, there was still some weight loss
between 600 T and 1000 <C, making the used catalysts still keep
a certain catalytic activity. Comparing the used catalysts with the
fresh catalysts, the weight loss between 600 <C and 1000 <C was
significantly reduced. The weight loss of 15.89% in the fresh

2!

a

0 S,052/ZnAl,0,-4 Wt%Ce was changed into the weight loss of
7.98% in the used S,04%/ZnAl,0,-4 Wt%Ce. For the used S,0¢%
1ZnAl,0,, the weight loss between 600 <C and 1000 <C was also
reduced to 2.41%. The above results proved that the loss of sulfur
species would inevitably occur in the process of acid catalytic

35 reaction, which was the one of an important reasons to cause
catalyst deactivation.? This result was in good well with the
result of the catalyst stability.
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Fig. 5 TG curves of fresh and used 52032'/ZnA|204-x wt%Ce catalysts (x=0,
40 4)

The NH3-TPD results was used to determine the acid strength
distribution from the desorption temperature of NH3. The higher
the desorption peak temperatures was, the stronger the acid
strength was.*® Generally, the peaks below 450 <C were believed
to be caused by the absorption of weak and moderate intensity.
The second peaks between 450 <C and 650 <C were attributed to
strong acidic sites. The last peaks above 650 <C belonged to super
strong acidic sites.*” As shown in Fig. 6 (a), all the samples
showed the prominent broad desorption peaks in the range of
s0 100 <C to 700 <. Among them, the TPD profiles of S,05>
1ZnAl,O, revealed two peaks of NH; desorption, one was in the
range of 100 T to 450 <C and another one was between 450 <
and 650 T, suggesting the presence of weak, moderate and
strong acidic sites. Assuming that the peak area was proportional
ss to the amount of the acid site, the intensity of weak and moderate
acid sites was evident higher than that of strong acid sites in the
case of $,05%/ZnAl,0, solid acid catalyst. The TPD profiles of
$,05%1ZnAl,04-2 Wt%Ce and S,052/ZnAl,0,-6 wt%Ce catalysts
gave broad ammonia desorption peaks in the range of 450 <C and
s 650 T with certain intensity, indicating the high concentration of
strong acidic sites. The TPD profiles of S,052/ZnAl,04-4 Wt%Ce
catalyst exhibited three distinct peaks of NH; desorption, two
were between 450 <C and 650 <C and another one was at above
650 <C. Specifically, the NH; desorption peak above 650 T was
65 0Observed with high intensity, suggesting the high concentration of
super acidic sites.*® Compared with S,05%/ZnAl,0,, S,05>
1ZnAl,04-x Wt%Ce had the stronger acid strength. This result
further demonstrated that the addition of Ce contributed to
improve the number of acid center and the acid strength, which
70 was consistent well with the results of the XPS and TG analysis.

4

o

6 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]

Page 6 of 9



Page 7 of 9

RSC Advances

This could be the main reason for the higher catalytic activity of
S,05%1ZnAl,0,-x Wt%Ce. Based on NHs-TPD results, it was
clearly observed that the S,0671ZnAl,0,-4 Wt%Ce catalyst
exhibited the highest acid strength and had the maximum number

s of acidic sites.
It is worthwhile to investigate the reasons for the deactivation of
SOf‘/MxOy solid acid catalysts. The above TG analysis
speculated that the loss of sulfur species on the surface of S,04%
1ZnAl,04-4 wt%Ce solid acid may be one of the reasons for its

10 deactivation during the acid catalyzed reaction. In order to further
explore the reason for the deactivation in the process of the
reaction, Fig. 6 (b) gave the TPD profiles of three samples,
including fresh S,05%/ZnAl,04-4 Wt%Ce, S,05%/ZnAl,0,-4

wt%Ce after being used repeatedly for the first time and six times.

15 It was observed that the intensity of the peak above 650 <C
become weaker with increasing the catalyst reuse times.
Furthermore, it was also found that the amount of the acidic sites
became less and less with the increase of the catalyst reuse times.
After the catalyst being used repeatedly for six times, the peak

20 above 650 T was not detected and the amount of the acidic sites
was decreased. Correspondingly, the catalytic activity was
reduced. Combining the results of NHs-TPD with TG analysis, it
might be concluded that S,05%/ZnAl,0,-4 wt%Ce solid acid
inevitable suffered from the loss of sulfur species, reducing the

25 acid strength and decreasing the amount of the acidic sites. This
was one of the essential reasons for the deactivation of S,0%
1ZnAl,0,4-4 wt%Ce solid acid during the reaction. The result also
had certain reference value for other SOf‘/MXOy solid acid
catalysts.
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Fig. 6 NH5-TPD spectra of fresh $,05”/ZnAL0,-x wt%Ce (x=0, 2, 4, 6) (a)
and used S,05”/ZnAl,04-4 wt%Ce (b)

30

SEM images of fresh S,04>/ZnAl,0,-4 wt%Ce and S,05>
1ZnAl,04-4 wt%Ce after being used repeatedly for six times were

35 shown in Fig. 7. The fresh S,06%1ZnAl,0,-4 Wt%Ce displayed an
aggregated-nanosheet appearance on the surface, which might be
beneficial to the increase of the acid sites and the improvement of
the catalytic activity. *° The catalyst after being used repeatedly
for six times had slightly particles agglomeration. Combining

40 With the experimental results of N, adsorption analysis (as shown
in Fig. 8), the N, adsorption-desorption isotherms of both fresh
and used catalysts showed the typical IV isotherm with the
hysteresis loop in the low relative (P/Pg) range of 0.4—1,
indicating their representative mesoporous structures. Besides,

45 the average pore size of fresh and used catalysts was 9.5 nm and
10.7 nm, respectively. In addition, Fig. 8 showed that the BET
surface area of fresh $,047/ZnAl,04-4 Wt%Ce was 21.1 m?/g.
Whereas, S,052/ZnAl,0,-4 wt%Ce after being used repeatedly
for six times was reduced to the 11.0 m?g, which was probably

so due to the particles agglomeration as demonstrated by SEM
images. The particles agglomeration and the decrease of the
specific surface area might be the reasons for its decrease in the
catalytic activity of S,047/ZnAl,0,-4 wt%Ce after being used
repeatedly for six times.

55

Fig. 7 SEM images of fresh 5,05”/ZnAl,04-4 wt%Ce and $,05°/ZnAl,04-4
wt%Ce after being used repeatedly for six times
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used repeatedly for six times

Conclusions

A new series of $,052/ZnAl,0,-x wt%Ce solid acid catalyst with
stable spinel structures were successfully prepared by modifying
8,05%/ZnAl,0, with Ce. The improved catalysis performance of
Ce-modified S,04>/ZnAl,0, was attributed to the reasons that the
addition of Ce improved the stability of the sulfur species and the
acid strength of S,05%/ZnAl,0,-x Wt%Ce. Among them, the
S,047/ZnAl,0,-4 Wi%Ce catalyst performed the highest catalytic
activity, which was ascribe to its highest acid strength and the
maximum number of acidic sites. In addition, the optimum
synthesis conditions over S,0¢%/ZnAl,0,-4 wt%Ce solid acid
catalyst were as follows: the molar ratio of acetic acid to n-
butanol was 1:3; catalyst amount was 1.55%; reaction time was 3
h. Under the optimum synthesis conditions, the esterification
efficiency over S,05%/ZnAl,0,-4 Wt%Ce was up to 95.9%.
Compared with unmodified S,04>/ZnAl,0,, S,0%/ZnAl,0,-4
wt%Ce solid acid catalyst showed the obviously better reusability,
which might be attribute to its excellent structural stability and
excellent resistance to the loss of the sulfur species. However, the
loss of sulfur species would still inevitably occur in the process of
acid catalytic reaction, which was one of an important reason to
cause catalyst deactivation. At present, S,052/ZnAl,0,-x Wt%Ce
solid acid catalysts have not yet been extensively studied. The
obtained results provided the possibility to prepare a large variety
of solid acids based on composite oxide spinel.
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Graphical abstract

A new spinel solid acid catalyst of $,05°/ZnAL04-x Wi%Ce was simply prepared by
modifying 82082'/ZnA1204 with Ce for acid catalysis of acetic acid and n-butanol. The addition of
Ce played a key role in stabilizing the surface sulfur species and consequently increasing the acid
strength of $,05°/ZnALOsx wt%Ce. The appropriate modification of Ce was 4 wt% and
Sgng'/ZnA1204—4 wt%Ce catalyst had 95.86% esterification efficiency under the optimum
reaction conditions. Compared with unmodified Szogz'/ZnAle4 catalyst, Szng'/ZnAle4-4
wt%Ce solid acid catalyst showed much better reusability, which could remain above 80%
esterification even after being used for six times.
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XRD pattern of ZnAl,04-x wt%Ce (a) and 82082'/ZnA1204-x wt%Ce solid acid

catalyst (b)



