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thylquinoline-modified
H4SiW12O40: a reusable heterogeneous catalyst for
acetal/ketal formation

Li-jun Liu,a Qing-jie Luan,a Jing Lu,a Dong-mei Lv,a Wen-zeng Duan,a Xu Wangb

and Shu-wen Gong *a

A heteropoly acid based organic hybrid heterogeneous catalyst, HMQ-STW, was prepared by combining 8-

hydroxy-2-methylquinoline (HMQ) with Keggin-structured H4SiW12O40 (STW). The catalyst was

characterized via elemental analysis, X-ray diffractometry (XRD), Fourier transform infrared spectroscopy

(FT-IR), scanning electron microscopy (SEM), thermogravimetric analysis (TG) and potentiometric

titration analysis. The catalytic performance of the catalyst was assessed in the ketalization of ketones

with glycol or 1,2-propylene glycol. Various reaction parameters, such as the glycol to cyclohexanone

molar ratio, catalyst dosage, reaction temperature and time, were systematically examined. HMQ-STW

exhibited a relatively high yield of corresponding ketal, with 100% selectivity under the optimized

reaction conditions. Moreover, catalytic recycling tests demonstrated that the heterogeneous catalyst

exhibited high potential for reusability, and it was revealed that the organic modifier HMQ plays an

important role in the formation of a heterogeneous system and the improvement of structural stability.

These results indicated that the HMQ-STW catalyst is a promising new type of heterogeneous acid

catalyst for the ketalization of ketones.
1. Introduction

The formation of acetals/ketals is valuable as a common
method for the protection and isolation of carbonyl and polyol
compounds.1 And acetals/ketals are oen used as synthetic
intermediates, and can be used as starting materials in the
production of avours, disinfectants and surfactants.1,2 Some
glycerol acetals may also nd applications as benecial fuel
additives, especially to boost the low temperature properties of
biodiesel fuels.3,4 Mota5,6 once reported that solketal, when used
as a fuel additive, can effectively increase the octane number of
gasoline and reduce emissions resulting from fuel combustion.

Acetals and ketals are generally prepared from carbonyl
compounds and alcohols in the presence of acid catalysts.
Commonly used catalysts generally include sulfuric acid,
phosphoric acid, hydrochloric acid and p-toluenesulfonic
acid.7,8 Although these homogeneous catalysts have remarkable
catalytic activities, corrosion problems are inevitable and the
synthetic process can hardly meet requirements to protect the
environment. Therefore, it is desirable to investigate solid acid
catalysts as an alternative to homogeneous catalysts with the
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above shortcomings.9 Several heterogeneous catalysts have
been reported for the acetalization and ketalization of different
carbonyl compounds, including montmorillonite clay,7

zeolites,10 metal(IV) phosphates,11 activated carbons,12 acidic
resins such as Amberlyst,13 etc. Rat et al.14 once reported
a comparison between the catalytic effects of AS-MES (arene
sulfonic acid ethane-silica) and AS-SBA-15, indicating that the
AS-MES material was more efficient than AS-SBA-15 for the
acetalization of heptanal by 1-butanol at 75 �C. Recently, in
order to meet the requirements of high activity and environ-
mental protection, new types of catalysts for the formation of
acetals and ketals have constantly sprung up.3,9,15

As a kind of eco-friendly material, heteropolyacids with
a Keggin structure have been widely studied in recent decades.
They can be used as a substitute for conventional acid catalysts
in acid catalyzed reactions in the liquid phase, owing to their
strong Brønsted acidity and uniform acidic sites.16–19 However,
efficient heterogeneous catalysts based on heteropolyacids have
to be obtained through “immobilization” or “solidication”,
since they are highly soluble in polar compounds.16–20 Sup-
porting heteropolyacids on suitable supports is a useful method
for improving the catalytic performance in a heterogeneous
reaction, and it also can resolve the problem of the small
surface areas (<10 m2 g�1) of heteropolyacids.16,21 Ivanov22 once
pointed out that neutral or acidic carriers were more suitable for
the preparation of supported heteropolyacid-based catalysts.
Therefore, neural alumina was selected to prepare a supported
This journal is © The Royal Society of Chemistry 2018
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tungstophosphoric acid (HPW) catalyst, which was applied to
the synthesis of acetals and/or ketals, and the yields of ketals
and acetals could reach up to 60.5–86.7%.23 Ion exchange, i.e.
the partial or total substitution of H+ in heteropolyacids with
large cation ions such as Cs+ and Ag+, is another effective
technique in heterogenisation.24–26 The obtained salts of heter-
opolyacids are obviously changed from the pore structures of
pristine acids, with improved surface area and reusability
properties. In addition, co-doped heteropolyacids and mixed
salts of heteropolyacids have been developed for acid catalyzed
reactions.27,28 Besides the inorganic cations mentioned above,
many organic compounds, such as cyclodextrin, pyridine, 4,40-
bipyridine, aliphatic amines and quaternary ammonium salts,
have been utilized to modify heteropolyacids.29–32 Park33

prepared 12-phosphotungstic acid-based complex catalysts
modied via nitrogen-containing heterocycles, including imid-
azole, pyrazole and 1,2,4-triazole. And these three organic–
inorganic hybrid catalysts exhibited good catalytic performance
in propylene epoxidation. However, few studies are found to
focus on the application of organic–inorganic heterogeneous
catalysts in acetalization or ketalization.32

In this work, a new organic–inorganic material was prepared
through the combination of 8-hydroxy-2-methylquinoline with
H4SiW12O40. The material was systematically characterized and
its potential was assessed as a heterogeneous catalyst for the
synthesis of acetals or ketals. The reaction conditions were
optimized and the catalyst reusability was also studied.

2. Experimental
2.1. Materials

Silicotungstic acid (H4SiW12O40, STW, AR), 8-hydroxy-2-
methylquinoline (HMQ, AR, 98%), quinaldic acid (QA, AR,
>98%), and nicotinic acid N-oxide (NAN, AR, >98%) were
purchased from Energy Chemical Co., Ltd. All other organic
reagents were of analytical grade and used as received without
further purication.

2.2. Material preparation

The preparation of HMQ modied STW was carried out in
aqueous solution. In a typical procedure, STW (0.001 mol, 2.878
g) was dissolved in 20 mL of distilled water with vigorous stir-
ring at 50 �C. Then HMQ solution (0.004 mol, 0.636 g,
0.4 mol L�1) was added dropwise, and the resulting solution was
kept under stirring conditions for over 12 h at 50 �C. The
resulting green-yellow precipitate was ltered and dried at
100 �C to obtain the nal modied catalyst (HMQ-STW).

Meanwhile, the other control materials were synthesized,
changing HMQ to QA or NAN. The obtained catalysts were
named QA-STW and NAN-STW, respectively.

2.3. Characterization

Elemental analysis (C, H and N) was performed using a Perki-
nElmer 2400 elemental analyzer.

The XRD patterns of the catalyst were obtained using a XD-3
diffractometer (Beijing Purkinje General Instrument Co. Ltd.)
This journal is © The Royal Society of Chemistry 2018
with Cu Ka (1.542 Å) radiation at a scanning rate of 4� min�1

over a 2q range from 5� to 50�.
FT-IR spectra were scanned using a Thermo Nicolet 6700 FT-

IR spectrometer using the KBr disc technique (4000–400 cm�1).
UV-vis absorption spectra were recorded using a T9CS UV-vis

spectrophotometer (Persee Instrument Co., Ltd. Beijing,
China), using a matched pair of quartz cells with a 1 cm path
length. Ethanol was used as the background.

Thermogravimetric (TG) analysis was performed on a Perki-
nElmer-7 instrument at a heating rate of 5 �C min�1.

Scanning electron microscopy (SEM) images were obtained
using a JSM6380LV type scanning electron microscope.

Themean pore diameter and pore volume of HMQ-STWwere
determined via N2 adsorption–desorption techniques per-
formed at �196 �C using a Quantachrome Autosorb IQ-C
instrument. Before measurements, samples were evacuated at
200 �C for 2 h.

The potentiometric titration method was used to test the
acidity of the solid samples through an automatic potentio-
metric titrator with a pH composite electrode.34,35 The catalyst
(0.05 g) was suspended in 15 mL of methanol and stirred for 2 h
at room temperature. The turbid liquid was titrated with
a solution of 0.05 mol L�1 n-butylamine in acetonitrile.
2.4. Catalytic tests

The catalytic properties of the catalyst were studied for the
ketalization of glycol by cyclohexanone. The reaction was
carried out in a three-neck ask equipped with a magnetic
stirrer, a reux condenser and Dean–Stark apparatus. In
a typical procedure, certain amounts of cyclohexanone, glycol,
cyclohexane and catalyst were mixed, where cyclohexane was
the water-carrying agent. Under vigorous stirring, the reaction
mixture was heated at different reaction temperatures (75 �C,
85 �C, 95 �C, 105 �C and 115 �C) over a certain time. Upon
completion, the catalytic system was cooled down to room
temperature immediately, and the catalyst was separated from
the reaction mixture via ltration. The composition of the
products was identied using gas chromatography-mass spec-
trometry (GC-MS, HP-5MS UI capillary column, 30 m � 0.25
mm, 0.25 mm lm thickness).
3. Results and discussion
3.1. Characterization

3.1.1. XRD analysis and elemental analysis of the catalyst.
XRD patterns of the prepared HMQ-STW catalyst and the raw
materials are presented in Fig. 1. For STW, the main diffraction
peaks that appeared at 7.9�, 9.1�, 21.3�, 25.7�, 27.4� and 36.0�

can be assigned to the crystalline STW Keggin structure.36 HMQ
showed the main diffraction peaks at approximately 11.1�, 16.4�

and 22.4�, which indicates that HMQ exhibited a highly crys-
talline structure. In the case of HMQ-STW, some diffraction
peaks similar to STW were observed, and these peaks also
appeared in the four regions 7–10�, 15–21�, 26–30� and 35–38�,
so they may be still attributed to the characteristic peaks of the
Keggin structure of raw STW. Otherwise, the most intense
RSC Adv., 2018, 8, 26180–26187 | 26181
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Fig. 1 XRD patterns of pristine STW, HMQ, HMQ-STW and usedHMQ-
STW.

Fig. 2 FT-IR spectra of pristine STW, HMQ, HMQ-STW and used
HMQ-STW.
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diffraction peak of STW at 7.9� is slightly shied to a lower 2q
value and emerges at 7.5� for HMQ-STW. In addition, the two
peaks at 28.0� and 36.0� of STW were not observed in the
pattern of HMQ-STW. This result indicates that HMQ-STW
showed a diffractive pattern different from those of STW and
HMQ, and the pattern was not a simple superposition of those
of the two raw materials, which meant that a new crystalline
phase formed through the combination of STW and HMQ in
aqueous solution.

Elemental analysis (C, H and N) of an HMQ-STW sample was
performed to conrm the element content. The analysis results
show 13.35% as the weight percentage of C, with 1.53% for N
and 1.18% for H; these are close to the calculated values of C,
13.67%, N, 1.59%, and H, 1.15%, according to the used
amounts of HMQ and STW. Therefore, it could be preliminarily
speculated that the theoretical formula of HMQ-STW is
[(C10H9NO)]4H4SiW12O40.

3.1.2. FT-IR analysis of the catalyst. FT-IR spectra of the
prepared HMQ-STW catalyst and raw materials are presented in
Fig. 2. The spectrum of pristine STW shows a characteristic
Keggin structure, with bands at 1018 cm�1 (Si–O), 981 cm�1 (W
¼ Ot), 924 cm�1 (Si–O), 884 cm�1 (W–Oc–W) and 790 cm�1 (W–

Oe–W).16,37 These characteristic bands (1014, 970, 920, 881 and
788) were also found in the spectrum of HMQ-STW, indicating
that the Keggin structure of STW was maintained in the HMQ-
STW catalyst. However, these peaks shi slightly, implying
a slight distortion of the Keggin STW framework. That might be
caused by the extension of the conjugated electrons of organic
cations to STW anions.38 Some bands attributed to HMQ were
observed in the range of 1600–1100 cm�1. The absorption peaks
at 1510 cm�1 and 1470 cm�1 could be related to the quinoline
ring, indicating that HMQ was successfully connected with
STW. It was worth noting that there were two new bands at
1643 cm�1 and 1541 cm�1 in the spectrum of HMQ-STW. The
former could be related to the stretching vibration of C]N and
C]C bonds in HMQ-STW heterocycles.39 The latter could be
related to the protonated quinolone ring, which was based on
26182 | RSC Adv., 2018, 8, 26180–26187
the fact that this band has oen been ascribed to the chemi-
sorption of pyridine on Brønsted acid centers and that there is
similarity between nitrogen atoms in quinoline rings and pyri-
dine rings.38 These observations not only revealed the co-
existence of HMQ and Keggin-structured SiW12O40

4� anions
in HMQ-STW, but also illustrated the existence of electronic
interaction between the metal oxygen clusters in the anions and
HMQ. So it could be tentatively proposed that the combination
of protonated HMQ as a cation with the SiW12O40

4� anion
produces a new organic STW salt family.

3.1.3. UV-vis analysis of the catalyst. Fig. 3 shows UV-vis
absorption spectra of STW, HMQ and HMQ-STW. The charac-
teristic band at 265 nm of STW could be attributed to an oxygen-
to-metal charge transfer band (O2� /W6+) that presents in the
[SiW12O40]

4� anion.40,41 For HMQ-STW, the characteristic band
shied to a lower wavelength and appeared at 259 nm, indi-
cating that STW interacts with HMQ and there is electronic
interaction between the Keggin units and HMQ. This result
further supports the analysis from FT-IR.
Fig. 3 UV-vis spectra of STW, HMQ, HMQ-STW and used HMQ-STW.

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04471f


Fig. 4 TG curves of HMQ, STW and HMQ-STW.

Fig. 5 SEM images of STW and HMQ-STW.

Fig. 6 Potentiometric titration curves for STW and HMQ-STW.
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3.1.4. TG analysis of the catalyst. The thermal stability of
STW, HMQ and the prepared HMQ-STW catalyst were investi-
gated via thermogravimetric (TG) analysis, as shown in Fig. 4.
For STW, a weight loss of about 8% occurred from room
temperature to 90 �C, owing to the removal of free water on the
surface of the sample. The second stage, with about 5% weight
loss, occurred from 90 �C to 270 �C, accounting for the water of
hydration of STW.41,42 Following this was slow weight loss cor-
responding to the decomposition of the Keggin anion, which
oen occurs in the temperature range of 350–600 �C.42 HMQ
only showed a sharp degradation with complete weight loss
between 120 and 250 �C. The rst mass loss of HMQ-STW
occurred from room temperature to 150 �C, accounting for
about 3%, owing to the removal of physically adsorbed water.
The second mass loss occurred between 330 �C to 380 �C and
was followed by slow weight loss that was similar to that of bulk
STW. In the temperature range of 150–330 �C, HMQ-STW
showed little weight loss; in particular, sharp degradation
similar to HMQ was not found. These results further conrmed
the combination of HMQ and STW. The combination can
enhance the thermal stability of the raw materials, and the
second mass loss of HMQ-STW may indicate that the combi-
nation of STW and HMQ is starting to be destroyed. Accord-
ingly, HMQ-STW has thermal stability up to 330 �C, indicating
that it can be a desirable catalyst in acetalization or ketalization
reactions.

3.1.5. SEM analysis of the catalyst. The surface morphol-
ogies of pristine STW and the HMQ-STW catalyst are illustrated
through SEM micrographs, as presented in Fig. 5. Large
agglomerates with irregular block structures were found for
pristine STW and the size of these particles was about 100 mm.
However, HMQ-STW showed complete different morphology
from bulk STW. Most of the HMQ-STW particles appeared in
the shape of rice or plates, and their mean size was less than 10
mm, indicating that the combination of HMQ and STW caused
a change in morphology. The N2 adsorption–desorption results
showed that the mean pore diameter and the pore volume of
STW were 3.716 nm and 0.016 cm3 g�1, while those of HMQ-
This journal is © The Royal Society of Chemistry 2018
STW were 1.753 nm and 0.013 cm3 g�1, respectively. These
results indicated that the combination of STW andHMQ had no
improving effects on the textural properties.

3.1.6. Potentiometric titration of the catalyst. The acid
strength of HMQ-STW was evaluated by means of potentio-
metric titration with n-butylamine (Fig. 6). As criteria to inter-
pret the obtained results, it was suggested that the initial
electrode potential (Ei) indicates the maximum acid strength of
the sites and the volume of solution of n-butylamine in aceto-
nitrile where a plateau is reached indicates the total number of
acid sites. Since a high initial potential (380 mV) was observed,
bulk STW has very strong acidity, which is consistent with
results reported in the literature.43 For HMQ-STW, the initial
potential (238 mV) was lower than that of bulk STW, indicating
that the combination of HMQ and STW resulted in a decrease in
acidity. However, HMQ-STW can still be classied as a strong
acid based on the classication criteria.34,35 The lower acid
strength of the HMQ-STW sample compared to bulk STW could
be attributed to the fact that STW can be completely dissolved in
methanol, while HMQ-STW cannot. In addition, the decrease in
acidity may also result from the replacement of protons in STW
by protonated HMQ species.
3.2. Catalytic activity

The reaction of cyclohexanone with glycol in the presence of the
HMQ-STW catalyst was chosen as a model reaction of ketal
formation. Parallel tests were performed using several control
samples, including STW, HMQ, NAN-STW and QA-STW, under
RSC Adv., 2018, 8, 26180–26187 | 26183
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Table 1 Catalytic performance of different catalysts in the ketalation
of cyclohexanone with glycol

Catalyst
Catalyst solubility
in the reaction

Potentiometric
titration (Ei) Yielda (%)

None 38.2
HMQ Soluble 150 40.5
STW Soluble 380 99.1
HMQ-STW Insoluble 238 96.0
NAN-STW Soluble 376 98.6
QA-STW Soluble 352 97.7

a Reaction conditions: catalyst content¼ 7 wt% of cyclohexanone; mole
ratio of glycol to cyclohexanone ¼ 3 : 1; reaction temperature ¼ 105 �C;
reaction time ¼ 60 min; 5 mL of cyclohexane.

Fig. 7 Effects of reaction parameters on the ketalization of cyclo-
hexanone and glycol: (a) catalyst dosage; (b) reaction time; (c) reaction
temperature; (d) molar ratio of glycol to cyclohexanone; (e) amount of
water-carrying agent; and (f) catalyst recycling. Reaction conditions:
(a) 0.02 mol of cyclohexanone, 7 wt% catalyst, 5 mL of cyclohexane,
60 min, 105 �C; (b) 0.02 mol of cyclohexanone, 0.06 mol of glycol,
7 wt% catalyst, 5 mL of cyclohexane, 105 �C; (c) 0.02 mol of cyclo-
hexanone, 0.06mol of glycol, 5 mL of cyclohexane, 60min, 105 �C; (d)
0.02 mol of cyclohexanone, 0.06 mol of glycol, 7 wt% catalyst, 5 mL of
cyclohexane, 60 min; (e) 0.02 mol of cyclohexanone, 0.06 mol of
glycol, 7 wt% catalyst, 105 �C, 60 min; and (f) 0.02 mol of cyclohex-
anone, 0.06mol of glycol, 7 wt% catalyst, 5 mL of cyclohexane, 105 �C,
60 min.
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the same conditions as for HMQ-STW (Table 1). It was shown
that the yield of cyclohexanone glycol ketal was only 38.2% in
the absence of catalyst, and the ketal was the uniquely detected
product. HMQ gave a low yield near to that of the blank
experiment, indicating that HMQ has extremely low catalytic
activity. In contrast, a high yield of 99.1% was obtained when
STW was used as a catalyst. Nonetheless, HMQ and STW were
homogeneous samples due to their good solubility in the
reaction media. The yield of the modied sample, HMQ-STW,
was 96.0%, which was slightly lower than that of pure STW.
However, its advantage was that it was not a homogeneous
catalyst any longer, which will simplify the recycling process for
this catalyst. For the other two modied catalyst, NAN-STW and
QA-STW, although they exhibited high catalytic activity with
strong acidity, they were still homogeneous catalysts in the
model reaction. So, HMQ-STW was selected as a heterogeneous
catalyst to systematically study the catalytic performance under
different conditions.

3.2.1. Effects of catalyst dosage. The reaction of cyclohex-
anone with glycol was performed with different dosages of
HMQ-STW catalyst (0, 1, 3, 5, 7, and 9 wt% of cyclohexanone)
under the conditions of a glycol/cyclohexanone ratio of 3 : 1 for
60 min at 105 �C with 5 mL of the water-carrying agent cyclo-
hexane. As shown in Fig. 7a, the yield of ketal signicantly
increased with the addition of catalyst into the reaction system
and a yield of 75.5% was obtained when the catalyst dosage was
only 1 wt% (based on the quantity of cyclohexanone), which
further indicated that HMQ-STW has excellent catalytic activity.
With an increase in the catalyst dosage from 1 wt% to 7 wt%,
the yield increased slightly and eventually reached 96.0% with
a catalyst dosage of 7 wt%. However, the conversion decreased
when the catalyst dosage increased to above 9 wt%, which may
be related to excess catalyst resulting in the higher availability of
active sites, which may facilitate the reverse reaction.44 There-
fore, 7 wt% was chosen as the optimum catalyst dosage and was
used for further investigation in the present research.

3.2.2. Effects of reaction time. The reaction of cyclohexa-
none and glycol with 7 wt% HMQ-STW as catalyst was per-
formed over different durations ranging from 40 min to 80 min
to study the effects of the reaction time on the synthesis of
cyclohexanone glycol ketal. As shown in Fig. 7b, with an
extension of the reaction time (40 min to 60 min), the yield of
26184 | RSC Adv., 2018, 8, 26180–26187
ketal increased, which suggested that allowing a sufficient
reaction time was crucial to obtain a high yield. However, as the
reaction time was further prolonged to 70 or 80 min, the yield
remained stable, probably due to ketalization being reversible.
Reversible ketalization may easily take place when the reaction
time was longer than 60 min. The results indicated that the
optimum reaction time under the conditions of this experiment
was 60 min.

3.2.3. Effects of reaction temperature. Fig. 7c plots the
effects of reaction temperature on the yield of the ketal over the
HMQ-STW catalyst. It shows that an increase in reaction
temperature from 70 �C to 105 �C could enhance the yield of
ketal, indicating that a higher temperature was conducive to the
synthesis of ketal over the evaluated temperature region. The
maximum yield of 96.0% was obtained at 105 �C and it hardly
changed when the reaction was further heated up to 115 �C,
which may be due to the fact that acetal/ketal formation is
reversible and it could be benecial to the reverse reaction when
the temperature is higher than 105 �C. So 105 �C should be
a suitable reaction temperature.

3.2.4. Effects of the glycol to cyclohexanone molar ratio.
Ketalization is usually carried out in the case of excessive
alcohol to ensure that the reaction will take place in the direc-
tion of ketal synthesis. Fig. 7d shows the impact of the molar
ratio of glycol to cyclohexanone on the synthesis of cyclohexa-
none glycol ketal. A higher yield of 90.3% was obtained when
This journal is © The Royal Society of Chemistry 2018
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Table 2 Ketalization of carbonyl compounds with diols catalyzed with HMQ-STW

Entry Ketone/aldehyde Diol Product Yielda/%

1 Benzaldehyde Glycol 97.7

2 Acetophenone Glycol 94.3

3 p-Nitrobenzaldehyde Glycol 100

4 m-Nitrobenzaldehyde Glycol 98.6

5 p-Chlorobenzaldehyde Glycol 99.5

6 p-Nitroacetophenone Glycol 100

7 Benzaldehyde 1,2-Propylene glycol 99.7

8 Acetophenone 1,2-Propylene glycol 91.3

9 Cyclohexanone 1,2-Propylene glycol 94.6

10 p-Chlorobenzaldehyde 1,2-Propylene glycol 98.6

11 p-Nitrobenzaldehyde 1,2-Propylene glycol 100

12 p-Nitroacetophenone 1,2-Propylene glycol 100

13 Acetone 1,2-Propylene glycol 100

14 (ref. 45) Benzaldehyde Glycol 85.0b

15 (ref. 46) Benzaldehyde Pentaerythritol 92.0c

16 (ref. 47) Benzaldehyde Neopentyl glycol 95.0d

a Reaction conditions: catalyst content ¼ 7 wt% of ketone; mole ratio of diol to ketone ¼ 3 : 1; reaction temperature ¼ 105 �C; reaction time ¼
60 min; 5 mL of cyclohexane. b Amount of [PPSH]2.0HPW12O40 catalyst ¼ 5 wt%; glycol/benzaldehyde ratio ¼ 1.8; 12 mL of cyclohexane; reux
reaction for 3 h. c Amount of 15 wt% PW/MCM-41 catalyst ¼ 0.3 g; pentaerythritol/benzaldehyde ratio ¼ 1 : 3; 20 mL of toluene/benzene; reux
reaction for 2 h. d Amount of Fe(HSO4)3 catalyst ¼ 8 mol%; neopentyl glycol/benzaldehyde ratio ¼ 1.2 : 1; 3 mL of anhydrous CH2Cl2; reux
reaction for 45 min.
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the molar ratio of glycol to cyclohexanone was only 1 : 1, which
indicated that HMQ-STW has the advantage of obtaining a high
yield even at a lower molar ratio of glycol to cyclohexanone.
With the molar ratio increasing to 3 : 1, the yield slightly
increased to 96.0%. However, higher ratios (e.g. 4 : 1) were
found to negatively inuence the reaction, which could possibly
be attributed to insufficient mixing of the reactants with the
heterogeneous catalyst when there was a lot of excessive glycol,
This journal is © The Royal Society of Chemistry 2018
as well as there being a decrease in catalyst concentration.
Therefore, in order to obtain a high yield, the optimum molar
ratio of glycol to cyclohexanone for this system was 3 : 1.

3.2.5. Effects of water-carrier dosage. The presence of water
could cause the hydrolysis of ketals, so cyclohexane was selected
as a water-carrying agent to remove water from the system.
Fig. 7e illustrates the impact of the dosage of cyclohexane on the
synthesis of cyclohexanone glycol ketal. With the addition of
RSC Adv., 2018, 8, 26180–26187 | 26185
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cyclohexane, the yield of ketal increased signicantly, indi-
cating that cyclohexane could effectively remove water from the
reaction system. When the amount of cyclohexane was 5 mL,
the yield of ketal reached its maximum value (96.0%). However,
the yield decreased as the amount of cyclohexane continued to
increase. Therefore, the optimum dosage of cyclohexane was
5 mL under these experimental conditions.

3.2.6. Catalyst reusability. Aer the reaction, the HMQ-
STW catalyst was recovered through ltration, washed with
distilled water, dried at 100 �C and then reused. As shown in
Fig. 7f, when the catalyst was continuously used over ve
cycles under the above-mentioned optimal conditions, the
yield decreased by 6%. Aer ve runs, the catalyst was
collected and characterized via XRD, FT-IR and UV-vis. As
shown in Fig. 1, the main XRD peaks of the catalyst before and
aer use were almost identical, indicating that there were no
obvious changes in the catalyst structure aer ketalization.
Similarly, the spent catalyst presented a similar IR spectrum to
fresh HMQ-STW, proving that the ne structure, including the
Keggin unit structure, was not damaged during the reaction
(Fig. 2). A UV-vis spectrum of the used catalyst showed charge
transfer absorption bands similar to those seen for fresh
HMQ-STW, implying that the interaction between STW and
HMQ was not signicantly affected during the progress of the
reaction (Fig. 3). These results demonstrated the good stability
of the HMQ-STW catalyst in the reaction of cyclohexanone
with glycol.
3.3. Catalytic performance of HMQ-STW for other
ketalization reactions

Since HMQ-STW had superior catalytic activity for the reaction
of cyclohexanone with glycol, reactions with other substrates
(Table 2) were attempted to evaluate the application of HMQ-
STW. The results were inspiring. When benzaldehyde and ace-
tophenone were respectively subjected to ketalization with
glycol, high yields of the corresponding ketals were obtained as
well (entries 1–2). Furthermore, the yields were even higher
when there was an electron withdrawing group, such as nitro-,
in the benzene ring of the aromatic aldehydes and ketones
(entries 3–6). For studying the effects of diol variation, glycol
was substituted with 1,2-propylene glycol (entries 7–13). High
yields still were obtained for all the ketones used in these
experiments. And it was worth pointing out that ketals were the
only product, attesting to high selectivity in all these reactions.
These results demonstrated that the HMQ-STW catalyst is
a suitable catalyst for ketalization and has great potential for the
catalytic synthesis of many types of ketals.

Compared with reported catalysts, including heteropolyacid-
based ionic liquids and supported heteropolyacids (entries 14–
16), HMQ-STW exhibited comparable catalytic activity under
similar reaction conditions in the formation of acetals/ketals.
4. Conclusions

In summary, the facile synthesis of a novel organic salt of
H4SiW12O40 with a Keggin structure was described in this paper.
26186 | RSC Adv., 2018, 8, 26180–26187
This material displayed excellent catalytic performance in the
preparation of ketals from ketones with glycol or 1,2-propylene
glycol. In all the reactions, not only could a high yield of the
corresponding ketal be obtained, but HMQ-STW also exhibited
excellent reusability and stability. The catalyst could be easily
recycled via ltration, and its ne structure, including the
Keggin unit structure, was not damaged during the reaction.
Therefore, HMQ-STW was a promising catalyst for the ketali-
zation reaction, and it can be preliminarily forecast that the
catalyst will have potential for future development as an envi-
ronmentally friendly heterogeneous solid acid catalyst.
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