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Abstract Cs exchanged heteropolyacid catalysts func-
tionalized with various Sn contents were prepared by wet
impregnation method. These catalysts were characterized
by X-ray diffraction, FT-IR, Raman spectroscopy, tem-
perature programmed desorption of ammonia and BET
surface area measurements. The catalytic properties of Sn—
CsPW catalysts were evaluated for the synthesis of glyc-
erol carbonate and they exhibit an unprecedented activity
for the higher glycerol conversion and selectivity towards
glycerol carbonate under vacuum conditions. Sn-function-
alized Cs exchanged heteropolyacid catalysts (CsPW) play
a significant role in the enhancement of acidity, catalytic
activity and stability. The glycerol conversion and the
selectivity of carbonate formation mainly depend on the Sn
content and acidity of the catalysts. Different reaction
parameters such as Sn molar ratio, glycerol to urea molar
ratio, reaction temperature were investigated and also
optimum conditions were established. The catalyst con-
taining molar ratio of 3:1 Sn—CsPW has shown highest
conversion and glycerol carbonate selectivity.
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Introduction

There has been an increasing demand in recent years on the
biomass-derived fuels as an alternative energy sources for
petroleum crudes. Biodiesel has attracted one of the choi-
ces in the recent past as an alternative fuel because of its
environmental benefits as it can be produced from renew-
able resources including vegetable oils or animal fats [1].
However, huge amounts of glycerol produced during bio-
diesel production as a by-product at the rate of 10 % by
weight are challenging task for its conversion into com-
modity chemicals. Therefore, the conversion of renewable
biomass-derived glycerol is a promising alternative for the
sustainable production of chemical intermediates and fuels
[2-4]. Thus, glycerol can be used as platform chemical for
the production of more valuable commodity chemicals [5,
6]. The effective utilization of the by-product glycerol
derived from the bio-diesel synthesis is a key solution for
bio-diesel commercialization. Thus, many researchers are
presently attempting the conversion of glycerol into value-
added chemicals by various catalytic methods, such as
dehydration [7], hydrogenolysis [8] and carbonylation [9].
The use of glycerol as raw material for the preparation of
highly valued bio-based building blocks such as glycerol
carbonate could be one of the potential routes. This process
is a more attractive method utilizing glycerol as a renew-
able and cheap raw material for the preparation of glycerol
carbonate.

Glycerol carbonate (GC) is a valuable and interesting
material in the fine chemical industry. It has been investi-
gated as a novel component in gas separation membranes,
polyurethane foams, a component in coatings, paints and
detergents [10, 11]. In particular, inexpensive GC can be
used to synthesize the high-value glycidol, a source of new
polymeric material for the production of a number of
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polymers. Glycerol carbonate has a wide application due to
its dual functionality of carbonate ring and pendant
hydroxyl group. Its oxo group and dioxolane group can
react with alcohols, amines, carboxylic acids, ketones and
isocyanates, while its hydroxy group enables esterification,
urethane formation with isocyanates and hydroxy activa-
tion through tosylation. Furthermore, its utilization as an
intermediate has received several industrial applications,
because of its high boiling point, high flash point and low
volatility [12].

The glycerol carbonate can be prepared by the reaction
of glycerol with CO, or carbon monoxide and oxygen in
the presence of Cu catalysts and also by sodium metal
impregnated on Y-zeolite [13]. The reaction of glycerol
with carbon dioxide was carried out in a super critical CO,
medium in the presence of zeolite and ethylene carbonate
as a co-source of carbonate groups [14]. In all these pro-
cesses, glycerol carbonate has to be purified prior to the
reaction at relatively high temperature (150 °C). The
preparation of glycerol carbonate using urea as a reactant is
favorable due to its cheaper price and easy handling.

Glycerol carbonate prepared using glycerol and a gas-
eous mixture of CO and CO, over tin complexes have
shown very low yield 6 % [15]. It can be also prepared by
glycerol with dimethyl carbonate over different catalysts,
such as lipase catalyst [16], CaO, MgO [17] and calcined
La,O5 [18]. Recently, glycerol carbonate preparation was
reported using KF/gamma Al,O5 catalyst [19]. Glycerol
carbonate can also be synthesized with urea over Au-sup-
ported MgO [20] and Zinc solid catalysts [21]. However,
these methods for the synthesis of GC using urea over
novel catalytic materials require high molar ratio of glyc-
erol to urea. Recently, the synthesis of glycerol carbonate
from glycerol and alkyl carbonates over Mg—Al hydrotal-
cite catalysts was reported under vapor phase conditions
with low yields [22].

Heteropolyacids (HPAs) are well-known typical strong
Brgnsted acids and employed in a wide variety of acid
catalyzed reactions in both homogeneous and heteroge-
neous conditions. The disadvantage of HPAs is their rela-
tively low thermal stability and low surface area (<10 m?%/
2). To overcome these disadvantages, high surface area and
thermally stable supports such as SBA-15 and MCM-41 are
employed to disperse the active phase [23, 24]. Recently,
metal-doped CsPW catalysts have attracted much attention
due to their high surface area and tunable porosity which
enable them for the use in glycerol dehydration and glyc-
erol hydrogenolysis [25-27].

In the present work, we report for the first time Sn-
doped CsPW catalyst for glycerol carbonolysis reaction. A
systematic study has been made on the different molar
ratios of Sn and CsPW during preparation of the catalysts,
surface area and acidic functionalities. The -catalytic
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properties were correlated with the acidity and textural
properties.

Experimental
Catalyst preparation

Cesium salt was prepared by the dropwise addition of a
stoichiometric quantity of aqueous Cs,CO;5 (0.47 M) to an
aqueous solution of H3;PW,040 (0.75 M) at 40 °C with
continuous stirring [28]. The precipitate obtained was dried
for 48 h in an oven at 100 °C and calcined at 500 °C for
5 h. A series of catalysts are prepared by changing the
molar ratio from 0 to 5 of Sn by impregnation method. A
known amount of Sn precursor (nitrate) was dissolved in
distilled water and the Cs salt was also kept constant. The
resulting mixture was dried in hot oven at 100 °C. All the
prepared catalysts were calcined at 500 °C for 4 h.

Catalyst characterization
X-ray diffraction studies

X-ray powder diffraction patterns of the samples were
obtained with a model: D8 Diffractometer (Advance,
Bruker, Germany), using Cu Ko radiation (1.5406 10\) at
40 kV and 30 mA. The measurements were recorded in
steps of 0.045° with a count time of 0.5 s in the range of
2-80°.

Raman spectroscopy

The Raman spectra of the catalyst samples were collected
with a Horiba-Jobin-Yvon LabRam-HR spectrometer
equipped with a confocal microscope, 2400/900 grooves/
mm gratings, and a notch filter. The visible laser excitation
at 532 nm (visible/green) was supplied by a Yag doubled
diode pumped laser (20 mW). The scattered photons were
dried and focused on to a single-stage monochromator and
measured with a UV-sensitive LN,-cooled CCD detector
(Horiba-Jobin-Yvon CCD-3000 V).

FT-IR spectroscopy

FT-IR spectra of the catalysts were recorded on an IR
(model: GC-FT-IR Nicolet 670) spectrometer by KBr disc
method at room temperature [29].

Temperature programmed desorption

Temperature programmed desorption (TPD) studies of
NH; were conducted on Auto Chem 2910 (Micromeritics,
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USA) instrument. In a typical experiment, 100 mg of cal-
cined sample was taken in a U-shaped quartz cell. The
catalyst sample was packed in one arm of the sample tube
on a quartz wool bed. Prior to TPD studies, the catalyst
sample was pre-treated by passing high purity helium
(50 mL/min) at 200 °C for 1 h. After pre-treatment, the
sample was saturated by passing (50 mL/min) high purity
anhydrous ammonia at 80 °C for 1 h and subsequently
flushed with He flow (50 mL/min) at 150 °C for 1 h to
remove the physisorbed ammonia. TPD analysis was car-
ried out from ambient temperature to 600 °C at a heating
rate of 10 °C/min. The ammonia concentration in the
effluent stream was monitored with the thermal conduc-
tivity detector and the area under the peak was integrated
using the software GRAMS/32 to determine the amount of
desorbed ammonia.

BET studies

The surface area of catalysts was estimated using N,
adsorption isotherms at —196 °C by the multipoint BET
method taking 0.162 nm? as its cross-sectional area.

Catalytic activity

The catalytic reaction was performed in a 25 mL two neck
round-bottom (RB) flask under reduced pressures. In a
typical experiment, glycerol (2 g), urea (1.3 g) and cata-
lysts (0.2 g) were taken in the round-bottom flask and
heated in an oil bath at 140 °C with constant stirring under
reduced pressure. One neck of the RB flask was connected
to vacuum line. The reaction was carried out under a
reduced pressure to remove the formation of ammonia
during the reaction. The reaction was monitored in differ-
ent time intervals. After completion of the reaction,
methanol was added and the catalyst was separated by
filtration. The products were analyzed by a gas chro-
matograph (Shimadzu, 2010) equipped with flame ioniza-
tion detector using innowax capillary column (diameter
0.25 mm, length 30 m). The obtained products were ana-
lyzed by gas chromatograph—mass spectrometry (Shimadzu
GC-2010) equipped with flame ionization detector using a
DB-wax 123-7033 capillary column and methanol as the
internal standard.

Results and discussion
XRD studies
The XRD patterns of pure CsPW and the samples con-

taining Sn/Cs exchanged tungstophosphoric acid (PTA)
with different molar ratios are shown in the Fig. 1. It can be
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Fig. 1 X-ray diffraction patterns of various molar ratios of Sn—-CsPW
catalysts. a 5:1, b 4:1, ¢ 3:1, d 2:1, e 1:1 and f pure CsPW

seen from Fig. 1 that the diffraction peaks observed at
20 = 10.9°, 27.5° and 33.5° suggest that the Keggin ion
structure of PTA was clearly observed even after the
exchange of cesium and Sn. The XRD patterns did not
show any reflections due to SnO, in the samples of Sn-
doped CsPW [30-32]. The absence of SnO, peaks is
probably due to the active phase which is highly dispersed
on CsPW. Furthermore, the intensity of XRD peaks due to
Keggin ion gradually decreased with increase in the molar
ratio of Sn and CsPW.

Fourier transform infrared spectroscopy

The FT-IR spectra of pure CsPW and the spectra for var-
ious molar ratios of Sn/CsPW catalysts are shown in Fig. 2.
The spectra exhibit typically four characteristic IR bands
located at 1080, 985, 890 and 839 cm™~! which are attrib-
uted to the absorption modes of Keggin structure of
tungstophosphoric acid. The bands at 1080, 985, 890 and
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Fig. 2 FT-IR spectra of various molar ratios of Sn—CsPW catalysts.
a Pure CsPW, b 1:1, ¢ 2:1, d 3:1, e 4:1 and f 5:1
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839 cm ™' are exclusively assigned to the stretching modes
of oxygen atom bond to tungsten and phosphorous, P-O,
W=0, W-O,—W in corner-shared octahedral and W-O_—-W
in edge-shared octahedral, respectively [33, 34]. It can be
seen from Fig. 2 that as Sn loading increases the intensity
of characteristic bands of Keggin ion was decreased. The
above results suggest that the active phase Sn/CsPW was
well dispersed on the primary structure of Keggin ion and
intensity of Keggin ion bands decreased. These results are
in well agreement with the above XRD findings.

Temperature programmed desorption of ammonia

NH;-TPD profiles of various catalysts of Sn and CsPW
with molar ratio 1:1-5:1 are shown in Fig. 3 and the
amount of NHj; desorbed during TPD is reported in
Table 1. It can be seen from Fig. 3 that the desorption peak
observed below 150 °C is assigned to weak acidic sites and
the peak noticed between 150 and 300 °C was attributed to
moderate acidic sites. The TPD peak observed between 400
and 600 °C is attributed to strong acidic sites of the cata-
lyst. TPD profiles of samples containing Sn on the CsPW
showed three desorption peaks indicating the presence of
three types of acidic sites (weak, moderate and strong).
With the influence of Sn content on CsPW, the total acidity
of catalyst increases gradually for samples with molar ratio
from 1:1 to 3:1 and thereafter it decreased. Whereas the
strong acidic sites increase with increase in Sn loading up
to 3:1 molar ratio and it decrease further at higher Sn
loadings. Ammonia uptake values of different molar ratio
of Sn on CsPW are summarized in Table 1. It is interesting
to see that the total acidity of catalyst increases up to 3:1
and decreases at higher molar ratio of Sn loading. The
decrease in acidity at higher molar ratio was attributed to
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Fig. 3 Laser Raman spectra of various molar ratios of Sn—CsPW
catalysts. a 5:1, b 4:1, ¢ 3:1, d 2:1 and e 1:1
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Table 1 Temperature programmed desorption and BET-SA values
of different molar ratio SnCsPW

Molar ratio BET NHj; uptake (mmol/g) Total NH3
of Sn and surface - uptake
CsHPW area (m%/g) Weak  Medium  Strong (mmol/g)
0:1 117 - - - -

1:1 103 20 26 108 155

2:1 91 36 12 131 180

3:1 86 - 250 277 528

4:1 61 - 299 202 501

5:1 46 - 215 130 346

the formation of bulk Sn metal oxide which leads to a
decrease in the acidity. Therefore, the findings suggest that
a large amount of acidic sites are observed in the sample
containing 3:1 molar ratio of Sn and CsPW than the other
samples.

Laser Raman spectroscopy

The Raman spectroscopy of the samples with various
molar ratios of Sn and CsPW catalysts is shown in Fig. 4.
Pure tungstophosphoric acid exhibits four Raman bands in
the region of 1100-200 cm™"'. The Raman bands at 1011
and 990 cm ™' correspond to W=0, symmetric and asym-
metric stretching modes, respectively. The weaker Raman
bands at 890 and 530 cm ™' are assigned to characteristic
bands of asymmetric stretching vibration of bridging W—
Op—W and symmetric stretching of bridging W—-Oc-W,
respectively [35]. These findings show that all the catalysts
exhibit four Raman bands at 1011, 990, 890 and 530 cm”!
which are attributed to characteristic bands of Keggin ion
structure of tungstophosphoric acid. It can be seen from
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Fig. 4 Temperature programmed desorption peaks of various molar
ratios of Sn—CsPW catalysts. a 1:1, b 2:1, ¢ 3:1, d 4:1 and e 5:1
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Fig. 4 that with Sn loading increases the intensity of
characteristic bands of Keggin ion was slightly declined.
The above results suggest that Sn metal oxide peaks were
not observed and it indicates that the active phase of Sn is
well dispersed and decreases the intensity of Keggin ion
bands. These results are well agreement with the above
XRD, FT-IR findings.

BET surface area

The surface area of Sn—CsPW catalysts with different
molar ratio of Sn is summarized in Table 1. The BET
surface area of pure Cs exchanged tungstophosphoric acid
is 117 m*/g. It was observed that modification in CsPW
support lowers the surface area 103-91 m?/g for catalysts
loaded with 1:1 and 2:1 molar ratio of Sn, respectively.
Further increase of Sn mole ratio on the support resulted in
the reduction of surface area of the catalysts which indicate
that the pores of CsPW are partially filled with Sn metal
particles.

Table 2 Conversion and selectivity of glycerol carbonate at various
metal loading

Molar  Conversion  Selectivity (%) Others
ratio (%) R
Glycerol Glycidol  Glycerol
carbonate urethane
CsPW 25 25 35 31 9
1:1 72 53 31 9 7
2:1 80 65 19 9 7
3:1 91 83 10 2
4:1 80 48 32 17 3
5:1 59 45 29 20 6

Catalytic activity

The catalytic properties of various Sn/CsPW catalysts
during liquid phase carbonolysis of glycerol are reported in
Table 2. The catalysts containing various molar ratios of
Sn/CsPW and without Sn are tested for carbonolysis of
glycerol at 140 °C under vacuum condition by taking
200 mg of the catalyst. The product distribution during
glycerol carbonate synthesis using glycerol and urea is
reported along with the other side products obtained such
as urethane and glycidol. Even though the reaction was
carried out under vacuum condition, a small amount of
urethane is also noticed. This might be due to the faster
reaction of liberated ammonia gas with glycerol leading to
the formation of glycerol urethane [36]. The formation of
Glycidol is due to the release of CO, from glycerol car-
bonate which occurs generally at higher temperature or by
employing more acidic catalysts during the reaction [37].
To investigate the effect of metal component on the car-
bonolysis of glycerol, the catalyst samples with various
molar ratio of Sn were tested along with pure CsPW and
the results are reported in Table 2. To optimize the con-
ditions to achieve better yield of glycerol carbonate, the
effect of reaction temperature was investigated and the
results are represented in Table 3. The catalyst which has
shown the best catalytic activity was subjected to different
calcination temperatures and the results are shown in
Table 4. The reaction was conducted using various molar
ratios of glycerol and urea to find optimum mole ratio
suitable for this reaction and the results are summarized in
Table 5. A comparison of carbonolysis reaction using the
present catalysts (PTA) was made using Sn-functionalized
phosphomolybdic acid (PMA) silicotungsticacid (STA)
and the results are shown in Table 6. The reaction was also

Table 3 Conversion and selectivity of glycerol carbonate at various reaction temperature

Reaction temperature (°C) Conversion (%) Selectivity (%) Others
Glycerol carbonate Glycidol Glycerol urethane (%)

120 56 64 1 26

140 91 83 10 5

160 67 46 41 10 3

Table 4 Conversion and selectivity of glycerol carbonate at various calcination temperature

Calcination temperature Conversion (%) Selectivity (%) Others
Glycerol carbonate Glycidol Glycerol urethane (%)

400 81 72 16 8

500 91 83 10 5

600 72 60 29 6 5
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Table 5 Conversion and selectivity of glycerol carbonate at different mole ratio

Mole ratio Conversion (%) Selectivity (%) Others (%)
Glycerol carbonate Glycidol Glycerol urethane

1:0.5 51 58 26 11

1:1.0 91 83 10 5

1:1.5 91 52 12 35

Table 6 Conversion and selectivity of glycerol carbonate on various heteropolyacid salts

Catalysts Conversion (%) Selectivity (%) Others (%)
Glycerol carbonate Glycidol Glycerol urethane

Sn—-CsPMA 67 59 24 8

Sn—-CsPWA 91 83 10 5

Sn—CsSTA 65 61 22 10

conducted in the absence of catalyst and noticed that there
was no considerable amount of glycerol carbonate formed.

Effect of molar ratio of Sn/CsPW

The glycerol conversion and product selectivity as a
function of Sn content on Cs exchanged heteropolyacid
were investigated for the liquid phase carbonolysis of
glycerol with urea and the product distribution results are
given in Table 2. The catalytic results show that glycerol
conversion increased with an increase in Sn loading and
attains a maximum conversion with 3:1 SnCsPW. The
increase in conversion and selectivity at 3:1 molar ratio of
Sn and CsPW is mainly due to the presence of strong acidic
sites which decrease at higher ratio. These results are well
in correlation with the acidic functionalities of the catalysts
determined by NH3-TPD method. The increase in the
selectivity towards glycerol carbonate as a function of Sn
loading (3:1 molar ratio) suggests that a conversion of
91 % is achieved with 83 % selectivity of glycerol car-
bonate. Therefore, the above results suggest that 3:1 molar
ratio of Sn—CsPW is the optimum for the conversion of
glycerol carbonate from glycerol and urea.

Effect of reaction temperature

The change in the reaction temperature plays a pronounced
change in the glycerol conversion and the selectivity of the
desired product glycerol carbonate. The effect of reaction
temperature on the product distribution during carbonolysis
reaction is shown in Table 3. The increase in reaction
temperature from 140 to 160 °C yields increases in the
selectivity of glycerol carbonate from 64 to 83 % with
substantial increase in glycerol conversion from 56 to
91 %, respectively. The raise of reaction temperature

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

further by 20 °C led to a decline in the selectivity of the
glycerol carbonate to 46 % at glycerol conversion of 67 %.
Furthermore, the selectivity to glycidol is also increased to
41 % at the expenses of glycerol carbonate. This may be
due to decarboxylation of glycerol carbonate at higher
temperature (160 °C). The above results clearly suggest
that moderate reaction temperatures are suitable to achieve
best catalytic properties during carbonolysis of glycerol.

Effect of mole ratio glycerol to urea

The effect of glycerol to urea mole ratio was investigated
on the catalytic performance using the sample containing
3:1 molar ratio of Sn/CsPW catalyst without altering other
reaction parameters. Glycerol conversion is found to be
much lower while using 1:0.5 mol ratio of glycerol to urea
in the reactant mixture. The lower activity could be due to
the less number of moles of urea present in the reactant
mixture. As the number of moles of urea increases in the
reactant mixture (1:1), glycerol conversion increased
drastically and high selectivity towards glycerol carbonate
was achieved. Whereas, in the case of 1:1.5 mol ratio the
conversion did not change appreciably but the selectivity
towards the desired product was decreased with the for-
mation of considerable amount of urethanes. This is mainly
because the liberation of more amount of ammonia from
urea favors the formation of urethane. The above results
show that 1:1 mol ratio of glycerol to urea was found to be
the optimum mole ratio in the reaction mixture for the
glycerol carbonate synthesis.

Effect of calcination temperature

To understand the structural changes and surface acidity of
catalyst, the sample containing 3:1 molar ratio of Sn and
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CsPW was calcined at different temperatures in the range
400-600 °C. It is known that the acidity of the catalysts
changes with a change in calcination temperature. As the
calcination temperature increases, the acidity of the cata-
lyst increased up to 500 °C and decreased later. This is due
to crystallite CsPW the catalysts and further leads to
decrease in the surface acidity [38]. The catalytic results
over various calcination temperatures are presented in
Table 5. It can be seen from the table that the catalytic
activity and selectivity increase with the increase in cal-
cination temperature from 400 to 500 °C and thereafter
decreased in the catalytic performance. The glycerol con-
version increased from 81 to 91 % and selectivity towards
glycerol carbonate also increased from 72 to 83 % with
increase in the calcination temperature of the catalyst.
Thus, it clearly indicates that the catalytic performance
depends on the calcination temperature of the catalysts. It
is found that the samples calcined at 500 °C exhibit higher
catalytic activity than other calcination temperatures.

Effect of Cs exchanged heteropolyacid

A comparison of the catalytic performance of Sn-func-
tionalized CsPW catalysts is made with two other
heteropolyacids, such as Cs exchanged phosphomolybdic
acid (CsPMA) and Cs exchanged silicotungsticacid
(CsSTA) under similar experimental conditions. The
samples were prepared with 3:1 molar ratio of Sn and
(CsSTA or CsPMA). The product distribution of these
three catalysts during glycerol carbonate synthesis is rep-
resented in Table 6. The results suggest that the glycerol
conversion and selectivity were found to be higher in 3:1
molar ratio of Sn and CsPW catalyst compared to other
heteropolyacid catalysts. The better catalytic properties

Fig. 5 EDS results of 3:1 mol
ratio Sn—CsPW catalyst

exhibited by Sn-functionalized CsPW are due to the pres-
ence of more strong acidic sites than the Sn—CsPMA or
Sn—CsSTA catalysts [39]. The above results strongly sug-
gest that the more number of acidic sites favors higher
glycerol conversion and also the formation of glycerol
carbonate.

Energy dispersive spectroscopy (EDS)

Energy dispersive spectroscopy is employed to confirm the
presence of Sn in the best catalyst containing 3:1 molar
ratio of Sn—CsPW and the results are shown in Fig. 5. It
can be seen from Fig. 5 that Sn was successfully func-
tionalised with Keggin ion of phosphotungstic acid cata-
lyst. The results also reveal that the Sn—CsPW molar ratio
is maintained at 3.1 ratios after the preparation of the
catalyst (Fig. 5). Therefore, the EDS analysis clearly rep-
resents the presence of Sn in the synthesis of catalyst.

Reaction mechanism

It is recognized that acidic and basic properties of the
catalysts influence the formation of glycerol carbonate
from glycerol and urea. Furthermore, solid Lewis acid
catalysts exhibit high yields of glycerol carbonate [9].
Based on the above results, the possible reaction mecha-
nism for glycerol carbonylation with urea over Sn-func-
tionalised CsPW catalysts has been proposed and shown in
Scheme 1. It is necessary that Lewis acidic sites (Sn)
activated the carbonyl group of urea and the weak conju-
gated framework oxygen from Keggin ion activates the
hydroxyl group of glycerol. It is concluded that the pres-
ence of these Lewis acidic sites in Sn—CsPW catalyst
shows high activity towards glycerol carbonate synthesis.

T T T
p 1 2 3
Full Scale $13 cts Cursor: 0.000

Element Weight% Atomic%
oK 26.88 78.31
P K 1.02 1.54
SnL 8.03 3.15

T T T T

5 6 7 8 CsL 7.77 2.73

keV|

WM 56.29 14.27
Totals 100.00
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Scheme 1 Reaction scheme:

carbonolysis of glycerol to i
glycerol carbonate HoN NH, OH PN
HO™ Y - NH H,N" 30 OH
l \ 3 2 k/
‘s, \\ OH
[ “sncsw ) [ sncspw )

Conclusions

Sn—CsPW catalysts exhibited excellent catalytic perfor-
mance during glycerol carbonate synthesis. The XRD
results show that the active phase of Sn was highly dis-
persed on Cs exchanged phosphotungstic acid. The FT-IR
and Raman results reveal that the characteristic peaks of
Keggin ion structure intact even after the formation of Cs
salt of heteropolyacid. TPD of ammonia results shows that
acidity increased up to 3:1 molar ratio of Sn/CsPW cata-
lyst. It was found that glycerol conversion and selectivity
of glycerol carbonate remarkably increased with the
increase in Sn loading. The calcination of samples con-
taining 3:1 molar ratio of Sn/CsPW at 500 °C exhibits
higher conversion and selectivity. The catalytic results are
well correlated with the acidity of the catalysts.
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