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Abstract A series of WO3 supported on TiO2 catalysts

were prepared by impregnation method with varying WO3

content. The prepared catalysts were characterized by

FT-IR, Laser Raman, X-ray diffraction, BET surface area

and temperature programmed desorption of NH3. X-ray

diffraction and Laser Raman spectroscopic results suggest

that WO3 was highly dispersed on titania up to 15 wt%.

Acidity of the catalyst depended up on WO3 loading on

titania and calcination temperature. The catalyst with 15 %

WO3 content calcined at 500 �C exhibited high surface area

and high acidity. Activity of the catalysts was evaluated for

the synthesis of glycerol carbonate from glycerol and urea.

The catalytic activity results showed that 15 % WO3 sup-

ported on TiO2 exhibited about 73 % glycerol conversion

with near 100 % selectivity for glycerol carbonate. The

influence of support on glycerol conversion was also stud-

ied and activities for different supports were in the order of

TiO2[ SiO2[MoO3[Nb2O5[ZrO2[Al2O3. Differ-

ent reaction parameters were also studied and optimum

conditions were established. The catalyst is reusable

without considerable loss in activity.
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1 Introduction

Glycerol, a by-product of biodiesel industry, is a poten-

tially important biorefinery feedstock [1, 2]. Glycerol have

a great number of common applications and have been

used in pharmaceuticals, cosmetics, soaps, toothpastes,

candies, cakes and as a wetting agent in tobacco [3, 4].

Even though it has lot of applications, it is creating a glut in

the global market due to the increasing production of

biodiesel [5]. The usage of low–grade glycerol obtained

from biodiesel is a big challenge, as this glycerol cannot be

used for food and cosmetic applications [3]. An effective

usage or conversion of glycerol to specific products will cut

down the biodiesel production costs [6]. Glycerol is a

highly functionalized molecule and a variety of value
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added chemicals can be produced by catalytic conversion

through different reactions [7]. Catalytic conversion of

glycerol to value added chemicals by green catalytic pro-

cess is a challenging area of research.

Among the different possible products, glycerol carbonate

is one of the important chemical which has excellent proper-

ties such as low toxicity, good biodegradability and high

boiling point. Glycerol carbonate has application in gas sep-

aration membranes, polyurethane foams and surfactant com-

ponent [8–10]. It is also used in coatings and paint industry

[11]. There are severalmethods reported for the preparation of

glycerol carbonate. It can be prepared by the reaction of

glycerol with phosgene [12], glycerol transesterification with

dialkyl carbonate or alkylene carbonate [13], carbonylation by

urea [14]. Glycerol carbonate can be synthesized through the

reaction of glycerol with carbon monoxide and oxygen in the

presence of a catalyst [15]. Alternative routes such as trans-

esterification reaction of glycerol with dialkyl or alkene car-

bonates to obtain cyclic carbonates have been explored [16–

19]. The direct reaction of glycerol with CO2 appears very

attractive, but it has thermodynamic limitations [20]. Super-

critical CO2 was also attempted using zeolites as catalysts

[21]. The foregoing observations led to consider urea as an

alternative source for carbonylation of glycerol. The main

advantage of this method is that to use urea which is readily

available and cheap. The reaction is carried out in the absence

of solvent and the only significant by-product is ammonia in

the gas phase which can be easily captured. Various base

catalysts have been tested for the synthesis of glycerol car-

bonate from glycerol and urea [13, 22–38]. Inorganic salts

such as ZnSO4 [22, 23] and MgSO4 [24, 25] are effective

homogeneous catalysts. Compared to these homogeneous

ones, heterogeneous catalysts may be more useful for post-

reaction procedures like easy recovery and reuse of catalysts.

Several authors studied the performance of solid catalysts

including La2O3 [26], Au nanoparticles [27], Co3O4/ZnO

[28], MgO, CaO and mixed metal oxides like Al/MgOx, Al/

LiOx prepared from hydrotalcites [13], c-zirconium phos-

phate [29], metal-exchanged heteropoly tungstate catalysts

[30, 31], Sn–W mixed oxide catalysts [32], metal mono-

glycerolates [33], silicotungstate/MCM-41 [34], metal ion-

exchanged zeolites [35], waste boiler ash [36], gypsum based

catalyst [37], and organic–inorganic hybrids of imidazole

complexes of zinc (II) [38] etc. Although some of useful

catalysts are reported, still there is a need to develop highly

active heterogeneous catalysts that works under mild reaction

conditions.

In the present study, a series of WO3 supported on TiO2

catalysts with varying WO3 content were prepared and

studied for the synthesis of glycerol carbonate from glyc-

erol and urea. The role of WO3 on TiO2 for the synthesis of

glycerol carbonate is discussed with the observed physico–

chemical properties of the catalysts.

2 Experimental

2.1 Catalyst Preparation

A series of catalysts with varying WO3 content from 5 to

25 % supported on TiO2 were prepared by impregnation

method. The required quantity of ammonium metatungstate

was dissolved in distilled water and this solution was added

to the support with continuous stirring. The excess water

was removed on water bath. The resulting solid was dried

at 100 �C for overnight and finally calcined at 500 �C for

4 h. These catalysts were denoted as x % WO3/TiO2,

where x indicates the weight percentage of WO3 on titania.

2.2 Characterization of the Catalysts

X-ray powder diffraction patterns were recorded on a

Rigaku Miniflex diffractometer using Cu Ka radiation

(1.5406 Å) at 40 kV and 30 mA and secondary graphite

monochromatic. The measurements were obtained in steps

of 0.045� with count times of 0.5 S, in the 2h range of 5–80�.
Confocal micro-Raman spectra were recorded at room

temperature in the range of 200–1200 cm-1 using Horiba

Jobin-Yvon Lab Ram HR spectrometer with a 17 mW

internal He–Ne (Helium–Neon) laser source of excitation

wavelength of 632.8 nm. The catalyst samples in powder

form (about 5–10 mg) were usually loosely spread onto a

glass slide below the confocal microscope for measurements.

The acidity of the catalysts was measured by tempera-

ture programmed desorption of ammonia (TPD–NH3). In a

typical experiment, 0.1 g of catalyst was loaded and pre–

treated in He gas at 300 �C for 2 h. After pre–treatment the

temperature was brought to 100 �C and the adsorption of

NH3 was carried out by passing a mixture of 10 % NH3

balanced He gas over the catalyst for 1 h. The catalyst

surface was flushed with He gas at the same temperature

for 2 h to drive off physisorbed NH3. TPD of NH3 was

carried with a temperature ramp of 10 �C/min and the

desorbed ammonia was monitored using thermal conduc-

tivity detector (TCD) of a gas chromatograph.

2.3 Catalytic Experiments

The reactions were performed in a 25 ml two neck round-

bottom (RB) flask under reduced pressures. In a typical

experiment, glycerol (2 g), urea (1.306 g) and catalyst

(0.2 g) were taken in RB flask and heated in an oil bath in

the temperature range of 100–160 �C with constant stirring.

One neck of the RB flask was connected to vacuum line.

Reaction was run under a reduced pressure in order to

remove ammonia formed during the reaction. After com-

pletion of the reaction or stipulated time, methanol was

added and the catalyst was separated by filtration. The
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products were analyzed by a gas chromatograph (Shimadzu

2010) equipped with flame ionization detector using inno

wax capillary column (diameter: 0.25 mm, length 30 m).

Products were also identified by GC–MS (Shimadzu,

GCMS-QP2010S) analysis.

3 Results and Discussion

3.1 Catalyst Characterization

Table 1 shows the surface area of the catalysts along with

surface density of WO3 on titania. From the Table 1 it was

noticed that surface areas of the catalysts were increased

from 41.6 to 62.6 m2/g with increase inWO3 loading from 5

to 15 %. Further increase inWO3 loading surface area of the

catalyst was decreased. In the case of 25 % WO3/TiO2 cat-

alyst the surface area was 42 m2/g. The decrease in surface

area of the catalysts beyond 15 wt% loading ofWO3was due

to increase in the density of the tungsten oxide and partial

plugging of the pores of titania. The tungsten oxide surface

density values increased from3.2 to 14.4 nm-2with increase

in WO3 loading from 5 to 25 % on titania. The surface

density of WO3 for monolayer coverage is about 5 nm2/g

[39]. The surface density result suggests that the monolayer

of WO3 was present for 10–15 % WO3 onTiO2 catalyst.

However the surface density values were close to monolayer

coverage for the catalysts with 15 % WO3 onTiO2.

The crystalline structures of the WO3/TiO2 catalysts were

examined by XRD and patterns are shown in Fig. 1. The

characteristic peaks located at 2h of 25�, 37.6�, 47.9�, 53.7�,
54.9� and 62.5� were corresponds to the (101), (004), (200),

(105), (211) and (204) crystal faces of anatase TiO2 [40].

However, characteristic peaks of rutile TiO2 were also

observed at 2h of 27.6�, 36.2�, 41.4�, 56.7� and 68.4�
[41].Intensities of the characteristic peaks related to anatase

phase of titania were dominant than the rutile phase. This

indicates that the anatase phase of titania is amajor phase in all

the catalysts. Furthermore, the crystallineWO3 phase was not

detected for the catalysts with lower loadings of WO3 [42].

The presence of WO3 phase was observed for the catalysts

with above 15 wt% of WO3 on TiO2. The surface density

values indicated the monolayer coverage ofWO3 for 15 wt%

of WO3/TiO2 and the absence of crystalline phase of WO3

indicates that tungsten nano crystalline particles might be

formed. This indicates that the tungsten oxide species were

highly dispersed on TiO2 at low loadings (\15 %) [43, 44].

Table 1 Textural properties of

WO3/TiO2 catalysts
Catalyst SBET (m2g-1) Surface density of WO3 (nm

-2) Acidity (mmol/g)

5 % WO3/TiO2 41.6 3.2 0.417

10 % WO3/TiO2 50.6 5.2 0.452

15 % WO3/TiO2 62.6 6.2 0.554

20 % WO3/TiO2 51.1 10.1 0.473

25 % WO3/TiO2 44.8 14.4 0.404

Fig. 1 XRD patterns of WO3/TiO2 catalysts. a 5 % WO3/TiO2,

b 10 % WO3/TiO2, c 15 % WO3/TiO2, d 20 % WO3/TiO2, e 25 %

WO3/TiO2
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Figure 2 shows the Laser Raman spectra of the catalysts.

The Raman patterns were dominated by the bands related to

titania. The predominant band at 396, 517 and 638 cm-1

originates from the anatase phase ofTiO2 [45, 46].Abroad and

weakband at 447 cm-1was attributed to rutile phase of titania.

A very weak Raman band related to WO3 was observed at

806 cm-1 for the catalysts with below 15 % ofWO3 on TiO2.

However, the intense bands at 271, 327, 714 and 806 cm-1

related to crystalline WO3 observed for the catalysts with

above 15 % of WO3 on titania [43]. From the laser Raman

spectra it can be noted that WO3 was in highly dispersed state

up to 15 %. XRD results were also in agreement with the

results obtained by Laser Raman spectroscopy. The charac-

terization results reveal that WO3 was well dispersed at lower

loading and present in crystallite form at higher loadings.

Acidity of the catalysts was measured by TPD of

ammonia. Acidity of the catalysts was measured based on

desorbed ammonia and results are presented in Table 1.

The acidity values of the catalysts indicate that, acidity was

increased from 0.417 to 0.554 mmol/g with increase in

WO3 loading from 5 to 15 %. Further increase in WO3

loading to 20 and 25 %, acidity of the catalysts was

decreased to 0.473 and 0.404 mmol/g, respectively. The

decrease in acidity value was due to aggregation of WO3

species on titania at higher loading, which was confirmed

by XRD. From these results it can be concluded that 15 %

WO3/TiO2 catalyst possess more number of acidic sites.

3.2 Influence of WO3 Loading on Titania

for Carbonylation of Glycerol

Effect of the WO3 loading on TiO2 on carbonylation of

glycerol was studied and results are shown in Fig. 3.

Carbonylation of glycerol over titania and tungsten oxide

were also studied in order to compare the efficiency of the

WO3/TiO2 catalysts. About 19.3 % of conversion with

glycerol carbonate selectivity of 10.5 % was observed in

the absence of catalyst. Glycerol conversion was increased

in the case of titania and tungsten oxides. The observed

glycerol conversions were 26.8 and 32.3 % for WO3 and

TiO2, respectively. In the case of WO3/TiO2 catalysts, the

conversion of glycerol increased from 38.2 to 73 % with

increase in WO3 content from 5 to 15 %. Further increase

in WO3 loading on titania, a decrease in conversion of

glycerol was observed. Glycerol conversion was only

33.3 % in the case of 25 % WO3/TiO2 catalyst. The

activity exhibited by catalysts can be correlated to the

catalysts characteristics. XRD and Raman patterns showed

that, at lower WO3 loading (15 %) the WO3 species were

well dispersed on the titania support without significant

crystallization. The high catalytic activity of 15 % WO3/

TiO2 catalyst was due to high dispersion of WO3 on titania

which results in high surface area and acidity (Table 1).

However, beyond 15 % loading crystalline phase of WO3

formed due to the aggregation of tungsten oxide species on

titania. Therefore, the promoting effect of WO3 loading

(15 wt%) was mainly attributed to the number of surface

active WO3 sites. In contrast, as discussed above the

crystalline WO3 appeared at higher loadings ([15 %)

responsible for decrease in catalytic activity.

3.3 Effect of Catalyst Calcination Temperature

on Glycerol Conversion

In order to know the surface, structural changes in the

catalyst with increase in calcination temperature and its
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Fig. 2 Laser Raman spectra of WO3/TiO2 catalysts. a 5 % WO3/

TiO2, b 10 % WO3/TiO2, c 15 % WO3/TiO2, d 20 % WO3/TiO2,

e 25 % WO3/TiO2
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Fig. 3 Influence of WO3 loading on TiO2 on carbonylation of

glycerol with urea. Reaction conditions: glycerol (2 g), urea

(1.306 g), catalyst weight (0.2 g), reaction temperature (140 �C)
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influence on glycerol conversion, the most active catalyst

15 % WO3/TiO2 was subjected to calcination at different

temperatures in the range of 400–700 �C. Catalytic activity
of these catalysts was tested for carbonylation of glycerol

and results are shown in Fig. 4. From the activity results it

was observed that with increase in calcination temperature

from 400 to 500 �C, conversion of glycerol drastically

increased from 23.3 to 73 % and there was no change in

selectivity towards glycerol carbonate. Further increase in

calcination temperature to 600 and 700 �C, conversion of

the glycerol was decreased to 68.8 and 19.5 %, respec-

tively and there was no change in selectivity. Compared to

other catalysts, catalyst calcined at 500 �C exhibited high

activity in glycerol carbonate synthesis.

In order to elucidate the variation in catalytic activity

and structural changes in 15 % WO3/TiO2 catalyst with

calcination temperature, these catalysts were characterized

by XRD, laser Raman and TPD of NH3.

3.4 Characterization of 15 % WO3/TiO2 Catalyst

Calcined at Different Temperatures

The 15 % WO3/TiO2 catalyst calcined at various temper-

atures in the range of 400–700 �C were characterized by

XRD and the results are shown in Fig. 5. All the catalysts

exhibited characteristic peaks of titania as discussed earlier

in the Sect. 3.1. From the figure it can be notice that cat-

alyst calcined at 400 and 500 �C, no patterns related to

crystalline WO3 were observed. This indicates that WO3

was highly dispersed on titania in both the catalysts.

Increase in calcination temperature to 600 �C, crystallinity
of the WO3 was started and patterns related to tungsten

oxide were clearly seen in the case of catalyst calcined at

700 �C [47]. Intensities of the characteristic peaks related

to anatase phase of titania were also increased with

increase in calcination temperature. These results indicate

that WO3 was highly dispersed state at calcination tem-

peratures below 600 �C.
Figure 6 shows the Laser Raman spectra of 15 % WO3/

TiO2 catalyst calcined in the range of 400–700 �C. No

bands related to crystalline WO3 were observed for the

catalysts calcined in the range of 400–600 �C. However, in
the case of catalyst treated at 600 �C, intensity of the weak

band at 806 cm-1 was slightly increased. This indicates

that aggregation of WO3 species started at 600 �C.
Whereas, catalyst treated at 700 �C showed intense bands

at 271, 714 and 806 cm-1 related to crystalline tungsten

oxide [48, 49] which were assigned to the symmetric

stretching mode of W–O, bending mode of W–O and the
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Fig. 4 Effect of 15 % WO3/TiO2 catalyst calcination temperature on

glycerol carbonate yield. Reaction conditions: glycerol (2 g), urea

(1.306 g), catalyst weight (0.2 g), reaction temperature (140 �C)

Fig. 5 XRD profiles of 15 % WO3/TiO2 catalyst calcined at different

temperatures a 400 �C, b 500 �C, c 600 �C, and d 700 �C
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deformation mode of W–O–W, respectively [50]. From the

XRD and Laser Raman results it can be concluded that

WO3 was highly dispersed state when calcined at lower

temperatures and WO3 aggregates formed above 600 �C.
The decrease in catalytic activity with increase in catalyst

calcination temperature can be correlated to the characteri-

zation results obtained from XRD and laser Raman studies.

Tungsten oxide was highly dispersed in the case of lower

calcination temperatures (400–500 �C). At high calcination

temperatures crystalline form of WO3 was observed. From

the TPD of ammonia results it was observed that total

acidity was more for 15 %WO3/TiO2 catalyst calcined at

500 �C. This catalyst possess high surface area and total

acidity compared to other catalysts and there by exhibited

high activity towards carbonylation of glycerol.

3.5 Influence of Support

In order to know the influence of support, the most active

15 %WO3/TiO2 catalyst was compared with WO3 supported

on different supports like Nb2O5, SiO2, ZrO2, MoO3, Al2O3

and results are shown in Table 2. The content of WO3 was

kept constant as 15 wt% on all these supports. From the

activity results it was observed that 15 %WO3/Al2O3 exhib-

ited low carbonylation activity compared to all other sup-

ported catalysts. Conversion of the glycerol was only 19.5 %

with 77.1 %selectivity towards glycerol carbonate was

observed for alumina supported catalysts. In the case of 15 %

WO3/ZrO2 and 15 % WO3/Nb2O5 catalysts, conversion of

glycerol was about 30 % and selectivity towards glycerol

carbonate was 97.1 %. When WO3 supported on silica, con-

version of the glycerol increased to 46.6 % and selectivity

slightly decreased to 95.5 %. Selectivity towards glycerol

carbonate was near 100 % in the case of WO3 supported on

TiO2 and MoO3 supports. However, maximum conversion of

73 % was achieved in the case of 15 % WO3/TiO2 and con-

version of glycerol was only 37.5 % for 15 % WO3/MoO3

catalyst. The 15 %WO3/TiO2 catalyst showed higher activity

compared to all other catalysts. The activities of the catalysts

were in the order of 15 % WO3/TiO2[ 15 % WO3/

SiO2[ 15 % WO3/MoO3[ 15 % WO3/Nb2O5[ 15 %

WO3/ZrO2[ 15 % WO3/Al2O3.

3.6 Optimization of Reaction Parameters

In order to optimize the various reaction parameters such as

effect of reaction temperature, effect of glycerol to urea

molar ratio, and effect of catalyst weight, the most active

catalyst 15 % WO3/TiO2 calcined at 500 �C was used.

3.6.1 Effect of Reaction Temperature

Reaction temperature has a significant effect on the overall

conversion of glycerol and selectivity to glycerol carbonate

during glycerolysis of urea. Hence, the effect of reaction

temperature was studied over 15 wt% WO3/TiO2 catalyst

and the results are presented in Fig. 7. Conversion of glyc-

erol was only 3.1 % when reaction was carried at 100 �C
and increased with increase in reaction temperature. When

the temperature increased from 100 to 140 �C glycerol

conversion was increased from 3.1 to 73 %. The selectivity

towards glycerol carbonate was almost constant (about

100 %). Further increase in reaction temperature to 160 �C,
there is no considerable increase in glycerol conversion.

However, selectivity towards glycerol carbonate was

decreased to 77.4 %. This might be due to decomposition/

decarbonylation of the glycerol carbonate at higher tem-

peratures. For high conversion of glycerol and glycerol

carbonate selectivity the optimum temperature is 140 �C.
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Fig. 6 Raman spectra of 15 % WO3/TiO2 catalyst calcined at

different temperatures a 400 �C, b 500 �C, c 600 �C, d 700 �C

Table 2 Comparison of catalytic activity of WO3 supported on dif-

ferent supports

S.no Support Glycerol conversion GC selectivity

1 ZrO2 29.94 97.09

2 Nb2O5 30.18 97.12

3 SiO2 46.63 95.45

4 TiO2 72.78 100

5 MoO3 37.54 99.59

6 Al2O3 19.5 77.05

Reaction conditions: glycerol (2 g), urea (1.306 g), catalyst weight

(0.2 g), reaction temperature (140 �C), reaction time (4 h)
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3.6.2 Effect of Glycerol to Urea Molar Ratio

The influence of glycerol to urea molar ratio on the for-

mation of glycerol carbonate was studied and the results

are presented in Fig. 8. In the case of glycerol to urea molar

ratio of 1:0.5, conversion of glycerol was only 28 %.

Varying in glycerol to the urea molar ratio from 1:0.5 to

1:3 conversion of glycerol increased from 28 to 79.8 %. In

other words, with increase in urea concentration (or

decrease in glycerol concentration) conversion of glycerol

was increased. However, selectivity towards glycerol car-

bonate was decreased from 100 to 90.3 % with increase in

urea concentration. This might be due to reaction of

glycerol carbonate with available urea molecule to yield

side products such as, (2-oxo-1,3-dioxolan-4-yl) methyl-

carbamate [25]. From the Fig. 8, it was concluded that

glycerol to urea molar ratio 1:1 is optimum for high

glycerol conversion and glycerol carbonate selectivity.

3.6.3 Effect of Catalyst Weight

The effect of catalyst amount on conversion of glycerol

was studied and the results are shown in Fig. 9. As the

concentration of catalyst increased more active sites were

available for glycerolysis of urea. From the figure it was

observed that the conversion of glycerol increased from

43.2 to 76 % with increase in catalyst weight from 100 to

300 mg. Further increase in catalyst weight to 400 mg,

glycerol conversion was almost constant. When the catalyst

concentration was 200 mg, selectivity towards glycerol

carbonate was about 100 %. Further increase in catalyst

concentration to 300–400 mg glycerol carbonate selectiv-

ity was marginally decreased. These results suggest that

200 mg of the catalyst was optimum for high conversion of

glycerol and selectivity towards glycerol carbonate.

3.7 Reusability of the Catalyst

Recycling experiments were carried out to investigate the

stability and reusability of the 15 % WO3/TiO2 catalyst. In

each cycle, the used catalyst was separated by filtration and

washed with methanol to remove the products adhering to

the surface of catalyst, dried in oven at 100 �C. Then this

was reused directly for the next run without any pretreat-

ment. Figure 10 shows the recycling results of the catalyst.

Conversion of glycerol and selectivity towards glycerol

carbonate decreased slightly with number of catalyst
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recycles. Fresh catalyst exhibited 73 % conversion with

100 % glycerol carbonate selectivity. After the third

recycle, conversion of glycerol was decreased to 66.2 %.

Compared to the fresh catalyst about 6.6 % decrease in

glycerol conversion was observed for reused one (3rd

recycle) and there was no appreciable decrease in glycerol

carbonate selectivity. The loss in activity is attributed to

physical loss of catalyst during reuse. The observed glyc-

erol carbonate selectivity after third recycle was 96 %.

These results indicated that catalyst was active upon reuse.

3.8 Comparison of the Catalytic Activity

of the 15 %WO3/TiO2 with the Reported

Catalysts

Table 3 shows the comparison of catalytic activity of

15 %WO3/TiO2 catalyst with other reported catalysts. The

previously reported metal exchanged heteropoly acid cat-

alysts such as Zn1TPA, Sm0.66TPA exhibited low glycerol

conversion and glycerol carbonate yields [30, 31]. Where

as in the case of silicotungstic acid supported on MCM-41,

conversion of glycerol was 75 % and glycerol carbonate

yield was only 57.8 % after 8 h of reaction time and at high

temperature (150 �C) [34]. Zinc monoglycerolate [33] and

Sn-b zeolite [13] catalysts exhibited high glycerol con-

version at longer reaction times ([5 h). Glycerol carbonate

yields are low in the case of supported gold catalysts even

at high reaction temperatures (150 �C) [27]. Zn-Y zeolite

[35], BA900 [36], gypsum [37], ionic liquid [38] etc. cat-

alysts exhibited greater than 92 % glycerol conversion and

[83 % glycerol carbonate yields only at 150 �C. However,
the glycerol carbonate yield was highest (92.7 %) only in

the case of Zn-Y zeolite [35]. Zirconium phosphate catalyst

showed 76 % glycerol carbonate yield at 140 �C and 3 h of

reaction time [29]. However the glycerol conversion was

low compared to other catalysts [33, 35–38]. The previ-

ously reported mixed oxide catalyst (SW21) exhibited only

49.7 % glycerol carbonate yield with 52.1 % glycerol

conversion [32]. The present 15 %WO3/TiO2 catalystexhibited
100 % glycerol conversion at relatively lower reaction

temperature of 140 �C. The glycerol carbonate yield

(73 %) also comparable to other reported catalysts. In

conclusion, the present catalyst is reusable and exhibited
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Fig. 10 Reusability study of 15 % WO3/TiO2 catalyst for carbony-

lation of glycerol with urea. Reaction conditions: glycerol (2 g), urea

(1.306 g), catalyst weight (0.2 g), reaction temperature (140 �C),
reaction time (4 h)

Table 3 Comparison of catalytic activity of the 15 %WO3/TiO2 catalyst with other reported catalysts

Catalyst Reaction

temperature (�C)
Reaction

time (h)

Glycerol

conversion (%)

Glycerol

carbonate yield (%)

Reference

15 % WO3/TiO2 140 4 100 73.0 Present work

Zn1TPA 140 4 69.2 68.8 [31]

Sm0.66TPA 140 4 49.5 42.3 [30]

SW21 140 4 52.1 49.7 [32]

Zr–P 140 3 80 76 [29]

Zinc monoglycerolate 140 7 98 83.3 [33]

Sn-b zeolite 145 5 70 26 [13]

Au/Fe2O3 150 4 80 39 [27]

2.5 % Au/Nb2O5 150 4 66 21 [27]

30 % SiW12/MCM–41 150 8 75 57.8 [34]

Zn-Y zeolite 150 3 94.6 92.7 [35]

BA900 150 4 93.6 84.4 [36]

Gypsum (b-phase) 150 4 92.8 83.6 [37]

(HEIm)2ZnCl2 150 4 92.8 86.6 [38]
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complete conversion of glycerol compared to other solid

acid catalysts.

4 Conclusions

Tungsten oxide supported on titania catalysts were prepared

for the synthesis of glycerol carbonate from glycerol and

urea. The interaction between tungsten oxide and titania

influences the activity of the catalysts. The content of WO3

on support and calcination temperature influences the

activity of the catalyst. Highly dispersed amorphous WO3

species are more active for the synthesis of glycerol car-

bonate from glycerol and urea. The catalyst with 15 wt%

WO3 on TiO2 calcined at 500 �C showed highest activity

towards the synthesis of glycerol carbonate. TiO2 is the best

support for WO3 compared to other supports. Various

reaction parameters were optimized and the catalyst is reu-

sable with consistent activity without any pretreatment.
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