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Abstract Glycerol carbonylation with urea is a very fea-

sible option to produce glycerol carbonate with a net result

of CO2 fixation through urea synthesis. The prerequisite of

an efficient catalyst for this reaction is to possess both acid

and basic sites together. Several acidic supports were

screened for ZnO catalyst in this work and Zn/MCM-41

was found to exhibit the best activity and almost complete

selectivity to glycerol carbonate (GC). Although, non-cat-

alytic glycerol carbonylation resulted in GC formation but

glycerol conversion achieved was twice with Zn/MCM-41

as a catalyst. Further to that increase in Zn loading from 2

to 5% resulted in increase in glycerol conversion from 63

to 82%. The prepared catalysts were characterized by

XRD, NH3 and CO2-TPD and effects of reaction parame-

ters such as catalyst loading, glycerol to urea mole ratio

and temperature on glycerol conversion and GC selectivity

in batch mode of operation were also studied. Time on

stream activity of 5% Zn/MCM-41 catalyst for continuous

carbonylation of glycerol was also studied for *100 h with

an average conversion of *55% and complete selectivity

to GC. This indicated five times lower productivity of GC

per h due to lower residence time than that in a batch

operation as compared to that of a continuous operation.

Activation energy estimated from the Arrhenius plot was

found to be 39.82 kJ mol-1 suggesting that the reaction is

kinetically controlled. A reaction pathway mediated by

acid and basic sites of the Zn/MCM-41 catalyst is also

proposed.

Keywords Supported Zn � Glycerol-urea carbonylation �
Glycerol carbonate � Zn loading � Acid–base ratio �
Reaction pathway � Continuous process

Introduction

Biodiesel produced by transesterification of triglycerides

has created a practical option at least partially, for fossil

fuel [1]. In recent years, increased biodiesel production has

also led to a large scale availability of glycerol which

necessitates its valorization by exploring new avenues [2].

Arising from the need of utilization of bioglycerol, one of

the attempts involves the synthesis of glycerol carbonate

which is a high value monomer for polycarbonate synthesis

as well as a polar solvent having an excellent biodegrad-

ability, low toxicity and miscibility with water [3–5].

Glycerol carbonate (GC) is also used as an intermediate in

the synthesis of pharmaceuticals, fine chemicals and agri-

cultural chemicals [3–5].

GC synthesis has been reported primarily by catalytic

carbonylation of glycerol with CO/O2 or phosgene. The

oxycarbonylation of diols also has been reported using Pd/

Mn redox catalyst system [6]. Nevertheless, use of CO or

phosgene in such processes poses serious environmental

and handling drawbacks due to their hazardous nature

[7–10]. Direct carbonylation using CO2 although a pre-

ferred route for making GC, it is thermodynamically

unfavorable offering very low yield (\25%) of GC

[11, 12]. Attempts made for CO2 activation involved very

high pressure ([5 MPa) and temperature ([180 �C) con-

ditions with\50% glycerol conversion and trace formation

of GC [13]. In another variation, cycloaddition of CO2 with

glycidol resulted into higher GC yield of[92%. However
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the starting material glycidol obtained from GC is costlier

than GC, making this process uneconomical for industrial

exploitation [11]. Glycerol transesterification with alkyl

carbonates can be one of the viable options for GC in

which complete glycerol conversion with [75% GC

selectivity has been reported [12]. However, making of

alkyl carbonates in turn proceeds through phosgene or

energy intensive epoxide routes. GC can also be produced

by direct carbonation of glycerol with ethylene carbonate

under supercritical CO2 using zeolite as a catalyst [14].

However, there is no evidence that a direct CO2 insertion

occurred and glycerol carbonate was only produced when

another organic carbonate was added as a reactant. The

most widely studied route of GC synthesis is the transes-

terification of glycerol with dimethyl carbonate (DMC)

[15, 16], ethylene carbonate (EC) [17, 18] and propylene

carbonate (PC) [19]. However, these cyclic carbonates used

for transesterification are typically synthesized either from

phosgene utilization or energy intensive route involving

epoxide. Use of EC leads to formation of ethylene glycol

that involves tedious work-up procedure. Although DMC

was exploited for transesterification with glycerol using

basic catalysts like K2CO3, CaO and Ca/La mixed oxide

but the recyclability of these catalysts was not established

[20, 21]. Compared to the above-mentioned routes for GC,

carbonylation of glycerol with urea proves to be greener,

cheaper and atom economic for the synthesis of GC. Urea

produced by reaction of CO2 and ammonia with a world-

wide capacity of 108 tpa is the well established example of

chemical utilization of CO2. It follows that glycerol car-

bonylation via urea route establishes the indirect utilization

of CO2. Moreover, NH3 evolved in this carbonylation

process becomes available again for urea production

(Scheme 1). Among the several catalytic systems reported

for this reaction, homogeneous catalysts include the salts of

Mn, Zn and Zr [13, 22–25], while heterogeneous systems

include Zn-hydrotalcite [25], Co3O4/ZnO [26], solid base

like La2O3 etc. [27]. It is exceptional that Hammond et al.

reported noble metal like Au supported on MgO but with

glycerol conversion of 88% and a much lower selectivity of

56% to GC [28]. Recently, Cs-exchanged heteropolyacid

functionalized with Sn catalysts were reported giving

glycerol conversion of 91% however, GC selectivity was

hampered (83%) due to the formation of undesired

byproducts such as GD and glycerol urethane [29]. These

systems reported so far have some other common draw-

backs of higher catalyst to substrate ratio, use of high

vacuum for NH3 removal thus making the process cost

intensive in terms of higher energy and catalyst

consumption.

Recently, we have reported screening study of various

MCM-41 supported Cu, Ni and Zn oxide catalysts for

glycerol carbonylation with urea to give GC [30]. In

continuation, we studied in detail the role of different

supports and loading of Zn in glycerol-urea reaction to

produce GC. Effect of reaction parameters such as tem-

perature, catalyst loading and glycerol to urea ratio was

also performed to arrive at optimized reaction conditions.

In addition, the performance comparison in batch and

continuous operations showed that much higher conver-

sion was obtained in a batch process due to higher resi-

dence time in the later.

Experimental details

Catalysts preparation

The support MCM-41 was first prepared by hydrothermal

method reported in the literature [30]. In a typical

preparation, 2.67 g of sodium hydroxide was dissolved in

146 g of distilled water and stirred for 5 min. To that

solution, 5.96 g of cetyltrimethylammonium bromide

(CTAB, Aldrich Chemicals, Bangalore, India) was added

and the mixture was stirred for 15 min. To this, 14 g of

tetraethyl orthosilicate (TEOS) was added drop wise and

pH of the gel was maintained at 9–10 using dilute H2SO4

solution. The resultant gel was stirred for further 5 h at

room temperature. It was then transferred into a Teflon-

lined stainless steel autoclave and heated to 373 K for

48 h. The solid product was filtered, washed with distilled

water, dried at 353 K and finally calcined at 813 K for

6 h.

5% Zn catalysts on different supports like MCM-41,

SBA-15, ZrO2, SiO2, Al2O3 and sulphated ZrO2 (s-ZrO2)

were synthesized by wet impregnation method. In a typical

procedure, 0.33 g of zinc acetate dihydrate (Zn (O2-

CCH3)2(H2O)2) was dissolved in 10 mL of water and was

stirred for 5 min, followed by the slow addition of the

respective support to the solution. The solution was kept

under stirring for 6 h at room temperature in nitrogen

atmosphere. Then the solvent was evaporated on a rotavap

and the catalysts were calcined at 813 K for 3 h. The

prepared catalysts were nominated as Zn/MCM-41, Zn/

SBA-15, Zn/ZrO2, Zn/SiO2, Zn/Al2O3 and Zn/sulfated

ZrO2, respectively.Scheme 1 Glycerol carbonate synthesis using urea as CO2 donor
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Characterization

The crystallinity and phase purity of all the prepared cat-

alysts were analyzed by X-ray diffraction (XRD) patterns

on a P Analytical PXRD system (Model X-Pert PRO-

1712), using Ni filtered Cu Ka radiation (k = 0.154 nm) as

an X-ray source (current intensity, 30 mA; voltage, 40 kV)

and an X-accelerator detector. The samples were scanned

in a 2h range of 0o–10o and 10o–90o. The species present in

the catalysts were identified by their characteristic 2h
values of the relevant crystalline phases. The software

program X-Pert High Score Plus was employed to subtract

the contribution of the Cu Ka 2 line prior to data analysis.

BET surface areas and NH3, CO2-TPD measurements were

carried out by the adsorption/desorption of nitrogen (77 K),

NH3, CO2, respectively, using Micromeritics Chemisorb

2720 instrument. To evaluate acidity and basicity of the

catalysts, ammonia and carbon dioxide TPD measurements

were carried out by: (1) pre-treating the samples from room

temperature to 200 �C under helium flow rate of

25 mL min-1, (2) adsorption of ammonia/carbon dioxide

at 40 �C and (3) desorption of ammonia/carbon dioxide

with a heating rate of 10 �C min-1 starting from the

adsorption temperature to 700 �C. The particle size, mor-

phology, and elemental composition were studied using

transmission electron microscope (HR-TEM), model JEOL

1200 EX. For this purpose, the sample was prepared by

sonicating a small amount of the solid sample in ethanol for

half an hour. A drop of the prepared suspension was

deposited on a Cu grid coated with carbon layer and the

grid was dried at room temperature before the analysis.

Activity testing

Batch operation

The catalytic reaction of glycerol and urea was carried out

in a 50 mL three neck round bottom flask, equipped with

a condenser. In a typical reaction, respective catalyst

(0.23 g), glycerol (50 mmol), and urea (50 mmol) were

charged into the reactor. The reaction mixture was heated

in a silicon oil bath at 140 �C in the absence of any

solvent under nitrogen flow of about 10 mL h-1. After

completion of the reaction, 10 mL of methanol (MeOH)

was added in the reaction crude followed by filtration to

remove the catalyst. Repeated washings with MeOH were

given to the solid catalyst. Liquid samples were with-

drawn from the reactor and analyzed by gas chromatog-

raphy to monitor the progress of the reaction. For this

purpose, the gas chromatograph, Shimatzu 2025 equipped

with HP-FFAP column (30 m length 9 0.53 mm

ID 9 1 lm film thickness) and a flame ionization detector

was used.

Continuous operation

Continuous carbonylation of glycerol was carried out in a

bench-scale, fixed bed reactor supplied by M/s Geo-

mechanique, France. The powdered catalyst was pelletized

in the form of pellets of 1.3 cm diameter and cut into four

pieces each having 0.65 cm diameter (Fig. 1). 3 g of the

pelletized catalyst was charged to the reactor. Reaction

conditions used for the continuous operation are given in

Table 1. The section of 17.4 cm above and 13 cm below

the catalyst bed was packed with carborundum as an inert

packing, thus providing the length of catalyst bed of

8.1 cm. Before starting the actual experiment, a flow of N2

(20 mL h-1) was maintained through the reactor. The

liquid feed was ‘‘switched on’’ after attaining the desired

temperature. The reactor feed flow was maintained for 1 h

to obtain the constant liquid flow rate. Liquid samples were

withdrawn at regular intervals of time. Liquid samples

were analyzed by Shimatzu 2025 GC equipped with HP-

FFAP column (30 m length 9 0.53 mm ID 9 1 lm film

thickness) and a flame ionization detector. Following this

procedure, the experiments were carried out at different

inlet conditions. Steady-state performance of the reactor

was observed by analysis of the reactant and products in

the exit stream.

Results and discussion

Catalyst characterization

Glycerol carbonylation with urea requires both acid and

base sites; hence, the primary aim of this work was to

understand the role of support and Zn loading in this

reaction. For this purpose, a systematic characterization of

the catalysts was carried out as discussed below. Table 2

shows the surface areas of different supports for a constant

loading of Zn (5%). As seen from Table 2, Zn supported on

MCM-41 catalyst showed the maximum surface area of

692 m2 g-1 which varied with the supports in the

descending order of MCM-41[SBA-15[ SiO2[ -

c-Al2O3[ZrO2[ s-ZrO2 in accordance with the nature of

Fig. 1 Schematic representation of Zn/MCM-41 catalyst

pelletization
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the support material (discussed later). MCM-41 having the

maximum surface area was used for further study on Zn

loading variation in the range of 2–10%. Figure 2 shows

Zn loading vs. surface area along with GC yield profiles.

As expected, surface area decreased from 692 to 498 m2

g-1 with increase in Zn loading from 2 to 10%. Although

the trend is not linear, it indicates the dispersion of Zn

within the mesoporous structure of silicalite MCM-41 and

simultaneously affecting the uniform ordering of the

mesoporous structure as can be seen from the XRD anal-

ysis. The increased dispersion of Zn with increase in

loading has directly reflected in the enhancement of GC

yield from 57 to 83%. This suggests that the catalytic

activity cannot be simply correlated to the surface area of

the catalysts. Further interpretation of the activity results

was deduced from various surface acid–base properties and

structural ordering of the support material.

Figure 3A displays small-angle XRD patterns of MCM-

41 and SBA-15 supported Zn catalysts which showed good

ordering of 2D-hexagonal structure indexed to (100), (110)

and (200) reflections [31, 32]. This suggests the retention

of hexagonal mesoporous ordering of the MCM-41 and

SBA-15 even after Zn loading. Wide angle XRD patterns

(Fig. 3B) of 5% Zn on MCM-41, SBA-15 and SiO2 show

the amorphous nature of the samples while a single broad

peak at 2h = 23.1o (411) could be attributed to

orthorhombic silica. There was no any reflection corre-

sponding to ZnO phase, suggesting the well dispersed

nature of ZnO particles on the support and/or inside the

framework of mesoporous supports like MCM-41 and

SBA-15 which is in accordance with the previous reports

[33, 34]. In case of alumina support (Fig. 3B), peaks

observed at 2h = 37.2o (110), 42.0o (006), 45.3o (202) and

67.1o (214) were due to Al2O3 (JCPDF No. 81-1667) with a

small peak at 2h = 31.7o (100) of ZnO phase. The crys-

talline nature of 5% Zn/ZrO2 and s-ZrO2 samples was

evident by the sharp peaks (Fig. 3B) at 2h = 24.4o (110),

28.2o (ı̄11), 41.1o (102), 49.3o (022), 50.6o (ı̄22) and 59.9o

(131) which were attributed to ZrO2 (JCPDF No. 83-0944).

The sharp peaks observed at 2h = 31.7o (100), 34.4o (002),

36.2o (101) and 66.4o (200) could be assigned to ZnO

phase (JCPDF No. 80-0075). This confirmed that the for-

mation of crystalline and/or large size ZnO particles was

possible on ZrO2 and s-ZrO2 supports compared to MCM-

41, SBA-15, SiO2 and Al2O3 supports. Nature of the sup-

port obviously influenced the surface areas of the respec-

tive catalysts, as discussed above.

As 5% Zn/MCM-41 showed the highest activity, effect

of Zn loading on MCM-41 on structure and activity was

also investigated. The low and wide angle XRD patterns of

the parent MCM-41 and samples with Zn loading varying

in the range of 2-10% are shown in Fig. 4A, B, respec-

tively. Typical small-angle XRD of MCM-41 showed the

reflections of (100), (110) and (200) planes corresponding

to the ordered hexagonal mesoporous structure. In all the

Zn-loaded samples, the presence of main (100) peak con-

firmed the unchanged hexagonal frame structure. However,

loading of Zn varied from 2 to 10%, caused shifting of the

main peak (100) to higher 2h values with a peak broad-

ening. The other two peaks (110) and (200) with low

intensity confirmed the presence of ZnO within the pores of

MCM-41 [35]. In case of highest Zn loading of 10%, the

reflection of (100) plane weakened considerably while

reflections of peaks due to (110) and (200) planes almost

completely vanished. Thus, higher Zn loading dramatically

influenced the structural ordering of MCM-41 [36]. The

Table 1 Range of operating conditions

Parameter Range

Initial concentration of glycerol (wt%) 26

Solvent Water

Temperature (�C) 140–200

N2-flow (mL h-1) 20

Liquid velocity (LHSV, h-1) 0.1–0.34–0.5

Catalyst packing length (cm) 8.1

Density of catalyst (g m-3) 0.66

Table 2 BET surface areas of supported 5% Zn catalysts

Catalyst BET surface area (m2 g-1)

Zn/MCM-41 692

Zn/SBA-15 512

Zn/SiO2 466

Zn/c-Al2O3 108

Zn/ZrO2 20

Zn/sulphated ZrO2 8

Fig. 2 Effect of Zn loading on surface area and GC yield
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wide angle XRD patterns for various Zn loadings (Fig. 4B)

did not show any peak corresponding to ZnO confirming

excellent dispersion of ZnO inside the pores of MCM-41.

The presence of Zn (ZnO) inside the framework of the

MCM-41 was also confirmed by TEM analysis coupled

with EDX (Fig. 5A, B).

Activation of glycerol and urea requires both acid and

base sites, respectively, to form glycerol carbonate. Hence,

the catalysts prepared in this work were characterized for

their acid and base strength by NH3 and CO2-TPD,

respectively. In NH3-TPD plots of Zn catalysts with dif-

ferent supports (Fig. 6), the peaks below 200 �C

correspond to physisorbed NH3 whereas the peaks in the

temperature range of 200–400 �C represent moderate

acidity while, the peaks in the range of 400–700 �C rep-

resent the strong acidity. Only in case of ZrO2 and s-ZrO2

supported Zn catalysts, a sharp peak observed in the range

of 650–700 �C clearly suggests strong acidic strength of

both the catalysts [35]. Among all the prepared catalysts,

SiO2 supported catalyst showed a broad peak below 200 �C
with the lowest strength of total acidity of

0.1547 mmol g-1 in terms of NH3 desorbed. In case of

Al2O3 supported catalyst, a broad distribution of acidity all

over the temperature range of 100–700 �C was observed

Fig. 3 A Small-angle XRD

patterns of a 5% Zn/MCM-41,

b 5% Zn/SBA-15, B wide-angle

XRD patterns of a 5% Zn/

MCM-41, b 5% Zn/SBA-15,

c 5% Zn/SiO2, d 5% Zn/Al2O3,

e 5% Zn/ZrO2, f 5% Zn/s-ZrO2

and g Bare ZnO

Fig. 4 A Small-angle and B wide-angle XRD patterns of Zn/MCM-41. a MCM-41, b 2% Zn/MCM-41, c 5% Zn/MCM-41 and d 10% Zn/MCM-41
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which clearly suggests the presence of weak, moderate as

well as strong acidic sites [37]. MCM-41 supported Zn

catalyst showed only a single broad peak below 200 �C
indicating the presence of weak acid sites.

Table 3 shows comparative data of total acidity, basicity

and acid/base ratio of the various loadings of Zn on MCM-

41. Acidity of the catalysts initially increased with

increasing Zn content up to 5% beyond which it remained

almost constant at about 0.52 mmol of NH3 g-1. The

increased acidity after Zn incorporation into the silica

framework was due to the formation of Zn2? Lewis acid

sites in the silica framework as well as the BrØnsted acidity

due to surface silanol groups. Similar observation was also

described by Silvestre-Albero et al. for Zn supported

MCM-41 catalyst [38]. Similar to the acidity trend, basicity

generated due to the oxygen anion of the ZnO was less in

case of 2% Zn loading which then increased for 5% loading

and afterwards, it remained constant. The acidity/basicity

ratio was found to be constant (*0.8) for the range of

5–10% Zn loading on MCM-41. It was observed that

glycerol conversion increased substantially with increase in

Zn loading irrespective of the acid/base ratio.

Carbonylation of glycerol with urea in a batch

operation

Various supports were screened for constant loading of 5%

Zn for the carbonylation of glycerol with urea and the

results are shown in Table 4. Zn/MCM-41 showed highest

conversion of 78% with maximum GC selectivity of 98%

while, Zn/SiO2 showed the lowest conversion of 20% but

97% selectivity to GC. In case of Al2O3, ZrO2 and s-ZrO2

supported Zn catalysts, glycerol conversion was about 60%

but the GC selectivity decreased substantially to 67%.

Since, both Al2O3 and ZrO2 were having strong acidic sites

(Fig. 6), formation of other side products such as urethanes

was possible, reducing the GC selectivity [39]. It was clear

from these results that the support such as MCM-41 having

highest surface area was responsible for the maximum

dispersion of active ZnO phase although having weak

acidity, led to the highest activity. However, the selectivity

to GC was strongly dependant on the appropriate acidity of

Fig. 5 HR-TEM image of A 10% Zn/MCM-41, B EDX of 10% Zn/MCM-41

Fig. 6 NH3 TPD profiles of a 5%Zn/MCM-41, b 5%Zn/SBA-15,

c 5% Zn/SiO2, d 5% Zn/Al2O3, e 5% Zn/ZrO2 and f 5% Zn/s-ZrO2

46 Appl Petrochem Res (2017) 7:41–53
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the catalyst. Among the screened catalysts, as the Zn/

MCM-41 showed the maximum glycerol conversion and

GC selectivity further studies of process optimization and

catalysts stability were performed using Zn/MCM-41 cat-

alyst and these results are discussed below.

Effect of metal loading

Effect of active metal loadings on MCM-41 support in the

range of 2–10% on conversion and selectivity of GC is

shown in Table 5. Surprisingly, glycerol carbonylation

with urea was also observed in absence of catalyst as well

as with bare MCM-41 (entries 1 and 2, Table 5). The role

of Zn as a catalyst was evident from the enhanced glycerol

conversion and GC selectivity (entries 3–5, Table 5). The

conversion of glycerol increased linearly from 63 to 82%

which might be because of increase in both Lewis acid and

base strength (Table 3) with increase in active metal

loading from 2 to 5% while, further increase in metal

loading to 10% did not affect the conversion significantly.

GC selectivity observed was 92% for minimum Zn loading

of 2% while, almost complete (*98%) selectivity to GC

was achieved for Zn loading of 5 and 10% (entries 4–6,

Table 5).

Effect of catalyst loading

The effect of loading of 10% Zn/MCM-41 catalyst was

also studied in the range of 0.06–0.23 g, on activity and

GC selectivity. As seen from Fig. 7, the conversion of

glycerol increased from 70 to 85% while, selectivity to

GC reached almost completion (from 97 to 98%), with

about a fourfold increase in catalyst loading

(0.06–0.23 g). This is obvious as increase in catalyst

loading caused an increase in the acidic and basic sites

that facilitated the carbonylation of glycerol with urea to

give GC.

Effect of mol ratio

The effect of the mol ratio of glycerol to urea in the

range of 1:0.5–1:2 on conversion and selectivity to GC

was studied by varying the initial concentration of urea

at a constant glycerol and catalyst concentration for 10%

Zn/MCM-41 catalyst and the results are presented in

Table 5. The conversion of glycerol was much lower

(44%) for the highest mol ratio of glycerol to urea (entry

Table 3 NH3 and CO2 TPD of the prepared catalysts

Catalyst Total NH3

desorbed

(mmol g-1)

Total CO2

desorbed

(mmol g-1)

Acid/base

ratio

2%Zn/MCM-41 0.3163 0.4192 0.7545

5%Zn/MCM-41 0.5254 0.6177 0.8505

10%Zn/MCM-41 0.5121 0.6201 0.825

Table 4 Effect of different supports on activity of ZnO for the car-

bonylation of glycerol with urea

Sr. no. Catalyst Conversion (%) Selectivity (%)

GC GD Other

1 5%Zn/MCM-41 78 98 1 1

2 5%Zn/SBA-15 65 98 1 1

4 5%Zn/SiO2 20 97 2 1

5 5%Zn/Al2O3 50 67 4 31

3 5%Zn/ZrO2 57 67 5 28

6 5%Zn/s-ZrO2 54 97 2 1

Reaction conditions: glycerol = 4.6 g, urea = 3.08 g, catalyst

wt. = 0.23 g, 140 �C, 5 h; N2 flow = 20 mL/h to remove NH3

formed during reaction

Table 5 Effect of Zn loading on glycerol conversion and GC

selectivity

Sr. no. Catalyst Conversion (%) Selectivity (%)

GC GD Other

1 – 41 90 2 8

2 MCM-41 51 92 1.7 6.3

3 2% Zn/MCM-41 63 92 1 7

4 5% Zn/MCM-41 82 98 1 1

5 10% Zn/MCM-41 84 98 1 1

Reaction conditions: glycerol = 4.6 g, urea = 3.08 g, catalyst

wt. = 0.23 g, 140 �C, 5 h, N2 flow = 20 mL/h to remove NH3

formed during reaction

Fig. 7 Effect of catalyst loading on glycerol conversion and GC

selectivity. (reaction conditions: glycerol = 4.6 g, urea = 3.08 g,

catalyst 10% Zn/MCM-41, 140 �C, 5 h; N2 flow = 20 mL/h to

remove NH3 formed during reaction)
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1, Table 6) obviously as urea was the limiting reactant.

At higher urea concentration, glycerol conversion

increased up to 92% (entries 2 and 3, Table 6); however,

GC selectivity dropped down considerably from 98 to

58% (entry 3, Table 6). This is because at higher urea

concentration, further carbonylation of GC with urea is

possible forming urethanes [38]. At 1:1 mol ratio, high-

est selectivity of 98% to GC was achieved with 84%

conversion, suggesting that 1:1 was an optimum ratio of

glycerol to urea to give the highest activity and selec-

tivity to GC.

Effect of the temperature

With the glycerol to urea ratio of 1:1, study of effect of

temperature was done by varying the temperature in a

range of 120–160 �C. As shown in Fig. 8, glycerol con-

version linearly increased from 56 to 95% with increase in

temperature from 120 to 160 �C. However, at higher

reaction temperature of 160 �C, slight decrease in GC

selectivity was observed with simultaneous increase in

byproduct selectivity. Since, the maximum selectivity of

98% to GC was achieved at 140 �C, it was considered as

the optimum reaction temperature.

Table 6 Effect of glycerol: urea mole ratio on catalysts activity for

carbonylation of glycerol to GC

Sr. no. Glycerol: Urea Conversion (%) Selectivity (%)

GC GD Others

1 1:0.5 44 98 1 1

2 1:1 84 98 1 1

3 1:2 92 58 1 41

Reaction conditions: glycerol = 4.6 g, 10% Zn/MCM-41 = 0.23 g,

140 �C, 5 h, N2 flow = 20 mL/h to remove NH3 formed during

reaction

Fig. 8 Effect of temperature on glycerol conversion and GC

selectivity. (reaction conditions: glycerol = 4.6 g, urea = 3.08 g,

catalyst 10% Zn/MCM-41 = 0.23 g, 5 h, N2 flow = 20 mL/h to

remove NH3 formed during reaction)

Table 7 Effect of N2 flow on catalysts activity for carbonylation of

glycerol to GC

Sr. no. N2 flow Conversion (%) Selectivity (%)

GC GD Others

1 10 60 86 nd 14

2 20 84 98 1 1

3 40 87 98 1 1

Reaction conditions: glycerol = 4.6 g, urea = 3.08 g, catalyst

wt. = 0.23 g, 140 �C, 5 h

Fig. 9 Conversion and selectivity versus time profile of glycerol

carbonylation in a continuous fixed bed reactor (reaction conditions:

GLY-to-urea mol ratio = 1/1, catalyst wt. 5% Zn/MCM-41 = 3 g,

100 mL IPA solvent, 140 �C, 24 h, LHSV = 0.34 h-1, N2

flow = 20 mL/h to remove NH3 formed during reaction)

Fig. 10 Conversion and selectivity versus time profile of aqueous

glycerol carbonylation in a continuous fixed bed reactor (reaction

conditions: GLY-to-urea mol ratio = 1/1, catalyst wt. 5% Zn/MCM-

41 = 3 g, 100 mL water solvent, 140 �C, 50 h, LHSV = 0.34/h, N2

flow = 20 mL/h to remove NH3 formed during reaction)
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Effect of the N2 flow rate

The effect of N2 flow rate was also studied by its variation as

10, 20 and 40 mL/h at optimum reaction temperature of

140 �C (Table 7). It was observed that both glycerol con-

version and GC selectivity increased from 60 to 84% and from

86 to 98%, respectively, with increase in N2 flow from 10 to

20 mL/h. However, further rise in N2 flow of 40 mL/h showed

only marginal increase in glycerol conversion of 87% while,

GC selectivity remaining constant at 98%. Therefore, the

optimum N2 flow was considered to be 20 mL/h.

Continuous operation

From the process point of view, it was thought appropriate

to study the glycerol-urea carbonylation in a continuous

mode of operation. From the activity study in a batch

operation, it was observed that 10% Zn loading showed

only marginal increase in conversion with the same

selectivity to GC as that of 5% Zn/MCM-41catalyst

(Table 5). Hence, further study was done with 5% Zn/

MCM-41 catalyst in a continuous mode of operation.

Initially, time on stream activity of 5% Zn/MCM-41

catalyst was evaluated for continuous glycerol carbonyla-

tion in presence of 2-propanol (IPA) as a solvent. Figure 9

shows a consistent performance for 24 h of reaction time at

140 �C temperature and 20 mL h-1 N2 flow with an

average glycerol conversion of *25% and GC selectivity

in the range of 70–75%. However, unlike the product

distribution observed in the batch operation, selectivity to

GC was restricted to only 75% with *10% selective for-

mation of GD and *15% selectivity to other byproducts

(Fig. 9). The possible byproducts included isopropyl car-

bonate and di-isopropyl carbonate obtained by transesteri-

fication of IPA with urea.

Figure 10 displays the time on stream (TOS) activity of

the 5% Zn/MCM-41 catalyst in an aqueous medium for the

carbonylation of glycerol to glycerol carbonate at 140 �C
temperature, and 20 mL h-1 N2 flow. Interestingly, in

contrast to IPA run, here the selectivity to GC enhanced to

*91% with *9% formation of GD and other byproducts.

The run started with the higher glycerol conversion of 35%

which then stabilized to 25%. As the change from organic

solvent (IPA) to aqueous, drastically enhanced GC selec-

tivity from 75 to 91% further studies of process opti-

mization were done in an aqueous medium.

Optimization of operating conditions

Glycerol conversion and GC selectivity are greatly influ-

enced by process parameters such as residence time,

Fig. 11 Effect of contact time W/F on glycerol conversion and

selectivity (reaction conditions: catalyst wt. = 3 g 200 �C; 26 wt%

aqueous glycerol)

Fig. 12 Effect of liquid flow rate on global rate of glycerol

carbonylation (reaction conditions: catalyst wt. = 3 g, 200 �C, 26

wt% aqueous glycerol)

Fig. 13 Effect of temperature on glycerol conversion and product

selectivity in aqueous glycerol carbonylation (reaction conditions:

catalyst wt. = 3 g, 26 wt% aqueous glycerol, LHSV = 0.34/h)
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reaction temperature and glycerol concentration; hence, the

effect of these parameters on the catalyst performance was

carried out systematically and the results of which are

discussed below.

The effect of liquid flow rate in terms of contact time on

glycerol conversion is displayed in Fig. 11. It was observed

that as the contact time increased from 0.2 to 0.3 h, a sharp

rise in the glycerol conversion from 20 to 45% was

observed with almost complete selectivity to GC. Further

increase in contact time from 0.3 to 0.6 h caused linear

increase in activity in terms of conversion from 45 to 55%

with complete selectivity to GC. This follows that increase

in residence time directly enhanced the number of possible

collisions of the reactant molecules on the surface of the

catalyst for lower liquid feed rate. Thus, the highest pro-

ductivity of GC was achieved at 10 mL h-1 flow rate of

aqueous glycerol. The effect of liquid flow rate on the

global rate of glycerol carbonylation was also studied

(Fig. 12) keeping all the other parameters constant. The

linear decline in global rate from 0.7 9 10-8 to

0.09 9 10-8 k mol m-3 s-1 was observed with increase in

liquid flow rate from 5 mL to 15 mL h-1. This may be due

to the fact that in the lower range of liquid flow rate of

5–7 mL h-1, catalyst particles get partially wetted due to

capillary action which is responsible for the direct inter-

action of liquid phase and solid surface of the catalyst,

ultimately resulting in higher rate of carbonylation. In

contrast to this, at higher liquid flow rates of 7–15 mL h-1,

channelizing would hinder the access of liquid reactants to

the catalyst sites resulting in the linear decrease in the

global rate of carbonylation from 0.4 9 10-8 to

0.09 9 10-8 k mol m-3 s-1.

Figure 13 exhibits the effect of temperature on the

glycerol conversion and GC selectivity in the carbonylation

of glycerol with urea. With increase in temperature from

140 to 200 �C, a gradual increase in the glycerol conver-

sion was observed along with simultaneous increase in GC

selectivity from 91 to 100%. The rise in temperature from

140 to 170 �C resulted in marginal increase in glycerol

conversion from 25 to 30%. However, further increase in

temperature up to 200 �C, resulted in considerable increase

in glycerol conversion from 30 to 45% with complete

selectivity to GC without formation of any byproduct.

Therefore, the optimum reaction temperature for the

glycerol carbonylation was found to be 200 �C. Activation

energy estimated from the Arrhenius plot was found to be

39.82 kJ mol-1, suggesting glycerol carbonylation reaction

was kinetically controlled, under the present set of reaction

conditions (Fig. 14).

Fig. 14 Arrhenius plot (reaction conditions: catalyst wt. = 3 g, 26

wt% aqueous glycerol, LHSV = 0.34/h)

Fig. 15 Effect of glycerol loading on conversion and product

selectivity in aqueous glycerol carbonylation (reaction conditions:

catalyst= 3 g, 200 �C; LHSV= 0.34 /h)

Fig. 16 Conversion versus time profile of aqueous glycerol carbony-

lation (reaction conditions: GLY-to-urea mol ratio = 1/1, catalyst

wt. = 3 g 100 mL water solvent, 200 �C; LHSV = 0.34/h)
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Effect of glycerol loading on the catalytic activity for

the glycerol carbonylation is shown in Fig. 15. Increase in

glycerol loading from 26 to 36% caused twofold decrease

in glycerol conversion was observed, without affecting the

GC selectivity of 100%. This indicates that increased

glycerol loading resulted in increased viscosity of the

solution due to which substrate get strongly adsorbed on

the active sites of the catalyst leading to the deactivation of

catalytic activity.

Figure 16 shows the time on stream activity of 5% Zn/

MCM-41 catalyst of 100 h at 200 �C, 10 mL h-1 feed flow

and 20 mL h-1 N2 flow. Glycerol conversion was 50%

within first 2 h after which it decreased slightly to 45% and

then remained constant up to *97 h of reaction time

whereas, the GC selectivity was not affected (100%). As

we compared the GC productivity in batch and continuous

operation, the GC productivity in batch was five times

(6.9 h-1) higher than that of continuous operation

(1.38 h-1). This was due to higher residence time in a

batch operation.

To confirm the glycerol conversion determined by gas

chromatography of liquid samples, the quantification of

NH3 released during the reaction was also carried out for

few experiments. For this purpose, NH3 evolved from the

reaction was dissolved in water at the reactor outlet using

N2 as a carrier gas. The total amount of ammonia released

was analyzed by volumetric analysis of both the reactor

outlet gas sample and liquid reaction crude against strong

Scheme 2 Proposed mechanism for carbonylation of glycerol with urea to GC
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0.5 M HCl. The total amount of NH3 released was found to

be 2.71 g which was in good agreement with the theoret-

ically obtained value for 45% of glycerol conversion.

A possible reaction mechanism for carbonylation

of glycerol with urea over Zn/MCM-41 catalyst

It is important to note that the present reaction of glycerol

with urea to form GC proceeds without a catalyst under

standard reaction conditions but with only 40% conversion

and 90% selectivity to glycerol carbonate (entry 1,

Table 5). In presence of Zn-based catalyst, glycerol con-

version enhanced by twofold (87%) with almost complete

selectivity towards GC. It was also observed that the parent

MCM-41 showed 51% conversion of glycerol, as the OH

groups of surface silanol can activate the urea molecule as

shown in Scheme 2 (step I) [40]. In step II, Lewis basic

sites of ZnO can activate glycerol molecule, which is then

prone to the attack on carbonyl carbon of urea with

simultaneous release of 1 mol of NH3. In the next step (III)

secondary –OH of activated glycerol again attacks over

carbonyl carbon of urea to form five membered cyclic

glycerol carbonate with the loss of second molecule of

NH3. In the last step IV of the reaction pathway, the cat-

alyst surface was regenerated by the release of GC. This

suggests that the ZnO and MCM-41 play cooperative role

in glycerol carbonylation reaction. This was confirmed by

control experiment with only bare ZnO which gave lower

glycerol conversion of 68% compared to that of 5% Zn/

MCM-41 (78%) with GC selectivity of 98% (entry 3,

Table 5).

Conclusion

Among the several acidic supports (MCM-41, SBA-15,

SiO2, Al2O3, ZrO2 and s-ZrO2) studied for ZnO catalyst for

the glycerol-urea carbonylation, MCM-41 supported Zn

catalyst exhibited the highest activity and almost complete

selectivity to GC. Increased Zn loading in the rang of

2–10% on MCM-41, resulted in decrease in surface area

from 692 to 498 m2 g-1 confirming well dispersed ZnO

within the mesoporous structure of silicalite MCM-

41which also affect the ordering of the mesoporous struc-

ture evident from the XRD analysis. The increased dis-

persion of Zn with increase in loading has directly reflected

in the enhancement of GC yield from 57 to 83%. Inter-

estingly, acidity/basicity ratio was found to be constant

(*0.8) for Zn loading in the range of 2–10% while, the

glycerol conversion increased substantially with increase in

Zn loading irrespective of the acid/base ratio. Glycerol

conversion increased linearly from 63 to 82% with increase

in active metal loading from 2 to 5% due to higher

availability of Lewis acid–base sites generated from ZnO.

While, the GC selectivity marginally increased from 92 to

almost complete (98%) for [2% Zn loading. Glycerol

conversion and GC selectivity were found to be quite

sensitive to glycerol to urea mole ratios. For higher mole

ratio (2) of glycerol to urea, glycerol conversion dropped

down to 44% while, for lower ratio of 0.5, GC selectivity

was only 58% with the formation of urethanes as the by-

products. In a proposed reaction pathway, OH groups of

silanol are shown to activate the urea molecule while Lewis

basic sites of ZnO can activate glycerol molecule, which is

then prone to attack on carbonyl carbon of urea followed

by cyclisation and generating two molecules of NH3.

In a batch operation, glycerol conversion as high as 78%

with almost complete selectivity to GC could be achieved

at 140 �C; however, a lower glycerol conversion of 55%

was achieved even at higher temperature of 200 �C, in a

continuous operation over the same catalyst. This was

because of *5 times lower residence time in a continuous

operation than that in a batch operation. The activation

energy calculated from Arrhenius plot was found to be

39.82 kJ mol-1 K-1. Hence, the batch operation could be

better, giving fivefold higher productivity of GC as com-

pared to the continuous for carbonylation of glycerol with

urea.
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