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Highlights 

 
 The polystyrene-supported metal containing ionic liquid catalysts were successfully 

synthesized. 

 PS-(Im)2ZnI2 with well-balanced acid-base properties exhibited high catalytic 

activity. 

 The reaction pathway was studied via FT-IR and 
13

C NMR. 

 PS-(Im)2ZnI2 was easily recovered and reused.    

 

*Highlights (for review)
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ABSTRACT 

 

Polystyrene-supported, metal containing imidazolium salt [PS-(Im)2MX2] catalysts 

were prepared and characterized by various analytical methods, and their role in the synthesis 

of glycerol carbonate from glycerol and urea was investigated under mild conditions. Among 

different metal containing PS-(Im)2MBr2 catalysts, the yield of GC increased Cu < Mg < Zn, 

which is the order of acid-base balance of the catalysts. PS-(Im)2ZnI2 catalyst, which showed 

a good balance of the acid-base properties, was the most active and selective catalyst; it was 

readily recoverable and reusable in the subsequent reaction cycles. Furthermore, the reaction 

pathway for the glycerolysis of urea was studied with the time-on-line analysis of the 

products via a combination of FT-IR spectroscopy and 
13

C NMR analysis. The effects of 

reaction parameters such as temperature, degree of vacuum, catalyst loading, and the ratio of 

reactants on the reactivity were also investigated to elucidate the reaction mechanism. 
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1. Introduction 

Since the last decade, biodiesel has gained increasing importance as a diesel-engine 

fuel for because it is renewable and clean [1-3]. Because of the rapid increase in the use of 

biodiesel and the sharp decrease in the price of glycerol (a by-product generated with the 

amount at one tenth of biodiesel production), glycerol can become a major platform chemical 

and has been identified as an important building block for future biorefineries by the DOE [4].  

Among the chemicals derived from glycerol, glycerol carbonate (4-hydroxymethyl-

1,3-dioxolan-2-one; GC) has been relatively recently introduced to the chemical industry and 

has been recognized to have extensive potential applicability [5-9]. Moreover, inexpensive 

GC could serve as a source of new polymeric materials such as glycidol, which is a high-

value component in the production of a number of polymers [9,10]. The high functionality of 

glycidol, along with the versatile and well-investigated reactivity of its hydroxyl groups, has 

led to the formation of a number of derivatives. Indeed, many polyglycerols have been 

commercialized for applications ranging from cosmetics to controlled drug release [11]. 

GC is conventionally synthesized via typical protocols used for other low-molecular-

weight organic carbonates. Transesterification of glycerol can be readily performed with 

dimethyl carbonate [12], ethylene carbonate [13], or propylene carbonate [14]. The 

carbonates utilized during the transesterification process are typically generated by utilizing 

phosgene or by means of energy-intensive routes employing epoxides. However, the reaction 

of glycerol with phosgene is limited by the toxic and environmentally hazardous nature of 

phosgene. Although there are some reports on the direct carbonylation of glycerol with 

carbon dioxide using tin complexes, the applicability of such processes is hampered by 

serious limitations such as unfavorable thermodynamic equilibrium and low yields [15].  
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An alternative synthesis method for GC is the glycerolysis of urea, a reaction that has 

been recently developed [16-18]. Its main advantage is that the reactants, glycerol and urea, 

are inexpensive, easily available, and neither explosive nor poisonous. In addition, the 

ammonia generated in the synthesis of GC from urea and glycerol can easily be converted 

back to urea by reaction with carbon dioxide. 

Much effort has been devoted to the search for effective catalysts for the glycerolysis 

of urea. Homogeneous catalysis employing inorganic salts such as ZnSO4 [19], MgSO4 [20], 

and ZnO [21] has been described, and recently, certain heterogeneous systems based on these 

oxides have also been reported [22,23]. 

Polymer-supported catalysts are extensively used in both industry and academia 

because of the advantages they offer compared to homogeneous catalysts [24-26]. Recently, 

polymer-supported ionic liquids have been exploited as heterogeneous catalysts in the 

synthesis of cyclic carbonates, and were found to offer the dual features of a homogeneous 

ionic liquid and heterogeneous catalyst. Compared to pure ILs, such heterogeneous catalysts 

have additional advantages such as facilitating the reduction of the amount of ILs employed, 

recovery of the catalyst from the reaction mixture, and ease of separation [27-29]. 

These data and the results of other prior studies [30,31] suggest that the catalysts for 

the reaction between glycerol and urea should possess both acidity and basicity to be 

effective, and also that there is a subtle balance between the acidity and basicity of such 

catalysts. In particular, the Lewis-acid sites activate the carbonyl group of urea whereas the 

Lewis-base sites activate the hydroxyl groups of glycerol [13,16,32]. 

In our previous work [33], the glycerolysis of urea was evaluated using metal 

containing ionic liquid (MIL) as efficient catalyst. However, the homogeneous system of 
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MIL catalysts showed poor catalyst separation. The exploration of heterogeneous catalysts 

that are highly efficient under mild reaction conditions still remains a challenge. This paper 

reports the preparation of structurally modified polystyrene based on a Merrifield peptide 

resin supported metal containing imidazolium salt [PS-(Im)2MX2] and its characterization via 

various physicochemical methods. The catalytic performance of PS-(Im)2MX2 in the 

synthesis of GC from glycerol and urea is investigated. To improve the understanding of the 

reaction pathway and mechanism, the influence of the acid-base properties of the PS-

(Im)2MX2 catalyst on the synthesis of GC is evaluated. In addition, the effects of the reaction 

time, reaction temperature, degree of vacuum, and catalyst loading are discussed. The PS-

(Im)2MX2 catalyst was subjected to a recycle test in order to examine its stability. 

 

2. Experimental 

2.1. Materials 

High-purity (>99%) 1-(2-hydroxyethyl)imidazole, metal halides (ZnCl2, ZnBr2, ZnI2, 

MgBr2, and CuBr2), and Merrifield’s peptide resin (MPR, 1% divinylbenzene, 4.0 mmol Cl/g) 

were purchased from Sigma-Aldrich. Glycerol (>99%), urea (>99%), GC (>99 %), and 

methanol (>99 %) were also obtained from Sigma-Aldrich. All materials were used without 

further purification. 

2.2. Synthesis of polystyrene-supported metal containing imidazolium salt catalyst 

The synthesis of PS-(Im)2MX2 was carried out via two steps (Scheme 1). First, bis[1-

(2-hydroxyethyl) imidazolium]metal halide, (HIm)2MX2, was synthesized by metal insertion 

[33,34] using an ethanol solution (100 mL) containing 1-(2-hydroxyethyl)imidazole (40 
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mmol) that was added to an ethanolic solution (100 mL) of the metal halide (20 mmol). This 

mixture was stirred for 2 h at 50 °C and subsequently filtered. A crystalline solid was 

obtained after drying at 100 °C for 24 h under vacuum.  

(HIm)2MX2 was immobilized on polystyrene by alkoxylation as per our previous 

report [30,35]. A mixture of MPR (5 g), (HIm)2MX2 (10 mmol), and acetonitrile (100 mL) 

was heated at 80 °C for 48 h in a 250-mL round-bottomed flask equipped with a condenser. 

After cooling the reaction mixture to room temperature, the solid was collected by filtration 

and washed several times with ethanol. The collected solid was dried at 80 °C for 24 h 

under vacuum. The supported catalysts were denoted PS-(Im)2ZnI2, PS-(Im)2ZnBr2, PS-

(Im)2ZnCl2, PS-(Im)2MgBr2, and PS-(Im)2CuBr2, corresponding to the metal halides 

employed. 

2.3. Characterization of PS-MIL catalyst 

Elemental analysis (EA) of the samples was carried out using a Vario EL III 

instrument. The samples (2 mg) were heated to 1100 °C and sulfanilic acid was used as a 

standard. The Fourier transform infrared (FT-IR) spectra were acquired on an AVATAR 370 

Thermo Nicolet spectrophotometer with a resolution of 4 cm
-1

. The textural properties of the 

samples were analyzed by recording the N2 adsorption isotherm at 77 K, using a BET 

apparatus (Microneritics ASAP 2020). Before gas sorption analysis, the samples were 

pretreated for 12 h at 120 
o
C under vacuum. The X-ray photoelectron spectroscopy (XPS) of 

the catalysts was conducted with the Theta Probe AR-XPS System X-ray source using 

monochromated Al Kα radiation (hv = 1486.6 eV). Thermogravimetric analysis (TGA) was 

performed from room temperature to 500 °C on an AutoTGA 2950 apparatus under a 

nitrogen flow of 100 mL min
−1

 at a heating rate of 10 °C min
−1

. The scanning electron 
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microscopy (SEM) micrographs were acquired with a Hitachi S-47000 microscope operated 

at 30 kV. CO2 and NH3 temperature-programmed-desorption (TPD) profiles were acquired 

using a chemisorption analyzer (BEL-CAT) as follows: prior to measurements, 0.1 g of the 

sample was activated in He (30 mL/min) at 280 °C for 1 h. The sample was subsequently 

exposed to the pulses of CO2 (10%) or NH3 (10%) in He at 40 °C for 1 h. The sample was 

then flushed with He (30 mL/min) for 1 h. TPD measurements were carried out by raising 

the temperature from 40 to 300 °C at a heating rate of 5 °C/min.  

2.4. Synthesis of glycerol carbonate from glycerol and urea 

The synthesis of GC via the reaction of glycerol with urea was carried out in a 50-mL 

glass reactor equipped with a magnetic stirrer and condenser (Scheme 2). In a typical reaction 

run, the catalyst, glycerol, and urea were charged into the reactor. When the desired 

temperature was attained, the reaction was initiated by stirring under vacuum to remove 

ammonia as a by-product. The products and reactants were analyzed using a gas 

chromatograph (HP 6890N) equipped with an FID and a capillary column (HP-INNOWAX, 

polyethylene glycol). Tetraethylene glycol (TEG) was used as the internal standard. The 

conversion and selectivity were calculated based on the assumption that glycerol was the 

limiting reactant. In addition to determining the by-products and intermediates, the reaction 

mixture was analyzed via FT-IR (AVATAR 370 Thermo Nicolet spectrophotometer with a 

resolution of 4 cm
-1

) and 
13

C-NMR (Varian 500 MHz, CD3OD). 

 

3. Results and discussion 

3.1. Characterization of catalysts 
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The successful covalent immobilization of the metal containing imidazolium salt on 

the surface of the polystyrene support was confirmed using FT-IR spectroscopy (Fig. 1). In 

the FT-IR spectral analyses of PS-(Im)2MX2 and MPR, the characteristic peak corresponding 

to the stretching frequency of the CH2Cl functional group (1265 cm
-1

) disappeared in each 

spectra of the PS-(Im)2MX2 series, suggesting the complete modification of MPR [27-29]. 

Four new peaks were observed for PS-(Im)2MX2 in the regions 1610, 1560, 1145, and 1070 

cm
-1

, which were absent from the MPR spectrum; these peaks are associated with the 

stretching frequencies of the imidazolium ring [36]. 

The XPS analysis of PS-(Im)2MX2 was used to confirm the structure of the catalysts. 

The N 1s spectra of PS-(Im)2MX2 are presented in Fig. 2. The spectra of all of the PS-

(Im)2MX2 catalysts exhibited the characteristic peak of the imidazolium nitrogen at 401.7 eV 

[37-40]. Moreover, the Cl 2p, Br 3d, and I 3d spectra of PS-(Im)2MX2 were acquired to 

identify the bonding nature of the halogen associated with the metal species, as illustrated in 

the supporting informations (Fig. S1, S2, S3). The Cl 2p spectrum of PS-(Im)2ZnCl2 (Fig. S1) 

showed a peak near 197.5 eV, confirming that the bonds between chlorine and zinc are ionic, 

and not covalent [37]. The Br 3d spectrum of PS-(Im)2MBr2 showed a peak at ca. 68 eV (Fig. 

S2), which is assigned to negatively charged bromide ion [41]. An I 3d peak was observed at 

619.3 eV in the case of PS-(Im)2ZnI2 (Fig. S3), which indicated the anionic state of iodine 

[41,42]. The aforementioned results are a clear indication of the successful immobilization of 

metal containing imidazolium salt on the support, as shown in Scheme 2. 

The content of metal containing imidazolium salt in the PS-(Im)2MX2 samples was 

analyzed by elemental analysis; the amount of immobilized (Im)2MX2 in the catalysts is 

summarized in Table 1. The amount of (Im)2MX2 immobilized on the polystyrene support 

varied from 0.60 to 0.89 mmol/g-cat meaning that about 50% of the MPR surface was 
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substituted by the (Im)2MX2. The specific surface area of PS-(Im)2ZnI2 was measured by N2 

adsorption-desorption isotherm behavior (BET) and was found to be 1.95 m
2
/g. The pore 

volume and average pore size of PS-(Im)2ZnI2 were 0.0013 cm
3
/g and 3.2 nm, respectively. 

However, the original MPR has BET area 0.44 m
2
/g with average pore diameter of 16.1 nm. 

The thermogravimetric analysis (TGA) curves of the PS-(Im)2MX2 catalysts were shown in 

Fig. 3; the first weight loss around 100 °C resulted from the removal of absorbed water 

molecules. The further weight loss occurring between 200 and 400 °C was likely due to the 

decomposition of the (Im)2MX2 on the surface of polystyrene resin, and then the structure of 

polystyrene resin was collapsed over 400 °C. The results demonstrate that all of the PS-

(Im)2MX2 samples showed good thermal stability up to 300 °C, which is much higher than 

the reaction temperature for the synthesis of GC from glycerol and urea. The SEM images of 

the polystyrene support and PS-(Im)2ZnI2 are presented in Fig. 4. The images show that the 

diameter of the polymer beads was approximately 70 μm and the spherical shape of the beads 

was retained even after immobilization. 

The differences in the acidic and basic properties of the PS-(Im)2MX2 catalysts was 

evaluated based on the temperature programmed desorption (TPD) of HN3 and CO2, 

respectively. The results of the TPD characterization of the catalysts are summarized in Table 

2 and illustrated in Fig. S4 and S5. Fig S4 shows the CO2-TPD profiles of the various PS-

(Im)2MX2 catalysts, and the distribution of the basic sites of different strengths was estimated 

as follows: weak groups, 323–423 K; and medium-to-strong groups, 425–573 K [43,44]. 

Based on the results presented in Table 2, it can be concluded that the PS-(Im)2ZnI2 catalyst 

possessed significantly high basicity compared to the catalysts with Br
-
 and Cl

- 
anions, which 

is in accordance with the increasing nucleophilicity of the anion. On the other hand, in the 

presence of the bromide anion, the PS-(Im)2MBr2 catalysts possessing different metal ions 
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showed similar basicity. Based on Table 2, the basicity sequence can be derived as follows: 

PS-(Im)2ZnI2 (6.67 mmol/g) ≫ PS-(Im)2MgBr2 (3.92 mmol/g) ≈ PS-(Im)2CuBr2 (3.80 

mmol/g) ≈ PS-(Im)2ZnBr2 (3.79 mmol/g) > PS-(Im)2ZnCl2 (2.01 mmol/g). The NH3-TPD 

profiles of the PS-MIL catalysts are shown in Fig. S5; it shows that the acidity can be 

classified into two groups [43]: weak-to-medium groups, 323–523 K; and strongly acidic 

groups, 473–573 K. Based on the data in Table 2, it can be concluded that PS-(Im)2CuBr2 

exhibited the highest acidity and the order of acidity was: PS-(Im)2CuBr2 (41.90 mmol/g) ≫ 

PS-(Im)2MgBr2 (14.89 mmol/g) > PS-(Im)2ZnI2 (6.01 mmol/g) > PS-(Im)2ZnCl2 (5.85 

mmol/g) > PS-(Im)2ZnBr2 (4.18 mmol/g). In addition, the ratio of acid/base sites was as 

follows: PS-(Im)2ZnI2 (0.9), PS-(Im)2ZnBr2 (1.1), PS-(Im)2ZnCl2 (2.9), PS-(Im)2MgBr2 (3.8), 

and PS-(Im)2CuBr2 (11.1). PS-(Im)2ZnI2 and PS-(Im)2ZnBr2 have a quite good balance of 

acid-base sites, but PS-(Im)2CuBr2 has very high acid/base ratio. 

Moreover, the acidity and basicity of the catalysts was evaluated based on the 

Knoevenagel condensation reaction [45] between malononitrile and benzaldehyde, which is 

typically catalyzed by basic sites, and the acetalization [46] of benzaldehyde with ethanol, 

which is a reaction catalyzed purely by acid sites. The results of the initial reaction rates of 

the Knoevenagel condensation and acetalization using catalysts with different acid–base pairs 

are presented in Fig. 5. The basicity of the catalysts showed the order: PS-(Im)2ZnI2 > PS-

(Im)2ZnBr2 ≈ PS-(Im)2MgBr2 ≈ PS-(Im)2CuBr2 > PS-(Im)2ZnCl2. On the other hand, the 

order of activity was as follows: PS-(Im)2CuBr2 ≫ PS-(Im)2MgBr2 > PS-(Im)2ZnBr2 > PS-

(Im)2ZnI2 > PS-(Im)2ZnCl2. Thus, the orders of acidity and basicity shown in Fig. 5 are 

consistent with those derived from CO2 and NH3 TPD. In case of different metal containing 
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PS-(Im)2ZnBr2 catalysts, the ratio of reaction rate of acetalization to Knoevenagel 

condensation increased as Zn < Mg < Cu.  

3.2. Reactivity of PS-(Im)2MX2 catalysts 

The effects of the molecular structure (different metals and anions) of the PS-

(Im)2MX2 on the synthesis of GC were studied under a vacuum pressure of 14.7 kPa for a 

reaction time of 6 h at 140 °C; the results are shown in Table 3. In the absence of a catalyst or 

using MPR alone, the conversion of glycerol was limited to 36% with 45% selectivity toward 

GC. However, the PS-(Im)2MX2 catalysts exhibited appreciable activities toward the 

conversion of glycerol and selectivity of GC. Moreover, a homogeneous catalyst 

(HEIm)2ZnCl2 with 1 mol% of glycerol was also tested to compare the reactivity (Table 3). 

The results indicated that the PS-(Im)2MX2 catalysts showed higher turnover number (TON) 

than (HEIm)2ZnCl2 catalyst even though conversion of glycerol and selectivity of GC 

remained higher for the (HEIm)2ZnCl2 catalyst. The catalytic activity of the PS-(Im)2MX2 

catalysts differed depending on the metal and the anion nucleophile. PS-(Im)2ZnI2 was found 

to be the most efficient catalyst, with a glycerol conversion of 71.7 and the TON values of 

179.6 under the employed reaction conditions. The other catalysts such as PS-(Im)2ZnBr2 and 

PS-(Im)2ZnCl2 were also found active with the TON values of 156.8 and 127.8, respectively. 

Hence, the order of activity based on the different halide ions followed the order of 

nucleophilicity: I
-
 > Br

-
 > Cl

-
 [47,48]. It is generally accepted that compared to the absolute 

acidity or basicity, the balance between these two factors plays a more important role in the 

glycerolysis of urea to GC. As mentioned above, the acidity/basicity ratio of PS-(Im)2ZnI2 

and PS-(Im)2ZnBr2 is close to unity, whereas that of PS-(Im)2ZnCl2 is 2.9. Because PS-

(Im)2ZnI2 possesses a greater amount of acid and base sites, this catalyst afforded better 

activity than PS-(Im)2ZnBr2. In the case of PS-(Im)2MBr2 with different metal ions, the Cu-
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containing catalyst showed the lowest activity with the lowest TON of 125.3. The results of 

Table 2 and Fig. 5 suggested that PS-(Im)2CuBr2 possessed the highest acidity and the highest 

acidity/basicity ratio. Among the PS-(Im)2MBr2 catalysts with different metal ions, PS-

(Im)2ZnBr2 exhibited the highest activity (TON of 156.8), possibly because of the subtle 

balance between its acidity and basicity.  

In order to compare the catalytic performance of PS-(Im)2MX2 with other catalysts, 

TON of same previously reported catalysts are summarized in Table 3. PS-(Im)2ZnI2 catalyst 

has better TON than other previously reported ones except La2O3 which is more expensive 

than this catalyst. Considering the availability and very low price of PS support and zinc 

halide, and commercial availability of imidazole, this catalyst could be a good candidate for 

the development of new commercial process for the production of glycerol carbonate.  

Despite the apparent simplicity of the reaction of glycerol with urea, this reaction may 

proceed via a large number of possible pathways [23]. The accepted mechanism for the 

reaction involves two steps (Scheme 3): Step 1: Carbamoylation of glycerol to 2,3-

dihydroxypropyl carbamate (glycerol carbamate) (3) with the liberation of an ammonia 

molecule. This step occurs at a higher reaction rate than the second step. Step 2: 

Carbonylation of the glycerol carbamate to GC (4) with the elimination of a second molecule 

of ammonia [13]. Intermediate (3) could also produce 4-(hydroxymethyl)oxazolin-2-one (5) 

by a parallel reaction. The produced GC further reacts with urea to form (2-oxo-1,3-dioxolan-

4-yl)methyl carbamate (6). The presence of specific by-products is important in 

understanding the effect of the catalyst in the reaction and in elucidating certain of the 

mechanisms that are operative in the absence or presence of the catalyst. Hence, a set of time-

on-line measurements was performed for 8 h to fully identify and quantify all reaction 

products [13,23], and the results are presented in Fig. 6. The effect of the reaction time on the 
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synthesis of GC was studied using PS-(Im)2ZnI2 at 140 °C under a reduced pressure of 14.7 

kPa. The 
13

C NMR profile (Fig. 7) indicates that after 4 h, ca. 66.5% of the glycerol was 

converted, after which the conversion leveled off. The presence of a large amount of (3) in 

the initial stages of the reaction suggests that (3) is formed in the first step. However, the 

selectivity toward the formation of (3) decreased after 4 h with a concomitant increase in the 

selectivity toward GC formation. The selectivity toward the formation of compound (5) also 

decreased in accordance with the trend for (3), whereas the concentration of compound (6) 

increased slightly, corresponding to the increasing selectivity toward GC. However, 

compounds (5) and (6) were detected in small percentages in comparison to GC. 

The FT-IR spectra of the samples taken between 0.5 and 8 h are displayed in Fig. 8. 

The N=C=O stretching band of isocyanic acid at 2250 cm
-1

 is not present in the spectrum of 

any of the samples, and thus, the mechanism in which isocyanic acid is produced as the 

primary product of the reaction can be excluded. This is in agreement with the report by 

Aresta et al. [22], where it was claimed that in the presence of phosphated zirconia catalysts 

the GC synthesis reaction mechanism does not proceed via isocyanic acid as found for ZnSO4; 

instead, it proceeds via 2,3-dihydroxypropyl carbamate (5). This is important because the 

formation of isocyanic acid and its oligomers would represent the undesired transformation of 

urea. Fig. 8 also shows bands corresponding to urea at 1620 and 1665 cm
-1

 after 2 h of 

reaction, and the intensity of these bands decreases with time-on-line [53]. 

Table 4 summarizes the effects of the reaction temperature on the synthesis of GC in 

the presence of PS-(Im)2ZnI2. The conversion of glycerol continuously increased as the 

temperature increased from 100 to 160 °C. The selectivity toward GC increased with 

temperature, reaching a maximum of 84.1% for PS-(Im)2ZnI2 at 140 °C; however, the 

selectivity decreased sharply when the temperature exceeded 150 °C. The 
13

C NMR (Fig. 9) 
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[22,23] and FT-IR (Fig. 10) [23,53] profiles show that the intensity of the peaks at 77.5 ppm 

in the NMR spectrum and at 1730 cm
-1

 in the FT-IR spectrum, corresponding to compound 

(5), increased above 140 °C and the selectivity of (5) increased to 16.7% at 160 °C. 

Moreover, based on the 
13

C NMR peak at 71.2 ppm, it was found that an unidentified 

product was also detected, corresponding to 64.6% selectivity at 160 °C, which can be 

attributed to the polymerization of GC and/or glycerol that has not yet been well 

characterized [54]. The formation of polymers from GC or glycerol has been reported to be 

one of the main factors responsible for the low selectivity toward GC [13]. 

The effects of the degree of vacuum on the reactivity of the PS-(Im)2ZnI2 catalyst are 

presented in Table 5. The conversion of glycerol increased as the degree of vacuum increased 

from 101.3 to 3.1 kPa. Application of a high degree of vacuum could enhance the removal of 

the generated ammonia gas, thereby accelerating the forward reaction of glycerol and urea. 

The selectivity toward GC also appeared to follow a similar trend with an increase in the 

applied vacuum from 101.3 to 1.1 kPa, because a high degree of vacuum may increase the 

conversion of compound (3) to GC. Interestingly, removal of ammonia by nitrogen purging at 

a flow rate of 150 mL/min was also effective for the glycerolysis of urea, resulting in 73.8% 

glycerol conversion and 61.8% GC yield using PS-(Im)2ZnI2 under the same reaction 

conditions as used above. 

The effect of the catalyst loading on the yield of GC was investigated using PS-

(Im)2ZnI2 at 140 °C for 6 h with a vacuum pressure of 14.7 kPa. As shown in Table 6, the 

yield of GC and the glycerol conversion increased continuously as the catalyst loading 

increased up to 5 wt%. However, the yield remained almost constant on increasing the 

catalyst loading to 10 and 15 wt%. Therefore, 5 wt% can be considered as the optimum 

amount of catalyst in this work. 
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The effect of the reactant ratio (glycerol/urea) on the activity of PS-(Im)2ZnI2 was 

evaluated by keeping the reaction parameters constant while varying the initial amount of 

urea; the results are summarized in Table 7. Increasing the glycerol/urea molar ratio had the 

obvious consequence of reducing the glycerol conversion because sufficient urea is not 

present, which makes urea the limiting reactant. Thus, with a glycerol to urea ratio of 0.5, 

only 45.0% glycerol conversion was achieved out of a maximum possible conversion of 50%, 

whereas in the presence of more urea, 75.5% conversion was achieved. More importantly, the 

selectivity of the reaction changed gradually with variations of the molar ratio of the two 

reactants. In particular, the selectivity toward GC decreased from 90.2% (at a glycerol to urea 

ratio of 2) to 38.5% (at a glycerol to urea ratio of 0.5). Furthermore, increasing the urea 

concentration enhanced the consecutive carbonylation reaction producing (6), and the 

selectivity toward (6) increased from 0.6% to 11.4%. 

The stability of the PS-(Im)2ZnI2 catalyst was evaluated in recycling experiments. For 

each cycle, the used catalyst was separated by filtration, washed with methanol to remove the 

products adhering to the surface of the catalyst, dried at room temperature, and then reused 

directly for the next run without regeneration. The activity of the reused PS-(Im)2ZnI2 

catalyst is summarized in Table 8. Although the conversion of glycerol decreased slightly 

with the catalyst used over three cycles, the selectivity toward GC was almost the same as 

achieved with the fresh catalyst. To determine whether the active (Im)2MX2 center underwent 

any leaching from the immobilized polystyrene, FT-IR analysis of the fresh PS-(Im)2ZnI2 

catalyst and that used for three cycles was performed (Fig. 11). The characteristic peaks of 

the PS-(Im)2ZnI2 were similarly presented for the recycled and fresh catalysts. The XPS 

spectra of the fresh PS-(Im)2ZnI2 and that used for three cycles (Fig. 12) demonstrated the 

similarity of the spectra of the recycled and fresh catalysts. The peak at 401.7 eV 
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corresponding to the imidazolium nitrogen and those of I
-
 remained intact, even though the 

intensities decreased slightly. Therefore, it can be concluded that the PS-(Im)2ZnI2 catalyst 

could be recycled up to three consecutive cycles without any considerable loss of its initial 

activity. In order to check a possible contribution of a homogeneous catalytic action of active 

(Im)2ZnI2 leached into solution, hot catalyst filtration test was performed after 3 h of reaction. 

As shown in Fig. 6, no further glycerol yield in the filtrate occurred after catalyst removal at 

the reaction temperature, indicating that catalysis is not due to the soluble homogeneous 

species. 

 

4. Conclusions 

The polymer supported metal containing ionic liquid catalysts based on imidazolium, 

PS-(Im)2MX2, were successfully synthesized and characterized by various physicochemical 

methods. The PS-(Im)2MX2 catalysts showed good catalytic activity for the synthesis of GC 

from urea and glycerol under mild reaction conditions. Among the PS-(Im)2MBr2 catalysts, 

the best catalytic performance was achieved with PS-(Im)2ZnBr2 since Zn containing catalyst 

had better acid/base ratio than Mg and Cu containing ones. PS-(Im)2ZnI2 with well-balanced 

acid-base properties exhibited the best catalytic activity, because the Lewis-acid sites activate 

the carbonyl groups of urea and the Lewis-base sites activate the hydroxyl groups of the 

glycerol. The catalyst was also easily recovered and reused without any considerable loss of 

the initial activity. 
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Table 1 Elemental analysis results of PS-(Im)2MX2. 

 

Catalyst 
CNO from elemental analysis Amount of (Im)2MX2

a
 

(mmol/g) C (wt%) N (wt%) O (wt%) 

PS-(Im)2ZnCl2 77.57 3.34 1.44 0.60 

PS-(Im)2ZnBr2 63.88 3.68 2.41 0.66 

PS-(Im)2ZnI2 53.43 4.11 3.69 0.73 

PS-(Im)2MgBr2 68.20 4.23 5.12 0.76 

PS-(Im)2CuBr2 61.64 5.01 3.74 0.89 

 
a
Amount of metal containing imidazolium salt immobilized onto Merrifield’s peptide resin 

 

 

 

 

Table 2 The amount of acid and base in CO2- and NH3-TPD of PS-(Im)2MX2. 

 

Catalyst 

CO2-TPD (mmol/g) 
 

NH3-TPD (mmol/g) 
 

A/B
e
 

Weak 

base
a
 

Strong 

base
b
 

total 
 Weak-medium 

acid
c
  

Strong 

acid
d
 

total 
 

PS-(Im)2ZnCl2 1.22 0.79 2.01 
 

1.85 4.00 5.85 
 

2.9 

PS-(Im)2ZnBr2 3.47 0.32 3.79 
 

3.79 0.39 4.18 
 

1.1 

PS-(Im)2ZnI2 4.50 2.17 6.67 
 

3.18 2.83 6.01 
 

0.9 

PS-(Im)2MgBr2 2.61 1.31 3.92 
 

7.92 6.97 14.89 
 

3.8 

PS-(Im)2CuBr2 2.05 1.75 3.80 
 

45.49 6.41 41.90 
 

11.1 

 
a
 323 ~ 423 K. 

b
 423 ~ 573 K. 

c
 323 ~ 523 K. 

d
 473 ~ 573 K. 

e
 Acid/base ratio 
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Table 3 The reactivity of PS-(Im)2MX2 and  in the glycerolysis of urea. 

 

Catalyst XG (%) SGC (%) YGC (%) TON
a
 Ref. 

Blank 34.4 44.5 15.3 - This work 

MPR 36.4 43.1 15.7 - This work 

PS-(Im)2ZnCl2 61.2 57.7 35.3 127.8 This work 

PS-(Im)2ZnBr2 65.8 72.3 47.6 156.8 This work 

PS-(Im)2ZnI2 71.7 84.1 60.3 179.6 This work 

PS-(Im)2MgBr2 67.9 73.9 50.7 145.0 This work 

PS-(Im)2CuBr2 62.5 72.1 51.3 125.3 This work 

(HEIm)2ZnCl2 92.7 93.4 86.6 86.6 [33] 

TBABr 51.0 60.4 30.8 61.6 [49] 

PS-SO3Mg - - 58 35.0 [50] 

MgO 73.0 53.0 39.0 3.4 [13] 

ZnCl2 84.0 97.0 81.5 22.1 [21] 

ZnO 62.0 93.0 58.0 5.9 [51] 

MgSO4 72.0 92.0 66.0 8.0 [51] 

La2O3 69.0 98.0 68.0 374.0 [52] 

Reaction conditions: Glycerol / Urea = 1, Cat./glycerol = 5 wt%, Temp. = 140 °C, Degree of vacuum 

= 14.7 kPa, Reaction time = 6 h. 

 
a
TON=(mole of GC)/(mole of catalyst) 
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Table 4 The effect of reaction temperature on the reactivity of PS-(Im)2ZnI2. 

 

Reaction Temp. (°C) XG% SGC% S(3)% S(5)% S(6)% S(U)%
a
 YGC% 

100 16.3 19.2 - - - - 3.1 

110 20.6 20.3 - - - - 4.2 

120 33.7 25.9 - - - - 8.7 

130 58.1 42.6 - - - - 24.8 

140 71.7 84.1 8.1 1.1 4.2 - 60.3 

150 78.3 68.3 7.5 10.6 6.2 5.5 53.5 

160 85.0 5.1 6.9 16.7 - 64.6 4.3 

Reaction conditions: Glycerol / Urea = 1, Cat./glycerol = 5 wt% PS-(Im)2ZnI2, Degree of vacuum = 

14.7 kPa, Reaction time = 6 h. 

 
a
 S(u) is selectivity of unidentified by product showing 

13
C NMR peak at 79.2 ppm 

 

 

 

 

 

 

Table 5 The effect of degree of vacuum on the reactivity of PS-(Im)2ZnI2. 

 

Degree of vacuum (kPa) XG% SGC% YGC% 

3.1 74.9  85.7  64.3  

14.7 71.7 84.1 60.3 

27.9 67.5  71.5  48.3  

54.3 51.5  69.8  36.0  

101.3 43.6  63.0  27.5  

150 mL N2 purge 73.8  83.7  61.8  

Reaction conditions: Glycerol / Urea = 1, Cat./glycerol = 5 wt% PS-(Im)2ZnI2, Temp. = 140 °C, 

Reaction time = 6 h. 
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Table 6 The effect of catalyst amount on the reactivity of PS-(Im)2ZnI2. 

 

Amount of Catalyst  

(wt%) 
XG (%) SGC (%) YGC (%) 

1 50.8  77.0  39.1  

2 59.5  76.8  45.7  

3 66.0  80.6  53.2  

5 71.7 84.1 60.3 

10 72.4  82.3  59.6  

15 73.0  83.4  60.9  

Reaction conditions: Glycerol / Urea = 1, Cat./glycerol = x wt% PS-(Im)2ZnI2, Temp. = 140 °C, 

Degree of vacuum = 14.7 kPa, Reaction time = 6 h. 

 

 

 

Table 7 The effect of the ratio of glycerol/urea on the reactivity of PS-(Im)2ZnI2. 

 

Glycerol / Urea XG% SGC% S(3)% S(5)% S(6)% YGC% 

0.5 75.5 38.5 36.9 9.4 14.1 29.1 

1 71.7 84.1 8.1 1.1 4.2 60.3 

2 45.0 90.2 1.9 1.0 0.6 40.6 

Reaction conditions: Cat./glycerol = 5 wt% PS-(Im)2ZnI2, Temp. = 140 °C, Degree of vacuum = 14.7 

kPa, Reaction time = 6 h. 

 

 

 

Table 8 Recycle test of PS-(Im)2ZnI2. 

 

 XG% SGC% YGC% 

Fresh 71.7 84.1 60.3 

1
st
 70.1 82.7 58.0 

2
nd

 65.7 81.1 53.3 

3
rd

 56.6 82.1 46.5 

Reaction conditions: Glycerol / Urea = 1, Cat./glycerol = 5 wt% PS-(Im)2ZnI2, Temp. = 140 °C, 

Degree of vacuum = 14.7 kPa, Reaction time = 6 h. 
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Scheme 1. Preparation of polystyrene-supported metal containing imidazolium salt catalyst 

Scheme 2. Synthesis of glycerol carbonate by glycerolysis of urea 

Scheme 3. Possible reaction pathways for the glycerolysis of urea 

 

 

Fig. 1. FT-IR spectra of PS-(Im)2MX2 and Merrifield peptide resin: (a) PS-(Im)2ZnI2, (b) PS-

(Im)2ZnBr2, (c) PS-(Im)2ZnCl2, (d) PS-(Im)2MgBr2, (e) PS-(Im)2CuBr2 

Fig. 2. N 1s XPS spectra of PS-(Im)2MX2: (a) PS-(Im)2ZnI2, (b) PS-(Im)2ZnBr2, (c) PS-(Im)2ZnCl2, (d) 

PS-(Im)2MgBr2, (e) PS-(Im)2CuBr2 

Fig. 3. TGA results of PS-(Im)2MX2 

Fig. 4. SEM image of (a) Merrifield’s peptide resin and (b) PS-(Im)2ZnI2 

Fig. 5. Relatives between acidity and basicity of PS-(Im)2MX2: (a) PS-(Im)2ZnI2, (b) PS-(Im)2ZnBr2, 

(c) PS-(Im)2ZnCl2, (d) PS-(Im)2MgBr2, (e) PS-(Im)2CuBr2. 

[Conditions: Knoevenagel condensation - 10 mmol of benzaldehyde and 10 mmol of malononitrile (1 wt% 

of cat., room temp.), Acetalization of 10 mmol of benzaldehyde with 20 mmol of EtOH (1 wt% of cat., 

60 °C)] 

Fig. 6. Time variant conversion, yield, and selectivities of products 

[Conditions: Glycerol / Urea = 1, Cat./glycerol = 5 wt%, Temp. = 140 °C, Degree of vacuum = 14.7 kPa, 

: GC yield after catalyst filtration] 

Fig. 7. 
13

C NMR spectra of reaction mixtures by varying time using PS-(Im)2ZnI2 

Fig. 8. FT-IR spectra of reaction mixtures by varying time using PS-(Im)2ZnI2 

Fig. 9. 
13

C NMR spectra of reaction mixtures by different temperature using PS-(Im)2ZnI2 

Fig. 10. FT-IR spectra of reaction mixtures by different temperature using PS-(Im)2ZnI2 

Fig. 11. FT-IR spectra of fresh and 3rd reused PS-(Im)2ZnI2 

Fig. 12. N 1s XPS spectra of fresh and 3rd reused PS-(Im)2ZnI2 
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Scheme 1. Preparation of polystyrene-supported metal containing imidazolium salt catalyst 
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Scheme 2. Synthesis of glycerol carbonate by glycerolysis of urea 
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Scheme 3. Possible reaction pathways for the glycerolysis of urea   
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Fig. 1. FT-IR spectra of PS-(Im)2MX2 and Merrifield peptide resin: (a) PS-(Im)2ZnI2, (b) PS-

(Im)2ZnBr2, (c) PS-(Im)2ZnCl2, (d) PS-(Im)2MgBr2, (e) PS-(Im)2CuBr2. 
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Fig. 2. N 1s XPS spectra of PS-(Im)2MX2: (a) PS-(Im)2ZnI2, (b) PS-(Im)2ZnBr2, (c) PS-(Im)2ZnCl2, (d) PS-

(Im)2MgBr2, (e) PS-(Im)2CuBr2 
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Fig. 3. TGA results of PS-(Im)2MX2 
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(a) 
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Fig. 4. SEM image of (a) Merrifield’s peptide resin and (b) PS-(Im)2ZnI2 

 

  



Page 35 of 42

Acc
ep

te
d 

M
an

us
cr

ip
t

34 

 

 

 

 

 
r o

 (
m

o
l/
m

in
.g

)x
1

0
3

0

1

2

3

4

Knoevenagel condensation

Acetalization

(a) (b) (c) (d) (e)
 

 

 

Fig. 5. Relatives between acidity and basicity of PS-(Im)2MX2: (a) PS-(Im)2ZnI2, (b) PS-(Im)2ZnBr2, 

(c) PS-(Im)2ZnCl2, (d) PS-(Im)2MgBr2, (e) PS-(Im)2CuBr2. 

[Conditions: Knoevenagel condensation - 10 mmol of benzaldehyde and 10 mmol of malononitrile (1 wt% of 

cat., room temp.), Acetalization of 10 mmol of benzaldehyde with 20 mmol of EtOH (1 wt% of cat., 60 °C)] 
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Fig. 6. Time variant conversion, yield, and selectivities of products 

[Conditions: Glycerol / Urea = 1, Cat./glycerol = 5 wt%, Temp. = 140 °C, Degree of vacuum = 14.7 kPa, : GC 

yield after catalyst filtration] 
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Fig. 7. 
13

C NMR spectra of reaction mixtures by during the reaction with PS-(Im)2ZnI2 
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Fig. 8. FT-IR spectra of reaction mixtures during the reaction with PS-(Im)2ZnI2 
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Fig. 9. . 
13

C NMR spectra of reaction mixtures at different temperature with PS-(Im)2ZnI2 
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Fig. 10. FT-IR spectra of reaction mixtures at different temperature with PS-(Im)2ZnI2 
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Fig. 11. FR-IR spectra of fresh and 3rd reused PS-(Im)2ZnI2  
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Fig. 12. N 1s XPS spectra of fresh and 3rd reused PS-(Im)2ZnI2  

 

 

 

 




