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Polystyrene-supported, metal containing imidazolium salt [PS-(Im), MX;] 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),;MBr, catalysts, the yield of GC increased Cu<Mg<Zn, which is the order of acid-base balance of
the catalysts. PS-(Im),Znl;, 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
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Gl://cerol carbonate analysis of the products via a combination of FT-IR spectroscopy and '*C NMR analysis. The effects of
Glycerol reaction parameters such as temperature, degree of vacuum, catalyst loading, and the ratio of reactants
Urea 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 impor-
tance 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 carbon-
ate (4-hydroxymethyl-1,3-dioxolan-2-one; GC) has been relatively
recently introduced to the chemical industry and has been rec-
ognized 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 glyci-
dol, along with the versatile and well-investigated reactivity of its
hydroxyl groups, has led to the formation of a number of deriva-
tives. 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. Transesterifica-
tion of glycerol can be readily performed with dimethyl carbonate
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[12], ethylene carbonate [13], or propylene carbonate [14]. The car-
bonates 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 limi-
tations such as unfavorable thermodynamic equilibrium and low
yields [15].

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 glyc-
erol can easily be converted back to urea by reaction with carbon
dioxide.

Much effort has been devoted to the search for effective cata-
lysts 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 indus-
try 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
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Scheme 1. Preparation of polystyrene-supported metal containing imidazolium salt catalyst.

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
isasubtle 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 evalu-
ated using metal containing ionic liquid (MIL) as efficient catalyst.
However, the homogeneous system of 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 mod-
ified polystyrene based on a Merrifield peptide resin supported
metal containing imidazolium salt [PS-(Im),MX;] and its char-
acterization via various physicochemical methods. The catalytic
performance of PS-(Im),MXj; in the synthesis of GC from glyc-
erol 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),MX; 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); MX; 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
(ZnCly, ZnBr,, Znl,, MgBr,, and CuBr;), 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 mate-
rials were used without further purification.

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

The synthesis of PS-(Im),MX, was carried out via two steps
(Scheme 1). First, bis[1-(2-hydroxyethyl) imidazolium]metal
halide, (HIm),MX;, was synthesized by metal insertion
[33,34] using an ethanol solution (100mL) containing 1-(2-
hydroxyethyl)imidazole (40 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); MX; was immobilized on polystyrene by alkoxylation as
per our previous report [30,35]. A mixture of MPR (5 g), (HIm); MX,
(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),Znl,, PS-(Im),ZnBr,, PS-
(Im),ZnCl,, PS-(Im); MgBr,, and PS-(Im),CuBr;, 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 Il 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 4cm~1. The text-
ural properties of the samples were analyzed by recording the N,
adsorption isotherm at 77K, using a BET apparatus (Micronerit-
ics ASAP 2020). Before gas sorption analysis, the samples were
pretreated for 12 h at 120°C under vacuum. The X-ray photoelec-
tron spectroscopy (XPS) of the catalysts was conducted with the
Theta Probe AR-XPS System X-ray source using monochromated
Al Ko 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 at a heating
rate of 10 °C/min. The scanning electron microscopy (SEM) micro-
graphs were acquired with a Hitachi S-47000 microscope operated
at30kV.CO, 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 CO, (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
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