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Abstract—The synthesis of glycerol carbonate by glycerolysis of urea was investigated under mild conditions, using
immobilized metal-containing ionic liquid catalysts. Three different catalysts were prepared, with the following supports:
(1) polystyrene (PS), (2) commercial silica (CS), and (3) chitosan (CH). The glycerolysis of urea was considered to
include two main reactions: carbamoylation of glycerol and carbonylation of glycerol carbamate. The approximate
rate constant for PS-(Im),ZnBr, was higher than those of CH-(Im),ZnBr, and CS-(Im),ZnBr, probably due to its well-
balanced acid-base properties. The activation energies for PS-, CH-, and CS-(Im),ZnBr, were 142.9, 163.0, and 166.7 kJ
mol™, respectively. PS-(Im),ZnBr, exhibited better reuse properties than CH-(Im),ZnBr, and CS-(Im),ZnBr, catalysts.
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INTRODUCTION

Increasing attention has been focused on the use of glycerol, a
by-product with the amount at one-tenth of biodiesel production, to
produce value-added chemicals [1]. Among the chemicals derived
from glycerol, glycerol carbonate (GC) is a highly value-added prod-
uct with many potential applications [2-6]. It is attractive for its low
toxicity, good biodegradability, and high boiling point. It has been
investigated as a novel component of gas separation membranes,
polyurethane foams [7], and surfactants 8], a nonvolatile reactive
solvent for several types of materials, and a component of coat-
ings, paints, and detergents.

The main methods for the preparation of GC are based on the
reaction of glycerol with (a) phosgene and a dialkyl carbonate or
an alkylene carbonate, (b) carbon monoxide and oxygen or carbon
dioxide, or (c) urea. GC has traditionally been prepared by the reac-
tion of glycol with phosgene; however, because of the high toxicity
and corrosive nature of phosgene, alternative methods for the prepa-
ration of GC, such as the transesterification of dialkyl or alkylene
carbonates with glycerol, have been explored [7]. A method based
on the reaction of glycerol with carbon monoxide and oxygen under
high pressure in the presence of a catalyst is also known [8]. How-
ever, more cost-effective and simpler methods involving the use of
very safe materials are needed. Aresta et al. [9] investigated the direct
carboxylation of glycerol with carbon dioxide (5 MPa) at 177 °C,
using transition-metal alkoxides. However, the yield of GC obtained
was very low.

An alternative method for the synthesis of GC is the glycerolysis
of urea, a reaction recently described in the literature [10-12]. The
main advantage of this method is that the reactants, glycerol and
urea, are inexpensive and easily available raw materials, which are
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neither explosive nor poisonous. In addition, the NH; that is usu-
ally generated when GC is synthesized from urea and glycerol can
be easily converted back to urea by reacting with carbon dioxide.

Much effort has been devoted to finding effective catalysts for
the glycerolysis of urea. Homogeneous catalysis using inorganic salts
such as ZnSO, [13], MgSO, [14], and ZnO [15] has been described,
and, recently, certain heterogeneous systems based on these oxides
have also been reported [16,17].

Polymer-supported catalysts are extensively used in both industry
and academia because of the advantages they offer compared to
homogeneous catalysts [18-20], including easy handling of odorous
and toxic substances, and the possibility of achieving site isolation,
which increases the catalytic activity, selectivity, and shelf life [19,
21]. Chitosan (CH)-like biopolymers, which have large numbers
of hydroxyl groups, are efficient and natural support materials. CH,
the second most abundant polysaccharide found on earth next to
cellulose, is an attractive biopolymer for catalytic applications because
of its low cost, biocompatibility, biodegradability, and nontoxicity
[22]. Chitosan is a much more environmentally friendly support
than synthetic polymers. Since the discovery of ordered mesopo-
rous silica [23], continuous efforts have been made to improve its
stability and catalytic performance. Recently, the incorporation of
3-choloropropylmethyl substituents on commercial and amorphous
silica was reported [24,25].

In our previous work [26], we studied the synthesis of GC from
urea and glycerol using metal containing ionic liquid (MIL) as cata-
lyst. In the present study, the same reaction was performed using
MILs immobilized on various supports. We prepared three differ-
ently supported MIL catalysts to compare their activities: polysty-
rene (PS), commercial silica (CS), and chitosan (CH, biopolymer).
A comparative kinetic study of reactions with the immobilized MIL
catalysts was carried out under mild conditions without any sol-
vent. Moreover, to investigate the catalyst stability, recycling tests
were performed, under the same conditions, on the three different
immobilized MIL catalysts.
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EXPERIMENTAL

1. Materials

High-purity (>*99%) N-imidazole, 1-(2-hydroxyerthyl)imidazole,
3-chloropropyltriethoxysilane (CIPTES), 1,2-dibromoethane, zinc
bromide, Merrifield’s peptide resin (MPR, 1% divinylbenzene, 4.0
mmol Cl/g), commercial silica, and chitosan were purchased from
Sigma-Aldrich. Glycerol (>99%), urea (>99%), GC (>99%), and
methanol (>99%) were obtained from Sigma-Aldrich. All materi-
als were used without further purification.

2. Synthesis of Supported Metal Containing Ionic Liquid (S-
MIL) Catalysts
2-1. PS-(Im),ZnBr,

The synthesis of a polymer-supported MIL based on Zn-imida-
zolium bromide, PS-(Im),ZnBr,, was performed in two steps, as
shown in Scheme 1. First, bis[1-(2-hydroxyethyl)imidazolium]zinc
bromide, (HEIm),ZnBr,, was prepared by metal insertion as follows.
An ethanol solution (100 mL) containing 1-(2-hydroxyethyl)imida-
zole (40 mmol) was added to an ethanol solution (100 mL) con-
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Scheme 1. Preparation of PS-(Im),ZnBr,.
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Scheme 2. Preparation of CS-(Im),ZnBr,.

taining zinc bromide (20 mmol). This mixture was stirred for 2 h at
50 °C and then filtered. A crystalline solid was obtained after drying
at 100 °C for 24 h under vacuum.

Then (HEIm),ZnBr, was introduced onto MPR by alkoxylation,
as described in our previous reports [27,28]; a mixture of MPR (5 g,
20 mmol Cl/g), (HEIm),ZnBr, (10 mmol), and acetonitrile (100 mL)
was heated at 80 °C for 48 h in a 250 mL round-bottomed flask with
a condenser. After cooling to room temperature, a brown solid was
collected by filtration and washed several times with ethanol. The
solid was dried at 80 °C for 24 h under vacuum.

2-2. CS-(Im),ZnBr,

The immobilization on commercial silica of an MIL based on
Zn-imidazolium bromide, CS-(Im),ZnBr,, was also performed in
two steps. Bis[1-(3-triethoxysilylpropyl)imidazolium] zinc bromide,
[PSi(OEt);Im],ZnBr,, was prepared using the procedure shown in
Scheme 2. In a typical procedure, imidazole (40 mmol) was added
to a flask containing 50 mL of acetonitrile; CIPTES (7.3 mL) was
poured into the solution and the mixture was refluxed at 80 °C for
12 h under an argon atmosphere. 1-(3-Triethoxysilylpropyl)imida-
zole was obtained after removal of the solvent under vacuum. Metal
insertion into 1-(3-triethoxysilylpropyl) imidazole was then carried
out using the method described above.

Grafting experiments were performed using the following pro-
cedure [24,25]. Prior to immobilization, commercial silica was puri-
fied using hot Piranha solution (H,O, and H,S0O,), followed by rinsing
with water and drying under a stream of nitrogen. The pretreated
CS (4 g) and [PSi(OEt);Im],ZnBr, (20 mmol) were codispersed in
anhydrous toluene in a flask. The mixture was refluxed at 100 °C
for 48 h under a nitrogen atmosphere. The resultant product was
filtered and washed with dichloromethane and ethanol to remove
excess MIL. The residual solvent was evaporated in a vacuum oven,
giving CS~(Im),ZnBr,.

2-3. CH-(Im),ZnBr,

The CH-supported MIL based on a Zn-imidazolium bromide

catalyst, CH-(Im),ZnBr,, was synthesized in two steps (Scheme 3).
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Scheme 3. Preparation of CH-(Im),ZnBr,.

For the preparation of bis(bromoethylimidazolium) zinc bromide,
(BrEIm),ZnBr,, dibromoethane (40 mmol) was dissolved in 50 mL
acetonitrile, and then added slowly to N-imidazole (40 mmol) in
acetonitrile under nitrogen atmosphere in a 100 mL two-neck round
bottomed flask. The mixture was refluxed at 80 °C for 12 h. (BrEIm),
ZnBr, was generated by metal insertion.

In the covalent immobilization of (BrEIm),ZnBr, on chitosan
[29], chitosan (2 g) was added to 40 mL of 1-methyl-2-pyrrolidinone
(NMP), and the mixture stirred at 50 °C for 12 h in a two-necked
flask. (BrEIm),ZnBr, (10 mmol in 10 mL of NMP) was added and
the mixture stirred at 80 °C for 24 h. When the reaction was com-
plete, the solid product was washed four to five times with dry etha-
nol. The sample was dried under vacuum at 80 °C for 24 h, giving
CH-(Im),ZnBr,.

3. Characterization of S-MIL Catalysts

Elemental analysis (EA) was performed with a Vario EL III instru-
ment. Samples (2 mg) were subjected to a temperature of 1,100 °C;
sulfanilic acid was used as a standard. Fourier transform infrared
(FT-IR) spectra were obtained with an AVATAR 370 Thermo Nico-
let spectrometer at a resolution of 4 cm™. X-ray photoelectron spec-
troscopy (XPS) of the catalysts was conducted by using a Theta
Probe AR-XPS system with monochromated Al K« radiation (hv=
1,486.6 €V). *Si solid-state nuclear magnetic resonance (NMR)
spectroscopy was carried out at a frequency of 79.5 using an INOVA-
400 WB magic-angle spinning (MAS) probe. *Si MAS-NMR spec-
tra were obtained at room temperature using the following conditions:
MAS at 5 kHz; 772 pulse, 6.5 ps, and a repetition delay of 60 s; 3928
scans were performed, referenced to tetramethylsilane. Thermo-
gravimetric analysis (TGA) was performed using an AutoTGA 2950
apparatus under a nitrogen flow of 100 mL min ', at a heating rate
of 10 °C min™' from room temperature to 500 °C.

4. Synthesis of GC from Glycerol and Urea

GC was synthesized from glycerol and urea (Scheme 4) in a 50
mL glass reactor equipped with a magnetic stirrer and condenser.
In a typical reaction, the reactor was charged with the catalyst, glyc-
erol, and urea. When the desired temperature was reached, the reac-
tion was initiated by stirring under vacuum to remove the NH, formed
as a by-product. The products and reactants were analyzed by gas
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Scheme 4. Synthesis of glycerol carbonate from urea and glyerol.

chromatograph (HP 6890N) equipped with a flame ionization detec-
tor (FID) and a capillary column [HP-INNOWAX, poly(ethylene
glycol)]. Tetracthylene glycol (TEG) was used as an internal stan-
dard. The conversion and selectivity were calculated based on the
assumption that glycerol was a limited reactant.

RESULTS AND DISCUSSION

1. Characterization of Catalysts
1-1. PS~(Im),ZnBr,

To confirm the immobilization of the MIL based on Zn-imida-
zolium bromide on PS, FT-IR spectroscopy was performed; the spec-
tra are shown in Fig. 1. In the FT-IR spectrum of PS-(Im),ZnBr,,
the characteristic peak corresponding to the stretching frequency of
CH,CI (1,265 cm™"), which was present in the PS spectrum, disap-
peared, suggesting complete modification of MPR [30-32]; four
new peaks that appeared at 1,610, 1,560, 1,145, and 1,070 cm™ were
associated with stretching frequencies of the imidazolium ring [32].

XPS analysis of PS-(Im),ZnBr, confirmed the structure of the
catalyst. The N 1s spectrum of PS-(Im),ZnBr, is shown in Fig. 2.
The PS-(Im),ZnBr, catalyst contained a peak near 401.7 eV from
nitrogen species originating from the positively charged nitrogen
of imidazolium [29,33-36]. As can be seen from Fig. 3, the Br 3d
spectrum of PS-(Im),ZnBr, had a peak at 68.2 eV, which was as-
signed to negatively charged bromide ions [37]. These results are a
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Fig. 1. FT-IR spectra of (a) polystyrene, (b) PS-(Im),ZnBr,.
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Fig. 2. XPS N 1s spectra of S-(Im),ZnBr, catalysts.
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Fig. 3. XPS Br 3d spectra of S-(Im),ZnBr, catalysts.

clear indication of covalent immobilization of MIL as active sites
on the PS support, as shown in Scheme 1.

Table 1. Elemental analysis of S-(Im),ZnBr, catalysts

(a)
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Fig. 4. FT-IR spectra of (a) commercial silica, (b) CS-(Im),ZnBr,.

Elemental analysis results for the materials are shown in Table 1;
the MIL loading on PS~(Im),ZnBr,, based on nitrogen, was calcu-
lated to be 0.66 mmol per gram of PS.

1-2. CS~(Im),ZnBr,

Qualitative identification of the MIL based on Zn-imidazolium
bromide functional groups on CS was also performed using FT-IR
spectroscopy (Fig. 4). Typical Si-O-Si bands at 1,225, 1,070, and
795 cm™, associated with the condensed silica network, were present
in the FT-IR spectra of both CS and CS-(Im),ZnBr,, [24,25]. How-
ever, CS~(Im),ZnBr, exhibited the characteristic bands of aromatic
C-H stretching at 2,950 cm™’, ring stretching of the imidazolium
molecule at 1,560 and 1,460 cm™', and C-Si stretching at 702 cm™';
the C-Si stretching band was not present in the CS spectrum [25,
32].

To investigate the efficiency of the grafting reaction, solid-state
*Si MAS-NMR analysis of CS-(Im),ZnBr, was carried out. As shown
in Fig. 5, two peaks, centered at —102 and —111 ppm, correspond-
ing to Q, [Si(OSi),(OH)] and Q, [Si(OSi),] silicon atoms, respectively,
were observed. The peaks situated at —78.8, —67.4, and —59.8 ppm
were assigned to T [Si(OSi),R], T, [Si(OSi),R(OH)], and T, [Si(OSi),
R(OH),] organosiloxanes, indicating incorporation of the MIL func-
tional moiety into the CS [25,28,38].

The XPS N 1s and Br 3d spectra of CS-(Im),ZnBr,, shown in
Figs. 2 and 3, respectively, had an N 1s peak at 401.4 eV from posi-

Catal CHNO from elemental analysis Amount of MIL*
atalyst

Y C (wt%) N (wt%) O (wt%) H (wt%) (mmol/g)
PS-(Im),ZnBr, 63.88 3.68 241 - 0.66
CS-(Im),ZnBr, 41.36 7.78 38.15 - 1.4
CH-(Im),ZnBr, 23.47 30.54 3.48 5.52 1.12
Chitosan 40.3 42.88 7.2 6.92 -

“Amount of MIL immobilized onto support

Korean J. Chem. Eng.(Vol. 31, No. 6)



976 D.-W. Kim et al.

Q,

Q, = Si(0Si),(OH), ,
T, = Si(0Si),(OH), ,

0 -50 -100 -150 -200
Chemical shift (ppm)

Fig. 5. ”Si solid state NMR spectra of (a) commercial silica, (b) CS-
(Im),ZnBr,.

tively charged nitrogen and a Br 3d peak at 68.1 ¢V from nega-
tively charged bromide ions. The amount of grafted MIL was de-
termined based on elemental analysis. The amount of grafted MIL,
based on nitrogen, was calculated to be 1.4 mmol per gram of CS
(Table 1). These results indicate that the MIL was successfully grafted
onto the CS surface, as shown in Scheme 2.

1-3. CH-(Im),ZnBr,

The successful covalent immobilization of the MIL based on Zn-
imidazolium bromide on the CH surface was confirmed using FT-
IR and XPS analysis. As shown in Fig. 6, a broad peak at 3,500
cm', assigned to O-H and N-H stretching vibrations [29,33], and a

(a)

(b)

Transmittance

1 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Fig. 6. FT-IR spectra of (a) chitosan, (b) CH-(Im),ZnBr,.
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Table 2. Reactivity of S-(Im),ZnBr, catalysts on the synthesis of
GC by glycerolysis of urea

Catalyst X (%) Sec(%) Yeo(%) TON
PS-(Im),ZnBr, 658 723 476 156.8
CS-(Im),ZnBr, 553 58.8 32.5 58.9
CH-(Im),ZnBr,  57.6 61.0 35.2 68.3

Reaction conditions: Urea=50 mmol, Glycerol=50 mmol, Cat.=5 wt%
of glycerol, Temp.=140 °C, Degree of vacuum=14.7 kPa, Reaction
time=6 h

“TON=(mole of GC)/(mole of MIL)

peak at 1,660 cm™, corresponding to C-O stretching, were observed
in the spectra of both CH and CH-(Im),ZnBr,. However, four peaks
at 1,610, 1,430, 1,155, and 1,070 cm™', associated with stretching
frequencies of the imidazolium ring, were only present in the CH-
(Im),ZnBr, spectrum.

The XPS N 1s spectrum of CH-(Im),ZnBr, contained peaks at
398.8 and 401.5 eV (Fig. 2), arising from the amine groups of CH
and imidazolium N, respectively [30,32]. The XPS Br 3d peak at
68.5 eV (Fig. 3) was assigned to negatively charged bromide ions.
These results confirm that the structure of the CH-(Im),ZnBr, cata-
lyst is as shown in Scheme 3. The elemental analysis results for CH
and CH-(Im),ZnBr, are shown in Table 1. The Zn-IL loading for
CH-(Im),ZnBr, was calculated, based on Zn-Br,, to be 1.12 mmol
per gram of CH.

2. Comparative Activities of Different S-MIL Catalysts

To investigate the effects of different S-MIL catalysts on the glyc-
erolysis of urea, PS-(Im),ZnBr,, CS<(Im),ZnBr,, and CH-(Im),ZnBr,
were examined under a vacuum pressure of 14.7 kPa for a reaction
time of 6 h at 140 °C. The data in Table 2 show that the glycerol
conversions and turnover number (TON) of GC increased in the
order CS~(Im),ZnBr,<CH-~(Im),ZnBr,<PS-(Im),ZnBr,. We conclude
that the CH- and CS-supported MILs have lower activities because
of the more hydrophilic nature of the supports. It was clear from
our previous study [26] that the hydrophilic character of the cata-
lyst assists the adsorption of hydrophilic glycerol on the catalyst.
However, too many hydroxyl groups on the surfaces of CS and CH
may inhibit interactions between the active centers on the Zn-imida-
zolium bromide of the S-MIL and glycerol. In contrast, PS, which
is hydrophobic, exposes the active centers to the glycerol substrate
much more efficiently.

The activation energies of the S-MIL catalysts for glycerolysis
of urea were calculated, to confirm the results of the comparison of
the catalytic activities. The glycerolysis of urea to GC can be divided
into two steps, as shown in Scheme 5: First, an intermediate is syn-
thesized from urea and glycerol; then the intermediate is converted
to GC [15,16]. For the synthesis of GC from urea and glycerol, the
following elementary reaction steps are proposed, where G is glyc-
erol, U is urea, [ is the intermediate, A is NH;, and GC is glycerol
carbonate.

k

—— ]+ A 1))

K

G+U

ky

I GC+A Q)

ki, ki and k, are the reaction rate constants. Assuming that the first
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Scheme 5. Proposed reaction steps for the glycerolysis of urea to
produce glycerol carbonate.

step is at equilibrium and the next step is the rate-determining step,
the rates of reaction of each step can be written as

1=k, CCy—kiC/,Cy 3
1dC
n=k,C;= W dth ©)]

W is the amount of catalyst and t is reaction time.
The concentration of each material can be described in terms of
glycerol conversion (X) as follows:

Co=Cs(1-X0) @)
Cy=Cy(1-X¢) ©)
Coc=C6Xg ™
Ca=2C6X¢ @®
2
By applying Egs. (5)-(9), Eq. (4) can be rewritten as
rz=Cvﬁ"d(i6=kz[Klzcu’(l_><iG)z} 10
Ki=[CgcChl [CCrl =k /k]
Rearranging Eq. (10) gives
%JMZW-R-Q%GEE (wherek, kK, R=Co/C) (1)
Integration of Eq. (11) from t=0 to t gives
2 [ln(l—XG)+ I —1}:1(“ ¢ (12)
WR, (1-X¢) PP

The slope of the linear plot of the left-hand side of Eq. (12), f{iX,),
versus time, can be used to estimate the approximate reaction rate
constant k,,,. The glycerolysis of urea was carried out using 5 wt%
of catalyst based on glycerol, 50 mmol of glycerol, and 50 mmol
of urea at 120-140 °C for 14 h.

The variations in glycerol conversion during the reactions with
different S-MIL catalysts at different temperatures are shown in Fig.
7. Fig. 8 shows plots of f{X;) versus time for different S-MIL cata-
lysts; the linear plot data fit the simulated kinetic equation well. The
reaction rate constants of different S-MIL catalysts are listed in Table
3. It is obvious that the reaction temperature has a strong effect on
the reaction rate constant. The order of the approximate reaction
rate constants for the immobilized catalysts was PS-(Im),ZnBr,>

(a) 07
PS-(Im),ZnBr,
06
S ost
e
g
Z 04r
[=]
(%]
T o03f
Q
Q
= o2t
o ® 140°%
¢ 130°C
0.1 = 120°C
0.0 -
0 1 2 3 4
Time (h)
(b) o7
CS-(Im),ZnBr,

Glycerol conversion

0 1 2 3 s
Time (h)

CH-(Im),ZnBr,

Glycerol conversion

0 1 2 3 ‘
Time (h)

Fig. 7. Variation of glycerol conversion with time at different tem-
peratures: (a) PS<(Im),ZnBr,, (b) CS-(Im),ZnBr,, (c) CH-
(Im),ZnBr,.

CH-(Im),ZnBr,>CS-~(Im),ZnBr,. PS-(Im),ZnBr, showed the high-
est activity probably because of its well-balanced acid-base proper-
ties [39]. Lewis acid sites activate the carbonyl group of urea and
Lewis base sites activate the hydroxyl group of glycerol.

The relationship between the reaction rate constant k,, and the
absolute temperature obeys the Arrhenius equation:

kapp:A eXp (Eapp/RT) (13 )
Korean J. Chem. Eng.(Vol. 31, No. 6)
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Fig. 8. Linear plot of f(X;) versus time at different temperatures:
(a) PS~(Im),ZnBr,, (b) CS<Im),ZnBr,, (c) CH-(Im),ZnBr,.

where E,,, is the approximate activation energy, A is a constant known

as the pre-exponential factor, and T is the Kelvin temperature. The
logarithmic form of Eq. (13) is

Ea
Ink,,, =~ —li-fi? +InA (14)

June, 2014

Table 3. Approximate reaction rate constants and activation en-
ergies

Temperature Rate constant, k,,, (molh™'g™)
() PS-(Im),ZnBr, CS-(Im),ZnBr, CH-(Im),ZnBr,
120 0.1491+0.0034  0.0826+0.0035 0.0954::0.0041
130 0.4816+0.0113  0.2626+0.0064 0.4424+0.0193

140 1.2315+0.0439 0.9733+0.0395 1.0571+0.0393
E,, (kJ/mol)  142.9+7.1 166.7+8.4 163.0+£6.9
05
O PS-(Im),ZnBr,
oor O CS-(Im),ZnBr,
sl \ A CH-(Im),ZnBr,
2 1.0
xﬂ
£ st
20} \_ ..
SN A
25 £l

0.00242 0.00244 0.00246 0.00248 0.00250 0.00252 0.00254
1T (1/K)

Fig. 9. Arrhenius plots of S-(Im),ZnBr,.

Table 4. Recycle test of S-(Im),ZnBr, catalysts

Catalyst Run X, (%) Sec (%) Yoc (V)
PS-(Im),ZnBr, 1 65.8 72.3 47.6
2 63.9 71.4 45.6
3 60.8 70.7 43.0
4 55.3 70.1 38.8
CS-(Im),ZnBr, 1 553 58.8 325
2 458 56.9 26.1
3 21.7 55.4 12.1
CH-(Im),ZnBr, 1 57.6 61.0 352
2 57.2 47.1 26.9
3 53.5 47.0 25.1
4 52.5 46.5 24.4

Reaction conditions: Urea=50 mmol, Glycerol=50 mmol, Cat.=5 wt%
of glycerol, Temp.=140 °C, Degree of vacuum=14.7 kPa, Reaction
time=6 h

The relationships between the Ink,,, values of different S-MIL
catalysts and 1/T are shown in Fig. 9; these were subjected to linear
regression. The activation energies were obtained by plotting Ink,,,
versus 1/T, and the results are listed in Table 3, with the standard
deviations. The order of the approximate activation energies is PS-
(Im),ZnBr, (142.9 kJ)<CH~(Im),ZnBr, (163.0 kJ)<CS~(Im),ZnBr,
(166.7 kJ); these results are consistent with the experimentally ob-
tained activity order of the different S-MIL catalysts.

The stabilities of the catalysts were tested by reusing them four
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Fig. 10. Thermogravimetric analysis (TGA) of S-(Im),ZnBr, cat-
alysts.

times, after separation from the reaction mixture at each experimen-
tal run, without reactivation (Table 4). The PS-(Im),ZnBr, and CH-
(Im),ZnBr, catalysts maintained their activities, showing less than
20% loss of their initial activity after the fourth run. However, CS-
(Im),ZnBr, could only be reused twice. This could be explained by
the relatively low thermal stability of CS-(Im),ZnBr,, as shown by
TGA experiments (Fig. 10).

CONCLUSIONS

Three different S-MIL catalysts were synthesized and character-
ized by using various physicochemical methods. The S-MIL cata-
lysts showed good catalytic activity for the synthesis of GC from
urea and glycerol under mild reaction conditions. Detailed kinetic
experiments and models for the reaction system over different S-
MIL catalysts were developed, and a two-step reaction mechanism
was proposed. The order of the approximate reaction rate constants
for the immobilized catalysts was PS-(Im),ZnBr,>CH-(Im),ZnBr,>
CS~(Im),ZnBr,. The highest activity of PS-(Im),ZnBr, was consid-
ered to be due to its well-balanced acid-base properties. The cata-
lyst can be reused with high possibility of easy recovery.
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