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Various quaternary ammonium salt (QX) ionic liquids immobilized onto montmorillonite clay (Q-MMT)
were prepared by ion-exchange reaction between the tetra-alkyl ammonium salts and ions in the clay
interlayer. The Q-MMTs were characterized by elemental analyses, nitrogen adsorption-desorption, XRD,
13C and ?’ AINMR, TGA, FT-IR, and HRTEM. The d-spacing of the Q-MMTs increased with increasing alkyl

chain lengths, however, the surface areas decreased by immobilizing QX onto MMTs. The Q-MMTs showed
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good catalytic activity for the synthesis of glycerol carbonate from glycerol and urea. The effects of the
ionic liquid cation structure, and reaction parameters, such as temperature and degree of vacuum, on the
performance of Q-MMTs were also discussed. The catalyst could be reused in up to four consecutive runs
without any considerable loss of activity.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The biodiesel has proved its value as a fuel for diesel engines and
isrenewable and clean [1-3]. Due to the rapid increase in the use of
biodiesel and the sharp decrease in glycerol prices, glycerol has the
potential to become a major platform chemical and has been iden-
tified as an important building block for future biorefineries by the
DOE [4]. Glycerol carbonate (GC), which can be synthesized from
glycerol, is a new and interesting material in the chemical indus-
try [5]. It attracts much attention because of its low toxicity, good
biodegradability, and high boiling point. It has been investigated
as a novel component of gas separation membranes, polyurethane
foams [6], a surfactant component [7], a nonvolatile reactive sol-
vent for several types of materials, and a component in coatings,
paints, and detergents.

The main methods for the preparation of GC involve the reaction
of glycerol with (a) a carbon source (phosgene, a dialkyl carbonate,
or an alkylene carbonate), (b) carbon monoxide and oxygen or car-
bon dioxide, or (c) urea. Traditionally, GC has been prepared by
the reaction of glycol with phosgene; however, because of the high
toxicity and corrosive nature of phosgene, alternative preparative
methods for GC, such as glycerolysis of urea, have been explored
[8-10].

* Corresponding author. Tel.: +82 51 510 2399; fax: +82 51 512 8563.
E-mail address: dwpark@pusan.ac.kr (D.-W. Park).

0920-5861/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cattod.2013.10.009

The major advantage of the glycerolysis of urea is that the reac-
tant, urea, is readily available and inexpensive. In addition, the
ammonia formed can be easily converted to urea in the presence
carbon dioxide. Several catalysts have been used, mainly based
on metal oxides of variable basicity [8-10]. However, these cata-
lysts are difficult to separate from the reaction mixture, because
they dissolve in the reactants or are converted into micropow-
ders.

Montmorillonite (MMT) is a 2:1 layer mineral of hydrated
aluminum silicate, where the anionic charge of the aluminosil-
icate layer is neutralized by the intercalation of compensating,
exchangeable cations (e.g., Na*, Ca*, and Mg?*), and their coor-
dinated water molecules. Montmorillonites are highly reactive
with a variety of organic molecules interacting through electro-
static interactions (e.g., ion exchange), secondary bonding (e.g.,
adsorption of neutral species), or covalent bonding (e.g., graft-
ing) to produce novel compounds [11,12]. The interactions of
MMTs with different organic molecules have been reviewed by
Ruiz-Hitzky et al. [13]. In the modification of MMTs by ion
exchange, the interlayer-accessible compensating cations can be
exchanged with a wide variety of hydrated inorganic or organic
cations including those of amines or quaternary ammonium
salts, as well as oxonium, sulfonium, phosphonium, and more
complex cationic species such as methylene blue and cationic
dyestuffs [11,14,15]. Important incentives were the improvement
of the thermal stabilities of the organoclays and the preparation
of nanocomposites with enhanced flame retardant character-
istics. However, only limited work has been reported for the
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catalytic applications of the ionic liquids (ILs) immobilized on MMT
[16].

Ionic liquids are proven to be environmentally benign media for
catalytic processes or chemical extraction [17]. ILs have negligible
vapor pressure, excellent thermal stability, and special character-
istics as opposed to conventional organic and inorganic solvents.
Quaternary ammonium salts are some of typical ILs. They can be
widely used as catalysts in many organic syntheses [18-20].

We studied the performance of immobilized ILs on MCM-41 or
Merrifield peptide resin for the synthesis of GC [21,22]. However,
the use of expensive pore-directing agents and large amounts of
organic solvents for template removal make these catalysts imprac-
tical for commercial production. Moreover, the ordering of the
mesopores often decreases because of the use of such agents and
solvents. These findings emphasize the need for a low-cost and
commercially viable type of clay as a support.

In this study, ammonium salt type ILs were ion-exchanged with
a commercial MMT to investigate the performance of this hetero-
geneous catalyst in the synthesis of GC from glycerol and urea. The
effects of the ionic liquid cation structure, reaction time, tempera-
ture, and degree of vacuum are discussed for a better understanding
of the reaction mechanism. A recycle test of Q-MMT was also per-
formed to assess the stability of the catalyst.

2. Experimental procedures
2.1. Materials

Na*-MMT, a hydrated aluminum silicate with sodium as the pre-
dominant exchangeable cation (trade name: Kunipia-F, Kunimine
Industrial Company), is obtained in powder form with a typical par-
ticle size of less than 2 wm. The cation exchange capacity (CEC) of
Na*-MMT, as reported by the supplier, is 120 mequiv./100 g clay
and the pH value of a 10% aqueous suspension is 10. lonic lig-
uids are used for the modification of MMT by ion exchange, which
included tetrabutylammonium chloride (TBAC), tetrahexylammo-
nium chloride (THAC), tetraoctylammonium chloride (TOAC), and
tetradodecylammonium chloride (TDAC). They were obtained from
Sigma-Aldrich and were used as obtained.

2.2. Preparation of Q-MMT

Quaternary ammonium salts embedded MMT hybrids (referred
to hereafter as Q-MMT) with different alkyl chain lengths were pre-
pared by the ion-exchange method. In a 250-mL beaker, MMT-Na*
(1.0 g, 1.2 mequiv./g) was placed and 100-mL deionized water was
added. The mixture was vigorously stirred with a magnetic stirrer
and heated to 30°C to obtain a swollen Na*-MMT slurry. In a sep-
arate vessel, the quaternary ammonium salts (QX, 1.2 mmol) were
dissolved in 20 mL ethanol and then poured into the vessel con-
taining the Na*-MMT slurry. The mixture was stirred vigorously at
30°C for 12 h and then allowed to cool to room temperature. The
solid product was collected and washed thoroughly with deionized
water to remove unreacted QX. The end product, Q-MMT, was dried
at 60 °C for 24 h before analysis.

2.3. Characterization

Fourier transform infrared spectra (FT-IR) of untreated clays,
QX, and modified clays were obtained using a Bruker AM GMBH
(960981(A)). The percentage nitrogen in the untreated and mod-
ified MMTs was determined using a Vario-EL III CHN Elemental
Analyzer, which involved combustion in a pure oxygen environ-
ment to convert the sample elements to simple gases such as
CO,, Hy0, and N,. Wide-angle X-ray diffraction (WXRD) with a
Rigaku D/Max 2500 diffractometer with Cu-Ka radiation (40kV,

Table 1

Elemental analysis results of immobilized IL onto MMT.
Catalyst CHNO from elemental analysis N-content?

(mmol/g)
C (wt%) H (wt%) N (wt%) 0 (wt%)

MMT 0.26 1.43 0.56 9.29 -
TBA-MMT 11.64 3.18 1.08 9.86 0.77
THA-MMT 20.40 4.44 1.20 8.18 0.86
TOA-MMT 30.94 6.19 1.36 7.34 0.97
TDA-MMT 39.17 7.40 1.20 6.97 0.86

2 Amount of ionic liquid immobilized onto MMT.

50mA) was used to calculate the d-spacing of the samples. The
pore morphology of the samples was examined by high-resolution
transmission electron microscopy (HRTEM) on a Jem-3010 with
an accelerating voltage of 200 kV. The samples were prepared by
ultrasonic dispersion, using absolute alcohol as a solvent.

Solid-state 27 Al MAS-NMR experiments were performed over
a Bruker DSX-300 spectrometer at a frequency of 78.19 MHz. A
standard 4-mm double-bearing Bruker MAS probe was used for
all experiments. The nitrogen adsorption-desorption isotherms of
the samples at the temperature of liquid nitrogen were measured
by using a BET apparatus (Micromeritics ASAP 2020).

2.4. Synthesis of glycerol carbonate from glycerol and urea

In the synthesis of GC, the reaction of glycerol with urea was
performed in a 50-mL autoclave reactor equipped with a mag-
netic stirrer. For each typical reaction, the Q-MMT catalyst, glycerol
(50 mmol), and urea (50 mmol) were charged into the reactor.
When the desired temperature was attained, the reaction was ini-
tiated by stirring under vacuum or under nitrogen purging. The
products and reactants were analyzed by a gas chromatograph (HP
6890N) equipped with an FID and a capillary column (HP-5, 5%
phenyl methyl siloxane). Tetraethylene glycol was used as an inter-
nal standard. The selectivity to GC was measured on the basis of
glycerol as a limited reactant.

3. Results and discussion
3.1. Characterization of the Q-MMT

Elemental analysis data of MMT ion-exchanged with different
tetra-alkyl ammonium chlorides (TBAC, THAC, TOAC, and TDAC)
are listed in Table 1. The amount of attached QX was in the range
of 0.20-0.88 mmol/g, indicating that the QX was effectively immo-
bilized on the MMT by ion exchange. The amount of attached QX
increased with an increase in the length of alkyl chains, for exam-
ple, from butyl (TBA-MMT) to dodecyl (TDA-MMT), probably due
to the increase in the interlayer distance of the MMT.

WXRD results for MMTs modified with ILs are presented in Fig. 1.
Because the used samples were randomly oriented powders, the
X-ray powder diffraction patterns showing the basal (00 1) reflec-
tion are one of the main identification sources for the clay group.
Compared to the unmodified MMT, the d-spacing of the Q-MMT
shifted to lower diffraction angles due to the presence of the qua-
ternary salt. The angle 20 shifted to the left with the increasing alkyl
chain length from TBA-MMT (d) to TDA-MMT (a). As indicated in
Table 2, TDA-MMT having the bulkiest cation showed the largest
interlayer distance of 3.51 nm. Kim et al. [11] also reported that the
d-spacing increased from 1.28 to 1.61 nm when a propyl group was
substituted with a butyl group in the case of MMT modified with
alkyl-3-methylimidazolium halide.

The N, adsorption-desorption isotherm for THA-MMT is shown
in Fig. 2. The presence of mesopores is confirmed. The BET surface
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Fig. 1. X-ray diffraction of immobilized quaternary ammonium salts onto MMT.
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(c) THA-MMT
(d) TBA-MMT
(e)mMmT

(b)

2 Theta

Surface area and d-spacing of Q-MMT.

Catalyst Surface area (m?2/g) d-spacing (A)
MMT 20.5 11.8
TBA-MMT 10.8 16.9
THA-MMT 9.7 219
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Fig. 2. N, adsorption-desorption isotherm for THA-MMT.
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Fig. 3. FT-IR of immobilized quaternary ammonium salts onto MMT.

areas of the different QX-MMTs are summarized in Table 2. The ini-
tial clay MMT exhibited a surface area of 20.5 m2/g. The surface area
decreased when the quaternary salt was ion-exchanged with MMT.
It decreased from 10.8 to 2.6 m2/g with the increasing alkyl chain
length from TBA-MMT to TDA-MMT, probably because the quater-
nary salts were bound to the clay matrix within the interlamellar
space [23].

A comparison of the FT-IR spectra of unmodified MMT and Q-
MMT is shown in Fig. 3. In the spectrum of MMT, the Si—0 and Al-O
bonds are observed at 1044 and 620 cm™!, respectively. The peak
at 1650 cm~! and at around 3600 cm~! are assigned to the bending
mode of absorbed water [24] and the hydroxyl group [11], respec-
tively. The spectrum of TDA-MMT shows peaks for the quaternary
ammonium functional group in between 1000 and 1650 cm~!. The
peak at around 2800-3000 cm~! corresponds to the long hydrocar-
bon chains. The infrared spectrum of TDA-MMT also shows peaks
near 1460cm~! that were assigned to C—C and C—N stretching
vibrations [11]. The FT-IR spectra indicate the presence of the qua-
ternary ammonium salt in TDA-MMT.

Fig. 4 shows the 13C{H} CP MAS NMR spectra of TDA-MMT (§ =18
(1),20-40 (b-k),58-62(a)). The spectrum of TDA-MMT shows peaks
for the quaternary ammonium functional group in between 18 and
62 ppm. The peak at around 20-40 ppm corresponds to the long
alkyl chains. The peak at 62 ppm is assigned to the carbon atoms
directly adjacent to the ammonium nitrogen. The terminal carbon
atoms (—CH3) in the alkyl chain exhibited the peak at 18 ppm.

HRTEM images of MMT and TDA-MMT are shown in Fig. 5. The
clay layers are indicated as solid dark lines and the pores appear in
lighter contrast between the layers. The image of MMT shows that
the sheets are arranged close together, and the TDA-MMT image
confirms that the layered structure maintained after ion-exchange
of TDA with MMT.

The 27Al MAS NMR chemical shifts for MMT and Q-MMT are
depicted in Fig. 6. The NMR showed two resonances at approxi-
mately 0 and 70 ppm representing Al in octahedral and tetrahedral
coordination, respectively [25,26]. MMT exhibited an octahedral
Al resonance at 3.1 ppm and a tetrahedral resonance at 69.9 ppm.
A slight change in octahedral chemical shift was because of the
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Fig. 4. Solid 13C CP MAS NMR spectra of TDA-MMT.

presence of Fe [23]. Immobilization of QX onto MMT resulted in
a slight shift of the tetrahedral Al peak to the right by 1.6 units,
keeping the octahedral peak almost constant. Thus, during the
immobilization of QX by the ion-exchange, the quaternary salts
mainly interacted with the tetrahedral Al

The X-ray photoelectron spectroscopy (XPS) results of Q-MMT
are shown in Table 3. The peak of Na 1s at 1071.3 eV for MMT
itself disappeared when quaternary ammonium salts were ion-
exchanged with MMT, which confirms the successful ion-exchange
of the quaternary cations with Na* ions of MMT.

Thermogravimetric analysis (TGA) curves of pure MMT and Q-
MMT catalysts are shown in Fig. 7. All the Q-MMT showed good
thermal stability up to 200 °C, which is much higher than the reac-
tion temperature for the synthesis of GC from glycerol and urea.
The order of thermal stability of Q-MMT is MMT > TBA-MMT > THA-
MMT > TOA-MMT > TDA-MMT. The results are in general agreement
with those of Awad et al. [27] where the thermal stability of tri-
alkylimidazolium salt decreases as the length of the alkyl group
attached to nitrogen increases.

3.2. Performance of Q-MMT catalysts

Despite the apparent simplicity of the reaction of glycerol with
urea, this reaction can take a large number of possible pathways
[28]. The accepted mechanism for the reaction involves two steps
(Scheme 1): Step 1: The carbamoylation of glycerol to glycerol car-
bamate (3) with the liberation of one mol of ammonia. This step

Table 3
XPS analysis of immobilized quaternary ammonium salts onto MMT.

Binding energy (eV)

MMT TBA-MMT THA-MMT TOA-MMT TDA-MMT
Al2p 73.12 71.67 71.15 71.34 72.57
Nals 1071.33 - - - -
N1s 402.1 398.99 399.52 400.02 401.26
Si2p 101.37 99.39 99.07 99.25 100.52

g 1",
< irg it
s race O LN N 54

Fig. 5. HRTEM images of MMT (a) and TDA-MMT (b).

occurs at a higher reaction rate than the second step. Step 2: The
carbonylation of the glycerol carbamate to GC (4) with elimina-
tion of a second mol of ammonia [29]. Glycerol carbamate can
also produce 4-(hydroxymethyl)oxazolin-2-one (5) by a parallel
reaction. The GC further reacts with a mol of urea to form (2-oxo-
1,3-dioxolan-4-yl)methyl carbamate (6).

13C{H} CP MAS NMR (Fig. 8) confirmed the presence of GC,
the intermediate 2,3-dihydroxypropyl carbamate (glycerol carba-
mate), and byproducts 4-(hydroxymethyl)oxazolin-2-one (5) and
(2-0x0-1,3-dioxolan-4-yl)methyl carbamate (6).

The time-variant conversion of glycerol and the selectivity to GC
and glycerol carbamate (3) and byproduct (5) and (6) are presented
in Fig. 9 for TDA-MMT at 145°C under a vacuum of 14.7 kPa. The
conversion increased continuously up to 6 h; however, the selec-
tivity to GC showed a maximum at 3 h and decreased at a longer
reaction time due to the formation of the byproduct (6) by the con-
secutive reaction between GC and urea. The selectivity of byproduct
(5) was less than 5%.

The conversion of glycerol, selectivity, and yield of GC for Q-
MMT of different alkyl chain lengths are summarized in Table 4,
under a vacuum pressure of 14.7 kPa after 3 h of reaction at 145°C.
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Fig. 6. Solid 27Al MAS NMR spectra of immobilized quaternary ammonium salts
onto MMT.

Table 4
Effects of alkyl chain structure on the reactivity of Q-MMT.
Run Catalyst Conversion (%) Selectivity (%) Yield (%)
1 TDA-MMT 53.3 78.7 42.0
2 TOA-MMT 53.2 70.8 37.7
3 THA-MMT 534 62.1 331
4 TBA-MMT 441 54.9 24.2
5 MMT? 21.6 325 7.0
6 TBAC® 52.1 54.1 28.0

Reaction conditions: glycerol=50 mmol, urea=50mmol, catalyst=0.23g (5wt%),
reaction time =3 h, temperature = 145 °C, degree of vacuum = 14.7 kPa.

a MMT=0.23g.

b TBAC=0.18 mmol.
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Fig. 7. Thermogravimetric analysis of immobilized quaternary ammonium salts
onto MMT.

When the alkyl chain length changed from butyl (TBA-MMT) to
dodecyl (TDA-MMT), the yield of GC also increased, because the
electron-donating ability of the dodecyl group was stronger than
that of the butyl group, and hence, the electron density was concen-
trated around the center of the active site in TDA-MMT. Increasing
the bulkiness of the alkyl chain forces the oxygen anion away from
the cation more easily, thereby resulting in less electrostatic inter-
action between the anion and the cation [30,31]. These results are
in good agreement with the previous reports on the effects of the
alkyl chain length [30-33]. MMT itself showed very low yield of GC.
The homogeneous TBAC catalyst with equal amount of active site
as TBA-MMT exhibited a little higher yield of GC than the hetero-
geneous TBA-MMT catalyst did.

The effects of reaction temperature on the synthesis of GC with
TDA-MMT as the catalyst are shown in Fig. 10. The conversion
of glycerol increased as the temperature increased from 80 to
160 °C. However, the selectivity to GC increased with temperature,

o]

i A
)k o [o]
HO/\/\O NH, —»
OH
OH

Glycerol carbonate (4)

|

(o}

OH

NH,

(2-oxo0-1,3-dioxolan-4-yl)methyl carbamate (6)

Scheme 1. Possible reaction steps for the glycerolysis of urea.
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Fig. 8. 'C MAS NMR spectra of the reaction mixture obtained after 3h reac-
tion (catalyst=5wt%, T=145°C, P=14.7kPa). Key: (1)=glycerol; (2)=glycerol
carbonate; (3)=4-(hydroxymethyl)oxazolidin-2-one; (4)=(2-oxo0-1,3-dioxolan-4-
yl)methyl carbamate. Small unlabelled peak belongs to an impurity.

reaching a maximum at 145 °C and decreased sharply at temper-
atures higher than 150°C, probably because of the formation of
(2-0x0-1,3-dioxolan-4-yl)methyl carbamate [34] or the polymer-
ization of GC and/or glycerol.

The effects of the degree of vacuum on the reactivity of the
immobilized catalyst TDA-MMT are presented in Table 5. The
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Fig. 9. The effect of reaction time on the synthesis of glycerol carbonate from glyc-
erol and urea in the presence of TDA-MMT. (Reaction conditions: glycerol = 50 mmol,
urea=50mmol, catalyst=0.23g (5wt%), temperature=145°C, degree of vac-
uum=14.7 kPa.)
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Fig. 10. The effect of reaction temperature on the synthesis of glycerol carbonate
from glycerol and urea in the presence of TDA-MMT. (Reaction conditions: glyc-
erol =50 mmol, urea=50 mmol, catalyst=0.23 g (5 wt%), reaction time =3 h, degree
of vacuum = 14.7 kPa.)

conversion of glycerol increased as the degree of vacuum increased
from 53.3 to 3.3 kPa. A high degree of vacuum could enhance the
removal of the formed ammonia gas, thereby resulting in the accel-
eration of the forward reaction of glycerol and urea. The selectivity
to GCincreased continuously when the degree of vacuum increased
from 53.3 to 3.3 kPa, because a high degree of vacuum may inhibit
the backward decomposition of GC to glycerol and the polymeriza-
tion of GC and/or glycerol. It is also interesting to note that nitrogen
purging of ammonia is as effective as operation under a high degree
of vacuum. The TDA-MMT (Table 5, run 5) showed higher yield of
GC than the gold-based heterogeneous catalysts at 150 °C under
nitrogen flow [28].

The above findings together with the results of previous stud-
ies [22,28,29,35,36] suggest that the good catalysts for the reaction
between glycerol and urea should possess both Lewis acidity and
basicity, for the activation of carbonyl group of urea and hydroxyl
group of glycerol, respectively. In this regards, for the reaction of
glycerol and urea with Q-MMT catalysts, Lewis acidic quaternary
ammonium cation can activate the urea and Lewis basic oxygen
anion in the MMT activate the glycerol. The role of the quaternized
functional group in the glycerolysis of urea was proposed by Park
et al. [35], who used FT-IR and 'H NMR analysis to demonstrate
that there were strong hydrogen bonding interactions between

Table 5
Effects of pressure on the reactivity of TDA-MMT.
Run Degree of vacuum (kPa)  Conversion (%) Selectivity (%)  Yield (%)
1 33 59.1 79.0 46.7
2 14.7 533 78.7 42.0
3 26.6 50.2 67.7 34.0
4 533 48.4 54.3 26.3
5 N, purge (150 mL/min) 57.9 81.2 47.0

Reaction conditions: glycerol=50mmol, urea=50mmol, catalyst=0.23g (5wt%)
TDAC-MMT, reaction time =3 h, temperature =145°C.
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Fig. 11. Recycle test of TDA-MMT. (Reaction conditions: glycerol/urea molar
ratio=1, catalyst=5wt%, reaction time=3h, temperature =145 °C, degree of vac-
uum = 14.7 kPa.)

the hydroxyl group of glycerol and the chloride anion of NH,4CI.
However, Fujita et al. [36] reported a homogeneous reaction mech-
anism for solid zinc catalysts, where a complex of a Zn atom
coordinated with N=C=0 was considered as the active species of
the glycerolysis of urea. Therefore, for heterogeneous catalysts, the
role of the support should be further studied more in detail for the
illumination of the exact reaction mechanism.

Recycling experiments were performed to investigate the sta-
bility of the Q-MMT. In each cycle, the used catalyst was separated
by filtration, washed with methanol to remove the products adher-
ing to the surface of catalyst, dried at room temperature, and then
reused directly for the next run without regeneration. The activ-
ity of the reused Q-MMT catalyst is shown in Fig. 11. Although the
conversion of glycerol decreased slightly, the selectivity to GC was
almost the same as before. This indicates that the catalyst can be
reused at least up to four consecutive times without any consider-
able loss of its activity.

4. Conclusions

Quaternary ammonium salts were successfully immobilized
onto MMT through ion-exchange reaction. In the synthesis of GC
from glycerol and urea, Q-MMT showed good catalytic performance
even in the absence of any solvent. Q-MMT with long alkyl chain
structures exhibited better reactivity for the synthesis of GC. High
temperature, long reaction time, and a high degree of vacuum were
favorable for the high conversion of glycerol. Q-MMT can be easily

recovered and reused without any considerable loss of their initial
activity.
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