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Immobilized ionic liquid/zinc chloride: Heterogeneous catalyst for
synthesis of cyclic carbonates from carbon dioxide and epoxides
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Abstract

Chemical fixation of carbon dioxide with epoxides to form cyclic carbonates proceeds very effectively under mild conditions by using immobilized
ionic liquid catalyst in conjunction with zinc chloride without any organic solvents. The reaction temperature, carbon dioxide pressure, effects of
different metallic complexes and the amount of immobilized ionic liquid were investigated. The optimum reaction conditions were 110 ◦C and
1.5 MPa, and the catalyst system was recycled and reused.
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. Introduction

The conversion of carbon dioxide to industrially useful com-
ounds has been a challenge for synthetic chemists and has
ecently attracted much interest in view of the so-called “sus-
ainable society” and “green chemistry” concepts. As a potential
athway for the effective utilization of carbon dioxide as a non-
oxic and cheap C1 building block in organic synthesis, the
ynthesis of valuable alkylene carbonates via coupling reactions
f carbon dioxide and epoxides has attracted much attention due
o the great importance in industry. Significance, cyclic carbon-
tes can be used in many applications areas such as aprotic polar
olvents, monomers, valuable raw materials and intermediates
n the production of pharmaceutical and fine chemicals [1–8].

Although many phosgene-free processes for the synthesis
f corresponding five-membered cyclic carbonates have been
eported [9–14], the reaction of epoxides with carbon dioxide has
lso attracted much attention. In the last decades of the 20th cen-
ury, numerous catalytic systems [15–20] have been developed
or the coupling of carbon dioxide and epoxides, such as alkali
etal salts [21], alkali metal salts combined with crown ethers or

MgO [24] or Mg–Al mixed oxides [25], ionic liquid [26–31],
pophyrin [32], transition-metal complexes [33–44], phenol- and
organic-based or sodium iodide [45,46], phthalocyanine [47],
polyoxometalate [48] and supercritical carbon dioxide [49–53].
However, currently all these catalysts suffer from low catalytic
activity and/or selectivity, low stability; a co-solvent is needed,
and high pressure and/or high temperature are required. Devel-
opment of a highly efficient and environmentally benign catalyst
system for the chemical fixation of carbon dioxide with epox-
ides under mild conditions still remains a challenge. At the same
time, the major problem associated with most homogenous cat-
alyst systems is the separation of catalysts from the reaction
mixture and the recycling of the catalyst.

Although the ability of ionic liquid has been demonstrated
successfully in the chemical fixation carbon dioxide, the chem-
ical industry still prefers to use heterogeneous catalyst system,
because of the ease of separation and the possibility to use a
fixed-bed reactor, a solid catalyst is highly advantageous for the
chemical fixation of carbon dioxide. On the basis of economic
criteria and possible toxicological concerns, a new method is
to immobilize ionic liquid onto solid supports. Recently, the
uaternary ammonium salts [22], organoantiomony halide [23],
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immobilization of ionic liquid has been successfully used for the
hydroformylation [54], hydrogenation [55] and Friedel-Crafts
alkylation reaction [56]. Herein, we, for the first time, use the
supported ionic liquid as the catalyst in chemical fixation of
carbon dioxide.
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In order to make the carbon dioxide fixation “greener”, a gen-
eral strategy consists of the conversion of homogeneous catalyst
into a heterogeneous catalyst system. With this aim in mind, we
used chitosan supported zinc chloride catalyst system for the
coupling carbon dioxide and epoxides to form cyclic carbon-
ates [57]. Although this catalyst can be reused, addition of the
co-catalyst was needed in every usage. In the present work, we
report the first example of the efficient addition of carbon dioxide
to epoxides to form cyclic carbonate using recoverable catalysts
of the immobilized ionic liquid–zinc chloride catalyst system.
This catalyst is very efficient in chemical fixation of carbon diox-
ide to form cyclic carbonate under mild conditions in high TOF
without any additional co-solvent.

2. Experiment

2.1. Compounds and materials

Tetraethyl orthosilicate (TEOS), (3-chloropropyl)trietho-
xysilane and propylene oxide were commercially available.
Other epoxides used were purchased from Acros Company. Car-
bon dioxide with a purity of 99.99% was commercially available.
Other reagents were analytical grade. 1-(Triethoxysilylpropyl)-
3-n-butylimidazolium bromide was prepared according to the
procedure in literature [58].
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together with 40 ml of TEOS, 10 ml of ethanol and 12 ml of water
were added into a round bottom flask equipped with a magnetic
stirrer. After the formation of a clean and homogeneous liq-
uid mixture, 5 ml of HCl (35 wt.%) was added and the resultant
mixture coagulated gradually. After ageing at 60 ◦C for 12 h, the
mixture was then dried in vacuum at 80 ◦C for 5 h, the resulting
solid contained 1-propyl-3-n-butylimidazolium bromide groups
bonded to surface silicon atoms. The nitrogen content of the
catalyst was found to be 2.3% by elemental analysis of nitrogen
(see Scheme 1).

2.3. Coupling reaction

The coupling reaction of carbon dioxide and epoxides was
carried out in a 50 ml stainless steel autoclave equipped with
a magnetic stirrer. For a typical reaction process, the sup-
ported ionic liquid (1 g, ionic liquid: 0.82 mmol), ZnCl2 (6.5 mg,
0.05 mmol) and propylene oxide (1a) (10 ml, 0.143 mol) were
charged into the reactor without using any co-solvent. The reac-
tor vessel was placed under a constant pressure of carbon dioxide
and heated to 110 ◦C for 1 h. Then the reactor was cooled to
ambient temperature, and the resulting mixture was transferred
to a 50 ml round bottom flask by filtration. By distillation under
vacuum, the product propylene carbonate (2a) was obtained as a
colorless liquid. The catalyst separated from the resulting mix-
ture by filtration could be reused directly.
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The amount of attached ionic liquid on the SiO2 surface was
etermined from elemental analysis of nitrogen. All the cyclic
arbonates were identified on a GC–MS (HP6890/5973) and a
00 MHz NMR. FTIR spectra was obtained on a Bruker IFS
20HRFT-IR spectrometer.

.2. Preparation of immobilized ionic liquid [56,59]

Imidazole (3.4 g, 53 mmol) was dissolved in 50 ml of
ry toluene, 3-chloropyltriethoxysilane (12 ml, 50 mmol) was
dded to the solution and the mixture was refluxed for 3 h
nder an argon atmosphere. The solvent was distilled under
acuum (10−3 Torr) and an oil containing 3-(N-imidazolyl)
ropyltriethoxysilane was obtained [Scheme 1, Eq. (1)].

Firstly, 1-(triethoxysilylpropyl)-3-n-butylimidazolium bro-
ide was synthesized by reacting 3-(N-imidazolyl)propyltri-

thoxysilane with 1-bromobutane in toluene under refluxing for
4 h and then the solvent was distilled off under vacuum. Sec-
ndly, 1-(triethoxysilylpropyl)-3-n-butylimidazolium bromide,

Scheme 1. Preparation of the immobilize
. Results and discussion

.1. Coupling carbon dioxide and propylene oxide (1a) to
orm propylene carbonate (2a)

Propylene carbonate formed by the cycloaddition of carbon
ioxide and propylene oxide is shown in Scheme 2.

The effect of the amount of supported ionic liquid on coupling
f carbon dioxide and propylene oxide to form propylene car-

Scheme 2.

ic liquid via the cation (sol–gel method).
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Table 1
The effect of the amount of immobilized ionic liquid on coupling carbon dioxide
and propylene oxidea

Entry Immobilized ionic liquid [g] Yieldb TOFc

1d – – –
2 0.6 59 1684
3 0.8 76 2170
4 1.0 95 2712
5 1.2 96 2741

a Reaction conditions: propylene oxide (PO) (10 ml, 0.143 mol), ZnCl2
(6.8 mg, 0.05 mmol); temperature: 110 ◦C; time: 1 h; CO2 pressure: 1.5 MPa.
The selectivity to carbonate are >98%.

b Isolated yield.
c Moles of propylene carbonate produced per mole of Zn(II)catalyst per hour.
d ZnCl2 (6.8 mg, 0.05 mmol) as sole catalyst.

bonate was investigated. The results are summarized in Table 1.
Scarcely any reaction occurs when ZnCl2 is used as the sole
catalyst (Table 1, Entry 1). While the reaction is conducted with
various amounts of supported ionic liquid at 110 ◦C, the con-
version of propylene oxide increases with increasing amount of
immobilized ionic liquid. Increasing the amount of SiO2 whose
surface is bonded to 1-propyl-3-n-butylimidazolium bromide to
more than 1.0 g, only results in a small increases in reactiv-
ity. The increase in yield is due to the superfluous immobilized
ionic liquid (Table 1, Entries 2–5). Therefore, the adaptable
amount of the SiO2, whose surface was bonded to 1-propyl-
3-n-butylimidazolium bromide ionic liquid, is 1.0 g.

The effects of different metallic salts on the chemical fixation
of carbon dioxide to propylene carbonate were also investigated,
and the results are summarized in Table 2.

When these metallic salts are used, the selectivity of propy-
lene carbonate does not change, but the yield of cyclic carbonate
is greatly affected by the different metallic positive ions (Table 2,
Entries 1–10). Both the selectivity and yield of this reaction are
hardly affected by the valence electron of the same metallic ele-
ment (Table 2, Entries 8 and 9). Among various metallic cations,
the reactivity of Zn(II) is the highest. This is probably due to
zinc salts, which caused the ring-opening of propylene oxide

Table 2
The effects of different metallic salts on chemical fixation of carbon dioxidea

E

1
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p

Table 3
The effect of reaction temperature and pressure on coupling of carbon dioxide
and propylene oxidea

Entry Temperature [◦C] Pressure [MPa] Yield [%]b TOFc

1 90 1.5 61 1742
2 100 1.5 70 1999
3 110 1.5 95 2712
4 120 1.5 96 2741
5 110 0.5 19 543
6 110 1.0 60 1713
7 110 2.0 95 2712
8 110 2.5 90 2570
9 110 3.0 88 2512

a Reaction conditions: propylene oxide (PO) (10 ml, 0.143 mol), immobilized
ionic liquid (1 g), ZnCl2 (6.8 mg, 0.05 mmol); temperature: 110 ◦C; time: 1 h;
CO2 pressure: 1.5 MPa. The selectivity to carbonate are >98%.

b Isolated yield.
c Moles of propylene carbonate produced per mole of Zn(II)catalyst per hour.

[60]. At the same time, we find that the metallic cation of the
main groups can also catalyze the reaction of chemical fixation
of carbon dioxide (Table 2, Entry 10).

The activities of various of zinc salts were tested for the
synthesis of cyclic carbonates. From Table 2, it can be seen
that the activities of anions decrease in the following order:
Br− > Cl− > OAc− > SO4

2−. Although the activity of ZnBr2 is
slightly higher than that of ZnCl2, ZnCl2 is chosen as the cata-
lyst for the coupling of carbon dioxide with epoxides because it
is the cheapest Zn(II) salt and has satisfactory activity.

A significant drawback associated with using carbon dioxide
as the reagent in organic synthesis is the potential danger associ-
ated with operating under high temperature and pressure. So we
investigated the effects of temperature and pressure of carbon
dioxide. The results are shown in Table 3. The results suggested
that increasing the reaction temperature had a pronounced pos-
itive effect on the TOF under 110 ◦C (Table 3, Entries 1–3).
However, the enhancement of the reaction temperature up to
110 ◦C gave only a slight increase in the activity of the catalyst
system (Table 3, Entries 3 and 4). In conclusion, increasing the
reaction temperature is propitious for the increase in the rate
of chemical fixation of carbon dioxide with propylene oxide to
form propylene carbonate.

Surprisingly our catalyst system can operate very efficiently
at low CO2 pressures. The highest catalytic activity occurs at
1.5 MPa and almost 25% of this optimum TOF is maintained at
o
b
E
p
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b
o
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ntry Metallic salts Yield [%]b TOFc

1 ZnCl2 95 2712
2 ZnBr2 96 2741
3 Zn(OAc)2 84 2398
4 ZnSO4 85 2427
5 CoCl2 67 1913
6 FeCl3 55 1570
7 NiCl2 71 2027
8 CuCl2 55 1570
9 CuCl 50 1428
0 AlCl3 54 1542

a Reaction conditions: propylene oxide (PO) (10 ml, 0.143 mol), immobilized
onic liquid (1 g), metallic salts (0.05 mmol); temperature: 110 ◦C; time: 1 h;
O2 pressure: 1.5 MPa. The selectivity to carbonate are >98%.
b Isolated yield.
c Moles of propylene carbonate produced per mole of metallic cation catalyst
er hour.
nly 0.5 MPa (Table 3, Entries 3 and 5). Increasing the pressure
eyond the optimal level results in a decrease in activity (Table 3,
ntries 8 and 9); indicating that, there exists an optimum CO2
ressure. Such a decrease in the activity with increasing pressure
f carbon dioxide was also reported previously [26,33,56]. It can
e inferred that the introduced CO2 dissolves in propylene oxide
r “liquefies” through the formation of a CO2–propylene oxide
omplex [61]. Too high CO2 pressure may retard the interaction
etween propylene oxide and the catalyst, resulting in a low
OF.

When the catalyst of immobilized ionic liquid–ZnCl2 is com-
ared with other heterogeneous catalyst system in the literature
or the coupling of carbon dioxide and epoxides [24,25,15,41],



268 L.-F. Xiao et al. / Journal of Molecular Catalysis A: Chemical 253 (2006) 265–269

these reported values of turnover frequency (TOF) are lower
than that obtained in the present work. The reaction tempera-
ture for the poly(4-vinylpyridine)-supported zinc halide catalyst
[15], but the reaction pressure is higher by 2.0 MPa than the
pressure in the present work. A high yield of cyclic carbonates
is obtained with Mg–Al mixed oxide catalyst [25] at 100 ◦C and
at low carbon dioxide pressure; however, this catalyst system
needs an organic solvent of N,N-dimethylformamide and gives
a much lower TOF value compared with the present catalyst sys-
tem. A silica supported chromium–salen complexes catalyst can
catalyze this reaction [41], but, higher reaction temperature and
CO2 pressure were required compared with this catalyst system.
Thus, the present catalyst system is not only effective but has
great potential in industry from the standpoints of cost.

3.2. Coupling carbon dioxide and other epoxides to form
cyclic carbonates

Under optimized reaction conditions, we examined the reac-
tions of other terminal epoxides (1b–1e) with CO2. The results
are summarized in Table 4. The catalyst system was found to
be applicable to a variety of terminal epoxides, forming cor-
responding cyclic carbonates (2b–2e) in very high TOF with
selectivities higher than 90%.
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Table 5
Catalyst recycle studies in coupling carbon dioxide with propylene oxidea

Entry Recycle no. Yield [%]b TOFc

1 Fresh 95 2712
2 1 93 2655
3 2 86 2455

a Reaction conditions: propylene oxide (PO) (10 ml, 0.143 mol), immobiliza-
tion of ionic liquid (1 g), ZnCl2 (6.8 mg, 0.05 mmol); temperature: 110 ◦C; time:
1 h; CO2 pressure: 1.5 MPa. The selectivity to carbonate are >98%.

b Isolated yield.
c Moles of propylene carbonate produced per mole of Zn(II)catalyst per hour.

system can be reusable, at least, up to two times with a slight
loss of activity, while the selectivity of catalyst system remains.
The nitrogen content of the catalyst used in the second time
was found to be 2.3% by nitrogen elemental analysis, so a mod-
est decrease in the catalytic activity may be due to the loss of
zinc.

3.4. Possible mechanism for the present immobilized ionic
liquid/ZnCl2-catalyzed coupling of carbon dioxide and
epoxides

Based on the above results and previous literature
[28,29,31,62], we propose the plausible mechanism for
this chemical fixation reaction of CO2 (Scheme 3). The
zinc–imidazolium complex (1) was formed by the reciprocity of
ZnCl2 and supported ionic liquid, which coordinated the epox-
ide by replacing one of the immobilized ionic liquid first. At
the same time, nucleophilic attack of the dissociated supported
ionic liquid on the less sterically hindered carbon atom of the
coordinated epoxide occurred (2) to form the active species (3).
The insertion of CO2 into the Zn–O bond of (3) would give a

S
(

.3. Possibility of recycling the immobilized ionic
iquid–ZnCl2 catalyst system

A series of catalytic cycles were run to investigate the sta-
ility of the catalytic activity and recycling. In each cycle, the
atalyst was separated by filtration and then used directly for
he next run. The results listed in Table 5 show that the catalyst

able 4
oupling of CO2 and various epoxidesa

ubstrate Product Selectivity
[%]

Yield
[%]b

TOF
[h−1]c

>98 90 2069

94 93 2372

91 83 1313

98 98 1445

a Reaction conditions: epoxides (10 ml), immobilized ionic liquid (1 g), ZnCl2
6.8 mg, 0.05 mmol); temperature: 110 ◦C; time: 1 h; CO2 pressure: 1.5 MPa.
b Isolated yield.
c Moles of propylene carbonate produced per mole of Zn(II)catalyst per hour.
cheme 3. Proposed mechanism of the coupling of carbon dioxide and epoxides
L, immobilized ionic liquid; L⊕, the cation of immobilized ionic liquid).
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zinc carbonate active species (4), which eventually provided the
cyclic carbonate.

4. Conclusion

The supported ionic liquid/zinc chloride catalyst system
exhibits a high activity and selectivity for the synthesis of cyclic
carbonates from carbon dioxide and epoxides under mild con-
ditions in a high TOF without any additional co-solvents. The
separation of products from the reaction system is very sim-
ple. This catalyst system can be reused at least up to two times
with slight loss of catalytic activity, while the selectivity of the
product cyclic carbonates remains >98%.
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