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ion of CO2 into propylene
carbonate in a continuous fixed bed reactor by
immobilized ionic liquids

Liying Guo, * Lili Deng, Xianchao Jin, Yirong Wang and Haozhi Wang

In this study, functionalized composite catalysts, namely, ILs (ILX/(ZnBr2)2), with hydroxyl, carboxyl and

amino groups immobilized on a molecular sieve (MCM-22) support were synthesized with the help of

a silane coupling agent, 3-chloropropyltriethoxysilane (CPTES). Cycloaddition of CO2 and propylene

oxide (PO) was carried out in a fixed bed reactor. The results show that MCM-22-CPTES-[AeMIM]

[Zn2Br5] demonstrates the best catalytic properties for this reaction. A high selectivity and yield of

propylene carbonate (PC) could be reached at 130 �C under a CO2 pressure of 2.0 MPa, with a LHSV of

0.75 h�1 and a molar ratio of CO2/PO of 3 : 1. The yield stabilized at 61.6% after 50 h in the fixed bed reactor.
1 Introduction

Carbon dioxide (CO2) is an attractive C1 source and has gained
increasing worldwide attention as a raw material for seques-
tration and subsequent utilization.1–3 In view of reducing our
carbon footprint, there has been increased research directed
towards new methods of CO2 utilization.4,5 Numerous tech-
niques have been developed for the preparation of these
molecules, one of the most attractive synthetic pathways
involves the cycloaddition of CO2 and epoxides to form cyclic
carbonates.6–10 Scheme 1 shows the reaction used to synthesize
cyclic carbonates. Propylene carbonate (PC) is a prominent
example among these cyclic carbonates. PC can be employed as
a plasticizer for novel mesoporous so solid electrolytes,11 as an
electrolytic component of electrolyte in lithium batteries12,13 and
as an intermediate to produce polycarbonate14 on account of its
high biodegradability and solvency, high ash and boiling
points, low odor and evaporation rate.15–17 It also has applica-
tions in organic synthesis, such as the production of dimethyl
carbonate (DMC) through transesterication with methanol.18

Conventionally, homogeneous catalysts have been investi-
gated for the synthesis of cyclic carbonates; the most common
catalysts for this purpose are alkali metal,19,20 transition metal
complexes21,22 and ILs.23–26 Generally, homogeneous catalysts
are superior to heterogeneous catalysts in catalytic perfor-
mances. However, homogeneous catalysts suffer from some
drawbacks such as the large amount of catalyst required for the
reaction, low stability, harsh reaction conditions and separation
of catalyst from the products.27–29 Hence, the use of heteroge-
neous catalysts is the preferred choice for cycloaddition reac-
tions. The development of an effective heterogeneous catalytic
yang University of Technology, Liaoyang

3.com
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system that can overcome these problems and catalyze the
cycloaddition of CO2 and epoxides remains an open challenge.
Recently, immobilized IL catalysts have become the focus of
many studies as they are easily separable aer the reaction and
can be reused in subsequent cycles.30,31 ILs have generally been
immobilized on silica gel,32,33 polymers8,34,35 and molecular
sieves36,37 because of their large specic surface area, high pore
volume, and easy availability.

Although immobilized IL catalysts show excellent catalytic
performance in cycloaddition reactions, they are primarily
applied in a batch reactor and must be disassembled aer each
reaction.32–37 Hence, it is crucial to devise heterogeneously
immobilized IL catalysts that can be used for continuous
catalysis in xed bed reactor because there are many attractive
features in xed bed reactors, particularly the realization of
large scale production under continuous operating conditions.
To the best of our knowledge, Takahashi et al.33 rst reported
the continuous operation of immobilized IL catalysts in a xed
bed reactor. The conversion of the epoxide was 80%, but the
reaction pressure was as high as about 10 MPa. Xiong et al.38

prepared ILs immobilized on coconut shell activated carbon
(CSAC) as catalysts. These catalysts were used in the cycload-
dition of CO2 to epichlorohydrin (ECH) in a xed bed reactor
and showed excellent catalytic performances; the conversion of
ECH was high for these immobilized IL catalysts aer 50 h.
Fang et al.39 prepared an efficient catalyst comprising PS-
Scheme 1 Synthesis of cyclic carbonates from epoxides and CO2.
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MimCl, ZnBr2 and phenol formaldehyde resin, and applied it
for PC synthesis from CO2 and PO in a xed bed reactor. The as-
prepared catalyst was applied for a 72 h reaction and demon-
strated good selectivity and yield of PC.

In this study, we report three composite ILs, namely,
[HeMIM]Cl/(ZnBr2)2, [CeMIM]Cl/(ZnBr2)2 and [AeMIM]
[Zn2Br5],37 covalently immobilized on a molecular sieve
(MCM-22) support with the help of a silane coupling agent, 3-
chloropropyltriethoxysilane (CPTES). These composites
exhibited good chemical and thermal stability, and were
applied as novel heterogeneous catalysts in the preparation
of PC through the cycloaddition of CO2 and PO. In addition,
exible automation, process reliability and low mechanical
consumption were easily achieved in continuous industrial
operation.

2 Experimental
2.1 Reagents

N-Methyl imidazole (99.0%), chloroethanol (99.0%), chloro-
acetic acid (99.0%), 2-bromoethylamine hydrogen bromide salt,
zinc bromide (98.0%), toluene (99.5%), acetonitrile (99.0%),
and propylene oxide (99.5%), used in this study, were of analytic
grade and purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China). 3-Chloropropyltriethoxysilane (CPTES, 95%) was
purchased from Aladdin Chemical Co. CO2 gas (99.95%) was
offered by Petrochina Liaoyang Yifang Petrochemical Company
(China). MCM-22 was provided by Petrochina Fushun Petro-
chemical Company (China). All materials were used without
further purication.

2.2 Characterization of MCM-22-CPTES-ILX/(ZnBr2)2

Fourier transform infrared (FT-IR) spectra of MCM-22-CPTES-
ILX/(ZnBr2)2 catalysts were recorded on a MAGNA-IR750 from
Thermo Nicolet Corporation. The powder X-ray diffraction
(XRD) patterns were obtained using Rigaku Miniex patterns
from Rigaku Corporation. A scan speed of 5� min�1 was used for
the X-ray diffractometer over a scan range of 10–80�. Ther-
mogravimetric analysis (TGA) was conducted using a Perki-
nElmer TGA4000 instrument. The morphology and surface
structure of the molecular sieve was obtained with a Quanta 450
Sigma eld emission scanning electron microscope (FE-SEM).
The loading mass of ILs and Zn were investigated by
elemental analysis and ICP. Then, the purity of PC was
Scheme 2 Synthesis of MCM-22-CPTES-ILX/(ZnBr2)2 catalysts.

This journal is © The Royal Society of Chemistry 2018
determined by 1790F gas chromatography from Agilent Tech-
nologies. The catalytic experimental xed bed reactor (Tianjin
Pengxiang Technology Co., Ltd, China) was used for the cata-
lytic process.
2.3 Preparation of MCM-22-CPTES-ILX/(ZnBr2)2

2.3.1 Synthesis of MCM-22-CPTES. CPTES (3.5 mL) was
slowly added into a ask containing amixture of MCM-22 (3.5 g)
and toluene (50 mL) solvent to prepare MCM-22-CPTES. The
reaction mixture was reuxed at 110 �C for 24 h, following
which the ask was cooled at room temperature. The solvent
was removed by distillation and the solid product was washed
three times with ethyl acetate and then dried at 80 �C for 12 h
under vacuum to obtain MCM-22-CPTES (4.2 g).

2.3.2 Synthesis of ILX/(ZnBr2)2. The preparation of
[HeMIM]Cl/(ZnBr2)2, [CeMIM]Cl/(ZnBr2)2 and [AeMIM][Zn2Br5]
was conducted according to previously published
methods.37,40,41

2.3.3 Synthesis of MCM-22-CPTES-ILX/(ZnBr2)2. ILX/
(ZnBr2)2 (14.5 mmol) and MCM-22-CPTES (4.2 g) were poured
into a ask with acetonitrile solvent. The intermixture was
reuxed at 80 �C for another 24 h, following which the solvent
was removed from the reaction by distillation, nally giving
MCM-22-CPTES-ILX/(ZnBr2)2 catalysts.34,42 The synthesis
procedure of MCM-22-CPTES-ILX/(ZnBr2)2 is illustrated in
Scheme 2.
2.4 Typical procedure for the synthesis of PC from PO and
CO2

The cycloaddition reaction of CO2 and PO was carried out in
a xed bed reactor. The catalyst was placed in the middle of the
packed column and both ends were lled with quartz granules.
Then, the xed bed reactor was sealed and placed under
nitrogen (N2) atmosphere. CO2 was fed into the xed bed reactor
from a high pressure cylinder, while propylene oxide was fed
through a pump. PO was heated in the preheater and into the
packed column to react with CO2; no additional solvent was
added during the reaction. The reaction temperature and the
pressure were investigated for optimization. The products were
analyzed on a gas chromatograph, equipped with a FID and SE-
54 column, to calculate selectivity and yield.
RSC Adv., 2018, 8, 26554–26562 | 26555
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Fig. 2 XRD of (a) MCM-22. (b) MCM-22-CPTES-[HeMIM]Cl/(ZnBr2)2.
(c) MCM-22-CPTES-[CeMIM]Cl/(ZnBr2)2 and (d) MCM-22-CPTES-
[AeMIM][Zn2Br5].

Fig. 3 TG of (a) MCM-22. (b) MCM-22-CPTES-[HeMIM]Cl/(ZnBr2)2. (c)
MCM-22-CPTES-[CeMIM]Cl/(ZnBr2)2 and (d) MCM-22-CPTES-

Fig. 1 FT-IR spectra of (a) MCM-22. (b) MCM-22-CPTES-[HeMIM]Cl/
(ZnBr2)2. (c) MCM-22-CPTES-[CeMIM]Cl/(ZnBr2)2 and (d) MCM-22-
CPTES-[AeMIM][Zn2Br5].
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3 Results and discussion
3.1 Characterization of MCM-22-CPTES-ILX/(ZnBr2)2

3.1.1 FT-IR. Fig. 1 shows the FT-IR spectra of different
catalysts; it can be seen that the bands at 1190 cm�1 and
806 cm�1 are typical Si–O peaks from the MCM-22.43,44 For
immobilized ILX/(ZnBr2)2 catalysts, we observe peaks at
3132 cm�1 and 2940 cm�1, which are characteristic peaks
assigned to stretching vibrations of CH3 and CH2. We also
observe three characteristic peaks at 1600 cm�1, 1445 cm�1 and
742 cm�1 that can be associated with the stretching frequency
of the imidazole ring. The hydroxyl peak broadening in the
range of 3300–3500 cm�1 is associated with water molecules
adsorbed on the catalyst surface.45 The functional groups of ILX/
(ZnBr2)2 were occupied during the preparation of immobilized
ILs catalysts, so the hydroxyl, amino and carboxyl peaks were
not present. All the observed vibrational peaks indicate the
successful immobilization of ILX/(ZnBr2)2.

3.1.2 XRD. The XRD patterns of MCM-22 and its immobi-
lized ILX/(ZnBr2)2 catalysts are shown in Fig. 2. The absence of
obvious characteristic peaks of the immobilized catalysts in
comparison with the support in the XRD patterns suggests that
the acidic HCl gas released may dilapidate its initial crystalline
structure when ILX/(ZnBr2)2 bonded with the molecular sieve
through the silane coupling agent.46 The peak intensity of the
immobilized IL catalyst was weaker compared with MCM-22 at
the corresponding position owing to the intensity of the
diffraction peak, which was related to the lling of the hole and
the scattering contrast between the hole center and the pore
wall.47,48 As the IL entered the support channel or surface, the
scattering contrast weakened resulting in a decrease in the
diffraction intensity. In addition, there were irregular crystalline
peaks from 39� to 56� for immobilized ILX/(ZnBr2)2 catalysts,
which is due to the addition of the silane coupling agent,
CPTES. It appears that ILX/(ZnBr2)2 is well dispersed on the
surface in the channels of the molecular sieve, and the main
26556 | RSC Adv., 2018, 8, 26554–26562
bond between the ILX/(ZnBr2)2 and MCM-22-CPTES was
through chemical covalent bonding.

3.1.3 Thermogravimetric analysis (TGA). In order to avoid
degradation of the catalysts and to avoid contamination of the
catalytic products, it is very important to develop the thermal
stability of the immobilized ILX/(ZnBr2)2 catalysts. Thus, these
immobilized catalysts were further characterized by TGA and
found to be thermally stable up to 600 �C (Fig. 3). For MCM-22,
the weight loss in the investigated temperature range was
almost negligible. In addition, these catalysts decomposed in
two steps.8,49,50 The rst step in the decomposition was attrib-
uted to the successive cleavage of graed ILX/(ZnBr2)2 and the
second major decomposition step was attributed to the
decomposition of a small amount of MCM-22 supporter. The
above results evidenced that ILX/(ZnBr2)2 could endure
temperatures of about 300 �C, which manifested that the as-
[AeMIM][Zn2Br5].

This journal is © The Royal Society of Chemistry 2018
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synthesized catalysts have sufficient thermal stability. The
sample MCM-22 began to decompose when temperatures
exceeded 460 �C, which indicates that the support material
possessed high thermal stability.

3.1.4 SEM and EA. Fig. 4 illustrates the FE-SEM images of
the obtained samples of MCM-22-(a), MCM-22-CPTES-[HeMIM]
Cl/(ZnBr2)2-(b), MCM-22-CPTES-[CeMIM]Cl/(ZnBr2)2-(c) and
MCM-22-CPTES-[AeMIM][Zn2Br5]-(d). As observed in the
gures, there are many pores on the surface of MCM-22.
Apparently, the immobilized ILX/(ZnBr2)2 catalysts demon-
strated some agglomeration, which was different from the
observation of the sample of MCM-22 at the same magnica-
tion.7,8,51 This can be regarded as an effective evidence for the
successful support of ILX/(ZnBr2)2 on MCM-22. It can be clearly
observed that the surface of the immobilized ILX/(ZnBr2)2 is
smooth. Probably, ILX/(ZnBr2)2 was introduced randomly on
the surface and into the channel. This is consistent with the
XRD results which showed a weakened intensity of the diffrac-
tion peak. However, the abovementioned phenomenon indi-
cates that the ILX/(ZnBr2)2 immobilization process ultimately
results in the presence of the catalyst with a solid form. To
determine the elemental composition of the as-prepared MCM-
22-CPTES-ILX/(ZnBr2)2, elemental analysis and ICP were carried
out and the results are listed in Table 1. It was found that the
range of IL present was 1.0–1.5 mmol g�1. In addition, the
Fig. 4 SEM of MCM-22 and MCM-22-CPTES-ILX/(ZnBr2)2. (The morpho
(ZnBr2)2).

This journal is © The Royal Society of Chemistry 2018
amount of nitrogen and zinc in the as-synthesized catalyst
drastically increased compared to that in the sample of MCM-
22, indicating that imidazole was effectively immobilized
through covalent bonding.
3.2 Catalytic activity of immobilized ILX/(ZnBr2)2

3.2.1 Effect of reaction temperature. The cycloaddition
reaction of CO2 and PO was carried out in a xed bed reactor
without the use of solvent, which would be affected by
temperature, as shown in Fig. 5. A temperature range of 100–
140 �C was investigated under the pressure of 2.0 MPa. It was
noticed that the as-synthesized catalysts not only showed high
PC selectivity, but also displayed more signicant PC yield with
an increase in temperature. The yield of PCs are 62.2%, 65.4%
and 70.3% for MCM-22-CPTES-[HeMIM]Cl/(ZnBr2)2, MCM-22-
CPTES-[CeMIM]Cl/(ZnBr2)2 and MCM-22-CPTES-[AeMIM]
[Zn2Br5], respectively. When the temperature was increased,
both CO2 and PO could easily reach the catalyst surface, leading
to a rapid increase in the yield.24 However, the selectivity and
yield declined at 140 �C because the reaction produced
byproducts, such as polymers, at higher temperature.51 On the
basis of these results, we see that the MCM-22 immobilized ILX/
(ZnBr2)2 catalysts exhibited stabilized catalytic performance in
a continuous xed bed reactor, which is comparable to those
reported in the batch reactor.32–37,51
logy characterizations of (a) MCM-22 and (b–d) MCM-22-CPTES-ILX/

RSC Adv., 2018, 8, 26554–26562 | 26557
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Table 1 Amount of immobilized IL calculated from elemental analysis

Catalyst N (wt%) C (wt%) H (wt%)
IL graed
[mmol g�1] Znc [mmol g�1]

MCM-22 — — — — —
MCM-22-CPTES-[HeMIM]Cl/(ZnBr2)2 3.98 13.64 3.55 1.42 2.79
MCM-22-CPTES-[CeMIM]Cl/(ZnBr2)2 3.75 13.01 3.29 1.34 2.61
MCM-22-CPTES-[AeMIM][Zn2Br5]

a 4.87 12.26 3.27 1.16 2.29
MCM-22-CPTES-[AeMIM][Zn2Br5]

b 3.91 11.73 2.26 0.93 1.64

a Fresh catalyst. b Reaction aer 50 h. c Zn loading obtained from ICP analysis.
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3.2.2 Effect of reaction pressure. Fig. 6 shows signicant
effects of pressure in the range of 1.0–3.0 MPa on the cycload-
dition reaction at 130 �C. In this reaction, the pressure was
modulated by altering the pressure of CO2, while PO was
conveyed with a constant ow rate in the experiments. It was
found that an increase in CO2 pressure resulted in a moderate
increase in PC yield when the pressure was low, but a decrease
in the yield was observed as the pressure increased. The effect of
the change in CO2 pressure on catalytic activity has been
previously studied in other catalytic systems.32–37,51 For this
cycloaddition reaction the optimal conditions would be 130 �C
and 2.0 MPa over the MCM-22 immobilized ILX/(ZnBr2)2 cata-
lysts in the xed bed reactor and the optimal catalyst was MCM-
22-CPTES-[AeMIM]Br/(ZnBr2)2. Based on the reported mecha-
nism,8,36,37,51 the immobilized ILX/(ZnBr2)2 initially interacts
with epoxides and the anion of ILX/(ZnBr2)2, as an anionic
nucleophile, could attack the b-carbon atom of PO due to its low
steric hindrance. The H atom of the functionalized group of
ILX/(ZnBr2)2 interacts with the O atom of PO by means of
hydrogen bonding and then, the intermediate combines with
CO2. In comparison, hydroxyl, carboxyl or amino groups of
functionalized ILX/(ZnBr2)2 would remove a hydrogen atom
during the immobilization process. Only the amino group
retained a hydrogen atom aer [AeMIM]Br/(ZnBr2)2 was
immobilized on MCM-22 with the help of the silane coupling
Fig. 5 Effects of temperature on the catalytic performance of MCM-
22-CPTES-ILX/(ZnBr2)2. Reaction conditions: pressure, 2.0 MPa; LHSV,
0.75 h�1; CO2/PO (mol mol�1), 3 : 1; reaction time, 5 h.

26558 | RSC Adv., 2018, 8, 26554–26562
agent (CPTES). According to the references,36,42 it is reported
that anion movement away from the imidazolium cation of IL
could be in the order of I� > Br� > Cl�, which is also in accor-
dance with their nucleophilicity and provides a signicant
theoretical basis to imply that MCM-22-CPTES-[AeMIM][Zn2Br5]
would exhibit the highest catalytic performance among the
investigated catalysts.

3.2.3 Effect of liquid hourly space velocity (LHSV). The
change in catalytic activity with the liquid hourly space velocity
(LHSV) is shown in Fig. 7. At lower LHSV, the yield of PC
remains basically unchanged. When LHSV increased, the resi-
dence time of the feedstock decreased in the xed bed reactor,
which might cause self-polycondensation for PO. In the case of
high temperatures, the selectivity declined and the yield of PC
decreased with the increase in LHSV.30 LHSV stabilized at 0.75
h�1, which was chosen as the optimal value for this catalytic
system.

3.2.4 Effect of the molar ratio of CO2/PO. To elucidate the
impact of themolar ratio of CO2/PO, the reaction was conducted
over a range from 1.0 to 5.0 mol mol�1. The temperature,
pressure and other conditions in this reaction were kept
constant. Fig. 8 shows the effect of CO2/PO on the selectivity and
yield. When the molar ratio of CO2/PO was 1.0 mol mol�1, the
yield of PC was 63.4%. As the CO2/PO ratio reached 3.0 mol
mol�1, the yield of PC increased and the highest yield was
Fig. 6 Effects of pressure on the catalytic performance of MCM-22-
CPTES-ILX/(ZnBr2)2. Reaction conditions: temperature, 130 �C; LHSV,
0.75 h�1; CO2/PO (mol mol�1), 3 : 1; reaction time, 5 h.

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Effects of LHSV on the catalytic performance of MCM-22-
CPTES-[AeMIM][Zn2Br5]. Reaction conditions: temperature, 130 �C;
pressure, 2.0 MPa; CO2/PO (mol mol�1), 3 : 1; reaction time, 5 h.

Fig. 9 Effects of reaction time on the catalytic performance of MCM-
22-CPTES-[AeMIM][Zn2Br5]. Reaction conditions: temperature,
130 �C; pressure, 2.0 MPa; LHSV, 0.75 h�1; CO2/PO (mol mol�1), 3 : 1.
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achieved. At CO2/PO ratios above this value, we observe that the
PC yield decreased. This may be due to the amount of CO2

becoming larger when the CO2/PO ratio rises, which signi-
cantly affected the reaction.52 In other words, increasing the
CO2/PO ratio increases the velocity of CO2 while PO velocity of is
kept constant. This results in a small amount of PO leaving the
xed bed due to the CO2 ow and not being able to participate
in the reaction, resulting in an evident decline in the yield of
PC.53

3.2.5 Reaction time. A short duration reaction using the
catalyst MCM-22-CPTES-[AeMIM][Zn2Br5] at 130 �C and 2.0 MPa
is shown in Fig. 9. The cycloaddition reaction was carried out
continuously for 50 h. Initially, it can be seen that the yield of PC
decreases slightly. When the reaction time reached 30 h, the
yield of PC dropped to 63.4%. However, aer 30 h, the yield
remains relativity stable. This may be due to a small amount of
[AeMIM][Zn2Br5] immobilized on the carrier MCM-22 through
Fig. 8 Effects of the molar ratio of CO2/PO on the catalytic perfor-
mance of MCM-22-CPTES-[AeMIM][Zn2Br5]. Reaction conditions:
temperature, 130 �C; pressure, 2.0 MPa; LHSV, 0.75 h�1; reaction time,
5 h.

This journal is © The Royal Society of Chemistry 2018
physical adsorption; this physical bond is weak and results in IL
leaching during the reaction. This phenomenon has also been
reported for catalytic reaction processes in batch reactors.37,51

Furthermore, we also performed FT-IR (Fig. 10) and FE-SEM
(Fig. 11) analysis of the MCM-22-CPTES-[AeMIM][Zn2Br5] cata-
lyst aer 50 h and compared its physicochemical properties
with the fresh catalyst. The FT-IR spectrum of the used catalyst
revealed that there is no observable morphological damage in
this catalyst even aer 50 h of reaction. The FE-SEM results were
almost identical to those obtained with the FT-IR spectra.
Furthermore, in order to conrm that the decrease in catalytic
activity was related to IL leaching, we determined the amount of
[AeMIM][Zn2Br5] aer 50 h-reaction and in the fresh catalyst by
elemental analysis and the results are shown in Table 1. It can
be concluded that the amount of [AeMIM][Zn2Br5] graed on
MCM-22 was less aer 50 h reaction than in the fresh catalyst.
Although this was a very short continuous-reaction experiment,
Fig. 10 FT-IR spectra comparison of the fresh and 50 h-reaction-used
MCM-22-CPTES-[AeMIM][Zn2Br5]. (a) Fresh catalyst (b) after 50 h of
reaction.
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Fig. 11 SEM comparison of the fresh and 50 h-reaction-used MCM-22-CPTES-[AeMIM][Zn2Br5]. (a) Fresh catalyst (b) after 50 h of reaction.

Scheme 3 Proposed reaction mechanism for the MCM-22-CPTES-[AeMIM][Zn2Br5] catalyzed reaction.
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it could demonstrate that the MCM-22 immobilized [AeMIM]
[Zn2Br5] catalyst basically exhibited relatively stable catalytic
activity in a xed bed reactor without considering physical
adsorption.

3.2.6 Reaction mechanism. Based on published reports36,51

and the results in this study, a possible reaction mechanism for
xation of CO2 with epoxide into cyclic carbonate catalyzed by
MCM-22-CPTES-[AeMIM][Zn2Br5] is proposed (Scheme 3). First,
the oxygen atom of epoxide was activated by hydrogen bond
interaction, resulting in the polarization of the C–O bond,
which makes the ring opening easier. Simultaneously, the
nucleophilic [Zn2Br5]

� attack at the less sterically hindered
26560 | RSC Adv., 2018, 8, 26554–26562
carbon atom of the epoxide takes place, resulting in an opening
of epoxide. Later, the oxygen anion inter-mingled with carbon
atom of the CO2 molecule to form the cyclic carbonate, followed
by regeneration of the catalyst.

4 Conclusions

In conclusion, MCM-22 immobilized composite ILs (ILX/
(ZnBr2)2) with CPTES catalysts were prepared successfully and
used in the cycloaddition reaction of CO2 and PO. Among the
three investigated catalysts, MCM-22-CPTES-[AeMIM][Zn2Br5]
exhibited excellent catalytic performance in the xed bed
reactor. Probably, hydroxyl, carboxyl and amino groups of
This journal is © The Royal Society of Chemistry 2018
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functionalized ILX/(ZnBr2)2 would remove a hydrogen atom in
the immobilization process. Hence, only the amino hydrogen
can form a hydrogen bond with the O atom of PO, which greatly
affects the reaction. The amino, bromide ion and Lewis acid
zinc bromide of ILX/(ZnBr2)2 in the catalyst played essential
roles in promoting the catalytic activity and were main reasons
for the excellent selectivity and yield of PC using MCM-22-
CPTES-[AeMIM][Zn2Br5] as a catalyst. We demonstrate a truly
heterogeneous and environmentally friendly catalyst that is
capable of realizing the continuous catalysis of PC from PO and
CO2 in a solvent-free reaction, which can contribute to a green
and environmental protection technology.
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