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Ionic liquids are organic salts, usually consisting of an organic
cation and a polyatomic inorganic anion, which are liquid
under 100∘C. The most relevant properties of ionic liquids
are their almost negligible vapour pressure. Furthermore,
their physical and chemical properties can be fine-tuned by
the adequate selection of the cation and anion constituents.
Ionic liquids have been recognized as environmental benign
alternative to volatile organic solvents. Application of ionic
liquids in chemical processes has blossomed within the last
decade. Indeed, these media have been used in replacement
of volatile organic solvents in a wide variety of chemical
processes, such as separation and purification, and reaction
media in biochemical, and chemical catalysis. This special
issue focuses on these topics providing a state-of-the-art
overview of new paradigms and challenges in research on
ionic liquids as green solvents for chemical processes and
highlights the importance of this topic.

In the call for papers, we invited contributions covering
all topics in the area, including progress on developing new
ionic liquids for use in chemical synthesis and catalysis and
recent advances in separation processes using ionic liquids.
All contributions were peer-reviewed according to the usual
high standards of this journal. Our thanks go to highly
qualified and thorough referees that helped us accept seven
papers. They greatly contributed to the high quality of the
final manuscripts.

The contributions could be grouped into two main
research fieldswhere four papers are related to the use of ionic

liquid as reactionmedia and/or catalyst in chemical processes
three papers are oriented towards the use of these new sol-
vents on separation processes, specifically as extraction agent
in liquid-liquid separations and as liquid phase in supported
liquid membranes. In the following, a brief overview and
summary of the individual contributions are given.

The first contribution in this issue from V. Srivastava
(NIIT University, India) is entitled “ionic-liquid-mediated
MacMillan’s catalyst for Diels-Alder reaction.” Amodified and
improved protocol for MacMillan’s imidazolidinone catalyst
for Diels-Alder reaction has been developed using ionic
liquid as reaction media. This new protocol allowed to
successfully obtain enantiomerically enriched Diels-Alder
adducts with high yields and selectivities. The main features
of this reaction are as follows (i) the operational simplic-
ity of the procedure, (ii) the cycloaddition adducts were
obtained in good yield and selectivities for various dienes
with dienophiles resulting in good yields and high selectivity,
(iii) obtaining the cycloaddition adduct with low catalyst
loading, (iv) the catalyst can be recycled up to six cycles with
comparable yields and selectivities, and (v) the protocol was
found active in the synthesis of a tedious steroid molecule.

The paper by S. Sajjadifar et al. (Payame Noor Uni-
versity, Iran), which deals with the use of ionic liquid as
catalyst in chemical processes, is entitled “1-Methyl-3-(2-
(sulfooxy)ethyl)-1H-imidazol-3-ium chloride as a new and
gGreen ionic liquid cCatalyst for one-pot synthesis of dihy-
dropyrimidinones under solvent-free condition.”These authors
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have investigated the use of a Bronsted acidic ionic liquid,
1-methyl-3-(2-(sulfooxy)ethyl)-1H-imidazol-3-ium chloride,
as an inexpensive, easy-to-handle, noncorrosive, and envi-
ronmentally benign catalyst for the Biginelli reaction from an
aldehyde, a 𝛽-dicarbonyl, and urea or thiourea. The advan-
tages of the developed procedure are simplicity of operation,
very short reaction times compared with other procedures
for the preparation of dihydropyrimidinones derivatives, and
the high yields of products. Furthermore, the catalyst can be
easily recyclable after removing starting materials and water.

The paper “The zwitterionic imidazolium salt: first used
for synthesis of 4-arylidene-2-phenyl-5(4H)-oxazolones under
solvent-free conditions” by B. Zhou and W. Chen (Zhejiang
Sci-Tech University, China) is another example of the suc-
cessful use of ionic liquid as catalyst. A new imidazole-
based zwitterionic-type molten salt was developed and used
as catalyst for the synthesis of 4-arylidene-2-phenyl-5(4H)-
oxazolones, which are very important intermediates for
the synthesis of a variety of bioactive molecules and fine
chemicals, through the Erlenmeyer reaction under solvent-
free conditions. The nonhazardous experimental conditions,
ease of reaction, short reaction times, high yields, and metal-
free catalyst are the notable advantages of this procedure.

In the paper entitled “Cycloaddition reaction of carbon
dioxide to epoxides catalyzed by polymer-supported quater-
nary phosphonium salts” the authors Y. Xiong et al. (North-
west Normal University, China) developed new polymer-
supported quaternary phosphonium salts (PS-QPS) to be
evaluated as catalyst for cyclic carbonates synthesis via the
cycloaddition of epoxides with CO

2
. The results testified that

high yields and excellent selectivity can be achieved using PS-
QPS on the assayed conditions (5MPa CO

2
, 150∘C in 6 h).

In addition, the catalyst can be easily separated from the
products and reused for up to five times without considerable
decrease in the yield of cyclic carbonate.

The first contribution presented in this special issue in
the field of the use of ionic liquid in separation processes is
from Y. F. Li et al. (Peking University, China) with the title
“Partitioning of cephalexin in ionic liquid aqueous two-phase
system composed of 1-butyl-3-methylimidazolium tetrafluorob-
orate and ZnSO

4
.” In this paper, an ionic liquid aqueous two-

phase system (ILATPS) was applied in the extraction and
separation of an hydrosoluble antibiotic, cephalexin (CEX).
They found that the distribution of CEX in the ILATPS was
influenced by the volume of [bmim][BF

4
], the concentration

of ZnSO
4
, temperature, pH, and the volume of ZnSO

4

solution. High extraction efficiencies (>92%) were reached
using this approach.

X. Sun et al. (Mudanjiang Normal University, China)
contribute to this issue of the journal with their paper “Ultra-
sonic-assisted extraction of procyanidins using ionic liquid
solution from Larix gmelinii bark.” They propose a novel
extracting method for procyanidins from L. gmelinii bark
based on the use of ionic liquids in ultrasound-assisted
extraction. The results indicated that the characteristics of
anions had remarkable effects on the extraction efficiency
of procyanidins. The optimum conditions for the extraction
were as follows: [bmim][Br] concentration 1.25M, soak time

3 h, solid-liquid ratio 1 : 10, ultrasonic power 150W, and ultra-
sonic time 30min. Relative to other methods, the proposed
approach provided higher extraction efficiency and obviously
reduced energy-consumption time. The method may also
prove useful in the development of energy saving and envi-
ronmentally friendly extraction methods for procyanidins
from other plant materials.

The last contribution in this special issue is from I.
Cichowska-Kopczyńska et al. (GdanskUniversity of Technol-
ogy, Poland) and entitled “Influence of ionic liquid structure
on supported ionic liquid membranes effectiveness in carbon
dioxide/methane separation.” This paper evaluates the poten-
tial application of imidazolium ionic liquids containing alkyl
fluoride anions (bis (trifluoromethylsulfonyl) imide and tri-
fluoromethanesulfonate) immobilized in polymeric supports
(supported ionic liquid membranes) in CO

2
separation from

gaseous streams. Authors found that the assayed supported
ionic liquid membranes were stable, especially when using
polypropylene support. The pure gas permeation results
showed that the increase in alkyl chain length and therefore
increase in viscosity of ionic liquid cause the decrease in
permeation values. Furthermore, lower permeability was
observed for trifluoromethanesulfonate anion, mainly due to
higher viscosity and lower solubility of carbon dioxide. It is
worthy to highlight that the SILMs used in this study were
highly CO

2
selective in CO

2
/CH
4
system which indicated

the possibility of SILMs application in selective separation
of carbon dioxide, especially from gas mixtures containing
methane such as biogas streams.

The collection of works in this special issue constitutes
one more step forward in the race for the development
of desired, greener, more sustainable chemical processes in
which the ionic liquids have demonstrated to be ver promis-
ing green solvents. We hope that you find these papers inter-
esting andwish youmuch success in your research in the field
of ionic liquids as green solvents for chemical processing.

Antonia Pérez de los Rı́os
Angel Irabien

Frank Hollmann
Francisco José Hernández Fernández
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This paper indicates the possibility of application of imidazolium ionic liquids immobilized in polymeric supports—supported
ionic liquid membranes—in CO

2

separation from gaseous streams (e.g., biogas). Imidazolium salts containing alkyl fluoride
anions, bis(trifluoromethylsulfonyl)imide and trifluoromethanesulfonate, selectively separating CO

2

were used. The permeability
of CO

2

through membranes was investigated under gas pressure of 30 kPa and temperature range 283–298K. Permeability values
occurred to be higher for ionic liquids containing bis(trifluoromethylsulfonyl)imide anion. Moreover, CO

2

permeability exhibited
an increase with increasing temperature for all investigated systems. Stability of supported ionic liquid membranes was studied.
In total, polypropylene membrane revealed the best properties, mechanical stability and observed wettability of this support were
better than for polyamide and polyvinylidene fluoride ones. Polyethersulfone supports showed similar contact angles; however,
its mechanical stability was significantly lower. Obtained results allowed to evaluate the effectiveness of separation process using
selected ILs and supports.

1. Introduction

Increasing ecological awareness and legislative changes over
the last decade resulted in the development of innovative
technologies for purification of exhaust gas streams and
air. Due to relatively easy tuning for specific application,
absorption is one of the most commonly applied methods of
carbon dioxide separation. Recently, the main direction of
research is finding more efficient solvents that are crucial in
cost reduction of carbon dioxide capture from gas mixtures.
It was demonstrated that ionic liquids (ILs) can be applied
as effective solvents for such purposes [1–6]. ILs consist
of large, highly asymmetric cation and small organic or
inorganic anion. This structure inhibits crystallization and
ensures that ILs stay in a liquid state over a wide range of
temperatures. Unique properties of ionic liquids are highly
desired in a physical and chemical absorption processes.
They can be easily adjusted by substituting cations and

anions in their structure. Still, ionic liquids present high
sorption capacity, thermal stability, and negligible vapour
pressure. Application of ILs as absorbents allows avoiding
contamination of outlet gas streams by absorbent vapours.
This advantage gives ILs huge predominance over traditional
volatile organic solvents used in purification of gaseous
mixtures [7–11], especially in carbon dioxide removal. An
excellent media for this purpose are imidazolium ionic
liquids. These compounds selectively absorb CO

2
with

lower coabsorption of other gases such as C
2
H
4
, C
2
H
6
,

O
2
, and CH

4
[7, 12–15]. Experimental solubility values

of gases in [BMIM][Tf
2
N] (1-butyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide) expressed by Henry’s
constants KH [MPa] at 298K for CO

2
, C
2
H
4
, C
2
H
6
, O
2
, and

CH
4
are 3.4, 7.0, 9.7, 173.0, and 40.3 respectively [14, 16, 17].

Moreover, gas solubility and diffusivity of the ammonium
ionic liquids is of the same magnitude as of the imidazolium
ones [18]. Ionic liquids are suitable solvents for upgrading
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Table 1: Gas permeation values in 298K described in literature.

Ionic liquid Permeation, barrer
Carbon dioxide

[EMIM][TfO] 920 [24]; 1171 [21, 34]
[EMIM][Tf2N] 960; 1702 [21, 34]
[EMIM][BF4] 9699 [21, 34]
[BMIM][PF6] 500 [35]; 544 [34]
[BMIM][Tf2N] 1344 [34]
[BMIM][BF4] 200 [29]
[HMIM][Tf2N] 1136 [21]

Methane
[EMIM][TfO] 63 [34]
[EMIM][Tf2N] 94; 39 [34]
[EMIM][BF4] 44 [34]
[BMIM][PF6] 40 [35]; 41 [34]
[BMIM][BF4] 3 [29]
[HMIM][Tf2N] 134 [34]

biogas that can be further used in industry. Upgraded biogas
can be injected in the gas grid or used as vehicle fuel and
eventually for electricity and heat production. Apart from 50
to 75% of methane, biogas contains about 25–45% of carbon
dioxide and some amounts of hydrogen sulphide, ammonia,
nitrogen, hydrogen, carbon monoxide, and oxygen. Presence
of these gases results in a lower energy content of biogas per
unit volumewhen comparing to the natural gas and therefore
removal of CO

2
, that significantly reduces its calorific value

and increases corrosion, is required in many applications.
However, the high price of ILs and toxicity remain the

limitations of their application in industrial scale.Thus,mem-
brane processes allow reducing these issues. Ionic liquids can
be embedded in pores of polymer supports where they are
kept by capillary forces (supported ionic liquid membrane
(SILM)). Therefore, membrane technology enables decrease
of solvent consumption, and in consequence, costs of sepa-
ration processes are lower [19–24]. There are several mem-
brane technologies than can be used in CO

2
separation, for

example, membrane contactors preventing dispersion of one
phase into another [25].There can be two kinds of contactors:
parallel and cross-flow, depending on the flow direction.
Cross flow contactors are considered to have some advantages
over parallel contactors: higher mass transfer coefficients,
lower shell-side pressure drop [26, 27]. Supported liquid
membrane systems contain thin barrier of ionic liquid that
enables selective permeation of CO

2
and H

2
S if present

[28, 29]. SILMs became a good alternative to nonporous
polymer membranes due to increased gas diffusion rate
[30–32]. However, some authors find polymerizing of room
temperature ionic liquids as a solution for low stability of
SILMs in high operating pressures [33].

Usually, scientific publications present Henry’s constant
values as the main parameter determining absorption of
CO
2
in several types of ILs (imidazolium, ammonium,

pyridinium, pyrrolidinium, and phosphonium) [2, 12, 14, 16,
17, 37–40]. However, taking into account the mechanisms

of mass transport through the liquid membranes, Henry’s
constant is not the only parameter governing the possibility
of solvent application in membrane separation processes.
In fact, possibility of CO

2
capture from gas streams is

determined also by the diffusion coefficient that characterises
rate of transport of gas molecules through liquid membrane.
From a thermodynamic point of view, separation process
in liquid membrane can be described best by the diffusion
coefficient formula based on solution-diffusionmodel (SDM)
[32, 35] as follows:

𝑃
𝑖
= 𝐷
𝑖
⋅ 𝑆
𝑖
, (1)

where 𝐷
𝑖
is diffusion coefficient [m2/s], and 𝑆

𝑖
is solubility

of gas 𝑖 in the membrane [mol/m3⋅Pa], and 𝑃
𝑖
is permeation

through the membrane [mol/s⋅m⋅Pa].
One has

𝑃
𝑖
=
𝐽
𝑖
⋅ 𝑙

(𝑝
𝑖,𝑓
− 𝑝
𝑖,𝑝
)
, (2)

where 𝐽
𝑖
is molar diffusion flux of component 𝑖 through the

membrane [mol/m2s], 𝑙 is thickness of the membrane [m],
𝑝
𝑖,𝑓

is partial pressure of component 𝑖 in the feed stream [Pa],
and𝑝

𝑖,𝑝
is partial pressure of component 𝑖 in permeate stream

[Pa].
Table 1 presents exemplary permeation values published

in the literature.
Differences between permeation values can be a result of

differences in operational conditions, for example, pressure,
humidity of gas streams, and purity of ionic liquids used in
experiments.

Literature data suggest that as a result of good solubility of
CO
2
and low absorption of other gases, selective absorption

of CO
2
from biogas and exhaust gas streams is possible [41].

Carbon dioxide/methane selectivity for [EMIM][TfO] and
[EMIM][Tf

2
N] reported in the literature is about 18.5 and 12,

respectively [21, 34].
As pointed out by Zhao et al. the outlook for carbon

dioxide capture is to study the low pressure transport in ionic
liquids [42].This research deals with the issue of low pressure
separation of carbon dioxide from CO

2
/CH
4
gas mixtures,

like for example biogas streams. As indicated previously, high
selectivity of separation enables efficient biogas upgrading
using ionic liquids.

2. Experimental

2.1. Materials. Supported ionic liquids membranes were
prepared using selected polymeric supports: GH Polypro
(polypropylene) (PP), FP Vericel (polyvinylidene fluoride)
(PVDF), Nylaflo (polyamide) (PA), and Supor (polyether-
sulphone) (PES), (Pall, Gelman Laboratory, USA). For per-
meation experiments PP membrane was selected in order
to good wettability and low swelling as indicated in results
section. Four ionic liquids were applied as a membrane
phase:

1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [EMIM][Tf

2
N],
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Table 2: Physicochemical parameters of polymeric supports reported by producer.

Support Density, kg/m3 Pore diameter, 𝜇m Total porosity, % Thickness, 𝜇m
PP 900 0.2 80 92
PVDF 1790 0.2 80 123
PA 1130 0.2 80 110
PES 1370–1510 0.2 80 148

Table 3: Physicochemical properties of ionic liquids used in the experiments at 298K.

Ionic liquids Chemical formula Density, g/cm3∗ Viscosity, mPa⋅s Surface tension,
mN/m

[EMIM][Tf2N] [C6N2H11]
+[(CF3SO2)2N]

− 1.52 32.60 32.56
[EMIM][TfO] [C6N2H11]

+[CF3SO3]
− 1.39 40.40 37.82

[BMIM][Tf2N] [C8N2H15]
+[(CF3SO2)2N]

− 1.43 48.06 30.83
[BMIM][TfO] [C8N2H15]

+[CF3SO3]
− 1.29 74.30 34.67

∗Data provided by producer.

1-ethyl-3-methylimidazolium trifluoromethanesulfo-
nate [EMIM][TfO],
1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [BMIM][Tf

2
N],

1-butyl-3-methylimidazolium trifluoromethanesulfo-
nate [BMIM][TfO].

Imidazolium ionic liquids with [Tf
2
N] and [TfO] anions

were selected, as they exhibit very good carbon dioxide
absorption in comparison to [BF

4
], [PF

6
] [14, 17, 43]. All

chemicals were supplied by IOLITEC, Heilbronn, Germany,
with purity above 99%. In order to determine the effect of
chemical structure of the ionic liquids on CO

2
diffusion,

different alkyl chain lengths of the cations and different
anions were selected.

Physical and chemical properties of polymeric supports
and ionic liquids applied in experiments are presented in
Tables 2 and 3.

2.2. Methods

2.2.1. Viscosity, Surface Tension, and Contact Angles Mea-
surements. Measurements of dynamic viscosity coefficient
of selected ionic liquids were conducted using Brookfield
Rheometer LV III. The dependence of shear stress (Pa)
on shear rate (1/s) was determined. Ionic liquids viscosity
remains constant with increasing shear rates. Such linear
relationship between shear stress and shear rate is related
to newtonian character of the liquid. Surface tensions of
selected ionic liquids were determined by the pendant drop
method using Tensiometer Krüss DSA 10. Contact angles
measurements were carried out using dynamic sessile drop
method using Tensiometer Krüss DSA 10. Results are shown
in Tables 3 and 4.

2.2.2. Supported Ionic Liquid Membranes Preparation Proce-
dure. Polymer supports and ionic liquids were degassed
in vacuum dryer Vacucell 55 according to procedure
described in the literature [44–46]. After degassing water

content in ionic liquids was determined using Karl-Fisch-
er coulometric titration method with Metrohm 831 KF
Coulometer: [EMIM][TfO]-0.370%, [BMIM][TfO]-0.134%,
[EMIM][Tf

2
N]-0.001%, [BMIM][Tf

2
N]-0.109%. Neverthe-

less, ionic liquids are hygroscopic, so the water content could
change during the experiments.

The literature data suggest that the small addition of water
improves the performance of membrane. Carbon dioxide
permeation increases when the molar fraction of water
increases from 0 to 0.1.This improvement can be attributed to
increased diffusivity due to the lower viscosity of ionic liquid
[47].

Degassed polymeric supports were saturated with 0.1 cm3
of ionic liquids per 1.0 cm2 of support surface. The excess
of ionic liquid was removed from membrane surface using
blotting paper until weight of immobilized membrane was
stable. The procedure was repeated three times in order to
provide complete pores saturation.

2.2.3. Determination of Supports Swelling. Swelling of sup-
ports was determined on the basis of supports thickness.
Thickness was determined by optical method using epi-
fluorescent microscope L3001 equipped with digital camera
Canon Power Shot A650 SI. Membrane was placed in glass
holder in 𝑍 direction according to the procedure described
in the literature [48]. In previous work membrane swelling
after 24 hours was determined. In present paper, in order to
evaluate the time period of swelling effect, data obtained after
72 and 120 hours are presented.

2.2.4. Evaluation of SILMs Stability. Mechanical resistance
of membrane systems on pressure difference over the mem-
brane was investigated in laboratory test unit presented in
Figure 1. Both sides of the chamber were evacuated using
vacuum pump, and inert gas was released to the feed side
at a rate of 50 Pa/s. Pressure difference was recorded using
pressure sensorsMPX 5100DP and software usingGlanguage.
Experiments were conducted in 283, 288, and 298K.
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Figure 1: Diagram of the laboratory unit for the determination of CO
2

/CH
4

permeation: 1: CO
2

/CH
4

gas container, 2: gas sample container,
3: pressure sensor, 4: computer, 5: CO

2

analyser, 6: thermostat, 7: A/D converter, 8: vacuum pump, 9: chamber, 10: SILM, and 11: valves.

2.2.5. Determination of Carbon Dioxide/Methane Permeation.
Permeation was determined using laboratory unit shown in
Figure 1. Polymeric support saturated with ionic liquid (10)
was placed in a stainless steel chamber (9), consisting of
two parts: upper (feed side) and bottom (permeate side).
The chamber was equipped with heating jacket coupled
with thermostat (6). The experiments were carried out in
283, 288, and 298K with 0.1 K accuracy. Both sides of the
chamber were equipped with electronic temperature sensors
and connected to vacuum oil pump (8). Gas container (1)
was attached through differential pressure regulator with
thermostatic gas sample container (2) connected to the feed
part of the chamber. Pressure sensor signal (MPX 5100 DP)
was transmitted to the A/D converter (7) and was recorded
with software using G-language (4). The CO

2
concentration

in gas sample container was measured using IR analyser (5)
in order to ensure that there are no other gases present in the
container apart from carbon dioxide.

Experiments were carried out as the following:

(i) obtaining vacuum in feed and permeate sides (to
remove CO

2
, O
2
, N
2
, and other gases),

(ii) filling gas sampler (2) with CO
2
/CH
4
,

(iii) obtaining desirable temperature in the chamber and
gas sampler containing CO

2
/CH
4
,

(iv) filling the feed side of the chamber with CO
2
from gas

sample container at a rate of 50 Pa/s, to obtain 30 kPa
pressure difference between feed and permeate side.
The pressure of 30 kPa was the maximum pressure
that did not cause SILM deformation.

The drop of pressure in feed chamber and increase of pressure
in permeate chamber were determined with differential
pressure sensor during the experiment.

Permeation was determined on the basis of pressure
difference between the feed and permeate side in time period
when the pressure drop was linear.

Figure 2 presents the linear approximation of pressure
difference included in (2).

Thickness of the membrane was determined before each
measurement.

Application of freshly prepared SILMmembrane for each
experiment allowed to use the same volume of feed stream
and permeate stream in every single experiment and to
eliminate necessity of determination of the CO

2
amount

already dissolved in the ionic liquid.

3. Results and Discussion

3.1. Determination of Supports Swelling and Wettability. We
have previously reported data on swelling of the membrane
after 24 hours from immobilization procedure [36]. All the
investigated supports showed higher thickness after immobi-
lization with ionic liquid.

In present paper, data on thickness after 2, 72, and 120
hours from saturation are presented. The initial thickness of
the membranes is as follows: PP 75 ± 1, PA 115 ± 1, PES
118 ± 1, and PVDF 160 ± 1. Considering data presented in
Figure 3, rapid increase of thickness is observed immediately
after impregnation, further differences are rather less distinct;
however, the trend is preserved. Polyamide support shows
similar thickness for all ionic liquids used in this study, the
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Table 4: Wettability of polymeric supports by ionic liquids determined by sessile drop method at 298K [36].

Ionic liquid Support Advancing angle
𝜃
𝑎

, deg
Receding angle
𝜃
𝑟

, deg
Hysteresis
𝜃
𝑎

− 𝜃
𝑟

, deg

[EMIM][Tf2N]

PES 16.6 ± 0.2 9.6 ± 0.2 7.0
PVDF 12.5 ± 0.7 7.4 ± 0.1 5.1
PA 10.3 ± 0.5 6.8 ± 0.6 3.5
PP 12.3 ± 0.5 7.8 ± 0.6 4.5

[EMIM][TfO]

PES 14.5 ± 0.6 8.3 ± 0.2 6.2
PVDF 15.5 ± 0.6 8.4 ± 0.2 7.1
PA 14.2 ± 0.3 8.1 ± 0.2 6.1
PP 11.8 ± 0.9 5.6 ± 0.7 6.2

[BMIM][Tf2N]

PES 16.9 ± 0.2 8.2 ± 0.2 8.7
PVDF 19.2 ± 0.5 10.9 ± 0.5 8.3
PA 10.7 ± 0.4 8.4 ± 0.3 2.3
PP 13.9 ± 0.4 8.0 ± 0.3 5.9

[BMIM][TfO]

PES 15.5 ± 0.2 8.1 ± 0.2 7.4
PVDF 18.3 ± 0.6 10.4 ± 0.7 7.9
PA 8.1 ± 0.3 6.6 ± 0.1 1.5
PP 10.5 ± 0.3 8.8 ± 0.5 1.7
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Figure 2: Linear approximation of pressure difference.

rate of swelling is the lowest, and it corresponds to incomplete
pores saturation with the liquid, that was calculated on the
basis of ratio of the real mass of IL embedded in the support
pores and the theoretical value of themaximum amount of IL
possible to immobilize.

Swelling of polymeric membranes can affect mechanical
stability of the supports decreasing themaximum transmem-
brane pressure possible to apply without causing membrane
damage.

The rate of swelling for all ionic liquids used in the
study is similar and stays with correlation to wetting of the
supports. All the values of contact angles calculated from
sessile drop measurements (Table 4) were below 20 deg.,
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Figure 3: Increase of polypropylene membrane thickness.

therefore all the examined ionic liquids are suitable for perfect
wetting of supports. The best wettability was observed for PA
membrane, successively for PP, PVDF, and PES; however, the
differences are not significant.

According to Young equation assumptions, equilibrium
contact angle does not change when changing the drop
volume. Supports examined in this study do not meet Young
equation foundations, the drop is in the metastable state,
and the hysteresis is observed. There are two components
of the hysteresis value, the first one is the thermodynamic
hysteresis dependent on the surface roughness and hetero-
geneity, whereas the second one is the dynamic hysteresis
that is connected to chemical interactions of liquid and solid,
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Figure 4: Increase of thickness of different supports saturated with
ionic liquids after 120 hours.

penetration of liquid into polymer pores, and the ability of
atoms or functional groups to change its positions.

The first component is not affected by the time of solid-
liquid drop contact, whereas dynamic hysteresis is, and
moreover is dependent on the properties of polymer and
ionic liquid.

Taking into account swelling of the supports, it is
observed that the polypropylene membrane gains almost the
same thickness immediately after impregnation for all ionic
liquids used in the study, and it can be assumed that the
hysteresis is dependent only on the surface roughness and
heterogeneity. Further changes in thickness of the supports
are connected to the liquid penetration into the pores and
free space between polymer molecules and reorientation of
functional groups of ionic liquids, so the particles in the
ionic liquid-polymer interface reach the minimum of free
interface energy. Polypropylene supports gain about 30–40%
of thickness and yet PA ones gain only about 4% (Figure 4).

3.2. Determination of Mechanical Stability. The mechanical
stability of investigated supports was determined in order
to check the potential of technological application. Figure 5
presents maximum transmembrane pressure not causing
polypropylene support damage. Supported ionic liquidmem-
branes based on polypropylene support present the highest
mechanical stability for operating pressures between 40 and
50 kPa. Pressure changes in course of experiment are shown
in Figure 6. The peak at the curve is a result of pushing
the solvent out of the pores of the support, and the gas
leakage is observed. Further increase of feed stream pressure
applied over the membrane leads to the polypropylene sup-
port damage, whereas for other SILMs the transmembrane
pressure possible to apply without support degradation is
lower than pressure required to push the impregnating liquid
out of the pores. The highest pressure difference across the
membrane obtained during the experiments reached 59 kPa.

Data presented in Table 5 suggest that polypropylene mem-
brane is more stable in lower temperatures. Higher stability
for PP-[EMIM][TfO] membrane stays in correlation with
swelling of the membrane. Swelling rate of the PP membrane
is lower for [EMIM][TfO] than for [EMIM][Tf

2
N]. Structure

changes of PP impregnatedwith [EMIM][Tf
2
N] caused lower

mechanical stability of this system. However, experiments
conducted in higher temperatures with different ionic liquids
need to be done. Polyethersulphonemembrane was damaged
even if minimum pressure was applied.

In order to determine the impact of cation structure
on stability of the system, polypropylene membrane was
also impregnated with ionic liquids based on 1-butyl-3-
methylimidazolium cation. For PP-based systems, maximum
pressure difference between feed and permeate side was
higher when using [TfO] based ionic liquids: about 60 kPa
for [EMIM][TfO] and 48 kPa for [BMIM][TfO], than for
systems using [Tf

2
N] ionic liquids as a membrane phase:

56 kPa for [EMIM][Tf
2
N] and 46 kPa for [BMIM][Tf

2
N].

The differences are not significant; however, when related
to all examined temperatures, in total, membranes using
ionic liquids based on [TfO] anion are slightly more stable,
nevertheless it stays with a disagreement to the swelling data.
However, it is likely that [TfO] anion-based ionic liquids
make polypropylene more elastic enhancing the pressure
resistance. The membrane is then deformed under the pres-
sure before cracking.

The cation structure also affects mechanical properties.
It can be seen that the longer hydrocarbon chain in cation
structure is, the more disruptions in membrane structure
occur, and the lower the mechanical stability is. Ionic liquid
penetrates into the support pores and between polymer
particles and fibers reorientating its structure to energetically
favorable position. The longer alkyl chain length, the greater
space is occupied with the ionic liquid, and the greater
support expansion is observed.

Obtained results suggest that it is possible to use such
SILMs without any additional mechanical supports in ven-
tilation systems that reveal only slight pressure fluctuations.
Moreover, applying SILMs to improve biogas quality directly
in outlets of fermentation reactors without gas compression
would also bring some profits. In many cases for the proper
work of electric generators it is necessary to increase the
methane content in biogas. That is why the application of
SILMs is considered to be a promising perspective, espe-
cially when comparing to other methods requiring pressure
increasing and regeneration of absorbent.

3.3. Determination of Carbon Dioxide and Methane Perme-
ation. Permeability of the supported ionic liquidmembranes
at different temperatures is presented inTable 6. It can be seen
that for each SILM system permeability increases with the
increase of temperature.

Carbon dioxide permeability of the PP membrane-
[EMIM][TfO] system increases from 636 to 1076 barrers,
as the temperature increases from 283 to 298K and from
749 to 1888 barrers for PPmembrane-[EMIM][Tf

2
N] system.

Temperature increase causes an increase of ions activity and
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Figure 5: Maximum transmembrane pressure obtained for PP support in different temperatures.

Table 5: Mechanical stability of supports.

Membrane Ionic liquid

Maximum
pressure
difference

obtained, kPa

Average
pressure

difference in
283K, kPa

Average
pressure

difference in
288K, kPa

Average
pressure

difference in
298K, kPa

PES [EMIM][Tf2N] 4.70 n/a n/a 4.70 ± 0.30
[EMIM][TfO] 5.21 n/a n/a 5.10 ± 0.20

PVDF [EMIM][Tf2N] 22.81 22.14 ± 1.05 21.57 ± 1.24 20.18 ± 1.53

[EMIM][TfO] 21.82 21.10 ± 0.63 20.60 ± 0.43 20.15 ± 0.87

PA [EMIM][Tf2N] 22.30 n/a n/a 20.31 ± 1.21

[EMIM][TfO] 13.42 n/a n/a 11.20 ± 0.96

[EMIM][Tf2N] 55.75 51.97 ± 3.48 47.68 ± 3.06 43.31 ± 4.77

PP [EMIM][TfO] 59.53 53.68 ± 1.87 51.78 ± 3.39 49.43 ± 6.23

[BMIM][Tf2N] 47.64 46.40 ± 1.02 45.08 ± 1.73 44.59 ± 2.89

[BMIM][TfO] 51.78 50.65 ± 1.16 48.28 ± 1.48 47.07 ± 1.00

decrease of ionic liquid viscosity and therefore an increase
of CO

2
permeation. According to presented data it can be

concluded that the longer is hydrocarbon chain in the cation
structure, the lower permeability is observed. Scovazzo et
al. reported similar permeability for PES support impreg-
nated with [EMIM][Tf

2
N], 960 barrers at room temperature.

Ilconich et al. in their study of PS membranes immobilized
with [HMIM][Tf

2
N] reported a CO

2
permeability 744 bar-

rers at 310 K and 1200 barrers at 398K [49].
It can be concluded that choosing proper polymer sup-

port is essential for obtaining satisfactory CO
2
permeation.

For example Baltus et al. used an inorganic (𝛾-alumina)
support with [BMIM][Tf

2
N] and obtained significantly lower

values of permeation-70 barrers [4].
Methane permeation values stay in agreement with

literature data. They are significantly lower than carbon
dioxide permeation values. Selectivity obtained by dividing
the permeabilities of two pure gases is about 16 for [EMIM]
[TfO] and 17 for [EMIM] [Tf

2
N].

4. Conclusions

It has been shown that the supported ionic liquid mem-
branes prepared with ionic liquids based on the 1-alkyl-3-
methylimidazolium cation are stable, especially when using
polypropylene support. The effect of alkyl chain length in
IL structure on the permeability was studied. The pure gas
permeation results have shown that the increase in alkyl
chain length and therefore increase in viscosity of ionic
liquid cause the decrease in permeation values. The effect
of using different ILs anions on the permeability of carbon
dioxide was also evaluated, and lower permeability was
observed for [TfO] anion, mainly due to higher viscosity and
lower solubility of carbon dioxide. Results have also shown
that the SILMs used in this study are highly CO

2
selective

in CO
2
/CH
4
system. This fact indicated the possibility of

SILMs application in selective separation of carbon dioxide,
especially from gas mixtures containing methane such as
biogas streams.
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Table 6: Permeability of carbon dioxide and methane through SILMs (with PP support) at different temperatures.

Ionic liquid Temperature, K Permeability, barrer
Viscosity of ionic liquid, mPa⋅s

Carbon dioxide Methane
283 749 ± 14 n/a 56.36 ± 1.93

[EMIM][Tf2N] 288 811 ± 14 n/a 51.55 ± 1.27
298 1888 ± 117 101 ± 1 40.40 ± 1.80
283 636 ± 69 n/a 44.77 ± 0.63

[EMIM][TfO] 288 684 ± 31 n/a 42.26 ± 0.61
298 1076 ± 111 60 ± 17 32.60 ± 1.07

[BMIM][Tf2N] 298 936 ± 26 77 ± 2 74.30 ± 0.71
[BMIM][TfO] 298 754 ± 33 43 ± 2 48.06 ± 1.95
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Figure 6: Pressure changes during stabilitymeasurements of SILMs.

SILMs systems used in this study occurred to be more
stable when applying lower temperatures. When choosing
proper support and type of ionic liquid, it is important to take
into account properties of both. Due to interactions between
them, effectiveness and lifetime of the membranes can differ
significantly in connection to wettability and swelling of the
support. Mechanical stability is strongly dependent on those
interactions that are expressed by the rate of swelling and
contact angles. Structural changes in the polymer usually
result in the decrease of mechanical stability and increase of
the length of permeation path. Additionally poor wetting can
cause interruption of continuity of liquid membrane.
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e zwitterionic imidazolium salt was prepared and characterized by 1H N�R. It was �rst used for synthesis of azlactones
via Erlenmeyer synthesis from aromatic aldehydes and hippuric acid under solvent-free conditions. It was found that aldehyde
substituents play an important role in these reactions. Better conversions and therefore higher isolated yields were observed when
electron-withdrawing groups (EWG-) were present in the aromatic aldehyde. Opposite results were shownwhen electron-donating
groups (EDG-) were present in the aromatic aldehyde. However, azlactones were obtained in moderate to high yields.

1. Introduction

4-Arylidene-2-phenyl-5(4H)-oxazolones are very important
intermediates for the synthesis of a variety of bioactive
molecules, �ne chemicals, and precursors of several biolog-
ically active molecules such as amino acids and peptides
[1]. ese compounds are especially active as anticancer
[2], antitumor [3], and inhibitors of central nervous system.
Besides, these compounds are unique precursors for the syn-
thesis of amino acids, peptides [4], heterocyclic compounds
[5], and biosensor [6, 7]. In fact, these precursors could
be synthesized by Horner-Emmons, Heck, or Erlenmeyer-
PlÖchl [8] reactions followed by a complementary asym-
metric hydrogenation reaction. e most common route to
oxazolones involves the condensation of aromatic aldehydes
and hippuric acid with a stoichiometric amount of fused
sodium acetate in the presence of acetic anhydride as the
dehydrating agent [9], such methodology is known as the
Erlenmeyer-Plöchl reaction [1].

Since the �rst report on the synthesis of azlactones pub-
lished in 1883, a number of catalysts have been developed in

recent years. For example, lead acetate [10], SO3 in dimethyl-
formamide [11], perchloric acid [12], polyphosphoric acid
[13], carbodiimides [14], anhydrous zinc chloride [15],
Bi(OAc)3 [16], Bi(OTf)3 [17], Ca(OAc)2 [18], KF-alumina
[19], Yb(OTf)3 [20], POCl3 [21], H3PW12O40 [22], Sm [22],
RuCl3 [22], Al2O3 [23], organic bases [1, 24], K3PO4 [25], and
organic-inorganic hybrid polyoxometalates [26] have been
used to perform this condensation. However, some of these
procedures have important drawbacks, such as the use of
water-sensitive catalyst [11, 15, 19], the use of noble metal/or
salts as catalysts [16, 20, 22], rigorous conditions [12, 21, 25],
and the use of toxic reagents [1, 10, 12, 21, 25]. Additionally,
many literatures [15–23, 26] show that the aldehydes bearing
electron-donating groups (EDGs, such as –NR2, –NHR,
–NH2, –OH, –OR, –OCOR, and –CH3) were more reactive
than electron-withdrawing groups (EDGs, such as –NO2,
–CF3, –CCl3, –CN, –COOH, –CO2R, and –F). Only few
reports [1, 24, 25] show opposite results.en, there is a need
for the development of environmentally benign methods,
for example solvent-free condition, nontoxic reagents, mild
reaction, simpler workup, and EDGs-active.
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Recently, Rostami has reported a new organic-inorganic
hybrid polyoxometalates for the catalytic Erlenmeyer-
Plöchl reaction involved using [bmim]3PW12O40 and
[bmim]4W10O32 as catalysts [26]. ey found that the ion
identity has an important impact on its property, and the
introduction of [bmin] ion resulting more efficient than
that of the others (such as K+). Furthermore, the using
of PW12O40

3− and W10O32
4− will cause environmental

problems. Besides, the aldehydes bearing electron-donating
groups (EDGs) were given higher product yield and short
time. Recently, zwitterionic salts have become research
topic due to high ion density and high matrix mobility
at ambient temperature [27]. Hajra has recently reported
that zwitterionic-type molten salt may act as a bifunctional
organocatalyst in the aza-Henry reaction [28] and for
synthesis of 2-amidoalkyl and 2-carbamatoalkyl naphthols
[29]. e imidazolium salt (1) contained [bmim] as cation
and sulfonate as anion by covalent binding. According to
[26], we want to know whether the introduction of sulfonate
as anion instead of PW12O40

3− and W10O32
4− could impact

on its catalytic property. Interested in this question and our
continual research in the Erlenmeyer reaction [20], we report
here the preparation, characterization, and catalytic activity
of the imidazolium salt (1) in the catalyzed Erlenmeyer
reaction for synthesis of azlactones under solvent-free
conditions (Scheme 1).

2. Results and Discussion

e imidazolium salt (1) was synthetized [27] and character-
ized by 1H NMR. In order to evaluate the catalytic activity
of sulfonate, several sulfonates such as imidazolium salt (1),
methanesulfonic acid, and sulfamic acid were tested in the
Erlenmeyer reaction. e results are reported in Table 1.
It was found that imidazolium salt (1) (Table 1, entry 1)
provided azlactone 4e in the highest isolated yield in very
simple procedure andwas therefore selected for further study.

T 1: Evaluation of several sulfonates in the Erlenmeyer reaction.

Entry Catalyst
Reaction

temperature
(∘C)

Reaction
time
(h)

Isolated
yields
(%)a

1 Imidazolium salt (1) 60 4 76
2 CH3SO3H 60 4 16
3 NH2SO3H 60 4 7
aBased on benzaldehyde; isolated yields based on benzaldehyde; 5mmol
benzaldehyde, 5.5mmol hippuric acid, 10mmol% catalyst, and 15mmol
acetic anhydride were used.

e overall process de�ned as the Erlenmeyer reaction
was initially studied using benzaldehyde 3e as the substrate
(Table 2). As shown in Table 2, different conditions have
been conducted such as the amount catalyst, temperature,
and reaction time. e amounts of textbf1 were tested, and
it was found that 5mmol% of 1 was enough to accomplish
the reaction (Table 2, entries 2–5) when 10mmol% of
stoichiometric amount were required as previously reported.
Increasing the amount of catalyst did not obviously improve
the yield. Besides, 2-phenyloxazol-5-one was found as by-
product when usedwithout catalyst in the reactionwhichwas
in accordance with [23]. 2-phenyloxazol-5-one was proved
as important intermediate in the Erlenmeyer reaction. Sim-
ilarly, reaction temperature and time were also investigated.
e isolated yield was low (15%, Table 2, entry 6) as the
condensation of hippuric acid to 2-phenyloxazol-5-one needs
high temperature. However, some unknown by-products
were formed when reaction temperature heated up to re�ux
temperature and caused lower yield than the yield in 60∘C.
In the re�ux temperature, heavy slurry was found causing
initial reactor agitation problems and an extended process
reaction time [24]. It was found that four hours seem to be the
optimum reaction time as shown in Table 2 (entries 10–13).
Extended timewas not available to higher yield (Table 2, entry
13).
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T 2: Reaction conditions in the Erlenmeyer reaction.

Entry
e amount
of catalysts
(mmol%)

Reaction
temperature

(∘C)

Reaction time
(h)

Isolated yields
(%)a

1 0 60 4 41b

2 2.5 60 4 67
3 5 60 4 75
4 10 60 4 76
5 20 60 4 78
6 5 25 24 15
7 5 40 4 56
8 5 60 4 75

9 5 Re�ux
temperature 4 62

10 5 60 1.5 53
11 5 60 2.5 56
12 5 60 4 75
13 5 60 5 75
aBased on benzaldehyde; isolated yields based on benzaldehyde; 5mmol
benzaldehyde, 5.5mmol hippuric acid and 15mmol acetic anhydride were
used.
bNot isolated yield, some by-products were found.

To explore the scope of our catalyst, a wide variety
of aldehydes were investigated in this system including
aromatic and aliphatic aldehdyes (Table 3, entries 1–12).
Unfortunately, aliphatic aldehyde cannot be activated in
this system (Table 3, entries 11-12). Interestingly, aromatic
aldehyes with the electron-withdrawing groups (EWG) were
present more active than that of opposite aldehydes (Table 3,
entries 1–9). EDG aldehydes resulted in lower conversion
and longer reaction time. Similar phenomenon was only

mentioned byomas’s research group [1, 24, 25]. Compared
to the previous report [26], it was thought that the existence
of [bmin] made high catalyst activity of [bmim]3PW12O40
and [bmim]4W10O32. According to this theory and our
research, it can be deduced that the existence of sulfonate
may cause the different electronic effect, and a supposed
reaction mechanism was given [28, 29] in Scheme 2. 2-
phenyloxazol-5-one (2′) was �rst generated in condensation
reaction which happened in the presence of acetic anhydride
as the dehydrating agent.e imidazolium salt could activate
both aldehydic carbonyl oxygen and acidic hydrogen of 2-
phenyloxazol-5-one (2′). e zwitterionic imidazolium salt
(1) may act as a bifunctional organocatalyst in this reaction.
e electrophilic activation of the aldehyde carbonyl is
expected to take place through hydrogen bond formation
with C-2 hydrogen atom of the imidazolium moiety. Similar
mechanisms were indicated in the aza-Henry reaction [28]
and aza-Michael addition [29].

3. Conclusions

In summary, imidazole-based zwitterionic-type molten salts
are a new class of catalyst for the synthesis of 4-arylidene-2-
phenyl-5(4H)-oxazolones through the Erlenmeyer reaction
under solvent-free conditions. is present procedure is
equally effective in aryl aldehydes with electron-withdrawing
groups. e nonhazardous experimental conditions, ease of
reaction, short reaction times, high yields, andmetal-free cat-
alyst are the notable advantages of this procedure. To the best
of our knowledge, this is the �rst report of the Erlenmeyer
reaction, promoted by a zwitterionic imidazolium salt under
solvent-free conditions. e investigation of the mechanism
of this reaction and the use of chiral zwitterions are underway
and will be reported in due course. us, it provides a better
and more practical alternative to the existing methodologies.
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T 3: Preparation of azlactones from different aldehydes.

Entry R (aldehyde) Reaction time (h) Azlactones Isolate yields (%)a Mp found (∘C) Mp lit. (∘C)
1 4-N(CH3)2 5.5 4a 70 211–213 214 [25]
2 Heliotropin 5 4b 67 197–199 199 [30]
3 4-OCH3 5 4c 62 155-156 159 [25]
4 4-CH3 6 4d 40 143-144 144 [25]
5 H 4 4e 75 168-169 166 [25]
6 4-Cl 5.5 4f 82 196-197 196 [25]
7 2-F 4 4g 55 166-167 168 [31]
8 4-CF3 3 4h 85 173-174 174 [32]
9 4-NO2 3 4i 89 240-241 239 [25]
10 2-Furaldehyde 5 4j 35 170–172 169 [25]
11 Isobutyraldehyde 5 — NDb — —
12 3-Phenylpropionaldehyde 5 — NDb — —
aBased on aldehyde; isolated yields based on aldehyde; 5mmol aldehyde, 5.5mmol hippuric acid, 5mmol% imidazolium salt (1), and 15mmol acetic anhydride
were used; the reaction was carried out at 60∘C.
bNo product was detected.

4. Experimental

4.1. Materials. All chemicals and solvents were obtained
from commercial sources and used without further puri�-
cation. Melting points were recorded on X4 micro- melting
apparatus and uncorrected. FT-IR spectra were recorded
using KBr pellets on a Nicolet Avatar Spectrophotometer. 1H
NMR spectra were recorded on a Bruker Avance DMX 400
instrument using CDCl3 and DMSO-d6 as the solvents with
TMS as an internal standard. Mass spectra were measured
with an HP 5903 mass spectrometer with 70 eV energy.

4.2. Synthesis of Imidazolium Salt (1) [27]. 1-methyimidazole
(3.28 g, 40mmol) was dissolved in acetone (80mL), and
40mL of 1,3-propanesultone (4.88 g, 40mmol) in acetone
were added slowly at 0∘C.Mixtures were stirred at room tem-
perature for 5 days in a dry N2 atmosphere. e precipitate
was recovered and washed by �ltration and dried in vacuo at
60∘C. White solid; 1H NMR (400MHz, DMSO-d6) 𝛿𝛿 𝛿 2𝛿𝛿𝛿
(t, 2H, 𝐽𝐽 = 7.0Hz, CH2), 2.45 (t, 2H, 𝐽𝐽 = 11.3Hz, CH2), 3.85
(s, 3H, CH3), 4.31 (d, 2H, 𝐽𝐽 = 6.8Hz, CH2), 7.69 (s, 1H), 7.78
(s, 1H), 9.11 (s, 1H).

4.3. Synthesis of 4-Phenyl-4-(phenylmethylene)-5(4H)-oxa-
zolone (4e). A mixture of benzaldehyde (505𝜇𝜇L, 5mmol),
hippuric acid (0.98 g, 5.5mmol), acetic anhydride (1.6mL,
15mmol), and imidazolium salt (0.051 g, 0.25mmol) was
taken in a dry 50mL �ask with constant stirring. e whole
mixture was stirred at 60∘C in oil bath for appropriate time
(by TLC). e �ltrate was cooled to room temperature, 5mL
95% EtOH were added, and yellow solid was precipitated.
e yellow solid was �ltered off and washed with hot water.
e crude azlactone was puri�ed by recrystallisation from
acetone/water (0.934 g, 75% as yellow solid). M.p. 168-169∘C
(Lit. [25] M.p. 168∘C); 1H NMR (400MHz, CDCl3) 𝛿𝛿 = 7.27
(s, 1H, –CH=), 7.48–7.63 (m, 6H, ArH), 8.19–8.23 (m, 4H,
ArH). IR (KBr) 3420, 1793 (–C=O), 1653, 1384, 1167 cm−1.

Mass (𝑚𝑚𝑚𝑚𝑚𝑚: 249, 116, 105, 89. See Supplementry Material
available at http://dx.doi.org/10.1155/2013/ 280585.
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Polymer-supported quaternary phosphonium salt (PS-QPS) was explored as effective catalyst for the coupling reaction of carbon
dioxide with epoxides.e results indicated that cyclic carbonates with high yields (98.6%) and excellent selectivity (100%) could be
prepared at the conditions of 5MPaCO2, 150

∘C, and 6 hwithout the addition of organic solvents or cocatalysts.e effects of various
reaction conditions on the catalytic performance were investigated in detail. e catalyst is applicable to a variety of epoxides,
producing the corresponding cyclic carbonates in good yields. Furthermore, the catalyst could be recovered easily and reused for
�ve times without loss of catalytic activity obviously. A proposed mechanism for synthesis of cyclic carbonate in the presence of
PS-QPS was discussed.e catalyst was characterized by thermogravimetric analysis (TGA), scanning electronmicroscopy (SEM),
and Fourier transform infrared (FT-IR) spectrum. It is believed that PS-QPS is of great potential for CO2 �xation applications due
to its unusual advantages, such as easy preparation, high activity and selectivity, stability, low cost, and reusability.

1. Introduction

Due to the economic and environmental bene�ts, develop-
ing chemical synthesis processes using renewable resource
becomes increasingly important [1]. From the green chem-
istry point of view, the use of CO2 as feedstock in synthesis
and industrial applications plays an important role in the
protection of environment because it is a primary greenhouse
gas which contributes to global warming, and the emission
of CO2 from combustion into the atmosphere continues to
rise [2, 3]. Without action toward stemming CO2 emissions,
global warming could pose a massive threat to our modern
life; crop failure due to changing climates, increasingly
common freak weather conditions, and loss of habitat are
all potential consequences of humans carbon-rich lifestyle
which are already becoming apparent [4, 5].

Carbon dioxide is an attractive C1 building block, safe
raw material, and environmentally friendly chemical reagent
in organic synthesis since it is highly abundant, inexpensive,
nontoxic, and non�ammable [6, 7]. erefore, chemical
�xation of CO2 becomes more important from both an
ecological and an economic points of view. Approximately

110MT (megatons) of CO2 are currently used for chemical
synthesis annually. e chemicals synthesized include urea,
salicylic acid, cyclic carbonates, and polycarbonates [8].
e cycloaddition reaction of CO2 with epoxides to afford
the �ve-membered cyclic carbonates represents a promising
methodology in CO2 chemical �xation [9, 10], these cyclic
carbonates can be widely used for various purposes, such
as electrolytic elements of lithium secondary batteries, polar
aprotic solvents, monomers for synthesizing polycarbonates,
chemical ingredients for preparing medicines or agricul-
tural chemicals, alkylating agents, engineering plastics, and
biomedical �elds [11, 12]. In the last decades, many catalytic
systems have been developed for coupling CO2 and epoxides,
such as metal salts [13], metal oxides [14], quaternary
ammonium salts [15, 16], quaternary phosphonium salts
[17, 18], transition metal complex, salen complex [19–
25], ion-exchange resins [26], and ionic liquids (ILs) [27–
31]. However, in some of the cases, organic solvents and
expensive metal catalysts are used in the reactions or work-
up procedures, and the products are commonly isolated
from the reaction systems by distillation; the yield of the
desired products still remained low. erefore, development
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T 1: Cycloaddition reactions of CO2 to ECH catalyzed by
different catalysts.

Catalyst P content (%) Yield (%) Selectivity (%)
PS-QPS-1 5.0 98.6 99.4
PS-QPS-2 2.1 78.9 97.9
PIL-1 8.7 93.3 100
PIL-2 9.4 92.4 97.4
PBu3 15.3 5.3 89.6
CMPS 0 — —
Reaction conditions: ECH 3mL, catalyst 0.08 g, 5MPa CO2, 150

∘C, and 6 h.

of efficient catalysts for this transformation using cheap
and nontoxic reagents and conducting the reactions under
solvent-free conditions are still desirable [32].

In the previous works [33–35], we found that quaternary
phosphonium salts demonstrated very high activity and
excellent selectivity in the cycloaddition of CO2 to epoxides.
Herein, we highlight the use of high cross-linked polymeric
material as support and develop the polymer-supported
quaternary phosphonium salts (PS-QPS) for the synthesis
of cyclic carbonate (as shown in Scheme 1). e catalytic
performance of PS-QPS catalyst for cycloaddition of CO2 to
epoxides was investigated in detail.

2. Experimental

2.1. Materials. Highly cross-linked chloromethylated poly-
styrene (CMPS) (substitution: 4.7mmol/g and 2% cross-
linked with divinylbenzene, particle size: 100–200 mesh) was
purchased fromTianjinNankaiHecheng Sci. & Tech. Co. Ltd.
Epichlorohydrin (ECH, AR) and propylene oxide (PO, CP)
were commercially available and distilled before use. Trib-
utylphosphine (PBu3), cyclohexene oxide (Aladdin), styrene
oxide (Aladdin 98%), allyl glycidyl ether (AGE, Aladdin >
99.0%) and carbon dioxide (99.99%), were used without
further puri�cation. Other chemicals were commercially
available and used as received.

2.2. Synthesis of 4-Vinylbenzyl-Tributylphosphorous Chloride
(PIL-1). 4-Vinylbenzyl-tributylphosphorous chloride was
synthesized according to the reported method [33–35].
4-Vinylbenzyl chloride (4.03 g, 26.4mmol), PBu3 (5.36 g,
26.5mmol), and acetone (50mL) were introduced into
a dried �ask with a magnetic stirrer. e mixture was
stirred at 60∘C under nitrogen for 48 h. en, 4-vinylbenzyl-
tributylphosphorous chloride (PIL-1) was obtained by
�ltration aer pouring the mixture into diethyl ether and
washed with diethyl ether. e solid was dried overnight
under vacuum at room temperature to give a white power
(yield: 78.6%). 4-Vinylbenzyl-tributylphosphorous chloride
was characterized by proton nuclear magnetic resonance
(1H NMR, D2O, 400MHz, 𝛿𝛿 ppm): 0.68 (t, 9H), 1.12–1.36
(m, 6H), 1.88 (s, 6H), 3.39 (t, 6H), 5.11 (d, 2H), 5.65 (d,
1H), 6.45–6.63 (m, 2H), and 7.0–7.4 (m, 4H). Benzyl-
tributylphosphorous chloride (PIL-2) was synthesized
according to the same procedure (yield: 80.0%)—1H NMR

(D2O, 400MHz, 𝛿𝛿 ppm): 0.94 (t, 9H), 1.38–1.52 (m, 6H),
1.52–1.67 (m, 6H), 2.05–2.08 (m, 6H), 3.65–3.79 (d, 2H),
and 7.31–7.58 (m, 5).

2.3. Preparation of Polymer-Supported Quaternary Phospho-
nium Salts. Preparation of immobilized quaternary phos-
phonium salts on chloromethylated polystyrene (CMPS)
was conducted according to the procedure in the literature
with a little modi�cation [36]. A mixture of CMPS (0.38 g,
1.8mmol), tributylphosphine (2.1mmol), and acetonitrile
(60mL) was re�uxed for 48 h under a nitrogen atmosphere
in a 100mL �ask. Aer cooled down to room temperature,
the solid residue was collected by �ltration and washed three
times with dehydrated ethanol. en, the solid was dried
under vacuum at 60∘C for 12 h to give polymer-supported
quaternary phosphonium salt (PS-QPS).

2.4. Characterization of Polymer-Supported Quaternary Phos-
phonium Salts. Proton nuclear magnetic resonance (1H
NMR) spectra were recorded on a Brucker AM 400MHz
spectrometer at 25∘C. ermogravimetric analysis (TGA)
was performed using a TG-DTA 2000S (Mac Sciences Co.
Ltd., Yokohama, Japan) in a nitrogen atmosphere between 25
and 800∘C at a heating rate of 10∘C/min. Fourier transform
infrared (FT-IR) spectra were recorded on a DigiLab FTS-
3000 IR-spectrometer with anhydrous potassium bromide
(KBr) as standard. e morphology of PS-QPS was observed
by scanning electron microscope (JSM 6701F, Japan). e
content of P element was determined by atom absorbance
spectrograph using a PerkinElmer optima 4300DV as emis-
sion spectrometer (USA).

2.5. Typical Procedure for the Synthesis of Cyclic Carbon-
ate from ECH and CO2. e cycloaddition reactions were
performed in a 100mL stainless steel autoclave equipped
with a magnetic stirrer. For each typical batch operation,
epoxides and PS-QPS were charged into the reactor and then
purged with CO2.e reactor was then pressurized with CO2
to a preset pressure at room temperature. e reactor was
heated to a speci�ed temperature with an addition of CO2
from a high-pressure reservoir tank to maintain a speci�ed
constant pressure for a desired time, and then the reaction
was started by stirring the reactant mixture at 300 rpm. e
reactor pressure increased about 0.03–0.10MPa depending
on the reaction temperature due to vapor pressure of the
reactants. Aer the proper reaction time, the reactor was
cooled to 0–5∘C in an ice-water bath, and then the CO2 was
released through a cold trap with N,N-dimethylformamide
to capture the reactants and products entrained by CO2. e
organic products were �ltrated from the reaction mixture
and the resulting �ltrate, together with the absorbent, was
analyzed by gas chromatography (GC, GC-16A, 3m ⋅ 3mm
OV-17 column, Shimadzu). e retention time of the prod-
ucts was compared with available authentic standards. e
synthesized catalysts were pretreated by grinding before use.
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T 2: Cycloaddition reactions of CO2 to different epoxides.

Entry Epoxides Products Time (h) Selectivity (%) Yield (%)

1
O

O O

O

6 99.9 93.0

2
O

ClH2C

ClH2C

O

O

O 6 99.4 98.6

3
O

Ph
OO

O

Ph

10 98.6 95.8

4
O

O

O

OO

O
9 79.2 73.7

5 O
O

O
O 48 88.2 72.3

Reaction conditions: epoxide 3mL, PS-QPS-1 0.08 g, 5MPa CO2, 150
∘C.

Cl
PBu3

PBu3 Cl

Reuse

CO2
Epoxides

O

OO

R

−+

R=CH3, ClCH2, Ph, CH2=CHCH2OCH2

S 1: Preparation of PS-QPS and cycloaddition reaction of CO2 to epoxides.

3. Results and Discussion

3.1. Characterization of Catalyst. Figure 1 shows the FT-
IR spectra of CMPS, as well as fresh and used PS-QPS.
e peaks at 1459 and 703 cm−1, ascribing to the stretching
vibration of P–C(Ar) and P–C, respectively, emerged in PS-
QPS curve. In addition, there is a wide and strong peak
at 3430 cm−1, which is ascribed to absorption of H–O in
water molecular. It is because PS-QPS becomes hydrophilic
due to the introduction of quaternary phosphonium salts on
the surface. However, the surface of CMPS is hydrophobic.
e previous results indicate that tributylphosphine has been
anchored onto CMPS successfully.

Figure 2 gives the TGA curves of PS-QPS and CMPS.
It is observed that the weight loss of CMPS is less than 1%
up to 260∘C. And then, polymer matrix decomposition goes

through two stages, at 270∘C and 430∘C, respectively. How-
ever, there is about 8% weight loss in PS-QPS below 110∘C.
is may be attributed to the desorption of trapped water on
the surface of PS-QPS. Polymer matrix decomposition of PS-
QPS begins at 290∘C and higher than CMPS (270∘C). It can
be drawn that the thermal stability of CMPS was enhanced a
little due to the gra of tributylphosphine. Moreover, there is
only 20% weight loss at 380∘C in CMPS, whereas the weight
loss of PS-QPS is as high as 50% at the same temperature.
It can be inferred that more weight loss is ascribed to the
decomposition of tributylphosphine on the surface of PS-
QPS.

As discussed earlier, the surface of PS-QPS became
hydrophilic due to the anchoring of tributylphosphine. It can
also be proved by SEM images. As shown in Figure 3, the
surface of CMPS with the size about 100𝜇𝜇m is quite plain
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S 2: Proposed mechanism for PS-QPS catalyzed cycloaddi-
tion of CO2 with epoxides.

(Figures 3(a) and 3(d)).�hen CMPSwasmodi�ed with qua-
ternary phosphonium salts and recycled in the cycloaddition
reaction, the size of CMPS particles did not change. However,
it can be seen clearly that many spheric particles in the size
of about 200 nm can be observed (Figure 3(e)). It is because
quaternary phosphonium salt is hydrophilic, whereas CMPS
is hydrophobic. As a result, phase separation occurs, and
quaternary phosphonium salts tend to aggregate together to
form spheric particles.

3.2. Coupling Carbon Dioxide and Epichlorohydrin. e
catalytic performances of PS-QPS catalysts with different
phosphorus content for the cycloaddition reaction of CO2 to
epichlorohydrin (ECH) were investigated. e phosphorus
contents of different PS-QPS were determined by atom
absorbance spectrograph. e results are summarized in
Table 1. It can be seen that CMPS does not exhibit any activity
for the cycloaddition reaction. However, PS-QPS presents
high activity and selectivity at the same conditions, and the
yield of cyclic carbonate increases with P content of PS-
QPSmicroparticles.e catalytic activity of PS-QPS-1 is even
higher than the unsupported quaternary phosphorous salts
(PIL-1 and PIL-2). e main reason for this was that ionic
liquids catalysts were immiscible with the substrate, and there
were two phases in the reaction system at the beginning [36].
As a result, the interphase mass transfer reduced the reaction
rate, while PS-QPS microparticles synthesized in this work
could bewell dispersed in the reactionmixture under stirring.

3.3. �n�uence� of Pre��ure and �e�perature on the �ynthe�i�
of Cyclic Carbonate. A disadvantage associated with using
CO2 as a reagent in organic synthesis is the potential dangers
resulted from operating at high temperatures and pressures,
especially in the presence of heterogeneous catalytic system.
erefore, the independences of the yields of cyclic carbonate
on the reaction conditions were investigated. Figure 4 depicts
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the effect of CO2 pressure on the yield of cyclic carbonate
in the presence of PS-QPS. It can be seen that pressure
plays great in�uence on the yield of cyclic carbonate. A yield
of 77.5% can be obtained at lower pressure (2MPa), and
it increases with the CO2 pressure from 2 to 5MPa. e
cyclic carbonate yield achieves as high as 98% when the
reaction is conducted at 5.0MPa CO2. However, the yield
decreases to 91.6% when further increasing the pressure up
to 5.5MPa. is can be explained by the pressure effect on
the concentrations of CO2 and epoxide in the two phases
[37]. e upper phase is the CO2-rich phase, and the bottom
phase is the epoxide-rich phase. e reactions take place
mainly in the liquid phase because the catalyst is dispersed
in this phase. e change in reaction rate is related to the
partition behavior of the substrate, and the increase in CO2
pressure has two opposite effects on the reactions. First, the
solubility of CO2 in the epoxides increases with increasing
pressure, which favors the reaction considering that CO2 is
a reactant. At higher pressures, however, more epoxides are
in the CO2-rich phase and the concentration of epoxides in
the liquid phase is too low, which reduces the reaction rate.
At lower CO2 pressure, the �rst factor is dominant because
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F 3: SEM images of chloromethylated bead (a and d), fresh PS-QPS (b and e), and used PS-QPS (c and f).
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F 4: Dependence of the cyclic carbonate yield and selectivity on CO2 pressure. Reaction conditions: ECH 3mL, PS-QPS-1 0.08 g, 150∘C,
and 6 h.

the concentration of CO2 in the liquid phase is lower. e
second factor becomes dominant when the pressure of CO2
is high enough. erefore, a maximum appears in pressure
versus yield curve [38]. e maximum occurs in yield versus
pressure curves at about 5MPa for ECH in the present
system.

Figure 5 shows the in�uence of temperature on the yield
and selectivity of cyclic carbonate. It can be seen clearly
that the catalytic activity is sensitive to reaction temperature.
e yield of cyclic carbonate increases dramatically with
the temperature increasing from 130∘C to 150∘C. However,
the yield decreases when further increasing the temperature.
It has been reported that there were some side reactions,
such as ECH polymerization, the isomerization to acetone

and the ring opening by water to propylene glycol [29, 39].
e GC study showed that the by-product in the present
cycloaddition reaction of ECH was 3-chloro-1,2-propylene
glycol.erefore, themain side reaction was the ring opening
of cyclic carbonate caused by the residual water on the surface
of PS-QPS microparticles at higher temperature.

�.�. �n��ences of �eaction �i�e an� Catalyst ��o�nt on the
Synthesis of Cyclic Carbonate. Dependence of the product
yield on reaction time at 150∘C and CO2 pressure of 5MPa
is shown in Figure 6. It indicates that the yield increased with
reaction time, and 98.6% ECH can be converted within 6 h.
In other words, PS-QPS is an effective heterogeneous catalyst
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F 6: In�uence of reaction time on the cyclic carbonate yield and selectivity. Reaction conditions: ECH 3mL, PS-QPS-1 0.08 g, 5MPa
CO2, and 150∘C.

for the synthesis of cyclic carbonate from ECH and CO2.
However, both the yield and selectivity undergo decreases
with the reaction time increasing, especially the yield. It has
been reported that supported ionic liquid was also active
catalyst for the hydrolysis reaction of cyclic carbonate to
produce 1,2-propylene glycol [40]. As shown in Figures 2 and
3, the microparticles surface became highly hydrophilic, and
some water was absorbed aer quaternary phosphorous salts
were anchored onto. erefore, the reason for the decrease
of cyclic carbonate yield with the reaction time over 6 hours
is presumably due to the hydrolysis of cyclic carbonate to
3-chloro-1,2-propylene glycol. Similarly, �C results testi�ed

the previous conclusion. us, all the following reactions are
performed in 6 h.

e in�uence of catalyst amount on the reaction was
also evaluated under otherwise identical reaction conditions.
As summarized in Figure 7, the yield of cyclic carbonate
remarkably increases to 87.9% with 0.07 g catalyst presented.
Notably, cyclic carbonate could be obtained in almost quan-
titative yield (98.6%) with 99.4% selectivity within 6 h when
the catalyst amount increased to 0.08 g. A lower cyclic
carbonate yield was observed when the catalyst amount
increased further. Because the catalyst microparticles are
highly charged, there is electrostatic interaction between
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F 7: Effect of the amount of catalyst on the cyclic carbonate synthesis. Reaction conditions: ECH 3mL, PS-QPS-1, 5MPa CO2, 150
∘C,

and 6 h.

these catalyst microparticles. erefore, the excess catalysts
cannot be well dispersed in the reaction mixture and limit
the mass transfer between the active sites and reactants [30].
As a result, there is an optimal catalyst amount in the present
cycloaddition reaction process.

3.5. Coupling Carbon Dioxide and Other Epoxides. e
results previous indicated that PS-QPS is an effective catalyst
for the cycloaddition of ECH with CO2 at solvent-free and
cocatalyst-free conditions. In order to survey the scope of
substrates, we examined the cycloaddition reactions of CO2
with other epoxides by performing the reaction under the
same conditions as elaborated in Table 2. PS-QPS is found to
be applicable to a variety of terminal epoxides (entries 1–5,
Table 2) to provide the corresponding cyclic carbonates with
high yields and selectivity. Entries 1 and 2 demonstrate that
ECH is more reactive than propylene epoxide when PS-QPS
was used as catalyst. e possible reason is the presence of
the electron-withdrawing chloromethyl group in ECH,which
results in easy ring opening of ECH by nucleophilic attack.
Due to the higher hindrance originated from the two rings,
cyclohexene oxide (entry 5) presents relatively lower activity
[11].

A possiblemechanism for the PS-QPS-catalyzed cycload-
dition of CO2 with epoxide is proposed as shown in Scheme
2. As mentioned earlier, the quaternary phosphonium salt
part is suggested to be the active species for the reac-
tion. is proposal is analogous to that of the quaternary
phosphonium salt-catalyzed version of the same reaction
[5]. e proposed mechanism involves the activation of
epoxide by the quaternary phosphonium cation (step 1),
the ring opening of the epoxides via nucleophilic attack of
chlorine at the less-hindered carbon, producing an oxy anion
species (step 2), and the insertion of CO2 into the P–O
bond (step 3). Subsequent cyclization via an intermolecular
nucleophilic attack (step 4) leads to the cyclic carbonate and
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F 8: Recycling experiments for polymer-supported quaternary
phosphonium salts. Reaction conditions: ECH 3mL, PS-QPS-1
0.08 g, 5MPa CO2, 150

∘C, and 6 h.

the regeneration of the catalyst. It can be seen that the role of
resin in this system was as a reusable supporter which can be
easily separated.

It is well known that the constancy of the catalyst activity
and reusability of catalyst are two important factors that
determine whether it �nds practical application in industry.
In order to test this characteristic of PS-QPS catalyst, a series
of catalytic cycles for the coupling reaction of CO2 with ECH
are investigated under the optimized reaction conditions [21,
29]. In each cycle, the catalyst was separated by �ltration,
washed with acetone, and then dried under vacuum before
use in the succeeding run.e yields of cyclic carbonates aer
�ve repeated runs are shown in Figure 8. ere is only about
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10% activity loss a�er �ve recycles, indicating that the catalyst
is not only insoluble in the reaction mixture but also very
stable.e loss of catalytic activity may be due to the residual
cyclic carbonate in PS-QPS. It is very difficult to remove cyclic
carbonate from the catalyst completely due to its high boiling
point (above 200∘C). e residual cyclic carbonate in the
catalyst can be testi�ed by FT-IR. As shown in Figure 1, the
peak at 1801.5 cm−1 in the curve of used PS-QPS is ascribed
to the stretch vibration of C=O in cyclic carbonate.Moreover,
SEM image (Figure 3(f)) indicates that spheric particles on
the surface of PS-QPS disappear, and the surface of used PS-
QPS becomes rougher. It may be due to the solubilization of
cyclic carbonate. TGA curve (Figure 2) illustrates that used
PS-QPS is thermally stable.

4. Conclusions

Tributylphosphine was anchored on highly cross-linked
chloromethylated polystyrene as effective catalyst for cyclic
carbonates synthesis via the cycloaddition of epoxides with
CO2. e results testi�ed that high yields and excellent
selectivity can be achieved using PS-QPS on the condition
of 5MPa CO2 and 150∘C in 6 h. In addition, the catalyst can
be easily separated from the products and reused for up to
�ve times without considerable decrease in the yield of cyclic
carbonate. e organic solvent-free green process presented
here is of great potential application in industry due to its
easy product separation, low cost, and high efficiency. In
the future work, we will explore the application of PS-QPS
catalyst in the transesteri�cation reaction of cyclic carbonate
andmethanol for dimethyl carbonate synthesis. And our aim
is the industry application of these quaternary phosphonium
salt-based heterogeneous catalysts.
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