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Abstract
In this work silica xerogel samples containing different imidazolium ILs (EMIM-CF3SO3, EMIM-MSO3, BMIM-Cl, MBMIM-
TF2N, BMIM-TF2N and EMIM-TF2N) were synthesized, characterized and used as catalyst in cyclic carbonate synthesis. 
ILs mass percentage was varied from 5% to 25%. The effect fostered by the ILs mass variation in the synthesis of silica 
xerogel was observed both in the materials characterization as well as in the performance of these materials as solid 
catalysts in the cyclic carbonate synthesis from the cycloaddition reaction of  CO2 with propylene epoxide. The obtained 
silica xerogel samples (SXs) were characterized by FTIR, RAMAN, TGA, SEM and TEM. The selectivity of the cycloaddition 
reaction was analyzed by GC and 1H and 13C NMR. The best results were obtained for SX-EMIM  MSO3 (20% of IL) and SX-
BMIM Cl (15% of IL) with propylene carbonate yields of 91.4% and 83.4% and selectivities >99% and 97.4% respectively.
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1 Introduction

Carbon dioxide  (CO2) is one of the main greenhouse gases 
being emitted in large quantities. The anthropogenic 
burning of fossil fuels in the last decades is responsible 
for more than 60% of global warming [1–4]. On the other 
hand,  CO2 is also an interesting carbon source for synthe-
sizing valuable chemicals and fuels [2, 5].  CO2 chemical 
transformation into cyclic carbonates is interesting from 
a green chemistry point of view providing waste reuse, 
using safe reagents besides being a process with 100% 
 CO2 atom savings [6, 7]. Cyclic carbonates such as pro-
pylene carbonate (PC) find a wide application spectrum. 
PC can be used as intermediate in fine chemical produc-
tion, pharmaceutical, and cosmetic industry, as secondary 
battery electrolytes, polar aprotic solvent as well starting 
material for polycarbonate production [6, 8, 9].

The disadvantage associated with using  CO2 as a start-
ing reagent is its high thermal and kinetic stability, mak-
ing it essential to use catalysts in the  CO2 chemical trans-
formation reactions under milder reaction conditions [7, 
10]. However, even using catalysts to overcome the high 
energy barriers for these reactions, high temperatures and 
 CO2 pressures are still necessary for these reactions to hap-
pen, resulting in high energy costs [10–18]. So, catalysts 
development and catalytic systems that are capable of 
transforming  CO2 into cyclic carbonates at temperatures 
below 100 °C and atmospheric  CO2 pressure are crucial 
reducing synthesis energy costs. Although some catalysts 
have already shown promising results, they are still con-
sidered expensive and difficult to apply on an industrial 
scale, making it important to search for new materials that 
combine mild reaction conditions, low production costs 
and applicability on an industrial scale [19–26].
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Several homogeneous catalytic systems have already 
been efficiently established for these syntheses [27–32]. 
However, the high cost and difficulty related to catalyst/
product separation, catalyst recycling and synthesis inten-
sified the search and use of heterogeneous catalytic sys-
tems [33].

Ionic liquids (ILs) are already widely reported in litera-
ture as homogeneous catalysts presenting high catalytic 
activity and selectivity in cyclic carbonate synthesis [28, 
30]. Yet, they are considered environmentally friendly cata-
lysts and solvents due to their characteristics such as low 
vapor pressure and toxicity, good thermal stability and 
high synthetic versatility [27, 33, 34]. In this way, the search 
for new options to overcome the intrinsic disadvantages 
of homogeneous catalysts is imperative. ILs supported 
or immobilized on different materials such as natural or 
synthetic polymers, silica, zeolite, clays, among others, 
appears as promising heterogeneous catalysts to epoxide 
 CO2 cycloaddition reactions [33–36]. In the last decades, 
several studies have reported the synthesis of aerogels 
and xerogels containing ionic liquids. These materials can 
be applied as support and enzymatic immobilizers [37], 
catalyst support [35, 38], auxiliary materials for nanopar-
ticle formation [39], molds for nanoporous and inorganic 
mesoporous materials preparation [38, 40, 41], and drug 
removal from wastewater [42]. In previous work, our group 
reported the synthesis of silica xerogels containing ILs for 
use in  CO2 sorption and  CH4/CO2 separation [43].

In this work we investigated the catalytic behavior of 
silica xerogels (SX) containing the EMIM  CF3SO3, EMIM 
 MSO3, BMIM Cl, MBMIM  TF2N, BMIM  TF2N, and EMIM  TF2N 
ionic liquids in cycloaddition reactions of  CO2 with propyl-
ene epoxide. Different concentrations of EMIM  MSO3 and 
BMIM Cl were analyzed and the influence of combining 
different structures of cations and anions of these ILs was 
investigated as well.

2  Materials and methods

For the SX-ILs synthesis, the following precursors were 
used: Tetraethylorthosilicate (TEOS, 98%, Merck), Sodium 
Fluoride (NaF, 99% Synth), Polyvinyl Alcohol (PVA, 194.5%, 
Dynamics, Brazil), Hydrochloric acid (HCl, 36.8%, Anhydrol), 
Acetone (99.5%, Vetec) and 1-ethyl-3-methylimidazolium 
methanesulfonate (EMIM-MSO3, 95%, Merck). The IL EMIM 
 MSO3 was used as received. The IL BMIM Cl were synthe-
sized according to the procedures reported in literature 
[44]. The characterizations of these ILs were performed 
using nuclear magnetic resonance spectroscopy (1H NMR) 
analysis on Varian spectrophotometer; model VNMRS 
300 MHz, using DMSO as solvent (d6, 25 °C). BMIM Cl 1H 
NMR (300 MHz, DMSO-d6, 25 °C), δ (ppm):1.01 (m,  CH3), 

1.29 (m, CH 2CH3), 1.83 (m,  CH2), 3.97 (s,  CH3), 4.25 (t, CH 2 
N), 7.79 (s, H5), 7.91 (s, H(4)), 9.48 (s, H(2)).

For carbonates synthesis and characterization, propyl-
ene oxide (PO, 99%, Sigma Aldrich), epiclorohydrin (99%, 
Sigma Aldrich), 1,2-epoxybutane (99%, Sigma Aldrich), 
ethyl ether (99.0%, Vetec), carbon dioxide  (CO2, 99.998%, 
White Martins), and propylene carbonate (99.0%, Alpha 
Aesar) were used as received.

2.1  SX‑ILs synthesis

SX containing different amounts of ILs BMIM Cl and EMIM 
 MSO3 were synthesized following procedures described 
in the literature [43]. Firstly, 2.28  mmol of TEOS, PVA 
(4.64 g/L), NaF (0.20 g/L), 6.86 mmol of distilled water, 
and different amounts of ILs (25  mg to 150  mg) were 
mixed. The reaction mixture was stirred and brought to 
the freezer until gelation. The obtained gels were kept at 
35 °C for 24 h and washed several times with acetone and 
n-pentane. Finally, the silica xerogels were dried at 35 °C 
for 24 h. A sample of silica xerogel (SX) was also prepared 
without IL. The silica xerogels containing ILs were labeled 
SX-IL N. Where N ranges from 1 to 4, and each unit corre-
sponds to the addition of an additional of 5% of IL to the 
silica xerogels. For example, SX-BMIM Cl 1 corresponds to 
silica xerogel containing 5% of 1-butyl-3-methylimidazole 
chloride and SX-BMIM Cl 4 to SX containing 20% 1-butyl-3 
chloride methylimidazole.

The syntheses of xerogels containing 5% of ionic liq-
uid (SX-BMIM  TF2N 1, SX-EMIM  CF3SO3 1, SX-mBMIM  TF2N 
1, and SX-EMIM  TF2N 1) have already been described in a 
study previously published by our group as sorbents for 
 CO2 sorption and  CH4/CO2 separation [43]. SX-BMIM Cl 1 
and SX-EMIM  MSO31 presented good behavior as catalysts 
in the cycloaddition reactions of  CO2 with propylene oxide. 
Therefore, in this work, SX-BMIM-Cl and SX-EMIM  MSO3 
containing different ILs concentrations will be produced 
as indicated in Table 1.

2.2  SX‑ILs characterization

SX-BMIM-Cl N and SX-EMIM-MSO3N will be chemically, 
morphologically, and structurally characterized and their 
behavior as catalysts in cycloaddition reactions of  CO2 with 
propylene oxide will be compared to the SX-IL N previ-
ously described by our group [43].

SXs structure investigations were performed by Fou-
rier transform infrared spectroscopy (FTIR) analysis using 
a Perkin-Elmer model Spectrum 100 FT-IR spectrometer 
using KBr pellets in the range of 4000 to 500 cm−1. The 
13C MAS and 29Si MAS NMR spectra were obtained using 
Bruker advance III HD 400 MHz spectrometer. SX-ILs ther-
mal decomposition behavior and the quantification of IL 
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incorporated to the SX was investigated by thermogravi-
metric analysis (TGA) using aSDT-Q600 instrument at a 
temperature range from 25 °C to 600 °C with a heating 
rate of 20 °C/min under nitrogen atmosphere. The amount 
of IL incorporated in the SX was calculated following the 
formula adapted from [45], (wt%  SX200–600 °C − wt% SX-IL 
N 200−600 °C). The influence of the ILs concentration on the 
SX-ILs structure was analyzed by Raman spectroscopy in 
an inVia Renishaw Raman spectrometer equipped with a 
532 nm laser. Samples morphology was determined with 
a field emission scanning electron microscope (FESEM) 
using Inspect F50 equipment (FEI Instruments) in second-
ary electrons mode and transmission electron microscopy 
(TEM) using a Tecnai G2 T20 FEI operating at 200 kV.

2.3  Cyclic Carbonate synthesis

PC synthesis was performed in a 120 mL titanium reac-
tor by loading the reactor with 1.0 mol of epoxide and 
0.8 g of SX-IL N. The reaction conditions were previously 
defined.  CO2 pressures and temperature were varied 
from 30 to 50  bar and 100 to 120  °C of temperature 
respectively. Reaction time was 6 h. All reactions were 
carried out solvent-free and after each reaction, the 

final product was filtered and the catalyst washed with 
acetone for complete separation of propylene carbon-
ate/SX-ILs N.

Cyclic carbonate selectivities were performed by gas 
chromatography analysis using a Shimadzu GC-14B chro-
matograph, equipped with a flame ionization detector 
(FID) and a SH-Rtx-5 column (30 m × 25 mm × 25 mm). 
To determine selectivity, a direct quantitative analysis 
method was employed by preparing a series of stand-
ard solutions with concentrations from 1% to 5% of pro-
pylene carbonate used to construct a calibration curve. 
Nuclear magnetic resonance (1H NMR) analysis was also 
performed on the reaction final product after it was 
separated by filtration of the SX-IL catalyst to verify if 
remnants of the ILs had been leached from the SXs rein-
forcing the selectivity of the reaction. The 1H NMR analy-
sis was performed on Varian Spectrophotometer, model 
VNMRS 300 MHz, using  CDCl3 as solvent (d6, 25 °C).

Conversion of propylene carbonate was calculated 
by the difference in mass of the reactants and the final 
product (after the catalyst being separated by filtration 
and the remaining propylene oxide by vacuum and heat-
ing). Propylene carbonate conversion was calculated 
using Eq. (1).

Table 1  Catalytic performance 
of SX IL N

a 1.1 mmol of ILs
b 0.9 mmol of ILs
c Temperature of 120 °C
d Temperature 100 °C
e The selectivity of the reactions was determined by GC. Catalyst XS-IL = 0.7 g; 110 °C; 6 h

Entry Catalyst Pressure/CO2 
(bar)

Conversion (%) Selectivity (%)e Yield (%)

1 EMIM  MSO3
a 40 3.5 – –

2 BMIM-Clb 40 64.4 95.8 61.7
3 SX-Pristine 40 7.9 – –
4 SX-BMIM  NtF2 1 40 16.8 98.9 16.6
5 SX-EMIM  CF3SO3 1 40 20.5 64.8 13.3
6 SX-mBMIM NtF2 1 40 16.4 95.4 15.6
7 SX-EMIM NtF2 1 40 21.1 92.2 19.5
8 SX-EMIM  MSO3 1 40 26.3 93.3 24.5
9 SX-EMIM  MSO3 2 40 62.0 94.7 58.7
10 SX-EMIM  MSO3 3 40 84.9 >99.9 84.0
11 SX-EMIM  MSO3 4 40 92.3 >99.9 91.4
12 SX-EMIM  MSO3 4 30 55.4 >99.9 54.8
13 SX-EMIM  MSO3 4 50 73.3 >99.9 72.6
14 SX-EMIM  MSO3  4c 40 49.0 81.7 40.0
15 SX-EMIM  MSO3  4d 40 75.7 >99.9 74.9
16 SX-BMIM Cl 1 40 39.7 93.7 37.2
17 SX-BMIM Cl 2 40 68.6 91.2 62.6
18 SX-BMIM Cl 3 40 85.5 97.6 83.4
19 SX-BMIM Cl 4 40 83.5 >99.9 82.6



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1936 | https://doi.org/10.1007/s42452-020-03712-z

where  WPF is the weight of the final product,  MCcx is the 
molar mass of the carbonate formed,  Wox is the weight of 
the oxide used and Mox the molar mass of the oxide used.

Reaction scaling is obtained by multiplying the reaction 
conversion by the selectivity obtained by the gas chro-
matography (GC) analysis of the product formed in the 
reaction.

3  Results and discussions

In this work, we will present the characterization of xero-
gels SX-BMIM Cl and SX-EMIM  MSO3 containing different 
ILs concentrations. These compounds worked very well as 
catalysts in cycloaddition reactions of  CO2 with propylene 
oxide. Xerogels containing 5% of ionic liquid (SX-BMIM 
 TF2N 1, SX-EMIM  CF3SO3 1, SX-mBMIM  TF2N 1, SX-EMIM 
 TF2N 1, SX-EMIM  MSO3 1, and SX-BMIM Cl 1) are efficient 
materials for  CO2 capture and  CO2/CH4 separation as previ-
ously published by our group [43].

3.1  Structural Analysis—(FTIR)

SX-BMIM Cl N and SX-EMIM  MSO3 N chemical struc-
tures investigation was performed by FTIR analysis. Fig-
ure 1 shows typical spectrograms of SX-ILs containing 

(1)Conv.(%) =
W

PF

MCx X WOx

MOx

different IL concentrations. Condensed silica formation 
was confirmed by the presence of a broadband in the 
region from 1000 cm−1 to 1350 cm−1as well as by the 
shoulder-shaped band in the region between the bands 
at 1079 cm−1 and 1199 cm−1 attributed to the asymmetri-
cal elongation vibration of siloxane (Si–O–Si) bridges [42, 
46]. The bands at 790 cm−1 and 619 cm−1 are attributed 
to the v Si–O–Si symmetrical elongation vibration and 
the band at 949 cm−1 to the S–O bond oscillation indicat-
ing the successful silica network formation [40, 42, 46]. 
According to [46], the broadband in the region between 
3650 and 2800 cm−1 can be attributed to the vibrational 
modes of asymmetric and symmetrical elongation of the 
residual and/or adsorbed water present in the samples, 
confirmed by the appearance of the band at 1639 cm−1 
corresponding to the symmetrical flexion vibrations of 
the water. The presence of this broadband, related to 
the presence of water masks the presence of the band 
that should appear in the 3000 cm−1 regions correspond-
ing to the C–H connection. The band in the region of 
1460 cm−1 is attributed to the asymmetric elongation 
vibration of  CH3–N–C–N– present in the imidazole ring 
of the IL.

Increasing SX IL concentration increases the normal-
ized area of the  vCH2–N– and  CH3–N– symmetric and 
asymmetric stretching, imidazole ring characteristic 
band. The obtained normalized areas were 0.27, 0.82, 
1.38 and 2.7 for SX-EMIM  MSO3 1, SX-EMIM  MSO3 2, 
SX-EMIM  MSO3 3 and SX-EMIM  MSO3 4 respectively, as 
shown in Fig. 2.

Fig. 1  FTIR of SX-EMIM  MSO3 1, 
2, 3 and 4
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3.2  Raman Spectroscopy and Solid‑state 13C 
and 29Si NMR analyses

The conformation of different concentrations of BMIM Cl 
and EMIM  MSO3 confined within the mesoporous silica gel 
was characterized by Raman spectroscopy. Figure 3a and 
b present the normalized Raman spectra of BMIM Cl N and 
EMIM  MSO3 N respectively.

The Pure SX substrate presented elevated fluores-
cence almost completely covering the sample Raman 
signal. Only a single band is identified at 2426  cm−1. 
With the IL insertion in the SX structure, the fluorescence 
decreases and bands in the 2800–3200 cm−1 range arise 
due to the presence of C–H deformation vibrations in 
the imidazolium ring and C–H stretching vibrations [47]. 
Because of the structural similarities between BMIM Cl 
and EMIM  MSO3 (Fig. 3c and d), both IL present bands in 
the 2800–3200 cm−1 range. A clear difference is observed 
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Fig. 2  IR spectrum with increasing bandwidth of the imidazole ring

Fig. 3  Raman spectroscopy analyses of SX-EMIM  MSO3 N and SX-BMIM Cl N. (a) SX-EMIM  MSO3 N normalized spectra and (b) SX-BMIM Cl N 
normalized spectra. The chemical structure of EMIM  MSO3 and BMIM Cl are presented in (c) and (d) respectively
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when comparing the SX-IL N spectra to the Pure SX that 
presents only one defined band at 2426 cm−1.

NMR was used to evidence the incorporation of ionic 
liquid in silica xerogel using sample SX-EMIM  MSO3 4. In 
the 13C CPMAS NMR spectrum of SX-EMIM  MSO3 4, the 
characteristic regions of silica xerogel, 15  (CH3), 45  (OCH2) 
ppm are observed. The signs indicating the presence of 
the IL are found in the regions of 37–40 (aliphatic chain) 
and 122–136 ppm (C of the aromatic ring). For the 29Si 
CPMAS NMR analysis of the SX-EMIM  MSO3 4, three dis-
tinct siloxane resonance signals were observed in the 
Q2 regions at −91; Q3 at −101, and Q4 at −110 ppm. The 
spectra obtained for the other samples were previously 
reported in the study by dos Santos et al. [43].

3.3  Thermogravimetric analysis

Figure 4 presents a typical thermogram of the SX-IL N xero-
gels (n = 1, 2, 3 and 4) used in this work. For the SX-BMIM-
Cl N xerogels samples (see Fig. 4), the first loss of mass 
(9.5 ± 1.5% to 12.2 ± 1.5%) occurs between 29 °C and 150 °C 
and corresponds to water and solvent organic evapora-
tion [48]. The second mass loss (35.8 ± 1.5% to 14.2 ± 1.5%) 
observed occurs between 258 °C and 436 °C attributed to 
the decomposition of the IL BMIM Cl and/or PVA [49, 50].

The increase in the ILs concentration present in xero-
gels causes a decrease in inorganic compounds. By look-
ing at the TGA thermograms in Fig. 4, one can see that 
the residual percentage decreases (from 70.2 ± 1.5% to 
46.9 ± 1.5% for SX-BMIM Cl 1 and SX-BMIM Cl 4, respec-
tively) with the increase of ILs concentration present in 
the xerogels [49–51]. IL BMIM Cl content incorporated into 
the SX matrix was determined from TGA. The values were 

5.9 ± 1.5%, 8.8 ± 1.5%, 15.6 ± 1.5% and 22.9 ± 1.5% for SX-
BMIM Cl 1, 2, 3 and 4 respectively.

3.4  Morphological Analysis (SEM/TEM)

Figure 5 presents SEM images of pristine silica xerogels as 
well as silica xerogels containing the ILs BMIM Cl Fig. 5a–d 
and EMIM  MSO3 Fig. 5e–h. As seen in Fig. 5i the xerogel 
synthesized without ILs addition presents a dense appear-
ance due to gel shrinkage during the solvent evaporation 
step [52]. In xerogels synthesized with different concentra-
tions of the ILs BMIM Cl and EMIM  MSO3 (a–h), agglomer-
ated spheres that increase in size with the increasing con-
centration of IL contained in xerogels were formed. The 
variation in bead diameter was 0.137 μm to 6.404 μm for 
SX-BMIM Cl 1 and 4 respectively and 3.525 μm to 3.809 μm 
for SX-EMIM  MSO3 1 and 4, respectively. The presence of 
the ionic liquid is crucial in the aging/drying step of xero-
gels synthesis. In this step, the IL acts as a drying control 
agent, forming a less volatile film on the inner wall of these 
spheres formed by the silica network. The IL presences 
make it difficult for the spheres to collapse during solvent 
evaporation, avoiding shrinkage and formation of a dense 
structure as shown in Fig. 5i for pristine SX [40, 52, 53].

SX-EMIM  MSO3 4 TEM analysis provides additional evi-
dence of IL confinement within the SX closed/isolated 
pores (compare Fig. 6a with Fig. 6b and c). Figures 5b, c, 
d, e, f and g 6d also shows the formation of open pores 
presenting a continuous channel of communication with 
sample external surface (d ~ 74 nm, indicated by yellow 
arrows) as described in literature [40, 52].

When comparing TEM images of samples SX-Pristine 
(Fig. 6a) and SX-EMIM  MSO3 4 (Fig. 6b, c and d) one can 
observe the formation of darker regions (compare Fig. 6a) 
with Fig. 6b, c and d) attributed to the IL confinement and 
also open pores in the SX structure (Indicated by yellow 
arrows) [40, 52, 54].

3.5  Synthesis of propylene carbonate

The catalytic performance of synthesized SXs is pre-
sented in Table 1. The reaction conditions were previously 
selected based on published studies using ionic liquids 
and supported ionic liquids as catalysts for cycloaddition 
reactions [27, 34, 36, 55]. Samples SXs containing 5% of 
ILs were tested (Table 1 entry 4–8 and 16) using a  CO2 
pressure of 40 bar, temperature of 110 °C and a reaction 
time of 6 h. The yield in propylene carbonate were 16.6%, 
13.3%, 15.6%, 19.5%, 24.5% and 37.2% (Table 1, entries 
4–8 and 16, respectively). The highest catalytic activities 
were achieved by SX-BMIM Cl 1 and SX-EMIM  MSO3 1. In 
previous work, we described the  CO2 affinity for SXs sam-
ples [43]. The higher catalytic activity of SX-BMIM Cl 1 and 
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Fig. 5  SEM (a) SX-BMIM Cl 1, (b) SX-BMIM Cl 2 (c) SX-BMIM Cl 3, (d) SX-BMIM Cl 4, (e) SX- EMIM  MSO3 1, (f) SX- EMIM  MSO3 2, (g) SX-EMIM 
 MSO3 3, (h) SX-EMIM  MSO3 4 and (i) SX-pristine

Fig. 6  TEM image of SX-pristine (a) and SX-EMIM  MSO3 4 (b, c and d)
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SX-EMIM  MSO3 1 when compared to the other SXs samples 
tested as catalyst (see Table 1; entry 4–8 and 16) is prob-
ably related to the lower affinity for  CO2. Unlike for  CO2 
capture the poor SXs/CO2 interaction, in this case, facili-
tates the IL/epoxide interaction, and consequently the 
opening of the epoxide ring for subsequent  CO2 insertion 
and propylene carbonate formation [36]. Based on these 
results the SXs with the best catalytic activity (SX-BMIM Cl 
and SX-EMIM  MSO3) were elected to investigate the effect 
of the increase of ILs concentration on the SX synthesis 
on the catalytic activity of cycloaddition reactions. For SX-
BMIM Cl, the increment of 5% in the ILs concentration (5%, 
10%, 15% and 20%) causes a consecutive increase in prod-
uct yield of 37.2%, 62.6%, 83.4%, and finally stabilizes at 
82.6% (Table 1, entries 16, 17, 18 and 19, respectively). The 
increase in yield increasing the ILs concentration may be 
related to the ILs forming a thin layer, both in the SX pores 
and channels close to their surface causing an increase in 
the interaction of the ILs with the substrate. Yield stabil-
ity when the concentration of ILs reaches 15% indicates 
the existence of a maximum concentration of ILs in the 
SX matrix that results in yield increment. An excess of IL 
could clog the porous silica network channels preventing 
the  CO2 or propylene oxide to access these channels [51]. 
Also, the excess of ILs in the synthesis of SXs could bring 
fragileness to the porous silica network [52, 56].

The SX-EMIM  MSO3 demonstrated the same trend 
presented by SX-BMIM Cl, but with better results for an 
increase in ILs concentration. The increase in ILs concentra-
tion up to 20% increased the yield of propylene carbon-
ate of 24.5%, 58.7%, 84.0%, and 91.4% (Table 1, entries 8, 
10, 11, and 12, respectively). However, when the ILs con-
centration was increased to 25% the propylene carbon-
ate yield dropped by almost half (48.5%), corroborating 
the existence of a maximum amount of ILs used in the 
SXs synthesis that results in yield increase. Subsequently, 
the SX-EMIM MSO3 4 was elected to study the influence 
of temperature and pressure (Table 1, entries 12–13 and 
14–15, respectively). Both the increase and the decrease 
in temperature cause a sharp drop in the reaction yield 
evidencing that the temperature has a great influence on 
the PC yield. The same behavior was observed for pressure 
being the best reaction conditions for PC obtainment of 
40 bar of  CO2 pressure and 110 °C [18, 27, 34, 36]. Yet, reac-
tions were performed using the same amount (in moles of 
ILs) contained in SX-EMIM  MSO3 4 and SX-BMIM Cl 4, and 
the same amount in grams of SX-Pristine (Table 1, entries 
1–3, respectively).

The 1H and 13 NMR analysis were performed on the final 
product of the reaction in which the SX-EMIM  MSO3 4 was 
used as a catalyst evidencing only propylene carbonate 
σ (ppm) signals: 1.5 (3H) and 19.4 (C) for  CH3 (methyl), 4.0 
(1H), 4.6 (1H) and 74.9 (C) for  CH2 (methylene), 4.9 (1H) 

and 67.5 (C) for CH (methino) and 155.5 (C) for CO (car-
bonyl) [57, 58]. This result suggests that the catalyst was 
completely separated from the reaction product, by sim-
ple filtration. Yet, it must be emphasized that this catalyst 
showed a high selectivity (>99%, Table 1, entry 10) in the 
PC obtainment reaction.

Reactions were also performed only with ILs BMIM Cl 
and EMIM  MSO3 (Table 1, entries 1 and 2 respectively) in 
the same quantities presented in SX-BMIM Cl 4 and SX-
EMIM  MSO3 4 (Table 1, entries 12 and 18 respectively). For 
both cases, there is an increase in PC conversion when ILs 
are supported in the SX matrix. It can be seen that when 
IL EMIM  MSO3 was used alone, only traces of PC were con-
verted, and when it was supported in SX the PC conver-
sion was 92.3%. This improvement in the behavior of ILs, 
when supported in SX, is probably due to the increase of 
the IL/gas interface (by spreading the IL on the support) 
as well as to the possibility of forming a thin layer of IL 
in the solid material helping to overcome problems such 
as the low mass transfer rate due to the ILs high viscosity 
[51, 59]. Yet, literature points out that the synergistic effect 
between nucleophilic anions, hydroxyl groups, and basic 
sites, present in SX-ILs facilitate the opening of the epoxide 
ring and  CO2 molecule insertion [60]. The results obtained 
in this work for PC synthesis using SX-ILs were auspicious 
when comparing with literature findings using as catalyst 
imidazolium-based ILs immobilized or functionalized in 
mesoporous silica. For instance, imidazolium-based ILs 
were grafted onto MCM-41 derived from rice husk and 
tested as catalysts in PC synthesis. The yield for the reac-
tion was 68.8% (reaction conditions 150 °C and pressure 
of 15 bar of  CO2) [61]. Imidazolium-based ILs were immo-
bilized on silica by a sol-gel method and used as a catalyst 
for PC synthesis in combination with  ZnCl2 (as co-catalyst). 
To obtain CP yield values higher than those presented in 
this work (91.4% CP) it was used approximately six times 
more ILs (96% CP) [62]. Finally, the catalyst was washed 
with acetone, filtered and dried at 60 °C in an oven, being 
reused three times until it lost more than 63% of its cata-
lytic activity capacity.

To observe the performance of the SX-EMIM  MSO3 4 
catalyst in reactions using different substrates, propylene 
epoxide was replaced by butylene epoxide and epichlo-
rohydrin under the ideal conditions (40 bar, 110 °C and 
6 h) previously determined for the synthesis of propylene 
carbonate. The conversions were 77% and 87% respec-
tively, demonstrating the SX-EMIM  MSO3 4 potential to 
be used as an efficient catalyst for the synthesis of other 
cyclic carbonates.
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4  Conclusion

Xerogel silicas containing 5% by weight (SX-ILs-1) of differ-
ent imidazolium ionic liquids (BMIM Cl, BMIM  NTf2, MBMIM 
 NTf2, EMIM  NTf2, EMIM  MSO3 and EMIM  CF3SO3) were 
tested as catalysts in the synthesis of propylene carbon-
ate from the cycloaddition reaction of  CO2 in propylene 
epoxide. The two SX-ILs-1 with greater yield for these reac-
tions were elected to study the effect of the increasing IL 
mass load (10%, 15%, 20% and 25%) in obtaining SX. It was 
observed that the increase in the load of the EMIM  MSO3 
and BMIM Cl ILs increases the yield of propylene carbonate 
from 24.5% to 91.4% for SX-EMIM  MSO3 and from 37.2% 
to 83.4% for SX-BMIM Cl. However, it was concluded that 
there is a maximum amount of ILs that can be used in the 
synthesis of SX-IL. Values higher than the ideal resulted in 
weakened materials with low catalytic activity. Finally, we 
can point out that SX-EMIM  MSO3 4 is a promising alterna-
tive for use as a solid catalyst of easy separation catalyst/
product for cycloaddition reactions in forming PC.
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