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A B S T R A C T

Imidazolium-based ionic liquids (ILs) with different cation alkyl chain ([i-C5mim] or [C4mim]) and inorganic
anions ([Cl−], [Tf2N−], [PF6−] and [DCA−]) were synthesized and immobilized in commercial mesoporous
silica. The synthesized supported ILs (SILs) were characterized using NMR, FTIR, TGA, BET, SEM and TEM. CO2

sorption capacity, reusability and CO2/N2 selectivity were assessed by the pressure-decay technique. The effects
of IL concentration, cation and anion chemical structure in CO2 sorption capacity and CO2/N2 separation per-
formance were evaluated. Tests evidenced that the presence of branching on the cation alkyl side chain increases
CO2/N2 selectivity. The immobilization of the IL [i-C5TPIm][Cl] on mesoporous silica in different concentrations
(50, 20, 10 and 5 %) revealed that lower IL concentration results in higher CO2 sorption capacity.
Immobilization of ILs containing fluorinated anions at low concentrations in the mesoporous silica support may
promote the improvement of the CO2/N2 selectivity without interfering on CO2 sorption capacity of the original
support. CO2 sorption capacity value shown by sample SIL-5 % - [i-C5TPIm][Tf2N] (79.50 ± 0.70mg CO2 g-1)
was close to the value obtained for the pristine mesoporous silica (81.70 ± 2.20mg CO2 g-1) and the selectivity
(4.30 ± 0.70) was more than twice of the one obtained for the support alone (2.32 ± 0.4). Recycle tests
demonstrated that the ILs immobilized in mesoporous silica samples are stable, providing a new option to be
used in CO2 capture processes.

1. Introduction

A large amount of greenhouse gases (GHG) needs to be reduced to
mitigate the climate change effect. Carbon dioxide (CO2) has been
confirmed as the main greenhouse gas deriving from human activity
[1–3]. Carbon capture and storage (CCS) is considered a crucial strategy
for climate change mitigation efforts. Several technologies have been
proposed to separate CO2 from combustion exhaust gases. CO2 chemical
absorption process using aqueous amine solutions is the most mature
technology [1,4–6], but it is costly and particularly harmful to the
environment due to high equipment corrosion rate, large energy pen-
alty for solvent regeneration and amine degradation/evaporation

[1,7–9].
Room-temperature ionic liquids (RTILs) are salts composed of or-

ganic cations and organic or inorganic anions with a melting point
lower than 100 °C [10,11]. RTILs are alternative solvents for CO2 cap-
ture because they exhibit unique properties like high thermal stability,
non-flammability, negligible vapor pressure, tenability and selective
CO2 absorption in gas mixtures [1,11,12]. However, RTILs high price
and viscosity can represent a barrier to implementation in the oil and
gas industry [11]. More recently, supported ILs (SILs) have been
gathering attention as an option to high viscosity RTILs and are
nowadays considered promising sorbents for CO2 capture. SILs are
generally prepared by chemical immobilization techniques through
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covalent bonds or physical immobilization [13]. SILs present reversible
CO2 sorption/desorption performance with very fast kinetics compared
to RTILs. These characteristics make CO2 capture with SILs an attractive
and environmentally friendly process. RTILs based on alkyl-imidazo-
lium cations are the most commonly investigated for CO2 capture ap-
plications [14–19]. Different types of adsorbent materials including
cellulose [20,21], activated carbon [22–25], zeolites, carbon molecular
sieves and mesoporous silica [26] have been explored as immobiliza-
tion materials for IL species. Polyethyleneimine and the IL [Emim][Ac]
were physically immobilized on SBA-15 silica support. The IL was
added to work as an additive aiming to optimize the CO2 sorption
performance of the immobilized amine [27]. Nevertheless, CO2 se-
lectivity data (CO2/N2) in flue gases is, to date, still very scarce in the
literature. Among silica-based materials, mesoporous silicas have at-
tracted significant research interest for CO2 adsorption due to their high
specific surface area, uniform and tunable large pore sizes, and func-
tional surface groups [28].

In this work, we have prepared several imidazolium-based SILs by
chemical immobilization technique in mesoporous silica and studied
the effect of IL concentration, alkyl chain branching in the imidazolium
cation (1-isopentyl-3-methylimidazolium [i-C5mim] or 1-butyl-3-me-
thylimidazolium [C4mim]) and inorganic anions (chloride [Cl−], bis
(trifluoromethylsulfonyl)imide [Tf2N−], hexafluorophosphate [PF6−]
and dicyanamide [DCA−]) on CO2/N2 selectivity.

2. Materials and methods

Mesoporous silica was donated by Petróleo Brasileiro S. A. (PETR-
OBRAS). Imidazole (99 % Sigma Aldrich), (3-chloropropyl)-triethox-
ysilane (CPTES, 95 % Sigma Aldrich), 1-chlorobutane (99.5 % Sigma
Aldrich), 1-bromo-3-methylbutane (96 % Sigma Aldrich), sodium hy-
dride (NaH, 90 % Sigma Aldrich), tetrahydrofuran (THF, PA, Química
Moderna), toluene (VETEC), ethyl ether (PA, Synth), chloroform-d
(99.96 % with TMS, Sigma Aldrich), acetone (PA, VETEC), bis(tri-
fluoromethane)sulfonimide lithium salt (99.95 %, Sigma Aldrich), so-
dium hexafluorophosphate (98 %, Sigma Aldrich) and sodium dicya-
namide (96 %, Sigma Aldrich).

2.1. Ionic liquids synthesis

1-butyl-3-(triethoxysilylpropyl)imidazolium chloride [C4TPIm][Cl]
and 1-isopentyl-3-(triethoxysilylpropyl)imidazolium chloride [i-
C5TPIm][Cl] IL were synthesized following procedures adapted from
literature [29–32]. Firstly, NaH was dissolved in THF. Then, imidazole
in a 1:1 ratio (NaH : imidazole) was added to the solution and heated
under reflux in N2 atmosphere to form sodium imidazole. 1-chlor-
obutane or 1-bromo-3-methylbutane in a 1:1 ratio was added to the
sodium imidazole and kept under stirring in N2 atmosphere at 65 °C
overnight. Afterwards, CPTES was added to the mixture and the system
was stirred at 95 °C for 48 h. Yellowish and viscous ionic liquid with
[Cl−] anion ([C4TPIm] [Cl] or [i-C5TPIm] [Cl]) were obtained.
[C4TPIm][Cl], 1H NMR (400MHz, CDCl3) δ ppm: 0.75 (t, 2 H), 0.95 (t,
3 H), 1.23 (t, 9 H), 1.37 (m, 2 H), 1.80 (m, 2 H), 1.91 (m, 2 H), 3.82 (q,
6 H), 4.39 (t, 4 H), 7,02 (s, 1 H), 7.15 (s, 1 H), 10.78 (s, 1 H) and [i-
C5TPIm][Cl], 1H NMR (400MHz, CDCl3) δ ppm: 0.75 (t, 2 H), 0.97 (d,
6 H), 1.21 (t, 9 H), 1.64 (m, 1 H), 1.82 (m, 2 H), 2.02 (m, 2 H), 3.82 (q,
6 H), 4.39 (t, 4 H), 7.02 (s, 1 H), 7.15 (s, 1 H), 10.64 (s, 1 H).

2.2. Mesoporous silica-grafted ionic liquids synthesis

SILs (Fig. 1) were prepared using experimental procedures adapted
from literature [33,34]. ILs grafting in commercial mesoporous silica
was carried out in different concentrations (5–50wt%). The IL
([C4TPIm] [Cl] or [i-C5TPIm] [Cl]) was dissolved in toluene and mixed
with silica in a glass reactor under N2 atmosphere at 95 °C for 48 h.
After the reaction, the unreacted reagents were removed by Soxhlet

extraction using ethyl ether for 3 h. The [Cl−] anion was exchanged for
[Tf2N−], [PF6−] and [DCA−] only on the support grafted with [i-
C5TPIm][Cl] IL, using procedures adapted from literature [32,35]. SILs
were labeled as SIL-Z%-[Y] [X], where Z is IL theoretical concentration,
Y is the cation and X is the anion, for example, SIL-20 %-[i-C5TPIm]
[Cl] means 20 %wt of IL, [i-C5TPIm] cation and Cl anion.

2.3. Characterization

The chemical composition of SILs samples were characterized by
energy dispersion X-ray spectrometry (EDS), Field emission scanning
electron microscopy (FESEM) was performed using a FEI Inspect F50
equipment in secondaryelectrons (SE) mode. The ¹H Nuclear Magnetic
Resonance (NMR) spectra of ionic liquids were recorded before the
immobilization on a Bruker Avance DRX-400 spectrometer operating at
400MHz for 1H and 100MHz for 13C. Solid state NMR (ssNMR) spectra
were acquired with a 300MHz AVANCE III Bruker spectrometer oper-
ating respectively at 300MHz for 1H, 75MHz for 13C and 60MHz for
29Si. SSNMR was performed using either a BBO probe head for magic
angle spinning (MAS) analysis or a high-power wide line 5mm probe
head for static 1H relaxation measurements. The MAS experiments were
acquired spinning the sample at the magic angle at a frequency of 5 kHz
in 4 mm-diameter rotors at room temperature. The 13C MAS NMR ex-
periments were acquired with proton cross-polarization (CPMAS) with
a contact time of 1.2 ms, and the recycle delay was 2.0 s. The single
pulse 29Si MAS NMR experiments was acquired with a recycle delay of
10.0 s. The static 1H NMR was acquired by accumulating 2 K data points
over a spectral width of 250 kHz, using a 2.5 μs, 90° pulse with a recycle
delay of 5 s between acquisitions. T1rho measurements were performed
using a spinlock of 10 kHz between 303 and 333 K. Textural properties
were analyzed by nitrogen adsorption-desorption isotherm from NOVA
4200e High Speed at liquid nitrogen temperature. Surface area and
pore size were determined by Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) methods, respectively. Transmission
electron microscopy (TEM) was used in the evaluation of the support
structure. Samples were analyzed in Tecnai G2 T20 FEI operating at
200 KV.

Thermogravimetric Analysis (TGA/DTG) was performed using TA
Instruments SDT-Q600 between 25 and 800 °C with a heating rate of
20 °C min−1 in air. The IL loading in silica support (denoted as IL%)
was calculated from the TGA curve using the following Eq. (1):

=

−

−IL W W
W

X(%) 100 3,4150 800

150

*
(1)

Where, W150 and W800 are sample weight (g) at 150 °C and 800 °C,
respectively and (*) is a correction factor related to second stage of
weigh loss of pristine support.

Fig. 1. Structure of IL supported on commercial mesoporous silica.
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2.4. Sorption experiments

2.4.1. CO2 sorption measurements
The pressure-decay technique [36] for determining the CO2 sorption

capacity that has been previously reported by our group [21,26,37] was
used. The experiments were carried out in triplicate in a gas sorption
cell, Fig. 2. The samples (Ws≈1 g) were previously degassed at 70 °C
for 2 h. CO2 sorption measurements were carried out at 45 °C
(318.15 K) and 0.4MPa. The CO2 sorption capacity (w )CO g/2 was cal-
culated using equations (2) and (3).
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where n is the number of mols, pi and Ti are the pressure and tem-
perature in the gas chamber, Vgc is the volume of gas chamber, peq and
Teq are the pressure and temperature at equilibrium in the sorption
chamber, Vs is the volume of the sample, Vt is the total volume of the
sorption chamber, Z is compressibility factor for the pure gas calculated
by the Span-Wagner equations-of-state for CO2 [38].

2.4.2. Sorption/desorption tests
Sorption/desorption tests used CO2. Three CO2 sorption/desorption

cycles were performed in SIL sample. CO2 sorption was evaluated at
45 °C (318.15 K) and 0.4MPa with desorption following each cycle
using heating (343.15 K) during 2 h.

2.4.3. CO2/N2 separation selectivity
The selectivity experiments were carried out at 45 °C and 2MPa

using in a dual-chamber gas sorption cell similar to Koros et al. (Fig. 2)
[36]. The samples (Ws≈1 g) were also previously degassed at 70 °C for
2 h. The CO2/N2 selectivity experiments were conducted using a binary
mixture (15.89mol % of CO2 and N2 balance). A detailed description of
the sorption apparatus and measuring procedure can be found in pre-
vious works [26,39,40]. CO2 selectivity over N2 was calculated using
equation (4)

=S
X Y
X Y

/
/

CO CO

N N

2 2

2 2 (4)

Where XCO2 and XN2 are molar fractions of CO2 and N2 in sample phase
and YCO2 and YN2 are molar fractions of CO2 and N2 in gas phase, re-
spectively

3. Results and discussion

The grafting of imidazolium ILs on the mesoporous silica was stu-
died by 29Si MAS NMR spectroscopy (Fig. 3). Mesoporous silica presents
three resonances at –112, –104 and –93 ppm, assigned to the [Si(OSi)4]
(Q4), [Si(OSi)3OH] (Q3) and [Si(OSi)2(OH)2] (Q2) species on the silica

framework, respectively. Comparing the relative intensities of Q bands
before and after grafting, it is possible to see variations in the Q4/Q3

ratio, especially in samples SIL-5 %-[i-C5TPIm][DCA] and SIL-5 %-[i-
C5TPIm][PF6], where the reduction of Q3 and Q2 bands, and relative
increase of the Q4 peak is more obvious. These changes suggest that the
hydroxyl groups in silica have reacted and that the IL molecules were
successfully anchored.

To reinforce the conclusions from 29Si NMR analysis, SILs with a
higher IL content were further analyzed (Fig. 4).

Both 13C CP‐MAS NMR and 29Si MAS NMR analyses confirm the
modification of the mesoporous silica. In 13C spectra, imidazolium ring
resonance appears between 108 and 140 ppm, and the aliphatic signals
between 60 and 5 ppm. The 29Si NMR spectra display not only Q3 and
Q4 bands, but also T2 and T3 signals at - 60 and - 70 ppm, characteristic
of [RSi(OSi)2(OMe)] and [RSi(OSi)3] moieties, respectively.

However, the certainty of the successful grafting of SILs does not
provide further evidence on how the different IL moieties exist in the
silica matrix. In an attempt to gather additional information, a NMR
relaxation study was performed. In particular, rotating-frame relaxation
measurements (T1rho), can be used to probe intermolecular interac-
tions, particles dispersion and distribution [41]. In Fig. 5, the T1rho for
SIL-5 %-[i-C5TPIm][X] from different IL anions and SIL- [i-C5TPIm]
[Tf2N] with different IL contents can be observed. All samples exhibited
a biexponential behavior, which is compatible with the existence of a
more restrained proton population, with a T1rho<0.01 s, due to the
silica matrix itself, and a more mobile, with a longer T1rho, influenced
by the IL moiety. This behavior is known in silica matrixes due to their
porous nature. Proton moieties that reside near the surface layer exhibit
faster relaxation because of the interactions with the pore wall, and
proton moieties that reside in a bulk-like layer in the middle of pores,
the relaxation times are longer because bulk diffusion processes may
dominate [42].

From the comparison of the data for the 5 % SILs samples with
different anions, it is possible to conclude that smaller and more hy-
drophilic anions, such as chloride, have a more restrained behavior
(lower T1rho) than the rest, while the DCA SIL exhibits a population
with a higher degree of freedom. The effect of increasing the amount of
IL can be observed for SIL-X%-[i-C5TPIm][Tf2N] and suggests that an
amount of IL as 50 % will be less mobile than lower amounts, which is
compatible, in this case, with the IL being located inside and outside the
matrix porous. In SILs with a lower IL content, the IL location is less
restrained, and can in principle be more available to interact.

Chemical composition of [i-C5TPIm][Cl] SILs samples were analised
by EDS before and after anion exchange (Fig. 6). Characteristic ele-
ments of each anion ([Cl−], [Tf2N−], [PF6−] or [DCA−]) were detected
by EDS. The appearance of new peaks and the absence of [Cl−] anion in
the samples SIL-5 %-[i-C5TPIm][Tf2N], SIL-5 %-[i-C5TPIm][PF6] and

Fig. 2. Sorption cell.

Fig. 3. Solid state 29Si MAS NMR spectra of mesoporous silica (a); SIL-5 %-[i-
C5TPIm][Cl] (b); SIL-5 %-[i-C5TPIm][DCA] (c); SIL-5 %-[i-C5TPIm][PF6] (d)
and SIL-5 %-[i-C5TPIm][Tf2N] (e).
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SIL-5 %-[i-C5TPIm][DCA] indicates effective anions exchange.
Fig. 7 shows TEM images of the mesoporous silica used as a support

before and after IL immobilization. Mesoporous silica (Fig. 7a) presents
regions where it is possible to identify the silica lamellar structure. After
IL immobilization this lamellar structure is no longer identified (see
Fig. 7b). This change can be attributed to IL immobilization on silica.
Fig. 7b shows a typical image of the mesoporous silica structure after IL
immobilization.

Textural properties and immobilized IL (%) concentration in sam-
ples are shown in Table 1. The textural properties of mesoporous silica
are modified after IL immobilization. Specific surface area reduction is
related to immobilized IL concentration as seen in Table 1. Higher
immobilized IL concentrations promote greater specific surface area
reduction. Compare sample SIL-50 %-[i-C5TPIm][Cl] presenting a spe-
cific surface area of 186 m² g−1, with pristine mesoporous silica sample
exhibiting specific surface area of 487 m² g−1. Pore volume follows a
similar behavior to that seen for the specific surface area. The pore
volume of sample SIL-50 %-[i-C5TPIm][Cl] (0.27 cm³) is 64 % lower
when compared to the support pore volume before immobilization
(0.75 cm³). This difference decreases depending on the IL immobilized
content (see Table 1).

Table 2 presents textural properties data for supported samples with
5 % IL. The specific surface area of sample SIL-5 %-[i-C5TPIm][PF6]
(380 m² g−1) is lower when compared to sample SIL-5 %-[i-C5TPIm]
[Tf2N] (426 m² g−1) and SIL-5 %-[i-C5TPIm][DCA] (414 m² g−1).

Pore volume of all samples tends to decrease with the increasing

amount of immobilized IL independent of anion type ([Cl−], [Tf2N−],
[PF6−] and [DCA−]) as seen in Table 1 and 2. The reduction of support
specific surface area is a consequence of increasing immobilized IL
content [30,43] as shown in Tables 1 and 2. Samples SIL-5 %-[i-
C5TPIm][Cl] (355 m² g-1) and SIL-5 %-[i-C5TPIm][Tf2N] (426 m² g-1)
presented higher specific surface area values when compared to sam-
ples SIL-50 %-[i-C5TPIm][Cl] (186 m² g-1) and SIL-50 %-[i-C5TPIm]
[Tf2N] (157 m² g-1) respectively, probably due to the lower im-
mobilized IL content. Fig. 8 shows the N2 adsorption/desorption iso-
therms of mesoporous silica support and immobilized IL mesoporous
silica samples. The curves height in the N2 adsorption/desorption iso-
therms depends on the textural properties of each sample. Looking at
Table 1 and Fig. 8(II) for samples SIL-X%-[i-C5TPIm][Cl] one can see
that specific surface area (SBET) and pore volume (Vp) for samples with
50 % and 20 % of IL are similar as well the curves height. However, the
same behavior is not observed in Fig. 8(III). See that SBET and Vp values
for sample SIL-20 %-[i-C5TPIm][Tf2N] are ∼80 % and ∼130 % higher
respectively when compared to sample SIL-50 %-[i-C5TPIm][Tf2N],
meaning more space and volume to N2 adsorption. Mesoporous silica
samples, before and after ILs immobilization, presented type IV iso-
therm with hysteresis H1 characteristic of mesoporous solids [44,45],
indicating that the presence of ILs showed no effect on the support
mesoporous nature.

Thermal stability of mesoporous support before and after ILs che-
mical immobilization was evaluated (Fig. 9). Pristine mesoporous silica
(Fig. 9a) shows two mass loss stages, the first one referring to water

Fig. 4. Solid state 13C CP‐MAS and 29Si MAS NMR spectra of SIL-10 %-[i-C5TPIm][Tf2N] (a,d); SIL-20 %-[i-C5TPIm][Tf2N] (b,e); SIL-50 %-[i-C5TPIm][Tf2N] (c,f).

Fig. 5. 1H T1rho of SIL-5 %-[i-CTPIm][X] (I) and SIL-X%-[i-CTPIm][Tf2N] (II).
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superficially adsorbed (Tonset =48 °C) and the second stage related to
water present in the silica network (Tonset 262 °C) [46]. After IL im-
mobilization four thermal events are observed in all samples. The first
mass loss stage with Tonset around 150 °C is attributed to moisture, the
second one around 280 °C (Tonset) is related to IL organic fraction de-
gradation, the third stage around 400 °C (Tonset) is associated with the
anion degradation and the fourth stage above 400 °C (Tonset) attributed
to silane groups bonded to silica support degradation [47,48]. The
exchange of [Cl−] anion by [Tf2N−], [DCA−] or [PF6−] anions
(Fig. 9c,d) maintain almost constant the samples thermal stability.
However, small variations in the mass loss percentage of the third stage
were observed. This behavior also evidences the successful exchange of
[Cl−] anion by the anions [Tf2N−], [DCA−] or [PF6−]. IL im-
mobilization increased residue percentage due to the organic fraction.

3.1. Cation's influence on CO2 uptake and CO2/N2 selectivity of ILs
immobilized mesoporous silica

Changes in IL cation structure such as alkyl side chain size or
branching can modify ILs CO2 solubility as reported in the literature
[49–54]. In this work, the ILs [C4TPIm][Cl] and [i-C5TPIm][Cl] were
selected for the evaluation of imidazolium cation alkyl chain effect on
SILs CO2 affinity and selectivity. CO2 sorption capacity and CO2/N2

selectivity of SILs (SIL-15 %-[C4TPIm][Cl] and SIL-15 %-[i-C5TPIm]
[Cl]) compared to pristine mesoporous silica are presented in Table 3.

As seen in Table 3, CO2 sorption capacity of sample SIL-15 %-[i-
C5TPIm][Cl] (66.20 ± 0.35mg CO2 g−1) was slightly higher when
compared to sample SIL-15 %-[C4TPIm][Cl] (63.70 ± 1.47mg
CO2 g−1). However, in both cases, the CO2 sorption capacity of the

Fig. 6. EDS analysis from SILs before and after anion change: a) SIL-5 %-[i-C5TPIm][Cl], b) SIL-5 %-[i-C5TPIm][Tf2N], c) SIL-5 %-[i-C5TPIm][PF] and d) SIL-5 %-[i-
C5TPIm][DCA].

Fig. 7. TEM images: a) mesoporous silica, b) SIL-10 %-[i-C5TPIm][Tf2N].
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mesoporous silica (81.70 ± 2.20mg CO2 g−1) decreased after IL im-
mobilization. This behavior is probably associated with specific surface
area and pore volume reduction after IL immobilization (see Table 1)
[26,55]. The specific surface area (487 m² g−1) and pore volume (0.75
cm³) values of pure mesoporous silica were reduced after ILs im-
mobilization. See, for example, sample SIL-15 %-[C4TPIm][Cl] (specific

surface area of 341 m² g-1 and pore volume of 0.49 cm³) and sample
SIL-15 %-[i-C5TPIm][Cl] (specific surface area of 365 m² g-1 and pore
volume of 0.53 cm³). Unlike the specific surface area, the selectivity
CO2/N2 is improved when ILs are immobilized in mesoporous silica.
Yet, the alkyl side chain plays an important role in CO2/N2 selectivity.
Compare the selectivity of mesoporous silica (2.32 ± 0.4) with the
selectivity of samples SIL-15 %-[i-C5TPIm][Cl] containing a methyl
group branching in the IL cation alkyl side chain (4.45 ± 0.82) and
SIL-15 %-[C4TPIm][Cl] (2.68 ± 0.50) without ramification in the IL
cation alkyl side chain. The presence of branching in the IL cation side
alkyl chain promotes higher free space for CO2 molecules [49,52]. The
specific surface area and pore volume values obtained for samples SIL-
15 %-[i-C5TPIm][Cl] and SIL-15 %-[C4TPIm][Cl] were similar (see
Table 1) corroborating that the improvement in CO2/N2 selectivity for
sample SIL-15 %-[i-C5TPIm][Cl] may be related to the presence of ca-
tion alkyl side chain branching.

3.2. Influence of immobilized ILs concentration and anion type on
mesoporous silica CO2 uptake capacity and CO2/N2 selectivity

The concentration of ILs immobilized on silica supports plays a role
in CO2 uptake capacity as well as gas mixtures selectivity [26]. ILs [i-
C5TPIm][Cl] and [i-C5TPIm][Tf2N] were immobilized on mesoporous
silica in different concentrations (50, 20, 10 and 5 %) in order to
evaluate the influence in CO2 uptake capacity as well as CO2/N2 se-
lectivity. The immobilized IL concentration plays an important role in
the sorption capacity since the excess of IL can reduce the porosity of
the support or fill its pores [56]. The ideal IL concentration to be im-
mobilized in support varies according to their composition, specific
surface area and both pore size and volume [57,58]. [Tf2N−] anion was
chosen for the tests due to its high affinity and selectivity for the CO2

Table 1
Textural properties and IL concentration (%) immobilized on the samples.

Sample % (IL)** SBET (m2 g−1) Vp (cm³) Ps (nm)

Sílica – 487 0.75 2.69
SIL-15 %-[C4TPIm][Cl] 13.18 ± 0.25 341 0.49 2.38
SIL-15 %-[i-C5TPIm][Cl] 11.02 ± 0.48 365 0.53 2.72
SIL-50 %-[i-C5TPIm][Cl] 29.80 ± 1.60 186 0.27 2.38
SIL-20 %-[i-C5TPIm][Cl] 16.90 ± 0.74 173 0.24 2.39
SIL-10 %-[i-C5TPIm][Cl] 5.0 ± 0.30 462 0.68 2.72
SIL-5 %-[i-C5TPIm][Cl] 3.68 ± 0.83 461 0.68 2.71
SIL-50 %-[i-C5TPIm][Tf2N] 26.40 ± 0.04 157 0.21 1.69
IL-20 %-[i-C5TPIm][Tf2N] 19.72 ± 0.96 283 0.49 2.90
SIL-10 %-[i-C5TPIm][Tf2N] 6.5 ± 0.90 414 0.64 2.72
SIL-5 %-[i-C5TPIm][Tf2N] 3.78 ± 1.10 426 0.62 2.15

*SBET: surface area, Vp: pore volume, Ps: pore size. **Determined by TGA.

Table 2
Textural properties of SILs with different anions.

Sample % (IL)** SBET (m2 g−1) Vp (cm³) Ps (nm)

SIL-5 %-[i-C5TPIm][Tf2N] 3.78 ± 1.10 426 0.62 2.15
SIL-5 %-[i-C5TPIm][PF6] 3.30 ± 0.14 380 0.57 2.10
SIL-5 %-[i-C5TPIm][DCA] 2.35 ± 0.1 414 0.61 2.11

*SBET: surface area, Vp: pore volume, Ps: pore size. **Determined by TGA.

Fig. 8. N2 adsorption/desorption isotherms. I) mesoporous silica and SIL-15 %- [C4TPIm][Cl]; II) diferent concentrations of SIL- [i-C5TPIm][Cl], III) diferent con-
centrations of [i-C5TPIm][Tf2N] and IV) 5 % concentration of [i-C5TPIm] cations with [DCA] and [PF6] anions.
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molecule [59–61] in order to compare to [Cl−] anion. After im-
mobilization, the ILs molecules can be organized irregularly and first
fill the support pores with a smaller size where the adsorption potential
is higher [57]. As shown in Table 1, silica support specific surface area
and pore volume decreased with increasing immobilized IL concentra-
tion. However, the type IV isotherm with hysteresis H1 characteristic of
mesoporous solids was obtained for all samples (Fig. 8). The content of
immobilized ILs and anion type changes samples CO2 sorption capacity.
Samples containing the [Cl−] anion present lower CO2 sorption capa-
city when compared to the pristine support (81.70 ± 2.20mg CO2 g-1),
the immobilization of larger amounts of ILs containing the [Cl−] as
anion, SIL-50 %-[i-C5TPIm][Cl] (42.40 ± 0.70mg CO2 g-1), decreases
CO2 sorption capacity in ∼ 50 % when compared to pristine support.
CO2 sorption capacity is inverse to immobilized IL content. As can be
observed for samples SIL-20 %-[i-C5TPIm][Cl] (60.42 ± 0.35mg
CO2. g-1); SIL-10 %-[i-C5TPIm][Cl] (60.63 ± 0.10mg CO2 g-1) and SIL-
5 %-[i-C5TPIm][Cl] (67.50 ± 0.07mg CO2 g-1).The best CO2 sorption
capacity was achieved for a sample containing 5 % of immobilized IL
but yet lower when compared to the pristine support (81.70 ± 2.20mg
CO2 g-1). When [Tf2N−] is used as anion the same trend is observed but
the CO2 sorption capacity is superior when compared to results ob-
tained when [Cl−] is used as an anion (see Table 4). This behavior may

be associated with the affinity of [Tf2N−] anion by the CO2 molecule
[59–61]. The higher CO2 sorption capacity achieved when [Tf2N−] was
used as anion was obtained for sample SIL-5 %-[i-C5TPIm][Tf2N]
(79.50 ± 0.70mg CO2 g-1), similar when compared to pristine support.
Immobilization of ILs in mesoporous silica improves CO2/N2 selectivity
results for both anions when compared to pristine support. For im-
mobilized ILs in concentrations of 50, 20 and 10 % the CO2/N2 se-
lectivity is similar for both anions indicating that in high concentrations
of IL there would be no benefits in the exchange of the [Cl−] by
[Tf2N−] (see Table 4). For IL concentration of 5 %, the sample SIL-5 %
[i-C5TPIm][Tf2N] (4.30 ± 0.70) presents a slight difference when
compared to sample SIL-5 %-[i-C5TPIm][Cl] (3.80 ± 0.12). Comparing
the selectivity of sample SIL-5 %-[i-C5TPIm] [Tf2N] with pristine me-
soporous silica (2.32 ± 0.40) an increase in CO2/N2 selectivity of ∼85
% was observed. The increase in CO2/N2 selectivity and the CO2

sorption capacity value obtained for sample SIL-5 %-[i-C5TPIm][Tf2N]
indicate that the IL immobilization in small percentages can promote a

Fig. 9. SILs thermal stability : a) mesoporous silica and SIL-15 %-[C4TPIm][Cl], b) diferent concentrations of [i-C5TPIm][Cl], c) diferent concentrations of [i-C5TPIm]
[Tf2N] and d) SIL-5 %-[i-C5TPIm] cation containing different anions.

Table 3
CO2 sorption capacity and CO2/N2 selectivity of mesoporous silica and SILs
samples.

Sample CO2 sorption (mg CO2 g-1) Selectivity CO2/N2

silica 81.70 ± 2.20 2.32 ± 0.40
SIL-15 %-[C4TPIm][Cl] 63.70 ± 1.47 2.68 ± 0.50
SIL-15 %-[i-C5TPIm][Cl] 66.20 ± 0.35 4.45 ± 0.82

Table 4
Properties of SIL in different concentrations for [Cl−] and [Tf2N−] anion.

Sample CO2 sorption (mg CO2 g−1) Selectivity CO2/N2

Silica 81.70 ± 2.20 2.32 ± 0.40
SIL-50 %-[i-C5TPIm][Cl] 42.40 ± 0.70 4.82 ± 0.40
SIL-20 %-[i-C5TPIm][Cl] 60.42 ± 0.35 3.20 ± 0.23
SIL-10 %-[i-C5TPIm][Cl] 60.63 ± 0.10 4.34 ± 0.49
SIL-5 %-[i-C5TPIm][Cl] 67.50 ± 0.07 3.80 ± 0.12
SIL-50 %-[i-C5TPIm][Tf2N] 63.86 ± 0.93 4.53 ± 0.50
SIL-20 %-[i-C5TPIm][Tf2N] 62.60 ± 1.00 4.34 ± 0.20
SIL-10 %-[i-C5TPIm][Tf2N] 69.38 ± 0.69 4.38 ± 0.24
SIL-5 %-[i-C5TPIm][Tf2N] 79.50 ± 0.70 4.30 ± 0.70

*SBET: surface area, Vp: pore volume, Ps: pore size.
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selectivity improvement without compromising CO2 sorption capacity.
CO2 sorption capacity and CO2/N2 selectivity of the SIL-5 %-[i-C5TPIm]
[Tf2N] sample are superior when compared to pristine silica support
and similar to other samples described in literature under near CO2

uptake tests conditions (P and T for sorption tests) but with higher IL
content. The IL [P66614] [Triz] was immobilized (50 %) in SBA-15 silica
and its CO2 sorption capacity and CO2/N2 selectivity evaluated at ∼
30 °C (29.7 mg CO2 g-1 and 0.75 respectively) [62]. IL [P8883] [TFSI]
was immobilized (10 %) in commercial silica gel and the CO2 sorption
capacity at 40 °C and 4 bar of CO2 pressure (70.4mg CO2 g-1) and its
CO2/N2 selectivity were evaluated increasing 100 % the selectivity
comparing with pristine support [63]. The immobilization of a low
percentage of ILs combined with the [Tf2N−] anion can be economic-
ally favorable, due to the high production cost of ionic liquids that often
prevents its application on a large scale [57,64,65]. Improvement of
CO2/N2 selectivity is essential for designing new materials to be used in
CO2 separation from exhaust gases [66,67].

3.3. Influence of imidazolium-based ILs with different anions
[PF6−], [DCA−], and [Tf2N−] immobilized on mesoporous silica sup-
ports in CO2 uptake and CO2/N2 selectivity

The anion [Tf2N−] presented the best CO2 sorption and selectivity
results at the theoretical concentration of 5 % of immobilized IL. Anions
[PF6−] and [DCA−] in low concentration (5 %) will also be evaluated.
Fluorinated anions such as [Tf2N−] and [PF6−] combined with solid
supports present potential to improve CO2 sorption capacity and se-
lectivity as described in literature [68,69]. ILs having [DCA−] as anion
present lower viscosity values when compared to fluorinated anions
[70]. This feature may facilitate the IL distribution over the support
surface area. CO2 sorption capacity for imidazolium ILs with these
anions is reported in literature [70–73] in the following order
[DCA−]< [PF6−]< [Tf2N−]. Textural data of mesoporous silica sup-
port after immobilization with the three different ionic liquid are pre-
sented in Table 2. Pore size and pore volume values are similar for all
samples. Specific surface area for sample SIL-5 %-[i-C5TPIm][PF6] (380
m²g-1) is lower when compared to samples SIL-5 %-[i-C5TPIm][Tf2N]
(426 m²g-1) and SIL-5 %-[i-C5TPIm][DCA] (414 m²g-1). The observed
difference may be associated to the anion type. CO2 sorption capacity
and CO2/N2 selectivity at 45 °C are presented in Fig. 10. Sample SIL-5
%-[i-C5TPIm] [DCA] presented CO2 sorption capacity of
74.50 ± 0.70mg CO2 g-1, superior to that shown when [CI−] was used
as anion at the same IL concentration. The increase of CO2 sorption
capacity indicates the positive effect of the [DCA−] anion on the CO2

sorption capacity. However, the samples with fluorinated anions pre-
sented superior performance (SIL-5 %-[i-C5TPIm][PF6]
(78.90 ± 1.50mg CO2 g-1) and SIL-5 %-[i-C5TPIm][Tf2N]
(79.50 ± 0.70mg CO2 g-1)). The specific surface area of sample SIL-5

%-[i-C5TPIm][PF6] (380 m² g-1) was the smallest whereas samples SIL-5
%-[i-C5TPIm][Tf2N]) and SIL-5 %-[i-C5TPIm][DCA] (414 m² g-1) pre-
sented similar specific surface areas (Table 2). Nonetheles, all samples
presented lower specific surface area values when compared to pristine
mesoporous silica (487 m² g-1). These results also indicate that although
the SIL-5 %-[i-C5TPIm] [PF6] (380 m² g-1) sample presented a lower
specific surface area, the presence of [PF6−] anion compensated the
reduction of the specific surface area due to the affinity of CO2 with
fluorinated anions [15,16,74,75]. CO2 sorption capacity results were
similar among the fluorinated anions ([PF6−] or [Tf2N−]) samples and
the pristine mesoporous support. When CO2/N2 selectivity is evaluated
the positive effect of anion exchange is seen in all samples regarding the
selectivity of pristine mesoporous silica support (2.31 ± 0.40). The
selectivity of samples SIL-5 %-[i-C5TPIm] [Tf2N] (4.3 ± 0.70), SIL-5
%-[i-C5TPIm][PF6] (4.2 ± 0.20) and SIL-5 %-[i-C5TPIm][DCA]
(3.9 ± 0.30) are similar considering measurements deviation. Never-
theless, the CO2 sorption capacity of fluorinated anion samples out-
performs the [DCA−] anion performance.

Fig. 11 shows SEM images of mesoporous silica before and after ILs
immobilization. Chemical immobilization of imidazolium-based ILs
with different anions shows no changes in grain morphology observed
on pure mesoporous silica. The low samples ILs content (Fig. 11 (b–e))
avoids grain agglomeration possibly contributing to sorption results
observed for the samples.

Sorption/desorption tests were performed in order to evaluate the
reusability of sample SIL-5 %-[i-C5TPIm] [Tf2N] at 45 °C and 0.4MPa.
Fig. 12 shows fives sorption/desorption tests using the same sample
(SIL-5 % - [i-C5TPIm] [Tf2N]). Adsorbed CO2 was removed by heating
(∼ 70 °C) at the end of each sorption test. Results showed that sample
CO2 sorption capacity is maintained between recycling steps indicating
material stability.

4. Conclusions

ILs [C4TPIm][Cl] and [i-C5TPIm][Cl] chemical immobilization on
mesoporous silica support were performed. Obtained materials were
fully characterized to ensure the IL immobilization and determine their
textural properties. CO2 and CO2/N2 sorption test in different con-
centrations of IL [i-C5TPIm][Cl] revealed that lower IL concentration
results in higher CO2 sorption capacity. Selectivity experiments with
[C4TPIm][Cl] and [i-C5TPIm][Cl] evidenced that the presence of
branching on the cation alkyl side chain increases CO2/N2 selectivity.
Immobilization of ILs containing fluorinated anions ([PF6−] and
[Tf2N−]) at low concentrations may also promote the improvement of
the CO2/N2 selectivity without interfering with the CO2 sorption ca-
pacity of the original support. CO2 sorption capacity values shown by
sample SIL-5 % - [i-C5TPIm][Tf2N] were close to the values obtained for
the pristine mesoporous silica and their selectivity was more than twice
when compared to the support. SIL-5 %-[i-C5TPIm][PF6] sample re-
vealed similar CO2 sorption capacity when compared to SIL-5 %-[i-
C5TPIm][Tf2N]. Sample SIL-5 %-[i-C5TPIm][DCA] that presented a
lower CO2 sorption capacity. Finally, recycle tests demonstrated that
the SILs in mesoporous silica samples are stable providing a new option
to be used in CO2 capture processes.
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