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CO,, separation from natural gas is considered to be a crucial strategy to mitigate global warming problems, meet
product specification, pipeline specs and other application specific requirements. Silica xerogels (SX) are
considered to be potential materials for CO; capture due to their high specific surface area. Thus, a series of silica
xerogels functionalized with imidazolium, phosphonium, ammonium and pyridinium-based room-temperature
ionic liquids (RTILs) were synthesized. The synthesized silica xerogels were characterized by NMR, helium
pycnometry, DTA-TG, BET, SEM and TEM. CO; sorption, reusability and CO2/CHj, selectivity were assessed by
the pressure-decay technique. Silica xerogels containing IL demonstrated advantages compared to RTILs used as
separation solvents in CO;y capture processes including higher CO, sorption capacity and faster sorption/
desorption. Using fluorinated anion for functionalization of silica xerogels leads to a higher affinity for CO5 over
CH4, The best performance was obtained by SX- [bmim] [TFoN] (223.4 mg CO2/g mg/g at 298.15 K and 20 bar).
Moreover, SX- [bmim] [TF3N] showed higher CO; sorption capacity as compared to other reported sorbents. COy
sorption and CO,/CHj selectivity results were submitted to an analysis of variance and the means compared
using Tukey’s test (5%).

1. Introduction penalty for solvent regeneration and amines degradation/evaporation

(McGurk et al., 2017; Yu, 2012).

Natural gas contains high levels of impurities such as carbon dioxide
(CO2) which must be removed to meet product specification, pipeline
specifications and diminish global warming. Chemical absorption pro-
cesses with aqueous alkanolamines solutions have been used commer-
cially for removal of CO, from natural gas (Kazemi et al., 2016; Washim
Uddin and Hagg, 2012).

The common alkanolamines used for chemical absorption processes
are monoethanolamine (MEA), diethanolamine (DEA), triethanolamine
(TEA) and methyl diethanolamine (MDEA) (McGurk et al., 2017; Yu,
2012). The use of these compounds in CO, capture has demonstrated
some drawbacks, including high equipment corrosion rate, large energy

Recent works using adsorbents or mixing them in matrix membranes
for CO/CH4 separation were reported (Hasegawa and Matsumoto,
2017; Shafie et al., 2017; Yuan et al., 2016). However, the industrial
application of these materials have some drawbacks such as low selec-
tivity (activated carbon) (Huang et al., 2003), thermal instability (zeo-
lites) (Yuan et al., 2016), brittleness and dependence of chemical and
thermal stability with the polymeric matrix (Vinoba et al., 2017).

Room-temperature ionic liquids (RTILs), a special class of green
solvents, have been proposed as a promising alternative to overcome
some problems associated with the use of alkanolamines. It is due to
their potential as environmentally friendly solvents, high thermal

* Corresponding author. School of Technology, Pontifical Catholic University of Rio Grande do Sul, PUCRS, Brazil.

E-mail address: einloft@pucrs.br (S. Einloft).

https://doi.org/10.1016/j.jenvman.2020.110340

Received 2 September 2019; Received in revised form 24 January 2020; Accepted 24 February 2020

Available online 14 May 2020
0301-4797/© 2020 Elsevier Ltd. All rights reserved.


mailto:einloft@pucrs.br
www.sciencedirect.com/science/journal/03014797
https://http://www.elsevier.com/locate/jenvman
https://doi.org/10.1016/j.jenvman.2020.110340
https://doi.org/10.1016/j.jenvman.2020.110340
https://doi.org/10.1016/j.jenvman.2020.110340
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvman.2020.110340&domain=pdf

L.M. dos Santos et al.

[bmim](CI] o

_CH
H3C/\/\N/\N+ 3

TBAB H3C

Br

HiC /\/\N+/\/\CH3

CHsy

[ompyrr][CI]

cr

HaC” > SN,

CTAB
Br
H3C\
CH
/N+/\M/ 3
H,C \
14
CHj
[emimi[TF,N] o .
0N
0=S" ?—0
I
CFj, CFg
_CHj
H3C/\N/\N+
[mbmim][TF,N]
o O
I N

o=s-"~s=0
' CFy

CH, CF3
+.CH
Hac)\/\N/\N 3

Journal of Environmental Management 268 (2020) 110340

[emim][MSO,] | | B
H3C—ﬁ—0

_CHj
H3C/\N/\N+

TBPB H;C -

Br

H3C/\/\P+/\/\CH3

CHj
[emim][CF,SO,]

THAB

Br

CH3
[bmim][TF,N]

o .O
NI
0=57"75=0

|

CF; CF3

CH
H3C/\/\N/\N+/ 3

Fig. 1. ILs structures used for silica xerogels synthesis.

stability, non-flammability, negligible vapor pressure, large versatility,
recyclability and selective CO2 absorption in gas mixtures (Hasi-
b-ur-Rahman et al., 2010; Seo et al., 2014). However, the RTILs high
viscosity can represent a barrier to implementation in COy capture
plants (Hasib-ur-Rahman et al., 2010). One solution for overcoming this
disadvantage is the use of RTILs in silica by sol gel method.

Silica xerogels and aerogels containing ionic liquids have been re-
ported in literature for different applications in material science such as
catalyst, encapsulation, optical and electronic materials, and nano-
structure formation templates.

The sol-gel process synthesized silica containing ILs presents large
surface area, high porosity and narrow pore size distribution (Donato
et al., 2009).

We report here the synthesis and characterization of several func-
tional silica xerogels using ionic liquids (ILs). ILs cation and anion
structure influence on the CO; sorption capacity and CO,/CHy separa-
tion was investigated. The cations evaluated include imidazolium,
phosphonium, ammonium and pyridinium - based ILs. The anions
methanesulfonate ([CH3S03-1), trifluoromethyl sulphonate
([CF3S03—-1),bis(trifluoromethane)sulfonamide([TF2N—]) chloride
([CI-]) and bromide ([Br-]) were used in this work.
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Fig. 4. TGA of silica xerogel and silica xerogels functionalized with IL.

Table 1
Structural properties of silica xerogels.
Densities (g/cm3) Porosity Pore Pore BET
m (%) v01113me radius (m?%/
density density (em’/g) (am) &
SX 0.7686 237  67.57 0.24 1.18 595
SX — [bmim] 0.8196 2.67 69.30 0.10 1.63 116
[C1]
SX — [emim] 0.7477 2.69 72.20 0.16 1.83 180
[MSO03]
SX - TBAB 0.8025 3.16 74.60 0.13 1.24 223
SX - TBPB 0.7791 2.67 70.82 0.25 1.27 388
SX — 0.8461 215  60.65 0.07 1.33 100
[bmpyrr]
[C1]
SX - [emim] 0.6985 2.69 74.03 0.19 1.32 282
[CF3S03]
SX - CTAB 0.7617 2.30 66.88 0.11 1.50 141
SX - THAB 0.8946 2.23  59.88 0.22 1.58 278
SX —[emim] 0.7434 1.85 59.82 0.33 1.20 546
[TF2N]
SX —[bmim] 0.8236 1.86  55.72 0.24 1.41 343
[TF2N]
SX 0.5120 1.82  71.87 0.26 1.35 378
—[mbmim]
[TF2N]

2. Experimental
2.1. Materials

Tetraethyl orthosilicate (TEOS, Merck, 98%, USA), sodium fluoride
(NaF, Synth, 99% Brazil), polyvinylic acid (PVA, Dinamica, 95%,
Brazil), hydrochloric acid (HCl, 37%, Anidrol, Brazil), carbon dioxide
4.0 (CO4, 99,80%, White Martins, Brazil), standard mixture (CO2/CHg4
35 mol % of CO5 and CH4 balance), White Martins, Brazil) were used as
received without further purification. Tetrabutylammonium bromide
(TBAB, NEON, 99%, Brazil), tetrabutylphosphonium bromide (TBPB,
Sigma Aldrich, 98%,USA), 1-butyl-1-methylpyrrolidinium chloride
(BMPYRR, Sigma Aldrich, 99%, USA), 1-ethyl-3-methylimidazolium
trifluoromethanesulfonate ([EMIM][CF3SO3], Merck, 98%, USA), 1-
ethyl-3-methylimidazolium methanesulfonate ([EMIM][MSOs], Merck,
95%, USA), Hexadecyltrimethylammonium bromide (CTAB, Sigma
Aldrich, 99%, USA), Tetrahexylammonium bromide (THAB, Sigma
Aldrich, 99%, USA) and, 1-butyl-3-methylimidazolium derivatives were
prepared according to the literature procedure (Dupont et al., 2002).
The synthesized [bmim][Cl], [bmim][TF2N], [emim][TF2N], [mbmim]
[TFoN] were characterized by Proton Nuclear Magnetic Resonance
(*H-NMR), in Varian spectrophotometer, VNMRS 300 MHz, using

DMSO-dg as solvent and 5 mm glass tubes. TH-NMR (300 MHz,
DMSO-dg, 25 °C), 8 (ppm): 1.01 (m, CH3), 1.29 (m, CH,CHj3), 1.83 (m,
CHa), 3.97 (s, CHs), 4.25 (t, CH2N), 7.79 (s, H5), 7.91 (s, H(4)), 9.48 (s,
H(2)). [bmim][TF,N] - "H-NMR (300 MHz, DMSO-dg) & (ppm): 9,11 [s,
'H];7,78 [d, 'H,J = 1,7 Hz); 7,86 [d, 1H, J = 1,6 Hz]; 4,22 [t, 2H, J = 7,
2 Hz]; 3,91 [s, 3H]; 1,87-1,68 [m,2H, J = 14,9; 7,4 Hz]; 1,29 [dt, 2H, J
= 14,7; 7,3 Hz]; 0,90 [t, 3H, J = 7,3 Hz]. [emim][TF,N] - 'H-NMR (300
MHz, DMSO-d) & (ppm): 9,15 [s, 1H]; 7,78 [d, 1H, J = 1,8 Hz]; 7,70 [d,
1H, J = 1,6 Hz]; 4,19 [m, 2H, J = 7,3 Hz]; 3,85 [s, 3H]; 1,35 [t, 3H, J =
7,3 Hz]. [mbmim] [TF.N] - 'H-NMR (300 MHz, DMSO-dg) & (ppm): 9,13
[s, 1H1; 7,79 [d, 1H, J = 1,7 Hz]; 7,70 [d, 'H,J = 1,8 Hz]; 4,24 [t, 2H]; 3,
85 [s, 3H1; 1,69 [m, 2H, J = 7,2 Hz]; 1,51 [m, 1H, J = 13,4; 6,5 Hz]; 0,92
[d, 6H].

2.2. Silica xerogel synthesis

Silica xerogels containing ILs were synthesized following procedures
adapted from literature (Vidinha et al., 2006; VIdinha et al., 2008). A
series of samples were prepared by mixing 25 mg IL, 2.28 mmol TEOS,
PVA (4.64 g/L), NaF (0.20 g/L) and 6.86 mmol distilled water. The re-
action mixture was stirred and placed in ice bath or in the refrigerator
until gelation. The gels obtained were kept at 35 °C for 24 h and washed
several times with acetone and n-pentane. Finally, silica xerogels were
dried at 35 °C for 24 h. The ILs structures used are shown in Fig. 1 A
silica xerogel sample (SX) was also prepared without IL. Silica xerogels
containing ILs were labeled as SX-IL. For example, SX-[bmim][Cl] means
silica xerogel containing 1-Butyl-3-methylimidazolium chloride IL.

2.3. Characterization of silica xerogels

Structural elucidation of neat samples was carried out by solid state
NMR (SS NMR) techniques. 13C MAS and 29Si MAS NMR spectra were
acquired with a 7 T (300 MHz) AVANCE III Bruker spectrometer oper-
ating respectively at 75 MHz (13C) and 60 MHz (29Si), equipped with a
BBO probe head. The samples were spun at the magic angle at a fre-
quency of 5 kHz in 4 mm-diameter rotors at room temperature. The 13C
MAS NMR experiments 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 were acquired with a
recycle delay of 10.0 s.

The samples morphology was determined with a field emission
scanning electron microscope (FESEM) using Inspect F50 equipment
(FEI Instruments) in secondary electrons mode and transmission elec-
tron microscopy (TEM) using a Tecnai G2 T20 FEI operating at 200 kV.
Surface area, pore radius and pore volume were determined by
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)



L.M. dos Santos et al.

Journal of Environmental Management 268 (2020) 110340

SX - CTAB

SX - TBPB

SX - TBAB

SX- [bmpyrr][CI]

SX - [mbmim] [CI]

SX - [emim] [TF,N
SX - [bmim] [CI] A M oA o A b
SX /Jl LA a

T T T T T
100 80 60 40 20

13C o

o4
© -
S
-l
°
3

Fig. 5. 13C CPMAS NMR spectra of silica xerogel (a) and silica xerogels functionalized with ILs: (b) SX — [bmim] [Cl]; (c) [emim] [CF3SO3]; (d) SX —[emim] [TF,NJ;
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Fig. 6. 29Si MAS NMR spectra of silica xerogel (a) and silica xerogels functionalized with ILs: (b) SX — [bmim] [Cl]; (¢) [emim] [CF3SO3]; (d) SX —[emim] [TF5N1; (e)
SX —[bmim] [TFoN1; (f) SX —[mbmim] [TF2N]; (g) SX- [bmpyrr][Cl]; (h) SX — TBAB; (i) SX — TBPB; (j) SX-CTAB.

methods, respectively using NOVA 4200e. The bulk density was deter-
mined by measuring the volume and weight of dispersed powder in a
container under the influence of gravity. The skeletal density (true
density) was obtained by helium pycnometry (Ultrafoam™1200e,
Quantachrome Instruments). Porosity (%) was calculated theoretically
using the values of bulk density and skeletal density following procedure
from literature(Tokudome et al., 2009). Thermogravimetric analysis
(TGA) curves were obtained using a TA Instrument SDT-Q600, the
temperature range was set at 25 °C-600 °C with a heating rate of 20
°C/min and under a nitrogen atmosphere.

2.4. COy uptake measurement

CO. sorption capacity was determined using a dual-chamber gas
sorption cell by pressure-decay technique (Koros and Paul, 1976). A
detailed description of experimental equipment and procedure is
available in our previous publications (Bernard et al., 2018, 2017;
Fernandez Rojas et al., 2017). The experiments were carried out in
triplicate. Samples (1.0-1.2 g) were loaded in the sorption chamber and
degassed under vacuum (1072 mbar) at 298.15 K during 30 min. CO,
sorption tests were carried out at 298.15 K with pressure ranging from 1
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to 30 bar.

2.4.1. Sorption/desorption tests

Sorption/desorption tests were performed by using CO3. Then CO,
sorption/desorption cycles were performed in the silica xerogel con-
taining IL. CO, sorption was evaluated at 298.15 K and 20 bar and
desorption under vacuum (10-3 mbar) at 298.15 K during 30 min. CO,
sorption was also probed in NMR using a similar procedure as previously
described (Corvo et al., 2013). Briefly, using a high pressure (HP) NMR
cell from DAEDALUS INNOVATIONS, LLC, 150 mg of xerogel were
equilibrated at 298.15 K and 20 bar CO,. The system was considered to
have reached equilibrium when the pressure was unchanged with time
for 12 h. The HP NMR cell was then transferred to the NMR spectrometer
using a protective polycarbonate structure. 13C NMR was performed in
a Bruker Avance III 400 operating at 400.15 MHz for hydrogen and
100.61 MHz for carbon, using an inverse gated 1H decoupled pulse
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sequence with a relaxation delay of 25 s, collecting 128 transients and
64 K data points.

2.5. COy/CHy separation selectivity

The separation of CO, from CO2/CH4 gas mixture (35 mol % of CO,
and CH4 balance) was also assessed in a dual-chamber gas sorption cell
similar to Koros et al. (Koros and Paul, 1976). The samples (1.0-1.2 g)
were also previously degassed under vacuum (10 -3 mbar) at 298.15 K
during 30 min. The CO5/CHj, selectivity tests were performed at 298.15
K and 20 bar. The apparatus and full experimental procedure were
described elsewhere (Azimi and Mirzaei, 2016; Duczinski et al., 2018;
Fernandez Rojas et al., 2017).

2.6. Statistical analysis

Data were analyzed with one-way analysis of variance (ANOVA) and
with Tukey-Kramer multiple comparison test, using SPSS (version 18.0).
The significance level of all statistical tests was fixed at 0.05.

3. Results and discussion
3.1. Silica xerogel characterization

Silica xerogel and silica xerogels functionalized with IL. morphologies
can be seen in Fig. 2. Micrographs showed a change in silica xerogel
morphology after the addition of IL. Formation of larger spherical par-
ticles than SX were observed for SX-[bmim][Cl], SX-TBAB, SX-TBPB, SX-
[emim][CF3S03], SX-CTBA, SX-[emim][TF;N], SX-[bmim][TF;N] and
SX-[mbmim][TF,N]. Silica xerogels functionalized with [bmpyrr][Cl]
and [emim][MSO3] showed formation of much larger spherical particles
than all other samples. Silica xerogel functionalized with THAB pro-
moted the formation of highly aggregated particles.

Fig. 3 shows TEM images of silica xerogel and silica xerogels func-
tionalized with IL that presented a greater CO- sorption capacity than SX
(see Fig. 7). The particle size of silica xerogel tend to increase after
functionalization with IL. Functionalized silica xerogels particles
showed larger particles than SX.

3.2. silica xerogel thermal analysis

TGA analysis (Fig. 4) was used to evaluate thermal stability of silica
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xerogels. All samples presented three main degradation stages (Fig. 4a
and b). The first weight loss between 35 °C and 170 °C is attributed to
water and solvent evaporation (Sun et al., 2017). The second weight
between 210 °C and 370 °C is associated to the dissociation of IL and/or
PVA (Bryaskova et al., 2013; Patil and Murthy, 2017) and the third
thermal event between 380 °C and 585 °C is probably due to silane
groups degradation (Si-OC2H5) (Duczinski et al., 2018; Sun et al.,
2017).

3.3. Silica xerogel structural properties

Table 1 summarizes the structural properties of synthesized xerogels.
Calculated porosity from bulk density and skeleton density for SX was
67.57% while the porosity values of silica xerogel containing IL varied in
the range from 55.72% to 74.60% indicating that the presence of IL
produce small changes in silica xerogel porosity. This behavior may
result from low IL concentration (5%wt in TEOS) used in silica xerogel
synthesis. On the other hand, the addition of IL in silica xerogel pro-
motes a reduction in surface area and pore volume as seen in Table 1.
The pore radius changes from 1.18 nm to 1.83 nm depending on the
starting IL.

3.4. 13¢ cPMAS and ?°Si NMR of silica xerogel

The functionalized xerogel samples were further analyzed using
NMR spectroscopy to study the outcome of each polymerization and
provide an evidence of the incorporation of the ionic liquid moiety in the
xerogel. In the 13C CPMAS NMR spectra of silica xerogel it’s possible to
observe chemical shifts from CH3, CH2 and OCH2 groups at 15; 29 and
57-59 ppm, respectively (Fig. 5 a). In the IL functionalized xerogels
additional chemical shifts reveal the presence of the IL moieties (Fig. 5-
b-i), more specifically, in the imidazolium ILs the aromatic ring carbons
at 120-130 ppm and the aliphatic chain chemical shifts between 20 and
40 ppm. In the ammonium ILs the presence of the aliphatic chain is also
observable at 20-30 ppm.

In the 2°Si NMR spectra (Fig. 6), three distinct resonances for
siloxane are observable [Q" = Si(0Si)y(OH)4., n = 2-4], with Q2
appearing at —95; Q3 at —104 and Q4 at —113 ppm.

In Table S1 the relative areas of the Q" bands are presented in

Table S1, and it’s possible to observe that in IL functionalized xerogels
Q2 is decreased while Q3 and Q4 tend to increase. The Q4/Q3 ratio is a
consequence of the degree of condensation of TEOS in the xerogel. From
Table S1 analysis, some samples show a higher Q*/Q® ratio when
compared to SX, which means that in these cases TEOS must be more
reticulated, namely in SX — TBAB and SX — CTAB. All the imidazolium
TFoN derivatives exhibit an intermediate degree of reticulation, similar
among each other. SX — [bmim] [Cl], SX -[bmpyrr][Cl] and SX - [emim]
[CF3SO3] have an opposite effect showing a slight decrease in reticula-
tion. Comparing the Q%/Q® ratios with the pore volume and radius
(Table 1), it is interesting to notice that only with the more hydrophobic
ILs such as imidazolium TF5;N derivatives, the observed reticulation is
very similar or slightly higher than SX, a trend that is followed by the
respective pore volume and radius.

3.5. COg uptake for silica xerogel samples-influence of cation, anion and
side alkyl chain

CO4 sorption capacity results are shown in Fig. 7. Statistical analysis
(see Table S2) showed that the experimental results were reproducible
within an average experimental error < 0.05. Gas sorption capacity
increases significantly as CO, partial pressure increases. SX presented a
CO3 sorption value of 49.9 mgCO,/g (1 bar) and 138 mgCO2/g (20 bar).
The SX sorption capacity is attributed to silanol groups distributed on
the silica xerogel surface along with the largest specific surface area
(595 m2 g—1) (Witoon et al., 2011) when compared to silica xerogels
containing IL (e.g. SX-[bmim][TF2N] = 343 m2 g—1). At lower pres-
sures, CO, sorption values obtained for silica xerogels functionalized
with IL and SX sample varied from 32.4 to 57.2 mgCO4/g (see Fig. 7). At
higher pressures SX-[bmim][TFoN], SX-[emim][TF;N], SX-[mbmim]
[TFoN], SX-[emim][CF3SO3], SX-[THAB] and SX-[TBPB] samples pre-
sented high CO; sorption capacity (e.g. SX-[bmim][TF;N] = 223.4 mg
COo/g at 20 Bar) compared to SX sample. RTILs have a strong affinity to
CO5 (Hasib-ur-Rahman et al., 2010; Seo et al., 2014) and the lower CO,
sorption capacity from SX-[bmim][Cl], SX-[emim][MSOs], SX-[bmpyrr]
[Cl], SX-[TBAB] and SX-[CTBA] is probably associated with the reduc-
tion of specific surface area and pore volume for lower values than 278
m2 g—1 and 0.19 cm3 g—1 (see Table 1). Xerogels textural properties
are a consequence of the reticulation, which depends on the IL nature. IL
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functionalized SX exhibiting pore volumes lower than 0.19 cm® g—1 and
a high degree of reticulation perform generally worse than SX, towards
CO;, sorption. This is the case for SX-[bmim][Cl], SX-[emim][MSOs],
SX-[bmpyrr][Cl] and SX-[CTBA]. However, samples that maintain the
pore volume equal to, or larger than 0.19 cm® g—1 and a similar degree
of reticulation as SX have a high CO, sorption capacity. This is the case
of  SX-[bmim][TF;N], SX-[emim][TF;N], SX-[mbmim][TF,N],
SX-[TBPB] and SX-[TBAB]. Our results show that CO5 sorption capacity
is possibly influenced by IL type and textural properties (specific surface
area and pore volume), resulting from a compromise between pore
volume, reticulation and the IL nature.

Experimental and simulation studies have shown that the nature of
anion has stronger effect on CO5 solubility than cation. Thus, by varying
the substituents of cation and anion, one should be able to design ionic
liquids to achieve the desired characteristics needed for high CO5 solu-
bility (Blanchard et al., 2001; Hasib-ur-Rahman et al., 2010; Sarmad
etal., 2017; Zeng et al., 2017). There are numerous publications on CO4
capture based in ILs (Hasib-ur-Rahman et al., 2010; Sarmad et al., 2017;
Zeng et al., 2017). RTILs based on alkyl-imidazolium cations are the
most investigated for COy capture application (Anthony et al., 2005,
2002; Blanchard et al., 2001; Brennecke and Gurkan, 2010; Cadena
et al., 2004; Privalova et al., 2012). However, different cations including
pyrrolidinium, pyridinium, and phosphonium have also been explored
in an effort to enhance CO2 solubility (Mahurin et al., 2012; Sarmad
etal., 2017). The functionalization of silica xerogels with RTILs based on
phosphonium cation improves CO; sorption capacity when compared to
other cation. COy sorption capacity of SX-[TBPB] was superior than
SX-[TBAB], SX-[bmpyrr][Cl] and SX-[bmim][CI] as seen in Fig. 7.

ILs anion have a larger influence on CO; solubility than cation(Sar-
mad et al., 2017). It has been also reported that CO5 solubility is greatest
for fluorinated anions ILs (Blanchard et al., 2001). This tendency was
also observed in this study for SX-ILs samples. The affinity to CO, of
functionalized silica xerogel increases with fluorinated anion, i.e. CO5
sorption followed the general trend of SX-[emim][TF;N]> SX-[emim]
[CF3SO3]> SX-[emim][MSO3] (see Fig. 7).

The increase in IL cation alkyl-side chain may result in increased CO5
solubility because it increases free volume available for CO, with a
corresponding decrease in cation-anion interactions(Corvo et al., 2015;
Hou and Baltus, 2007; Shannon et al., 2012; Shiflett and Yokozeki,
2005). This tendency was observed for silica xerogels functionalized
with imidazolium cation, where the increase of the alkyl chain length of
the IL cation from ethyl (C2) (SX-[emim][TF2N] = 209.3 mg CO,/g at 20
Bar) to butyl (C4) (SX-[bmim][TF2N] = 223.4 mg COy/g at 20 Bar)
improved CO; sorption. Silica xerogels functionalized with ammonium
cation also showed an increase in CO2 sorption capacity when increasing
the alkyl side chain from C4 to C¢. When CTBA was used as anion a
decrease in CO5 sorption capacity was observed. This behavior must be
related to the alkyl side chain folding, decreasing the free volume
available for CO5 molecule. CO2 sorption followed the general trend of
SX-[THAB]> SX-[TBA]> SX-[CTBA] as seen in Fig. 7.

The introduction of branches in IL cation can promote an increase in
COy solubility because it results in sponge-like ILs (Corvo et al., 2015).
Note that in our case, the insertion of branches in IL cation affected
negatively the CO sorption capacity of silica xerogel with investigated
IL ([mbmim][TF2N]). CO, uptake of SX-[bmim][TFoN] (223.4 mg
CO4/g at 20 Bar) was superior than SX-[mbmim][TF2N] (172.2.4 mg
CO4/g at 20 Bar). Branching of IL cation results in the reduction of silica
xerogel specific surface area and pore volume (see Table 1). Results
obtained in this work for SX-[bmim][TF,N] at 20 bar (223.4 mg COy/g)
were higher than those reported in literature under the same pressure
and temperature conditions for materials such as SiO; (~62.5 mg
CO9/g) (Safiah et al., 2014), Zeolite 5 A (~160.7 mg COy/g) (Singh and
Kumar, 2016) and SiO, supported with 10% of IL [hmim][TF;N] (10%
[hmim][Tf3N]-Si) (~117.5 mg COy/g) (Safiah et al., 2014).
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3.6. CO2/CHy selectivity for silica xerogel samples-influence of cation,
anion and side alkyl chain

Seven SX-ILs sorbents were selected for comparative study of COy/
CHy4 selectivity (Fig. 8 and statistical analysis presented at Table S3). The
choice of these sorbents was based on CO3 sorption capacity (see Fig. 7).
It has been reported in literature (Anthony et al., 2002) that Carbon
dioxide has the highest solubility and strongest interactions with RTILs
compared to the solubility of other gases. This behavior was verified in
our experiments where COy/CH4 selectivity tended to increase with
insertion of IL into the silica xerogel structure as seen in Fig. 8.

Silica xerogels containing RTILs based on alkyl-imidazolium cations
tends to increase the CO- selectivity (Fig. 8). Anion fluorination led to a
higher affinity for CO2 over CH4. Therefore, the selective capacity of
silica xerogels for CO5 over CH4 can be improved by IL cation alkyl-side
chain (SX-([bmim][TF2N]> [emim][TF2N]) or increased anion fluori-
nation (SX-([emim][TF;N]> [emim][CF3SOs]). Results obtained for
[bmim][TFoN] and [mbmim][TF;N] suggest that there are no gains in
selectivity with the introduction of branching in the alkyl side chain of
the IL cations. The best performance was obtained for SX-[bmim]
[TFoN]. Selective capacity of 9.71 for SX-[bmim][TFyN] is higher
compared to composite polyurethane foam/ionic liquids (PUF BF4 40:
CO4/CHjy selectivity of 1.42 at 30 Bar and 298.15 K) (Fernandez Rojas
et al., 2017), ILs immobilized on mesoporous silica (MCMRH-IL-B10:
CO4/CHjy selectivity of 5.56 at 40 Bar and 298.15 K) (Duczinski et al.,
2018) and commercial MCM-41-silica (COy/CHy4 selectivity of 4.91 at 40
Bar and 298.15 K) (Duczinski et al., 2018).

3.7. Sorption kinetic study and recyclability for sample SX-[bmim]
[TF2N]

SX-[bmim][TF;N] was selected to perform a CO; sorption kinetic
study and recyclability behavior. SX-[bmim][TFoN] was submitted to
five sorption/desorption cycles (Fig. S1). Silica xerogel functionalized
with IL presented reversible CO5 sorption/desorption performance
indicating that COy desorption can be carried out under vacuum at
298.15 K. This result is consistent with a typical physical sorbent
behavior.

Higher CO; sorption capacity and faster sorption rate was obtained
for, SX and SX- [bmim] [TFoN] compared to RTILs as seen in Fig. 9. SX-
[bmim] [TF2N] required only 2 min to reach 90% of their CO5 sorption
capacity, whereas for [bmim] [TFoN] IL more than 57 min was needed
to reach its total sorption capacity (Fig. 9). This behavior can be asso-
ciated with the high viscosity of [bmim][TFoN] IL that results in high
resistance to mass transfer (Moya et al., 2016). These results showed that
silica xerogels containing IL are attractive sorbents for COy capture
processes.

3.8. 13C NMR under CO, pressure

To obtain further proof of the presence of CO; in the xerogel, pres-
surized samples were analyzed by 1*C NMR (Fig. 10). As this experiment
was performed in a liquids probe, the IL signals are too broad to be
noticed, as such, besides CO», only the O—CHjy and —~CHjs from TEOS can
be observed.

The broad CO signal in the 13C NMR spectra is indicative of the
confinement of this molecule within the matrix of the xerogel, however
it is not possible to quantify the total amount of CO5, because the only
other signals are from TEOS matrix.

4. Conclusion

We presented the synthesis and evaluated CO» sorption capacity and
COy/CHy4 separation performance of several functionalized silica xero-
gels with different ILs. All xerogels exhibited high thermal stability. The
results suggest that silica xerogels containing IL are potential sorbents
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for CO5 removal from natural gas due to their competitive surface areas
enriched with ionic functional groups. The anion and cation nature af-
fects the extent of the xerogel reticulation, and consequently the
intrinsic properties of the resulting materials. The success in CO5 uptake
relies on a compromise between specific surface area, pore volume and
IL type. The increase in IL cation alkyl-side chain or the use of fluori-
nated anions in the functionalization of silica xerogels may promote
increased CO- sorption, as well as CO,/CHy selectivity. These sorbents
preferentially adsorb CO, over CH4 and can be recovered under vacuum
and mild temperatures. Yet, CO5 sorption kinetic of SX- [bmim] [TFN]
was superior when compared to [bmim] [TF2N] IL.
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