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a b s t r a c t 

The development and testing of new sorbents for the efficient removal of CO 2 from flue gases is essential. En- 
capsulated room-temperature ionic liquids (RTILs) can be potentially employed in CO 2 capture. In this work, 
we report the preparation and characterization of encapsulated imidazolium-based fluorinated RTILs for CO 2 

capture. [Emim][TF 2 N], [Bmim][TF 2 N], and [Hmim][TF 2 N] RTILS were encapsulated in polysulfone (PSF) us- 
ing an emulsification method and characterized by several techniques. The pressure-decay technique was used 
to assess the CO 2 sorption capacity and reusability. Encapsulated RTILs showed improved utility for CO 2 cap- 
ture processes compared with non-encapsulated RTILs, including higher CO 2 sorption capacity and faster CO 2 

sorption/desorption. The CO 2 absorption/desorption cycles demonstrated the reuse capacity of all microcap- 
sules under mild conditions. The highest CO 2 sorption capacity was noted for encapsulated [Emim][TF 2 N] 
(39.5 mg CO 2 g 

− 1 at 298.15 K and 1 bar; 62.7 mg CO 2 g 
− 1 at 298.15 K and 10 bar). It is worth emphasizing 

that the encapsulated [Emim][TF 2 N] contained a lower ionic liquid (IL) content (37.5. ± 0.6) when compared 
to other encapsulated samples. Moreover, encapsulated [Emim][TF 2 N] presented a higher CO 2 affinity than the 
encapsulated ILs reported in the literature. 
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. Introduction 

Global CO 2 emissions are increasing annually. Continuous rise in
O 2 emissions will severely hinder the aim of the Paris Climate Agree-
ent for maintaining the increase in global average temperatures below
 °C (275.15 K) compared to the pre-industrial levels; the goal to main-
ain the temperature increase below 1.5 °C (274.65 K) would be even
arder to achieve. The measurements carried out at the Mauna Loa Ob-
ervatory (MLO), Hawaii show an increase in CO 2 concentration by ap-
roximately 48% (415.09 ppm) when compared to the pre-industrial
evels of 280 ppm ( Gudoshava et al., 2020 ; "Mauna Loa Observatory,
awaii. Last diagram update: " 2020; Shiogama et al., 2020 ). 

Carbon capture and storage (CCS) technologies can help countries
eet their goals and decrease global warming ( Anwar et al., 2018 ;
etzel et al., 2015 ; Roefs et al., 2019 ; Wilberforce et al., 2019 ), as CCS

echnologies can capture over 90% of CO 2 emissions produced from sta-
ionary energy sources ( Wilberforce et al., 2019 ). The three main routes
sed for CO 2 capture are post-combustion, pre-combustion, and oxyfuel
 A ğral ı et al., 2018 ; Borhani et al., 2015 ; Olajire, 2010 ). 
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The most mature CO 2 capture process is chemical absorption
sing aqueous alkanolamine solutions such as monoethanolamine
MEA), diethanolamine (DEA), triethanolamine (TEA), and methyl
iethanolamine (MDEA). The use of these compounds in the cap-
ure process presents some drawbacks, including amine degrada-
ion/evaporation, equipment corrosion, and a high energy penalty for
bsorbent regeneration ( McGurk et al., 2017 ; Yu, 2012 ). Therefore, the
evelopment of new solid sorbents for CO 2 capture is essential in the
CS field. 

Different types of materials have been investigated for CO 2 cap-
ure, such as room-temperature ionic liquid (RTIL)( Anthony et al.,
002a ; Camper et al., 2004 ), poly(ionic liquid)s (PILs)( Bernard et al.,
016 ; Franciele L. Bernard et al., 2019a ; Sadeghpour et al., 2016 ;
ang et al., 2005 ; Zulfiqar et al., 2015 ), ionic liquids immobilized in
esoporous silica ( Duczinski et al., 2020 ), supported ionic liquid mem-

ranes (SILMs)( Hanioka et al., 2008 ; Zhang et al., 2019 ), cellulose-
ased sorbents (Franciele L. Bernard et al., 2019b ; Franciele Longaray
ernard et al., 2019 ; Hernández et al., 2020 ), and azole ‐based protic

onic liquids (PILs)( Zhang et al., 2020 ). 
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In recent years, encapsulated liquid sorbents have also been pro-
osed as an option for CO 2 capture ( Einloft and Bernard, 2020 ). RTIL
ncapsulation has been identified as a new development trend for im-
roving CO 2 uptake and overcoming the drawbacks of non-encapsulated
TILs and aqueous alkanolamine solutions ( Einloft and Bernard, 2020 ;
tolaroff et al., 2016 ). 

Solvent encapsulation may promote a faster CO 2 sorption rate and
etter sorption capacity than non-encapsulated solvents by increasing
he specific surface area and by promoting solvent isolation inside the
olymeric shell, preventing solvent contact with the sorption facility and
as stream ( Einloft and Bernard, 2020 ; Stolaroff et al., 2016 ). The use
f non-aqueous solvents may reduce the cost of CO 2 capture, mainly be-
ause of the lack of equipment corrosion and lower regeneration energy
equirements over existing aqueous alkanolamine systems ( Nie et al.,
018 ). 

RTILs are an essential class of green solvents with unique char-
cteristics such as high thermal stability, negligible vapor pressure,
on-flammability, tenability, and high selectivity for CO 2 ( Hasib-ur-
ahman et al., 2010 ). However, their high viscosity and price are draw-
acks that hamper the implementation of non-encapsulated RTILs in
O 2 separation processes ( Farahipour and Karunanithi, 2014 ). 

Currently, there are few studies on the application of encapsu-
ated RTILs for CO 2 uptake. However, numerous publications have
escribed the potential of non-encapsulated RTILs for use in CO 2 
apture systems ( Bai et al., 2017 ; Hasib-ur-Rahman et al., 2010 ;
armad et al., 2017 ; Zeng et al., 2017 ). RTILs based on alkyl-
midazolium cations have been investigated for CO 2 capture applica-
ions ( Anthony et al., 2005 , 2002b ; Bai et al., 2017 ; Blanchard et al.,
001 ; Brennecke and Gurkan, 2010 ; Cadena et al., 2004 ; Privalova et al.,
012 ). Increased CO 2 solubility in RTILs may be achieved using flu-
rinated anions such as bis(trifluoromethylsulfonyl)imide ([T f 2 N])
nd tris(trifluoromethylsulfonyl)methide ([ methide ]) ( Aki et al.,
004 ). 

The literature also reports the effect of RTIL cations on CO 2 solu-
ility ( Condemarin and Scovazzo, 2009 ; Ferguson and Scovazzo, 2007 ;
ou and Baltus, 2007 ; Sarmad et al., 2017 ; Shannon et al., 2012 ;
hiflett and Yokozeki, 2005 ). The augmentation of the cation alkyl-side
hain improves CO 2 affinity because it increases the available free vol-
me for CO 2 with a corresponding decrease in cation-anion interactions
 Hou and Baltus, 2007 ; Shannon et al., 2012 ; Shiflett and Yokozeki,
005 ). 

Recently, Kaviani et al. (2018a ) reported the encapsu-
ation of imidazolium-based fluorinated RTILs (1-ethyl-3-
ethylimidazolium bis(trifluoromethylsulfonyl)imide ([E mim ][TF 2 N])

nd 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[H mim ][TF 2 N])) within a fluoropolymer shell (poly(vinylidene
uoride-cohexafluoropropylene-PVDF-HFP) by a single-step non-
olvent-induced phase separation method. Capsules with diameters
anging from 1000 to 2000 μm were produced. Microcapsules of fluo-
inated RTILs exhibited higher CO 2 capture capacity and recyclability
han non-encapsulated RTILs, demonstrating their potential for use in
O 2 capture processes. 

Herein, we report the encapsulation of different fluorinated
midazolium-based RTILs, including 1-Ethyl-3-methylimidazolium
is(trifluoromethylsulfonyl)imide ([E mim ][TF 2 N]), 1-Butyl-3-
ethylimidazolium bis(trifluoromethylsulfonyl)imide ([B mim ][TF 2 N]),

nd 1-Hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[H mim ][TF 2 N]) in polysulfone (PSF) by means of an emulsifica-
ion method. We studied the effect of the alkyl side chain length
f imidazolium cations (C 2 , C 4, and C 6 ) containing TF 2 N anions on
he morphology, thermal stability, encapsulation capacity (RTIL%),
nd CO 2 sorption capacity of the encapsulated RTIL. CO 2 sorp-
ion/desorption cycles were used to assess the recyclability of the
ncapsulated RTILs. The CO 2 sorption capacity of the encapsulated
TIL compared with that of both the non – encapsulated RTIL and
olysulfone samples was also evaluated. 
2 
. Experimental section 

.1. Materials 

1-Methylimidazole ( ≥ 99%, Sigma-Aldrich), 1-chlorobutane (99%,
igma-Aldrich), bromoethane (98%, Sigma-Aldrich), 1-chlorohexane
99%, Sigma-Aldrich), acetonitrile (P.A, Synth), bis (trifluoromethylsul-
onyl)amine lithium salt (99.95%, Sigma-Aldrich), polysulfone (aver-
ge Mw ~35,000 by LS, average Mn ~16,000 by MO, pellets, Sigma-
ldrich), dichloromethane (P.A, Synth), and gelatin (Sigma-Aldrich). 

.2. [C n mim][TF 2 N] synthesis 

1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[EMIM][TF 2 N]), 1-Butyl-3-methylimidazolium bis(trifluoromethyl
ulfonyl)imide ([B mim ][TF 2 N]) and 1-Hexyl-3-methylimidazolium
is(trifluormethylsulfonyl)imide ([H mim ][TF 2 N]) RTILs were syn-
hesized following procedures adapted from literature( Freire et al.,
008 ; Jairton et al., 2002 ; Zhang et al., 2021 ) (Fig. S1). Firstly,
-alkyl-3-methylimidazolium chloride ([C n mim] [Cl], n = 2,4 or 6),
as synthesized in a three-necked flask at 353.15–363.15 K over 24 h
sing 0.1 mol of 1-methylimidazole and 0.15 mol of 1-chlorobutane
Bromoethane or 1-chlorohexane) in acetonitrile. [C n mim] [Cl]
as filtered, and the volatile material was removed under vacuum

10 − 3 mbar). Then, 0.1 mol of [C n mim] [Cl] and 0.1 mol of bis
trifluoromethylsulfonyl)amine lithium salt was dissolved in distilled
ater in a three-necked flask. The reaction mixture was stirred at

oom temperature for 24 h. The liquid reaction mixture split into
wo immiscible phases: upper phase (water) and lower phase (RTIL).
 separatory funnel was used to separate immiscible phases. When

he upper phase (water) was removed from the separatory funnel,
TIL was washed several times with distilled water until no chloride
ould be detected. Ultimately, the RTIL was dried at 353 K for 48 h
nder vacuum (10 − 3 mbar) to produce [C n mim][TF 2 N] hydrophobic
TIL ( Freire et al., 2008 ). The water content of [C n mim][TF 2 N]
TILs, measured by Karl Fischer method (SI Analytics model Tritoline
F-trace), is approximately 1022 ppm (0.1 wt%). RTIL structures
ere confirmed using the Proton Nuclear Magnetic Resonance ( 1 H
MR) spectroscopic technique in DMSO-d 6 (Bruker Avance DRX-400

pectrometer at 400 MHz) and from Fourier-transform infrared (FTIR)
pectra. The 1 H NMR spectrum analysis confirmed the structures of all
ynthesized RTILs (Fig. S2). [Emim][TF 2 N]: 1 H NMR (400 MHz, CDCl 3 )
ppm: 1.48 (t, 3H), 3.96 (s, 3H), 4.16 (m, 2H), 7.29 (s, 1H), 7.35 (s,

H) and 8.52 (s, 1H). [Bmim][TF 2 N] (Fig. 4.1b): 1 H NMR (400 MHz,
DCl 3 ) 𝛿 ppm: 0.96 (3H, t, -CH 3 ), 1.35 (2H, m, -C H 2 -CH 3 ), 1.85 (2H,
, -CH 2 -C H 2 -CH 2 ), 3.9 (3H, s, C H 3 -N), 4.16 (2H, t, -N-C H 2 -CH 2 ), 6.90

1H, s, -C H ), 7.03 (1H, s, -C H ) and 8.7 (1H, s, -C H )( Kurnia et al., 2017 ;
ao and Gejji, 2016 ). [Hmim][TF 2 N] (Fig. 4.1c): 1 H NMR (400 MHz,
DCl 3 ) 𝛿 ppm: 0.88 (t, 3H), 1.31 (m, 6H), 1.86 (m, 2H), 3.94 (s, 3H),
.16 (t, 2H), 7.28 (s, 1H), 7.30 (s, 1H), 8.76 (s, 1H) ( Kurnia et al.,
017 ; Rao and Gejji, 2016 ). All the IL FTIR spectra (Fig. S3) revealed
haracteristic peaks for RTILs (FTIR cm 

− 1 ): 3165 cm 

− 1 (-CH stretching),
960 cm 

− 1 (-CH 2 - asymmetric stretching), approximately 1572 cm 

− 1 

-CH 2 -N- and CH 3 -N- symmetric / asymmetric stretching), 1466 cm 

− 1 

CH 3 -N-C-N- asymmetric stretching), 1350 m 

− 1 (-SO 2 - asymmetric
tretching), 1176 cm 

− 1 (-CF 3 asymmetric/symmetric stretching),
052 cm 

− 1 (S-N-S symmetric stretching), 791 cm 

− 1 (-C-S- stretching),
nd 738 cm 

− 1 (-C-F 3 symmetric bend). 
The RTIL viscosity was measured using a spindle viscometer (Brook-

eld model DV-I prime, cone spindle CP-21) at 283.15 K . The increase
f the cation alkyl chain length from C 2 to C 6 resulted in an increase
n the viscosity, with measurements of ([E mim ][TF 2 N] = 51.5 mPa s,
Bmim][TF 2 N] 106.5 mPa s, and [Hmim][TF 2 N] = 187.5 mPa s). RTIL
hermogravimetric analysis (TGA) was performed using a TA model SDT
600 instrument. The sample was heated from 25 to 700 °C under inert
 at a rate of 20 °C min − 1 . The thermograms showed a thermal event
2 
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Fig. 1. Schematic representation of capsule fabrica- 
tion. 
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or all RTILs (Fig. S4). The degradation onset temperature was similar
approximately 447 °C) for all RTILs. These results demonstrated the
igh thermal stability of the RTILs. 

.3. Microcapsule preparation 

RTIL encapsulation ( Fig. 1 ) was performed using experimental proce-
ures adapted from the literature ( Chen et al., 2012 ; Hao Li et al., 2016 ;
i et al., 2017 ). RTIL and PSF, in a weight ratio of 1.2:1.0, were dissolved
n a minimal amount of dichloromethane. The mixture was then added
o an aqueous solution containing 0.8 wt% (w/v) gelatin at 298.15 K.
he mixture was emulsified for 300 s by stirring using Ultra-Turrax
with the speed ranging from 18,000 to 23,000 rpm). The capsules were
ollected by decantation, and the product was washed several times
ith distilled water. The dried encapsulated RTILs ([Bmim] [TF 2 N] and

Hmim] [TF 2 N]) were obtained by freeze-drying, while dried capsules
f Emim TF 2 N were obtained at a constant temperature of 298.15 K.
he encapsulated RTIL was labeled as SXY-Vrpm, where X was the alkyl
ide chain length of the imidazolium cation, Y was an anion, and V was
he stirring speed. For example, SBTF 2 N-23 Krpm refers to the Bmim
ation and TF 2 N anion with a stirring speed of 23,000 rpm. 

.4. Characterization of microcapsules 

The structures of samples were identified by FTIR. FTIR spectra were
ecorded on a Perkin-Elmer Spectrum 100 spectrometer in universal at-
enuated total reflectance (UATR) mode. The sample morphology was
etermined by field emission scanning electron microscopy (FESEM) us-
ng Inspect F50 equipment (FEI Instruments) in secondary electron mode
nd transmission electron microscopy (TEM) using a Tecnai G2 T20 FEI
perating at 200 kV. Capsule sizes were measured using the ImageJ soft-
are. Differential scanning calorimetry (DSC) thermograms were ob-

ained using a TA Instrument Q20 differential scanning calorimeter in
he range from − 90 °C to 250 °C at a heating rate of 10 °C/min under
itrogen for the polymer and encapsulated IL samples. TGA was per-
ormed using a TA Instruments SDTQ600 between 25 °C and 700 °C at
 heating rate of 20 °C/min in a nitrogen atmosphere. RTIL loading in
he shell (denoted as RTIL%) was obtained using the acetone extraction
ethod( Hao Li et al., 2016 ; Ma et al., 2019 ). The experiments were per-

ormed in triplicates. The sample was dried for 4 h at 70 °C, weighed
w 1 ), fully ground in a mortar, and immersed in a solvent (acetone) for
8 h. The acetone completely dissolved the IL. Then, the polymer (PSF)
as filtered, dried (4 h at 343.15 K), and weighed (w 2 ). The IL loading

n the shell (RTIL%) was calculated using Eq. (1) . 

𝑇 𝐼𝐿 % = 

𝑤 1 − 𝑤 2 
𝑥 100 (1)
𝑤 1 
a  

3 
.5. Sorption measurements 

The pressure decay technique was used to determine the CO 2 sorp-
ion capacity. The dual-chamber gas sorption cell was similar to that
eported by Koros et al. ( Koros and Paul, 1976 ). The schematic CO 2 
orption apparatus is shown in Fig. S5. A detailed description of the
orption apparatus and measurement procedure can be found in our
revious studies ( Bernard et al., 2018 , 2017 ; Fernández Rojas et al.,
017 ). The experiments were performed in triplicates. Approximately
 g of sample was weighed and dried for 1 h at 343.15 K before the
easurements. CO 2 sorption experiments were carried out at two dif-

erent temperatures (298.15 K and 313.15 K) with pressures ranging
rom 1 to 10 bar. 

The stability of the microcapsules was evaluated by seven CO 2 sorp-
ion/desorption cycles at 318.15 K and 4 bar with desorption following
ach cycle by heating at 343.15 K for 1 h. 

. Results and discussion 

Encapsulated material properties are dependent on the morphology
nd capsule diameter ( Podshivalov et al., 2013 ), and agitation speed
reatly influences these properties ( Podshivalov et al., 2013 ). There-
ore, the stirring rate was varied (18,000 and 23,000 rpm) for capsule
reparation. Fig. 2 . shows the effect of stirring on the morphology of
he encapsulated RTILs. The results corroborate that variations in the
tirring rate influenced the RTIL capsule morphology. For a stirring rate
f 23,000 rpm, [Bmim] [TF 2 N] capsules with a smaller mean diameter
nd a more uniform distribution were obtained ( Fig. 2 b). The higher the
gitation rate, the smaller the capsule size, resulting from a more potent
tirring force in the mixing device( Podshivalov et al., 2013 ). 

SBTF 2 N-23 krpm ( Fig. 2 d) and SHTF 2 N-23 krpm ( Fig. 2 f) showed av-
rage diameters ranging from 600 nm to 5 𝜇m and 800 nm to 5.5 𝜇m, re-
pectively. It was challenging to obtain ideal capsules using 23,000 rpm
o encapsulate [Emim] [TF 2 N] ( Fig. 2 b) because the force of the agita-
ion deformed the capsules. Using an 18,000 rpm stirring rate [Emim]
TF 2 N], capsules with an average diameter ranging from 700 nm to 3 𝜇m
ere formed ( Fig. 2 a). 

The TEM images showed formation of spherically shaped capsules, as
hown in Fig 3 , with a polymer shell thickness of approximately 125 nm.
n this work, the uniform spherically shaped capsules of SETF 2 N-18
rpm, SBTF 2 N-23 krpm, and SHTF 2 N-23 krpm were selected for struc-
ural, thermal, and CO 2 sorption capacity evaluation. 

The RTIL capsule FTIR spectrum (Fig. S6) showed characteristic
eaks of PSF (Haiyan Hao Li et al., 2016 ; Li et al., 2017 ) at approx-
mately 1586, 1505, and 1488 cm 

− 1 (aromatic ring stretching), 1238
 S = O asymmetric stretching), and 1145 cm 

− 1 (C 

–O-C). The spectrum
lso showed characteristic peaks of [C mim][TF N] IL( Ferreyra et al.,
n 2 



F.L. Bernard, E.A. Duarte, B.B. Polesso et al. Environmental Challenges 4 (2021) 100109 

Fig. 2. Capsule FESEM images: a) SETF 2 N-18 krpm, b) SETF 2 N-23 krpm, c) 
SBTF 2 N-18 krpm, d) SBTF 2 N-23krpm, e) SHTF 2 N-18 krpm and f) SHTF 2 N-23 
krpm. 

Table 1 

DSC data for PSF, RTIL, and RTIL capsules. 

Sample Tg (°C) Tm (°C) Tc (°C) 

PSF 187.00 — —
[Emim][Tf 2 N] — − 19.11 − 48.73 

[Bmim][Tf 2 N] — − 4.90 − 27.20 

[Hmim][Tf 2 N] − 83.57 − 58.45 

SETF 2 N-18 krpm 146.03 − 17.75 − 44.65 

SBTF 2 N-23 krpm 130.75 − 3.14 − 17.01 

SHTF 2 N-23 krpm 118.37 — —
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Fig. 3. Capsule TEM images: a) SETF2N-18 krpm, b) SETF2N-23 krpm, c) 
SBTF2N-23 krpm, b) SHTF2N-18 krpm, and e) SHTF2N-23 krpm,. 
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c  
012 ; Hao Hao Li et al., 2016 ; Noack et al., 2010 ; Zhang et al., 2018 ) at
165 cm 

− 1 (-CH stretching), at 2960 cm 

− 1 (-CH 2 - asymmetric stretch-
ng), at approximately 1586 cm 

− 1 (-CH 2 –N- and CH 3 –N- symmetric
 asymmetric stretching), at approximately 1466 cm 

− 1 (CH 3 –N-C 

–N-
symmetric stretching), at 1350 cm 

− 1 (-SO 2 - asymmetric stretching), at
176 cm 

− 1 (-CF 3 asymmetric/symmetric stretching), at 1052 cm 

− 1 (S-N-
 symmetric stretching), at 791 cm 

− 1 (-C-S- stretching), and at 738 cm 

− 1 

-C-F 3 symmetric bending). Therefore, the FTIR results confirm RTIL en-
apsulation within the polysulfone shell. 

The RTIL–polymer interactions were studied by DSC analysis (Fig. S7
nd Table 1 ). The DSC curves for the RTIL capsule were compared with
hose of the non-encapsulated IL and bare PSF. DSC curves of RTIL and
apsules containing [Emim][TF 2 N] and [Bmim][TF 2 N] RTIL showed en-
othermic and exothermic peaks corresponding to the melting (Tm) and
rystallization (Tc) of RTIL, respectively. The solid-liquid phase transi-
ion behavior of some RTILs is somewhat complicated ( Huddleston et al.,
001 ). The existence of these peaks may result from the symmetry and
lanarity of the compounds ( Min et al., 2006 ). Bonhôte et al. showed
hat the correlation between the RTIL chemical composition and melt-
ng point is difficult to determine ( Bonhôte et al., 1996 ). The Tm and
4 
c values of capsules tended to be higher when compared to the non-
ncapsulated RTIL, possibly due to the amorphous shell ( Table 1 ), as en-
apsulated drugs exhibit similar behaviors ( Luan, 2011 ). A decrease in
he glass transition temperature (Tg) of all encapsulated RTILs was also
bserved compared to the bare PSF (Fig. S7 and Table 1 ). Furthermore, it
as noted that there was a trend for the Tg to decrease with an increase

n the encapsulated IL content and IL viscosity (Fig. S7 and Table 1 ).
his observation is consistent with the IL polymer composite described

n the literature ( Mohshim et al., 2016 ; Shalu et al., 2015 ). The increase
n IL viscosity leads to enhancements in the polymer amorphicity, result-
ng in decreased Tg values ( Mohshim et al., 2016 ). Thus, RTILs inserted
nto polymeric structures acted as plasticizers, improving chain flexi-
ility, facilitating motion, and reducing polymer Tg ( Gao et al., 2013 ;
ohshim et al., 2016 ; Shalu et al., 2015 ). 

The thermal stability of PSF and the encapsulated RTIL was inves-
igated by TGA (Fig. S8). The degradation onset temperature of the
SF was 525 °C. The RTIL capsule degradation temperature was lower
han that of PSF, indicating successful RTIL encapsulation within the
olysulfone shell. TGA results also showed that RTIL capsules could be
sed at temperatures below 436 °C (T onset ). The PSF residual weight
as 32.5 wt% at 700 °C, which was probably linked to the formation
f thermally stable carbonaceous materials (Haiyan Hao Li et al., 2016 ;
i et al., 2017 ). Overall, encapsulated RTILs had a lower residual weight
han PSF. The residual weights found for [Emim][TF 2 N], [Bmim][TF 2 N]
nd [Hmim][TF 2 N] were 14.9%, 11.7% and 8.0 wt%, respectively. The
esidual weight reduction was in agreement with the encapsulation ca-
acity trend shown in Fig. S8. Fig. 4 . Presents the encapsulation capacity
RTIL%) obtained using the acetone extraction method. 

The encapsulation capacity tended to increment with the increase of
ation alkyl chain length from C 2 to C 6 , as seen in Fig. 4 , possibly due to



F.L. Bernard, E.A. Duarte, B.B. Polesso et al. Environmental Challenges 4 (2021) 100109 

Fig 4. Capsule encapsulation capacity. 

Fig. 5. CO 2 sorption values of sorbent materials at 4 bar and 318.15 K. 
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ncreases in RTIL viscosity ([E mim ][TF 2 N] = 51.5 mPa s; [Bmim TF 2 N]
 106.5 mPa s; Hmim TF 2 N] = 187.5 mPa). 

Fig. 5 presents encapsulated [Bmim][TF 2 N], non - encapsulated IL
nd PSF CO 2 sorption capacity at 4 bar and 318.15 K. PSF, specifi-
ally, has an adsorptive capacity (39.2 mgCO 2 / g ± 0.25), most likely
ue to the interaction between the CO 2 molecule and the polar groups
 Gabrienko et al., 2016 ; Tomasko et al., 2003 ). The solubility tended to
5 
ncrease with the encapsulation of RTIL within the polymeric shell. En-
apsulated [Bmim][TF 2 N] (41.5 mgCO 2 / g ± 0.12) exhibited high CO 2 
apture capacity when compared to non - encapsulated RTIL (13.3 mg
O 2 / g ± 0.6). The CO 2 sorption capacity of RTILs results from inter-
olecular interactions between the RTILs and CO 2. Furthermore, the
olecular structure of RTILs creates a larger free volume to accommo-
ate more CO 2 molecules ( Palgunadi et al., 2009 ). However, encapsu-
ated RTILs may increase the surface area and solvent CO 2 sorption rate
 Aines et al., 2013 ; Stolaroff et al., 2016 ; Vericella et al., 2015 ). Sol-
ent encapsulation may promote an increase in CO 2 sorption rate due
o enhancement in mass transfer rate. Increasing surface area leads to
 faster CO 2 diffusion through the polymer shell facilitating controlled
O 2 sorption and release over repeated cycles( Vericella et al., 2015 ).
hese results suggest a synergistic effect between [Bmim][TF 2 N] RTIL
nd PSF, increasing CO 2 sorption in the encapsulated RTIL. This behav-
or was similar to that reported by Kaviani et al. 2018( Kaviani et al.,
018b ). 

The cost and viscosity of RTILs are the main drawbacks of using
hese green solvents for CO 2 capture, but RTIL microencapsulation can
ddress this challenge ( Stolaroff et al., 2016 ). Moreover, RTIL encap-
ulation may increase both the surface area and sorbent CO 2 sorption
ate ( Aines et al., 2013 ; Stolaroff et al., 2016 ). Fig. 6 presents the CO 2 
orption kinetics of encapsulated [Bmim][TF 2 N] compared to that of
he bare RTIL. 

The encapsulation of [Bmim][TF 2 N] dramatically increased the rate
f CO 2 sorption. The CO 2 sorption rate of bare [Bmim][TF 2 N] was sub-
tantially lower (saturation time around 44 min) than that of encap-
ulated [Bmim][TF 2 N] (saturation time around 5 min), most likely be-
ause of the high viscosity of [Bmim][TF 2 N], resulting in low CO 2 diffu-
ion coefficient values and high resistance to mass transfer( Moya et al.,
016 ). 

The CO 2 sorption capacity of the microcapsules was investigated at
ressures ranging from 1 to 10 bar at two temperatures (see Figs. 7
nd 8 ). CO 2 sorption increased as the temperature decreased and pres-
ure increased for all microcapsules, indicating typical physical sol-
ent behavior (Borhani and Wang, 2019; Yu et al., 2012 ). Experimen-
al and simulation studies have shown that an increase in the alkyl
ide chain of the imidazolium cation can result in increased CO 2 sorp-
ion owing to an increase in the RTIL free volume used to capture
O 2 molecules ( Condemarin and Scovazzo, 2009 ; Ferguson and Scov-
zzo, 2007 ; Hou and Baltus, 2007 ; Sarmad et al., 2017 ; Shannon et al.,
012 ; Shiflett and Yokozeki, 2005 ). However, an opposite trend is ob-
erved for the microcapsules, as shown in Figs. 7 and 8 , CO 2 sorption
apacity tended to increase with the reduction of cation alkyl chain
ength from C 6 to C 2 , possibly due to a reduction in the encapsulation
apacity and RTIL viscosity ([Hmim TF 2 N] = 187.5 mPa s; [Bmim TF 2 N]
 106.5 mPa s; [Emim][TF N] = 51.5 mPa s). High RTIL viscosity can
Fig. 6. CO 2 sorption kinetics (a) non- 
encapsulated [Bmim][TF 2 N] (b) encapsu- 
lated [Bmim][TF 2 N] (SBTF 2 N-23 krpm). 
CO 2 sorption values at 4 bar and 318.15 K. 
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Table 2 

Comparison of SETF 2 N-18 krpm with different encapsulated ILs in terms of CO 2 sorption capacity. 

Shell Ionic Liquid (IL) Experimental Condition 
(bar - Kelvin) 

CO 2 Loading Ref. 

mg g − 1 mmol g − 1 

PSF [Emim][TF 2 N] IL 10 – 298.15 62.7 1.42 This work 

PSF [Emim][TF 2 N] IL 1 – 298.15 39.5 0.90 This work 

PVDF-HFP [Emim][TF 2 N] IL 10 - 296.15 – ~1.20 ( Kaviani et al., 2018a ) 

C Cap support [Bmim][Gly] IL 1–303 38 – ( Santiago et al., 2018 ) 

C Cap support [Bmim][PRO] IL 1–303 31 – ( Santiago et al., 2018 ) 

C Cap support [Bmim][MET] IL 1–303 20 – ( Santiago et al., 2018 ) 

Fig. 7. Microcapsules CO 2 sorption at 298.15 K and different pressures. 

Fig. 8. Microcapsules CO 2 sorption at 318.15 K and different pressures. 
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Fig. 9. Microcapsules CO 2 sorption/desorption cycles. Conditions: CO 2 sorption 
at 4 bar and 318.15 K.; desorption: 343.15 K for 1 h. 
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esult in a low CO 2 diffusion coefficient and high resistance to mass
ransfer ( Moya et al., 2016 ). In all tests, sample SETF 2 N-18 krpm was
ound to have the highest CO 2 sorption value. This sample presented
he lowest encapsulation capacity (37.5% ± 0.6) compared to the other
amples, indicating that encapsulation of a lower [Emim] [TF 2 N] con-
entration resulted in a higher CO sorption capacity. 
2 

6 
The CO 2 sorption capacities of the SETF 2 N-18 krpm capsules were
ompared with those of the encapsulated RTILs reported in the litera-
ure ( Table 2 ). At comparable temperatures and pressures, performance
ata showed the CO 2 sorption capacity for encapsulated [Emim][TF 2 N]
escribed in this work was higher than those reported by other authors.

Sorption/desorption cycles were performed to evaluate the stability
f the microcapsules during the CO 2 capture processes. The CO 2 sorp-
ion capacity of all microcapsules was reversible for seven consecutive
ycles ( Fig. 9 ). 

The CO 2 sorption tests were performed at 4 bar and 318.15 K. Af-
er each step, CO 2 desorption was carried out at 343.15 K for 1 h.
ig. 9 presents the results of seven consecutive tests. All microcapsules
ould be regenerated under mild conditions, suggesting that the encap-
ulation of RTILs in PSF has good potential for use as a CO 2 capture
orbent. 

. Conclusion 

The effect of the alkyl side chain length of imidazolium cations (C 2 ,
 4, and C 6 ) containing TF 2 N anions on the morphology, thermal stabil-

ty, encapsulation capacity (IL%), and CO 2 sorption capacity of the en-
apsulated RTILs was investigated. The results showed that the agitation
ate influenced the capsule morphology and diameter. The CO 2 sorption
apacity of the encapsulated RTIL was superior to that of bare RTIL and
SF. The high performance of the RTIL capsules was likely related to the
ttraction between CO 2 molecules and the encapsulated RTIL. Encapsu-
ated [Emim][TF 2 N] showed a higher CO 2 sorption capacity than the
ncapsulated RTILs reported in the literature. The CO sorption capacity
2 
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ended to increase with a reduction in the cation alkyl chain length. All
he encapsulated RTILs showed high stability and reuse capacity in the
O 2 capture processes. The highest CO 2 sorption capacity was observed

or sample SETF 2 N-18 krpm. However, this microcapsule presented the
owest encapsulation capacity (37.5% ± 0.6) compared to other RTIL
icrocapsules. 
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