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ABSTRACT: The performance of encapsulated ionic liquid (ENIL) sorbents has been
experimentally evaluated in CO2/CH4 separation by means of gravimetric and fixed-bed
measurements. Six ionic liquids (ILs) with CO2 chemical absorption ([Emim][Acetate],
[Bmim][Acetate], [P66614][CNPyr], [Bmim][GLY], [Bmim][MET], and [Bmim]-
[PRO]) were selected for the selective separation of CO2 from CH4. ENIL materials
were prepared by encapsulation of these ILs in synthesized carbon submicrocapsules,
achieving a ∼70% in mass of IL. Fixed-bed experiments of CO2 capture were carried out
to evaluate the CO2/CH4 separation performance of prepared ENIL materials at different CO2 partial pressures and 303 K. Both
thermodynamics and kinetics of CO2 sorption were analyzed. The experimental CO2 and CH4 isotherms in ENIL materials obtained
from fixed-bed experiments were successfully compared to those obtained by reliable gravimetric tests and fitted to the Langmuir−
Freundlich equilibrium model. In addition, experimental CO2 breakthrough curves were well-described by the linear driving force
and Yoon and Nelson kinetic models, providing sorption rate constants. ENIL sorbents show high CO2 uptake capacity, comparable
to conventional adsorbents, but with drastically higher selectivity, in concordance with the negligible CH4 solubility in ILs at the
used operating conditions, with acetate-based ENIL materials being the best sorbents in thermodynamic terms. The obtained kinetic
parameters revealed that the CO2 chemical sorption with ENIL materials overcomes the IL mass transfer limitations. The sorption
rates are faster than those obtained with ENIL using IL physical absorbents and seem to be controlled by the reaction kinetics. The
[P66614][CNPyrr]-based ENIL is found to be the most promising material, combining favorable kinetic and thermodynamic
considerations for future development of CO2/CH4 separation using fixed-bed technology.
KEYWORDS: CO2 capture, CO2/CH4 separation, encapsulated ionic liquid, carbon capsule, fixed-bed

■ INTRODUCTION
Carbon dioxide (CO2) capture is a beneficial technology for
the worldwide decarbonization due to its effectiveness and
relatively low cost.1,2 CO2 capture technology is broadly used
to remove CO2 compounds from industrial plants.3,4 Nowa-
days, the CO2 separation from natural gas and biogas streams
to enhance the quality of the methane (CH4) product5,6 is
essential to guarantee its safety, transportation, and growing
utilization.7−9 In this respect, numerous CO2 capture
approaches have been proposed.10 Technologies based on
amine scrubbing work effectively for CO2 chemical capture
through the formation of organic compounds, as carbamate
and carbonate,11,12 but they can cause serious solvent losses,
corrosion problems, and a regeneration stage with a high
energy demand.13 In this sense, a promising alternative
thoroughly investigated is ionic liquids (ILs), using them as
potential CO2 absorbents since they present favorable
properties like high uptake capacity, negligible vapor pressure,
wide liquid temperature range, and tunable solvent behav-
ior.14,15 Two alternative types of ILs attending to the CO2
absorption are being studied.16 ILs with CO2 physical
absorption require high operating pressures to obtain a
competitive CO2 solubility.17 Nevertheless, ILs with chemical
absorption of CO2

18 seem to be the most convenient approach

for CO2 retention, with acetate-based ILs,19−21 aprotic
heterocyclic anion-based ILs (AHA-ILs),22−24 or amino acid-
based ILs (aa-ILs)25−27 being the most promising alter-
natives.28,29 Although ILs present a significant impact on CO2
capture due to their unique characteristics, their mass transport
properties are still a main constraint for practical applica-
tions.16,30 ILs with chemical CO2 absorption exhibit a much
higher viscosity than conventional amine solutions used for
CO2 capture. In recent works, the mass transport limitation of
ILs has been overcome by increasing the gas−liquid contact
surface through solvent encapsulation in micro or submicro-
particles.17,31,32 Encapsulated ionic liquids (ENIL) prepared
with porous carbon capsules allowed introducing a huge
amount of ILs inside them (until 80 wt %).33 This high
amount of ILs makes ENIL suitable to achieve a high CO2
uptake, with the CO2 chemical sorption rate being
simultaneously drastically increased.21,24,27 Thus, it has been
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demonstrated that ENIL evades the kinetic limitations of neat
ILs, and the CO2 physical capture efficiency in fixed-bed
technology is determined by the thermodynamics of the
mixture, in contrast with the packed column absorption using
ILs, which is controlled by kinetics.17 Moreover, CO2 chemical
absorption with ILs lets an efficient solvent use27 and
regeneration21 thanks to the IL encapsulation. On the other
hand, it was recently demonstrated that CO2 capture in fixed-
bed technology with supported ILs (SILP) shows that the
sorption rate is controlled by the chemical reaction (CO2-IL)
for particle sizes below 0.15 mm.34 In this sense, as ENIL
presents a smaller diameter (∼0.8 μm) than SILP, an efficient
use is expected in the CO2 chemical capture process using a
fixed bed. Additionally, a recent work by Durak et al.9

demonstrated growing enhancement in CO2/CH4 selectivity of
an ordinary activated carbon by supporting increasing amounts
of acetated-based ILs from 5 to 35 wt %. As the ENIL sorbent
is incorporated until 80 wt % of the IL, high performance is
expected for CO2/CH4 gas separation in a fixed bed using the
ENIL sorbent.
Therefore, the main objective of the present study is the

detailed analysis, considering both thermodynamic and kinetic
aspects, of six different ILs with CO2 chemical absorption in
their development as ENIL materials in the selective CO2/CH4
separation by fixed-bed processes. The treatment of CO2/CH4
streams with ENIL for selective separation is studied for the
first time in the present work. ILs used to prepare ENIL
materials were carefully selected attending to previous evidence
of their performance in CO2 capture. All of them present a
reversible reaction with CO2 and high absorption capacity. The
amino acid-based ILs (1-butyl-3-methylimidazolium prolinate,
[Bmim][PRO]; 1-butyl-3-methylimidazolium methioninate,
[Bmim][MET]; and 1-butyl-3-methylimidazolium glycinate,
[Bmim][GLY]) were selected because they are environ-
mentally better candidates and the ENIL procedure avoids
the kinetic problems, making them promising materials.27,35

The acetate-based (1-ethyl-3methylimidazolium acetate
[Emim][Acetate] and 1-butyl-3-methylimidazolium acetate
[Bmim][Acetate])21 and aprotic heterocyclic anion-based
(trihexyltetradecylphosphonium 2-cyanopyrrolide [P66614]-
[CNPyrr])24 ILs were tested to capture CO2 from CH4-rich
streams because they were reported solvents with excellent
process performance in chemical CO2 absorption for biogas
purification,28,29 whose sorption−desorption rates were
significantly increased by ENIL systems.21,24 Prepared and
characterized ENIL materials were evaluated in fixed-bed
experiments feeding a CO2/CH4/N2 gas mixture at 303 K and
CO2 partial pressures from 0.04 to 0.4 bar, by measuring the
breakthrough curves of the mixture compounds, which were
complemented with CO2 and CH4 isotherms obtained by
gravimetric measurements. Thermodynamic and kinetic
parameters have been evaluated in order to assess ENIL
sorbent materials in the CO2 capture process. The models used
to fit the experimental breakthrough curves were the Yoon and
Nelson model and the linear driving force model with a
lumped resistance, which let us to estimate the corresponding
sorption rate constants, whereas obtained equilibrium
isotherms were adjusted with the Langmuir−Freundlich
model. These mathematical models let us to evaluate the
performance of ENIL materials tested in CO2/CH4 separation
by fixed-bed technology.

■ EXPERIMENTAL SECTION
Materials. The ILs used in this study were two acetate-based ILs

(1-ethyl-3methylimidazolium acetate [Emim][Acetate] and 1-butyl-3-
methylimidazolium acetate [Bmim][Acetate], supplied by Sigma-
Aldrich at >95% purity), an aprotic heterocyclic anion-based IL,
[P66614][CNPyrr], synthesized and purified in our laboratory as
previously detailed,24 and three amino acid-based ILs, 1-butyl-3-
methylimidazolium prolinate [Bmim][PRO], 1-butyl-3-methylimida-
zolium methioninate [Bmim][MET], and 1-butyl-3-methylimidazo-
lium glycinate [Bmim][GLY] supplied by Iolitec at >95% purity. Both
[Bmim][PRO] and [Bmim][MET] were used as a racemic mixture.
ENIL Preparation and Characterization. The first step for the

ENIL preparation was the synthesis of carbon capsules (Ccap) used as
a support of the ILs. This procedure was a replication of our
methodology reported in previous works.33,36 Summarizing, Ccap were
obtained following the Stöber synthesis,37 by a templating method
using a solid core−mesoporous shell aluminosilicate template. A
phenolic resin was infiltrated into the template to serve as a carbon
precursor. Then, the infiltrated template was subjected to pyrolysis at
973 K for 5 h under a N2 atmosphere. The resulting carbon
aluminosilicate was washed with HF (48%) to generate hollow core−
mesoporous shell carbon. These Ccap were filled with ILs by means of
direct impregnation, solving the amount required of ILs in acetone.38

To prevent hydration, ILs and acetone were kept in their original
tightly closed bottles in a desiccator before use. Impregnation was
carried out by mixing 1 mL of ILs dissolved in acetone for each 100
mg of Ccap. To ensure a homogeneous penetration of the IL solution
into the pores, the IL solution was added drop by drop over the
surface of the Ccap. Then, synthesized ENIL materials were stored at
333 K for 24 h prior to their use. In the current work, the six ENIL
tested were prepared with an IL nominal load of 65−75 wt %, using
elemental analysis to quantify the amount of IL incorporated into the
capsules.35,38

In terms of material characterization, the morphology of Ccap used
as a support was studied by scanning and transmission electron
microscopy (SEM and TEM). SEM micrographs were obtained using
a Hitachi S-3000N model microscope and TEM images in a JEOL
JEM 2100 HT microscope. Then, the porous structure was
characterized by means of N2 adsorption−desorption isotherms at
77 K on a Micromeritics apparatus (Tristar II 3020 model). The
samples were previously outgassed at 333 K, and a vacuum of 0.01 bar
was applied for 6 h. The thermal stability of ENIL materials was
evaluated by thermogravimetric analysis (TGA) using a DSC/DTA/
TGA module from TA Instruments under a N2 atmosphere within the
range of 298−923 K with a heat rate of 5 K/min. The masses of the
samples placed in TGA analyses were between 5 and 10 mg using
alumina pans with a capacity of 70 mL. The accuracy of temperature
was 0.1 K, and that of mass measurements was 10−3 mg. Additionally,
elemental analyses (EA) of ENIL materials were conducted with a
PerkinElmer analyzer (210 CHN model) to obtain C, H, and N
contents.
CO2/CH4 Fixed-Bed Capture Experiments. The fixed-bed

experiments were carried out in a Microactivity unit (PID Eng&Tech,
Spain) provided with a vertical quartz tube of 1.6 cm internal
diameter and 20 cm length. The tube was placed into a furnace to
control the temperature from room temperature to 573 K. The
pressure inside the fixed bed can be controlled from atmospheric to
20 bar. The outlet gas flow was analyzed by an Agilent 7820A gas
chromatograph equipped with a 20 m column (Agilent PoraPlot U)
and a thermal conductivity detector (TCD) and a flame ionization
detector (FID), which allowed us to calculate the CO2 and CH4
concentrations, respectively. For each experiment, the fixed bed was
loaded with ∼2−4 g of fresh ENIL, i.e., a bed height between 3.5 and
5.7 cm. The inlet gas, composed of a CO2/CH4 mixture (40/60 v/v of
CO2/CH4) or in dilution with N2, was continuously fed through the
fixed bed with a constant flow of 16 NmL/min, trying six different
CO2 partial pressures (0.4, 0.32, 0.24, 0.16, 0.08, and 0.04 bar).
Therefore, for each ENIL tested, six breakthrough curves at 303 K,
maintaining a 1 bar total pressure, were obtained. The pressure was
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measured before the fixed-bed column, and the outlet pressure was
atmospheric. The entry pressure at any moment was over 0.1 bar
(instrument precision); it means that the pressure drop was under 0.1
bar.

Once the ENIL material was saturated, the furnace temperature
was increased to 333 K for its regeneration. We did not notice any
difference in capacity before and after the regeneration step, which
allowed us to use the ENIL material in different sorption−desorption
cycles. A blank experiment was performed with the fixed-bed column
loaded with inert material (glass beads) covering the same bed height
as the ENIL. In that way, the calculations were done by subtracting
the blank measurement curve at each temperature from the
breakthrough curve of each ENIL material at that temperature. The
mass sorption capacity (qe, g/kgENIL) was calculated from the
breakthrough curves using the following equation:

= ·q
Q

m
C C t( ) d

t

e
ENIL 0

0

s

(1)

where Q is the gas flow rate (L/min), mENIL is the ENIL mass (kg) in
the fixed bed, C and C0 are respectively the outlet and gas inlet
concentrations (g/L), and ts is the saturation time (min). For
comparison purposes, the molar sorption capacities of ENIL (WCOd2

,
molCOd2

/kgENIL) and ILs (WCOd2
, molCOd2

/kgIL) were also estimated by
considering the CO2 molar weight and the amount of ILs
incorporated in ENIL materials, to obtain the sorption isotherm at
the studied CO2 partial pressure range.
Gravimetric CO2 Sorption Experiments. Measurements of the

CO2 sorption capacity of ENIL material (WCOd2
, molCOd2

/kgENIL) were
also performed in a gravimetric high-pressure sorption analyzer
(IsoSORP gas LP-flow, Rubotherm) equipped with a magnetic
suspension balance (MSB). The microbalance included a weight
range up to 10 g with a precision of 10−5 g. The CO2 sorption
isotherms for the six ENIL materials were obtained at 303 K and a
pressure range from 0.3 to 20 bar. In a typical run, a 100 mL/min flow
of pure CO2 (also pure CH4, isotherms in the Supporting
Information) at 1 bar was passed through the sorbent sample
(∼100 mg of ENIL materials), and the mass increase was recorded
over time at a fixed temperature. Once the sample was saturated, i.e.,
the weight change was <0.02 mg/h, the pressure was increased. Lastly,
the amount of CO2 (or CH4) absorbed was quantified, previously
correcting the buoyancy effect, as it was reported in previous works.34

Thermodynamic and Kinetic Models. Isotherm Modeling.
Experimental CO2 isotherms were modeled by using the available
estimation module implemented in Aspen Adsorption v10.0 software.
The Langmuir−Freundlich model is shown in eq 2. The gases used
(CO2, CH4, and N2) were selected from the Aspen Properties
database, choosing Peng−Robinson as the equation of state. It was
confirmed that CH4 and N2 present a negligible sorption in our
materials.14

=
· · ·

+ · ·

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
W

p e

p e
mol

kg

IP IP

1 IP

T

TCO
ENIL

1 2 CO
IP IP /

5 CO
IP IP /2

2
3 4

2
3 6

(2)

where WCOd2
is the equilibrium CO2 sorption capacity at each partial

pressure; pCOd2
is the CO2 partial pressure (bar); T is the temperature

(K), and IP1, IP2, IP3, IP4, IP5, and IP6 are the fitting parameters of the
equation.

Breakthrough Curve Modeling. The breakthrough curves were
fitted to the equation described by Yoon and Nelson:39

= + ·
i
k
jjjjj

y
{
zzzzzt t

k
C

C C
1

ln0.5
YN 0 (3)

where t is the operation time (min), t0.5 is the time when the outlet
concentration is half of the inlet one (min), C and C0 are respectively
the outlet and inlet CO2 gas concentrations (g/L), and kYN is the
Yoon and Nelson constant (min−1), which is used in our study as the
effective rate constant for comparing the used ENIL materials, defined
as follows:

= · ·
k

k C Q
q

(min )YN
1

e (4)

where k is a proportionality constant (kgENIL
−1), C is the inlet CO2

concentration (g/L), Q is the gas flow rate (L/min), and qe is the
CO2 mass capacity (g/kgENIL). This model has been successfully
applied in fixed-bed sorption operations using conventional solid
adsorbents39−41 and encapsulated ILs.17 The length of the mass
transfer zone (HMTZ) was calculated from each breakthrough curve as
an additional parameter to evaluate the kinetics of the process using
the following equation:

= ·H H
t t

t
( )

MTZ
0.95 0.05

0.95 (5)

where H is the height of the bed and t0.05 and t0.95 are the times at
which the outlet CO2 concentration reaches 5 and 95% of the inlet
one, respectively.

Alternatively, the pseudo-first-order linear driving force (LDF)
kinetic model has been implemented to describe mass transfer
between the gas and the ENIL sorbent since it was previously applied
to analyze the CO2 capture in a fixed bed using supported ILs.34

Aspen Adsorption software was used to fit experimental breakthrough
curves, by means of the kinetic model named LDF:

= · *W

t
k W W( )CO

MTC CO CO
2

2 2 (6)

It considers all resistances to mass transfer lumped as a single
overall factor or a resistance that controls mass transfer. The driving
force is a function of CO2 mass sorbent capacity. The values of the
effective kinetic coefficient (kMTC) were calculated by fitting the
measured data of breakthrough curves in fixed-bed experiments. To

Figure 1. (A) TEM and (B) SEM images of Ccap.
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achieve this, some bed parameters and the operating conditions must
be entered into the simulator as input information (bed size, particle
radius, bed and particle porosity, bulk sorbent density, and operating
conditions as pressure, temperature, inlet molar flow, and inlet CO2
partial pressure, see details in Table S1 of the Supporting
Information) as well as the isotherm parameters (IP) obtained after
fitting the experimental data to the equilibrium model, eq 2. The
adjustment was made following several assumptions: (i) the pressure
and gas velocity being constant, (ii) the bed porosity being uniform,
(iii) a plug flow pattern without the effect of axial and radial
dispersion, and (iv) a constant temperature.

■ RESULTS AND DISCUSSION
Prior to the CO2 capture experiments, the synthesis and
characterization of the Ccap were conducted. Ccap exhibited a
regular spherical shape with a wall thickness of about 150 nm
(Figure 1A) and a mean average diameter of around 900 nm
(Figure 1B) as can be checked in the images of transmission
and scanning microscopy. The carbon composition was 91.3%

in weight (measured by EA), and the adsorption−desorption
isotherms of N2 at 77 K used to analyze their porous structure
showed an ABET of 1662 m2/g with micropore and mesopore
contributions (Figure S1 of the Supporting Information).
Based on elemental analysis measurements, the prepared ENIL
materials contain an IL mass percentage in the range of ∼60−
74 wt % (Table 1). Those measurements were confirmed by
the percentage of N, as established in a previous work.33 The
ABET of the ENIL materials prepared was reduced till values of
<5 m2/g, demonstrating total porous coverage with the IL. The
thermal stability of the ENIL materials is of special interest for
gaseous applications, specifically in the regeneration stage,
where high temperatures could be required. Although the
decomposition temperature of a neat IL is generally above the
process temperature, the IL−solid surface interaction when it
is encapsulated may lead to a reduction in the thermal
stability.38

Table 1. IL Structures, Properties at 298 K, and ENIL Characterization

Figure 2. TGA of ENIL (black solid line) and DTA (gray dashed line) curves of (A) [Emim][Acetate], (B) [Bmim][Acetate], (C)
[P66614][CNPyr], (D) [Bmim][GLY], (E) [Bmim][MET], and (F) [Bmim][PRO] under a nitrogen atmosphere with a heating rate of 5 K/min.
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The thermal stability of ENIL materials was examined by
TGA in the range of 298 to 923 K. The TGA curves of Figure
2A−F show several pieces of evidence. First, ENIL materials
present some sorbed water (less than 5% in weight), which
needs to be removed in the degasification stage prior to CO2
capture experiments. The hygroscopic characteristics of these
ILs, especially aa-ILs, were previously reported.42 The thermal
stabilities of these ENIL materials are quite similar, starting to
decompose at about 470 K, and at 600 K, the IL is practically
degraded. These values can be compared with those of typical
ILs designed for CO2 chemical absorption. In deeper details,
[Emim][Acetate] and [Bmim][Acetate] present a decom-
position temperature of almost 500 K (Figure 2A,B),21 clearly
lower than the amino acid-based ILs (around 520 K).27 If we
compare them with [P66614][CNPyr], then the decomposition
temperature is 550 K24 due to the higher thermal stability of
the phosphonium cation.
Moreover, considering the very low decomposition of the

CCap support in this temperature range (stable until 1123 K,
Figure S2 of the Supporting Information), the mass loss of
ENIL in TGA curves is mainly attributed to IL degradation. As
can be seen in Table 1, good agreement is found between the
% IL measured by EA and TGA. Thus, the ENIL is confirmed
as thermally stable under the CO2 capture and regeneration
conditions used in this study (333 K). Figure 2 also reports the
derivative of the TGA curve, DTA of six ENIL materials,
showing three peaks (dashed line), assigned to water (<373
K), subsequently the anion (∼500 K), and finally the cation
[Bmim]+ (∼510 K) or [P66614]+ (559 K).44,45

Figure 3 depicts the breakthrough curves obtained for the
capture of CO2 in streams composed by different CO2/CH4/
N2 concentrations at 303 K, using six different ILs with CO2
chemical absorption. The estimated equilibrium CO2 sorption
capacity in mass of CO2 (qe) and moles of CO2 (WCOd2

) per kg

of ENIL sorbents were collected and are shown in Table 2. For
comparison purposes, the thermodynamic (equilibrium)
behavior of ENIL in CO2 capture was also tested by
gravimetric measurements, to complement the fixed-bed
experiments. The CO2 chemical absorption isotherms were
obtained for six ENIL materials from 0.3 to 1 bar CO2 partial
pressures and from 0.04 to 0.4 bar according to the fixed-bed
results (Figure 4) at 303 K. The Langmuir−Freundlich model
was used to fit the experimental data. These comparisons let us
validate both methodologies. As expected, the saturation CO2
capacity increases with the CO2 partial pressure, but great
differences were observed depending on the nature of the IL
used in the ENIL material. Acetate-based ENIL materials
present the highest CO2 sorption capacity, with the ENIL
based on [Bmim][Acetate] being the one with the best CO2
capture performance. The [P66614][CNPyr]-based ENIL
presents a similar high CO2 sorption capacity to the
[Emim][Acetate]-based ENIL, whereas those ENIL materials
derived from amino acids present a lower CO2 solubility than
the rest. As can be seen in Table 2, the CO2 sorption capacity
of ENIL sorbents matches the trend of CO2 solubility in neat
ILs, demonstrating that the efficiency of gas capture in a fixed
bed using ENIL sorbents is determined by absorption
thermodynamics rather than kinetics, in good agreement
with a previous study.17 Analyzing the role of the IL nature in
Table 2 (Figure S3 of the Supporting Information), it can be
checked that acetate-based ILs present the highest CO2
capture, achieving solubilities of 1.18 and 0.88 mol/kgIL for,
respectively, [Bmim][Acetate] and [Emim][Acetate] cases
followed by [P66614][CNPyr] (CO2 solubility of 0.80 mol/
kgIL) and finally those derived from amino acids, which showed
a CO2 solubility of around 0.4 mol/kgIL at a 0.4 bar CO2
partial pressure and 303 K, in good agreement with previous
absorption results.21,46

Figure 3. Breakthrough curves at different CO2 partial pressures and 303 K for ENIL materials prepared from (A) [Emim][Acetate], (B)
[Bmim][Acetate], (C) [P66614][CNPyr], (D) [Bmim][GLY], (E) [Bmim][MET], and (F) [Bmim][PRO].
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The main consideration is the practically negligible amount
of CH4 retained by the different ENIL materials (Figure S4 of
the Supporting Information), which is below the equipment
sensibility (∼10−3 mol/kg). Therefore, the gas capture
obtained for the six ENIL materials tested was mainly due to
the chemical absorption of CO2 by the IL, showing a
remarkably high CO2/CH4 selectivity (>1000 for all ENIL
studied, as can be seen in Table 2). Compared with the
behavior of zeolites47 and activated carbon48,49 in the
adsorption of CO2/CH4 mixtures, it can be clearly confirmed
that ENIL materials showed a much higher selectivity to CO2
than a wide range of supports. Attending to the adsorption
capacity, some of the activated carbons with task-specific
functionalization presented a higher CO2 capacity (5.9 mol/kg
at 303 K and 23 bar) but working at a high pressure and losing
power selectivity to CO2 (CO2 selectivity of 4.7).49 On the
other hand, current results with ENIL sorbents improve those
recently obtained with supported IL sorbents,9,34,42 which may
be related to the higher amount of IL incorporated into the
ENIL material.
Once the thermodynamics of CO2 capture is analyzed in a

fixed bed using ENIL sorbents, the rate of CO2 sorption is

evaluated by fitting the experimental breakthrough curves to
the kinetic models described in the Experimental Section.
Table 2 collects the obtained characteristic kinetic parameters
kYN (Yoon and Nelson model, eq 3) and kMTC (lumped
resistance linear model, eq 6). Both kinetic models describe
adequately the breakthrough curve slopes (R2 > 0.98) over the
whole range of solute concentrations studied for all the ENIL
materials prepared. The estimated kYN values (parameters in
Table 2) vary in a wide range, from 0.16 to 0.76 min−1 for
acetate based-ENIL materials to 0.37−2.20 min−1 for amino
acid-based ENIL materials. Similarly, estimated kMTC values
indicate a wide range of CO2 sorption kinetics depending on
the CO2 partial pressure and the type of ENIL used.
Figure 5A compares the kYN values obtained from the

experimental breakthrough curves for each ENIL at 303 K and
different pCOd2

. As can be seen, the kYN values show a nearly
linear relationship with CO2 partial pressure, which is related
to the increasing solute concentration attending to eq 4. In
order to evaluate the sorption rates of ENIL prepared using ILs
with different CO2 chemical absorption mass capacities (qe in
Table 2), Figure 5B compares the average k values (kgENIL

−1),
which is a constant of proportionality obtained from eq 4,

Table 2. Operating Conditions and Results of the Fixed-Bed CO2 Sorption Experiments at 303 K with the ENIL Materials
Prepared

ENIL pCOd2
(bar) qe(g·kgENIL

−1) WCOd2
(mol·kgENIL

−1) WCOd2
(mol·kgIL−1) kYN (min−1) kMTC (min−1) HMTZ (cm) SCOd2/CHd4

[Emim][Acetate] 0.04 6.33 0.14 0.22 0.16 0.19 4.5 1609
0.08 12.30 0.28 0.44 0.17 0.22 4.5
0.16 15.60 0.35 0.55 0.31 0.29 4.4
0.24 19.29 0.44 0.69 0.39 0.41 4.4
0.32 21.77 0.49 0.77 0.59 0.48 4.2
0.40 24.88 0.57 0.88 0.76 0.56 4.3

[Bmim][Acetate] 0.04 8.83 0.20 0.30 0.18 0.20 3.8 1343
0.08 13.09 0.30 0.44 0.22 0.25 3.9
0.16 20.86 0.47 0.71 0.35 0.28 3.9
0.24 27.73 0.63 0.94 0.37 0.34 3.8
0.32 31.82 0.72 1.08 0.44 0.38 3.8
0.40 34.84 0.79 1.18 0.54 0.40 3.8

[P66614][CNPyr] 0.04 11.10 0.25 0.37 0.31 0.23 3.2 1362
0.08 15.63 0.36 0.52 0.51 0.41 3.1
0.16 18.55 0.42 0.62 0.90 0.47 2.8
0.24 21.95 0.50 0.73 1.14 0.61 3.0
0.32 22.74 0.52 0.76 1.30 0.68 2.9
0.40 23.87 0.54 0.80 1.51 0.96 2.6

[Bmim][GLY] 0.04 3.20 0.07 0.12 0.50 1.25 2.9 1555
0.08 4.52 0.10 0.17 0.74 1.31 2.9
0.16 5.71 0.13 0.22 0.77 1.41 2.5
0.24 8.64 0.20 0.33 1.22 1.49 2.6
0.32 9.18 0.21 0.35 1.79 1.90 2.6
0.40 10.50 0.24 0.40 1.84 1.94 2.7

[Bmim][PRO] 0.04 4.41 0.10 0.13 0.53 0.73 2.7 1701
0.08 5.35 0.12 0.16 0.87 1.10 2.5
0.16 7.28 0.17 0.22 1.05 1.29 2.1
0.24 8.76 0.20 0.27 1.33 1.63 3.0
0.32 11.49 0.26 0.35 1.67 1.93 2.3
0.40 12.50 0.28 0.38 2.20 1.98 3.2

[Bmim][MET] 0.04 3.05 0.07 0.10 0.37 0.65 3.8 1663
0.08 4.91 0.11 0.16 0.59 0.97 3.6
0.16 6.81 0.15 0.23 1.00 1.11 3.4
0.24 8.49 0.19 0.28 1.23 1.35 3.2
0.32 9.82 0.22 0.33 1.68 1.82 3.0
0.40 12.08 0.27 0.40 1.82 1.98 3.0
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which eliminates the thermodynamic considerations of kYN, for
fixed-bed experiments (similar k values were obtained for
different CO2 partial pressures, Figure S5 of the Supporting
Information). Figure 5B also includes the average k values
previously obtained with ENIL presenting CO2 physical
absorption (at 10% CO2 and 100 mLN/min).17 It is concluded
that ENIL sorbents with CO2 chemical absorption present a
significantly higher CO2 capture rate than those with physical
absorption. Regarding the different ENIL materials tested in
this work, similar high sorption rates are obtained for acetate-
and amino acid-based ILs (with k values in the range of around
1500 kgENIL

−1), suggesting that the CO2 chemical capture rate

is more influenced by the capsule morphology than by the IL
nature, in good agreement with results obtained in CO2
physical capture with ENIL.17 The best results were obtained
for AHA-IL [P66614][CNPyr], probably due to the relatively
low viscosity of IL reaction media50 and the fast reaction
kinetics.28,29

In a previous work,34 the breakthrough curves of CO2
capture in a fixed bed using [Bmim][Acetate] as the SILP
sorbent were well-described by the LDF model represented by
eq 6, obtaining an empirical equation to describe the increasing
of the kMTC kinetic coefficient when decreasing the sorbent
particle size and increasing the CO2 partial pressure. Figure 6A

Figure 4. CO2 isotherms of ENIL based on (A) [Emim][Acetate], (B) [Bmim][Acetate], (C) [P66614][CNPyr], (D) [Bmim][GLY], (E)
[Bmim][MET], and (F) [Bmim][PRO] at 303 K and different CO2 partial pressures. The red line corresponds to the proposed chemical capture
model and squares to experimental data (black squares were obtained by the fixed-bed column and white squares by the MSB).

Figure 5. (A) kYN (min−1) kinetic constant at different CO2 partial pressures obtained from fixed-bed experiments at 303 K using ∼2−4 g of ENIL
material and (B) average k values (kgENIL

−1) of eq 4, including the k data calculated with ENIL presenting CO2 physical absorption for comparison
purposes.
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shows the estimated kMTC using such an empirical equation for
a supported IL (using [Bmim][Acetate]) sorbent with two
remarkably different particle sizes of 1000 (i.e., 1 mm, a
common size for particle adsorbents) and 1 μm (value close to
the ENIL size) at different CO2 partial pressures. With a
smaller particle size (1 μm), the kinetics of the CO2 capture
process is faster than found using sorbents with a higher
particle diameter (1000 μm), consistent with the higher gas−
liquid contact surface. In addition, the increase in the pCOd2

presents a remarkably different effect on the sorption rate
when decreasing the sorbent particle size because of the shift of
the control regime from CO2 diffusion in the IL to the
chemical absorption rate.34Figure 6B presents the experimental
kMTC values obtained in this work for the [Bmim][Acetate]-
based ENIL (Table 2 collects the estimated kMTC values for the
rest of the ENIL sorbents prepared in this work) by fitting
experimental breakthrough curves to the LDF model. A linear
relationship is observed between the experimental and CO2
partial pressures, in good agreement with simulated kMTC
(Figure 6A), which suggests that the CO2 capture rate in
ENIL using a fixed bed is determined by the reaction kinetics,
overcoming the mass transfer control present in IL sorbents
with a higher particle size.
Table 2 includes the estimated height of the mass transfer

zone (HMTZ, eq 5), calculated from each breakthrough curve as
an additional parameter of the performance of ENIL sorbents
in a fixed bed for a CO2 capture system. HMTZ values are in a
narrow range from 3 to 4.5 cm (also depending on the fixed-
bed height), in good agreement with previous results for CO2
chemical capture with ENIL21 and slightly lower than those
obtained with ENIL materials prepared with ILs that provide
CO2 capture by physical absorption17 and HMTZ values
obtained in CO2 fixed-bed capture using conventional solid
sorbents.40 These results reveal fast and favorable CO2
chemical sorption into ENIL materials in fixed-bed operation,
ascribable to the high sorption capacity (high amount of ILs
incorporated in the ENIL) and CO2/CH4 selectivity, together
with the large gas−liquid contact area and the small particle
size, which overcomes the mass transfer limitations of ILs and
promotes a fast CO2 sorption process governed by the
chemical reaction kinetics, maximizing the efficient use of
ENIL sorbents in the fixed-bed process.

■ CONCLUSIONS
In this work, encapsulated ionic liquid materials (ENIL) were
specifically prepared for CO2 capture from CO2/CH4/N2
effluents, and their performance was evaluated by means of
gravimetric and fixed-bed measurements. The first step was the
preparation of ENIL materials, with around 70% in mass of IL
inside them, to be used as the sorbent material. Six ILs based
on acetate, amino acid, and aprotic heterocyclic anion
presenting CO2 chemical absorption were selected to increase
the CO2 uptake and CO2/CH4 selectivity of ENIL materials.
Fixed-bed and gravimetric measurements revealed that all the
ENIL materials showed high CO2 sorption capacity and
negligible CH4 capture, obtaining very favorable thermody-
namic performance for CO2/CH4 separation. All the
experimental breakthrough curves were successfully fitted to
Yoon and Nelson and LDF models. The kinetic analysis
revealed that ENIL sorbents also present a remarkably
favorable CO2 capture rate due to the small capsule size and,
correspondingly, the high gas−liquid contact surface, which
overcomes the mass transfer limitations of ILs and seems to
promote CO2 capture in a fixed bed controlled by the reaction
kinetics. Current results present ENIL as advanced sorbents
with exceptional CO2/CH4 gas separation performance in
fixed-bed technology, obtaining [P66614][CNPyrr]-based ENIL
as the most promising material due to both favorable kinetic
and thermodynamic properties.
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