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A B S T R A C T

Several strategies can be considered for the mitigation of carbon dioxide (CO2) emissions to the atmosphere, and
among them is its post-combustion capture/separation from flue gas emitted from coal-fired power plants. In this
work, six imidazolium, ammonium- and DABCO-based ionic liquids (ILs) containing the acetate anion were used
to impregnate the metal-organic framework (MOF) ZIF-8. The cationic effect was studied to determine how the
different cationic families and side alkyl chain size influence the gas sorption performance of the produced
IL@MOF composites. The combination of different characterization techniques confirmed IL impregnation, and
that the composite materials were microporous and crystalline. Single-component CO2 and nitrogen (N2)
sorption-desorption equilibrium measurements were performed at 303 K for ZIF-8 and the IL@ZIF-8 materials. At
the low-pressure regime (0–1 bar), synergy was observed for the imidazolium-based composites, especially for
the one with the long-side alkyl chain. The ideal CO2/N2 selectivity was calculated for post-combustion
composition, and, at 1 bar, [C10MIM][Ac]@ZIF-8 was over four times more selective than ZIF-8, while the
selectivity of [C2MIM][Ac]@ZIF-8 at this pressure almost tripled when compared to the MOF. A chemical re-
action between CO2 and the imidazolium ILs explained the results.

1. Introduction

In 2022, global energy-related carbon dioxide (CO2) emissions
reached an all-time high of 36.8 Gt [1]. Of all the non-condensable
greenhouse gases (GHGs), CO2 is the most predominant one in the at-
mosphere [2]. A sharp increase in atmospheric CO2 concentration that
started in the 1960s has intensified the greenhouse effect, which has led
to global warming [3]. This phenomenon has been mainly caused by
human activity [4], due to the burning of fossil fuels [5], and is
responsible for climate change and its visible consequences for life on
Earth [6]. In the last decade, efforts to limit global warming have been
made. Specifically, net-zero CO2 emissions targets have been formally
adopted to achieve the long-term Paris Agreement temperature goal of
limiting the increase in the mean global temperature below 2 ◦C [7].

Different strategies can be considered to reduce GHGs emissions
(specifically, CO2) and eventually achieve carbon neutrality, namely
energy efficiency methods [8], energy transition to renewable sources
[9,10], or more direct approaches like direct CO2 capture from the air

[11] and Carbon Capture and Storage (CCS) [12]. Regarding the latter, it
is still deemed a crucial strategy for the mitigation of CO2 emissions
[13]. Post-combustion technology is considered a viable method for CO2
capture/separation from flue gas (a mixture mainly composed of nitro-
gen (N2) and CO2) emitted in large quantities by coal-fired power plants
[14].

The most mature technology used in post-combustion CO2 capture/
separation is amine scrubbing, which involves the use of an aqueous
ethanolamine solution to chemically absorb the gas [15]. While etha-
nolamines have fast reaction rates with CO2, their use has several
drawbacks such as amine degradation, equipment corrosion, and high
energy requirements for amine regeneration [15]. Therefore, gas
adsorption has been considered an alternative technology for post-
combustion CO2 capture/separation [16].

The core of an adsorption-based process is the adsorbent material,
and metal-organic frameworks (MOFs) have shown great potential to
replace more traditional adsorbents like silica, activated carbons, or
zeolites [17–19]. MOFs are a class of materials composed of metal
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cations/small metallic clusters coordinated to organic ligands that
contain potential voids [20]. Their remarkable textural properties (high
specific surface areas or large pore volume), thermal and chemical sta-
bilities, high degree of tunability, and high CO2 adsorption capacity
make them appealing candidates for gas adsorption applications
[21,22].

To further improve the functionality, selectivity, and stability of
MOFs in gas adsorption, MOF-based composite materials have been
suggested [23]. Namely, the use of ionic liquids (ILs) that act as a MOF
“functionalization” has been proposed. ILs are salts in the liquid state
with a low melting point, comprised of organic cations and organic/
inorganic anions. Nonflammability, negligible vapor pressure, and a
high degree of tunability are among some of their physicochemical
properties. Some physisorption and chemisorption ILs (e.g., tetracya-
noborate- and carboxylate-based, respectively) show high CO2 solubility
[24,25]. In a work by Kinik et al. [26], the incorporation of the phys-
isorption IL [C4MIM][PF6] into the structure of MOF ZIF-8 led to a
higher CO2 sorption capacity up to 0.4 bar, when compared to the
pristine ZIF-8. Note that herein the term sorption includes both
adsorption and absorption phenomena. Also, the incorporation of the IL
more than doubled the ideal CO2/CH4 and CO2/N2 selectivities (50:50
mixtures) of the composite between 0 and 1 bar, when compared to
pristine ZIF-8. A work by our group [27] found that a ~ 7 wt% loading of
the chemisorption IL [C2MIM][Ac] was enough to promote synergistic
effects in regard to CO2 sorption. The [C2MIM][Ac]@ZIF-8 composite
sorbed more CO2 than the pristine ZIF-8 up until 0.5 bar and an ideal
CO2/CH4 selectivity (50:50 mixture) increase above 40 % at 0.5 bar of
CO2 partial pressure. In the same work, different physisorption ILs were
also impregnated with the same molar IL loading into the structure of
ZIF-8. The cationic and anionic effects were studied, but none of these
ILs could promote synergistic effects regarding CO2 sorption capacity.
Zeeshan et al. [28] were able to produce a core-shell IL@MOF com-
posite, where the hydrophilic physisorption IL [C2OHMIM][N(CN)2]
was incorporated into the hydrophobic ZIF-8 (~40 wt% IL loading). It is
proposed that the difference between the nature of the two materials
might play a role in preventing ILs from entering the flexible pore
openings of the MOF. The composite material showed higher CO2
sorption up to 0.4 bar and 45 times higher ideal CO2/CH4 selectivity at 1
mbar, when compared to pristine ZIF-8. Finally, Han et al. [29]
furthered the core-shell concept in IL@MOF composites by incorpo-
rating the hydrophilic IL triethylenetetramine lactate into hydrophobic
ZIF-8. Different core-shell configurations were considered (IL inside,
outside or on both sides of ZIF-8; the thickness of outer shell was also
studied). A high CO2 sorption capacity was obtained (1.53mol/kg at
298K and 1.0 bar), while the uptakes for CH4 and N2 were very low.
Using the ideal adsorbed solution theory (IAST), selectivities up to 1 bar
were predicted to be between 260 and 1990 for CO2/CH4 (50:50
mixture) and 1688–5572 for CO2/N2 (15:85 mixture).

Acetate-based ILs have been used to produce different IL@MOF
composite materials. The chemisorption [CnMIM][Ac] ILs have a non-
linear CO2 solubility curve and display high CO2 absorption at low
pressures [25,30–32]. These ILs [30,32] have been impregnated into
different MOFs. A first work by Mohamedali et al. impregnated [C2MIM]
[Ac] and [C4MIM][Ac] into ZIF-8 [33]. It was found that IL loadings as
low at ~8 wt% could promote synergistic effects at different tempera-
tures (303, 313 and 323 K), with all [CnMIM][Ac]@ZIF-8 composites
showing superior or similar CO2 sorption capacity than then pristine
MOF until 1 bar. In this pressure range, the higher the IL loading, the
higher the CO2 sorption capacity was. Afterwards, the decrease of sur-
face area with increasing IL loading negatively impacted the sorption
capacity of this gas, when compared to pure ZIF-8. Also, regarding the IL
loading effect, there was no obvious trend for ideal CO2/N2 selectivities
(50:50 mixture) calculated at different temperatures. A second work by
Mohamedali et al. impregnated [C2MIM][Ac] into MOF-177 and MIL-
101(Cr) via two different techniques (wet and dry impregnation) [34].
Again, three different IL loadings were considered (10, 20 and 30 wt%).

Between 0 and 1 bar, the only [C2MIM][Ac]@MOF-177 composites that
showed relevant synergistic effects were impregnated by the wet
impregnation technique, with IL loadings of 10 and 20 wt%. The exis-
tence of an optimum IL loading for CO2 sorption capacity was explained
by the fact that excessive IL impregnation in the MOF pores could likely
lead to a complete pore blockage and eventually prevent the accessi-
bility of CO2 to the confined sorption sites. As for the [C2MIM][Ac]
@MIL-101(Cr) composites, the negative impact of the IL impregnation
on the CO2 sorption capacity found for all materials was explained by
the decrease in the available pore volume, along with partial coverage of
the Cr+3 open metal sites by the IL. A final work by Mohamedali et al.
impregnated [C4MIM][Ac] into HKUST-1 [35]. Once again, three
different IL loadings were considered (5, 10 and 20 wt%). The CO2
sorption isotherms obtained at 303, 313 and 323 K revealed that the 5 wt
% IL loading was the only one that promoted synergistic effects up to 1
bar. Higher IL loadings had a negative impact on the CO2 sorption ca-
pacity of the composite. These results were explained by the existence of
a tradeoff between surface area drop and additional sorption sites
created, caused by IL impregnation. In a work by Habib et al., the IL
[C2MIM][Ac] was impregnated into HKUST-1, with a 30 wt% IL loading
[36]. The composite showed much lower gas sorption capacity than the
pristine MOF. A 6-times improvement in ideal CO2/N2 selectivity was
found at 1 mbar; at 0.2 bar the composite was less selective than the
pristine MOF, explained by a change in the driving forces of surface
sorption with increasing pressure. In the work by Nie et al., [C2MIM]
[Ac] was impregnated into UiO-66(Zr) [37]. Three different IL loadings
were considered (3.5, 5 and 7.5 wt%), with the optimum loading in
terms of CO2 sorption capacity being the lowest one. The composite with
7.5 wt% IL loading already showed lower CO2 sorption capacity than the
pristine MOF. IAST-based CO2/CH4 and CO2/N2 selectivities were
calculated based on the single-component gas sorption isotherms at 298
K, with composites being more selective than the pristine UiO-66(Zr).
Finally, in a work by our group, ammonium-based ILs with the acetate
anion were incorporated into ZIF-8 [38]. Both [N1 2OH 2OH 2OH][Ac]
@ZIF-8 and [N2 1 1 4][Ac]@ZIF-8 composites showed synergistic effects
regarding CO2 sorption up to 0.3 bar, with the latter material showing an
over 50 % increase in ideal CO2/N2 selectivity (15:85 mixture) at 1 bar.
Both the longer length and apolar nature of the alkyl chains were given
as an explanation for the enhanced ideal CO2/N2 selectivity of [N2 1 1 4]
[Ac]@ZIF-8.

As presented, besides [CnMIM]-based ILs, other cationic families are
largely unexplored when coupled with the acetate anion, and they may
also improve the CO2 sorption capacity of IL@MOF composites. There-
fore in this work, six different ILs were impregnated with the same molar
loading into MOF ZIF-8 through a direct contact method. This MOF was
chosen because of its chemical stability (even in the presence of water),
thermal stability, and microporous nature (pore apertures of 3.4 Å and
cavities of 11.6 Å), along with high specific surface area (~1800 m2/g)
and total pore volume (~0.65 cm3/g) [39]. Always using acetate as the
anion, the cationic effect was herein studied to determine how different
cationic families with different structures impact sorbent properties
such as the gas sorption capacity and selectivity performance of IL@ZIF-
8 materials.

Imidazolium-, ammonium- and DABCO-based ILs were synthesized,
some reported for the first time to the best of the authors’ knowledge, to
test the influence of the cation nature. These families were chosen given
the possibility of chemical reaction with CO2 (imidazolium ILs), or
structural similarity to amines (ammonium and DABCO ILs). In each
cationic family, the influence of the side alkyl chain(s) was also studied,
with short chains ([C2MIM]+, [N2 1 1 4]+, and [C2DABCO]+) and long
chains ([C10MIM]+, [N4 1 1 8]+, and [C12DABCO]+) being considered.
The produced IL@MOF composites, apart from the [C2MIM][Ac]@ZIF-8
one, have never been reported for gas sorption applications.

T.J. Ferreira et al. Sustainable Materials and Technologies 42 (2024) e01122 

2 



2. Materials and methods

2.1. Materials

The MOF ZIF-8 (Basolite® Z1200) was purchased from Sigma-
Aldrich. The ILs [C2MIM][Ac] (1-ethyl-3-methylimidazolium acetate,
>98 %) and [C10MIM]Cl (1-ethyl-3-methylimidazolium chloride, >98
%) were acquired from IoLiTec GmbH. The other ILs were synthesized
and purified in-house, namely [C10MIM][Ac] (1-decyl-3-methyl-
imidazolium acetate, 99 %), [N2 1 1 4][Ac] (N-butyl-N-ethyl-N,N-dime-
thylammonium acetate, 99 %), [N4 1 1 8][Ac] (N-butyl-N,N-dimethyl-N-
octylammonium acetate, 99 %), [C2DABCO][Ac] (1-ethyl-1,4-dia-
zabicyclo[2.2.2]octan-1-ium acetate, 99 %) and [C12DABCO][Ac] (1-
dodecyl-1,4-diazabicyclo[2.2.2]octan-1-ium acetate, 99 %). The ILs
chemical structures are represented in Fig. 1, and their synthesis pro-
tocol can be found in the Supporting Information (SI), along with their
1H and 13C NMR spectra (Figs. S1-S8). Regarding the ILs synthesis, N,N-
dimethyl-N-butylamine (Sigma-Aldrich, >99 %), 1-bromoethane
(Fluka, 98 %), 1-chlorooctane (Sigma-Aldrich, 99 %), 1,4-diazabicyclo
[2.2.2]octane (DABCO, Sigma-Aldrich, ≥99 %), 1-bromododecane
(Sigma-Aldrich, 97 %) and acetic acid (glacial, Merck, 100 %) were
used. Also, for ILs synthesis, anionic resin Amberlite® IRN-78 (Alfa
Aesar), ultrapure water produced in-house with a WaterMax W1
equipment (Diwer Technologies), ethanol (Carlo Erba, absolute anhy-
drous), ethyl acetate (Carlo Erba, 99.9 %) and diethyl ether (Honeywell,
≥99.8 %) were utilized. To obtain the NMR spectra, deuterium oxide
(D2O, Eurisotop, 99.9 % D) was used as the assay solvent. Ethanol (99.9
%, Scharlau) was used for ILs dissolution before their impregnation into
the ZIF-8 structure. To obtain the infrared (FT-IR) spectra of solid
samples, tablets of potassium bromide (KBr, FT-IR grade, Panreac) were
produced. The gases used in sorption-desorption equilibria measure-
ments were CO2 (99.998 %, Air Liquide), N2 (>99.998 %, Praxair), and
He (≥ 99.999 %, Air Liquide).

2.2. Composites preparation

For this work, [C2MIM][Ac] was selected as the reference IL, and a
10 wt% loading was adopted. This mass loading is equivalent to a 12.9
mol% loading that was kept constant for all the produced IL@ZIF-8
composites. Given that the same number of IL mole were impreg-
nated, direct and valid comparisons between materials can thus be
established.

The production of the IL@ZIF-8 composites followed a previously
reported protocol by our group [27]. Before impregnation, all ILs were
dried under vacuum (0.1 Pa) for at least 48 h, at 313 K. To produce a
given composite, the IL was firstly weighed and dissolved by stirring in
ethanol for 15 min at room temperature. Next, 1 g of ZIF-8 (previously
degassed for at least 4 h at 373 K to remove adsorbed impurities) was
weighed in a different vial. For the impregnation step, the IL solution
was added to the MOF vial, capped, and stirred overnight at room

temperature. Finally, the vial was uncapped, and ethanol was slowly
evaporated at 338 K. When the sample showed a powdery aspect, the
composite material was degassed at 373 K for at least 4 h to remove trace
amounts of ethanol, and finally stored.

2.3. Samples characterization

2.3.1. Fourier transform infrared (FT-IR) spectroscopy
Infrared spectra of the precursor materials (ZIF-8 and neat ILs) and

IL@ZIF-8 composites were obtained with a FT-IR Spectrometer Spec-
trum Two model (PerkinElmer), between 4000 and 450 cm− 1 (spectral
resolution of 4 cm− 1). The Attenuated Total Reflectance (ATR) module
was used for the ILs, while the Transmittance module was employed for
solid samples. The latter module required the making of KBr tablets
containing some milligrams of the sample.

2.3.2. Thermogravimetric analysis (TGA)
The thermograms of the precursor materials and composite materials

were obtained with a thermogravimetric analyzer Labsys EVO
(Setaram). For a generic assay, the sample was held in an alumina
sample pan. Using a 50 mL/min flow of argon (Ar), the sample was first
heated up to 373 K (10 K/min heating step). Next, an isothermal step at
373 K for 1 h ensured that all the pre-adsorbed impurities and/or
moisture were removed. With this treatment, any subsequent mass loss
was exclusively due to material thermal decomposition. A final dynamic
step was performed until 1273 K (10 K/min heating rate).

2.3.3. N2 sorption-desorption equilibrium at 77 K
N2 sorption-desorption isotherms at 77 K of pristine ZIF-8 and

IL@ZIF-8 composites were collected with a static volumetric apparatus
ASAP 2010 (Micromeritics). A generic assay started with the degassing
of the sample under vacuum at 373 K for at least 8 h, before any
sorption-desorption data points were collected. From the isotherms,
textural properties of the materials such as total pore and micropore
volumes, or BET/Langmuir specific surface areas were determined. Also,
with the use of non-local density functional theory (NLDFT) calcula-
tions, it was possible to determine the pore size distribution (PSD) of the
materials.

2.3.4. Powder X-ray diffraction (PXRD)
Diffractograms of ZIF-8 and composite materials were acquired with

an X-ray diffractometer MiniFlex II (Rigaku). The X-ray generator used a
Cu radiation source, a voltage of 30 kV and 15 mA of current. For a given
material, the assay was run between 2◦ and 50◦, using a step width of
0.02◦ and 0.5◦/min of scanning speed.

2.4. Gas sorption-desorption equilibrium measurements

Single-component CO2 and N2 sorption-desorption equilibrium iso-
therms were obtained at 303 K for pristine ZIF-8 and IL@ZIF-8 com-
posites (0–10 bar). A highly accurate static gravimetric method
previously reported elsewhere [27,40,41] was used to experimentally
obtain the equilibrium isotherms. The gravimetric apparatus’ main
feature is a high-accuracy ISOSORP 2000 magnetic-suspension balance
(Rubotherm GmbH). Before starting the measurements, samples were
degassed for 4 h at 373 K, in situ, and under vacuum. More details
concerning the gravimetric apparatus and its schematic can be found
elsewhere [27,40,41].

In the literature, the adsorbed gas amount has been reported using
net (qnet), excess (qexc), or total adsorption (qt) quantities. Sorption-
desorption data of IL@MOF materials can still be reported using these
quantities, despite both gas adsorption and absorption occurring.
Herein, the net adsorption quantity was used, and it corresponds to the
difference between the amount of sorbate found in a measurement cell
with and without the presence of the sorbent [42]. The specific net
amount sorbed (in mol gas/mass sorbent) is given by

[C2MIM][Ac] [C10MIM][Ac]

[N2 1 1 4][Ac] [N4 1 1 8][Ac]

[C2DABCO][Ac] [C12DABCO][Ac]

Fig. 1. Chemical structures of the impregnated ILs.
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qnet =
m − ms − mh + Vhρg

ms Mw
, (1)

where m is the weighed mass indicated by the balance, ms is the degassed
mass of sorbent inside the sample holder, and mh and Vh are the mass
and volume of the sample holder contributing to buoyancy effects,
respectively. Additionally, ρg is the gas density at the measurement
equilibrium pressure and temperature conditions, and Mw is the mo-
lecular weight of the sorbed gas. The advantage of using net quantity is
that uncertainty associated with the use of probe molecules (e.g., helium
(He), N2) while determining the required reference state is avoided.
However, total sorbed quantity (qt) is the most used quantity found in
the literature. It is possible to relate the three sorbed quantities (in mol
gas/mass sorbent) [27].

qt = qexc + Vpρg = qnet +
(
Vp + Vs

)
ρg, (2)

where Vs = 1/ρs is the specific solid volume of the sorbent that is
impenetrable to the sorbate, ρs is the skeletal density of the sorbent
(determined by He pycnometry, method details found elsewhere [40]),
and Vp is the specific total pore volume of the sorbent material (deter-
mined from the obtained N2 sorption-desorption isotherms at 77 K). In
the case of the composite materials, one can still use the above formula if
both Vp and ρs account for the IL presence.

From the collected sorption-desorption data, ideal CO2/N2 selectiv-
ities were calculated through the accurate description of the equilibrium
isotherms by the Sips (Langmuir-Freundlich) and dual-site Sips models.
The Sips isotherm model [43] was used to fit the single component
sorption-desorption equilibrium data of pristine ZIF-8

qt(P) =
qs(bP)1/n

1 + (bP)1/n, (3)

where P is the absolute pressure, qs is the maximum sorbed amount, b is
the affinity parameter, and n is the heterogeneity parameter. For the
IL@ZIF-8 composites, as they did not present classical Type I isotherms
due to the nature of the impregnated ILs, pure component sorption-
desorption equilibrium data were fitted using the dual-site Sips
isotherm model [43]

qt(P) = qs1
(b1P)1/n1

1 + (b1P)1/n1
+ qs2

(b2P)1/n2

1 + (b2P)1/n2
, (4)

where qs1 and qs2 are the sorption sites 1 and 2 maximum sorbed
amount, respectively, b1 and b2 are the affinity constants of the same
sorption sites and n1 and n2 are the heterogeneity parameters. The ideal
selectivities of ZIF-8 and IL@ZIF-8 composites were calculated at 303 K
for flue gas composition [44] (15 vol% CO2 and 85 vol% N2) following
[43].

SCO2
N2

=
qt CO2

/
qt N2

pCO2

/
pN2

, (5)

where pCO2 and pN2 the partial pressure of each gas.

3. Results and discussion

3.1. FT-IR spectroscopy

The FT-IR spectra of ZIF-8, neat ILs and IL@ZIF-8 composites, shown
in Figs. S9-S14 (See SI), were compared to confirm IL impregnation. The
ZIF-8 spectrum was similar to others reported in the literature [45,46]. If
IL-related bands are found in the correspondent IL@ZIF-8 composite
spectrum, and not found in the ZIF-8 one, impregnation of the IL into the
ZIF-8 structure can be confirmed. At first glance, results showed that the
spectra of IL@ZIF-8 composites were very alike to the ZIF-8 one, which
means the same chemical bonds were found in the impregnated IL and

the MOF. Nevertheless, the spectra of imidazolium-based composites
showed two weak IL-related bands between 655 and 615 cm− 1 (see
graphs inset), attributed to rocking in-plane and out-of-plane deforma-
tion vibrations of the acetate ion [47]. The ammonium- and DABCO-
based IL@ZIF-8 composites also had these bands, but they were very
weak and, thus, difficult to observe. Cation-related bands (3200–2800
cm− 1) were also observed, particularly if ILs with long alkyl chains were
incorporated [47]. FT-IR data confirmed IL impregnation for all
composites.

3.2. TGA

The thermal stability of ZIF-8, neat ILs, and the different IL@ZIF-8
composites was assessed through their respective TGA thermograms,
shown in Fig. S15 (See SI). The precursor materials (ZIF-8 and neat ILs)
showed a single stage of mass loss, while all composites showed two
stages. The first one corresponded to IL thermal degradation, while the
second one was related to the thermal degradation of the 2-methylimi-
dazolate ligand in ZIF-8.

Herein, it was defined a temperature at which mass loss of a degassed
sample reached 1 wt%, named starting degradation temperature (Tstart).
It can be seen in Table 1 that pristine ZIF-8 started to degrade at much
higher temperatures than the neat ILs and IL@ZIF-8 composites. Imi-
dazolium- and DABCO-based composites showed slightly higher Tstart
values than their respective IL, and the longer the chain the bigger the
difference. As for ammonium-based IL@MOF materials, Tstart values
were essentially the same as their respective ILs, irrespective of the alkyl
chains size. These two distinct tendencies indicate the presence of IL-
MOF interactions, though they differ according to the cationic nature
of the IL, which seems to influence the post-impregnation IL arrange-
ment in the ZIF-8 structure.

Calculated TGA thermograms of composite materials were deter-
mined from the obtained TGA profiles of ZIF-8 and neat ILs, along with
the impregnated IL loading. These thermograms were calculated for a
given temperature according to

Table 1
Starting degradation temperatures and remaining sample amount – experi-
mental and expected using Eq. (6) – of ZIF-8, pure ILs, and IL@ZIF-8 composites,
at 1273 K.

Sample IL
loading
(wt.%)

Tstart

(K)
Experimental
remaining sample
amount (wt.%)

Expected
remaining sample
amount (wt.%)

ZIF-8 – 735 50 –

[C2MIM][Ac] – 462 7 –
[C2MIM][Ac]

@ZIF-8
10.0 483 49 46

[C10MIM][Ac] – 456 12 –
[C10MIM][Ac]

@ZIF-8
15.6 486 43 44

[N2 1 1 4][Ac] – 430 13 –
[N2 1 1 4][Ac]

@ZIF-8
11.0 427 46 46

[N4 1 1 8][Ac] – 427 9 –
[N4 1 1 8][Ac]

@ZIF-8
15.1 427 48 44

[C2DABCO]
[Ac]

– 427 23 –

[C2DABCO]
[Ac]@ZIF-8

11.6 453 50 47

[C12DABCO]
[Ac]

– 457 17 –

[C12DABCO]
[Ac]@ZIF-8

18.2 504 45 44
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Calc.wt.%|T=wt.%ZIF− 8|T×(1− wt.%loadingIL)+wt.%IL|T×wt.%loadingIL

(6)

As observed in Fig. S15 (See SI), starting from 773 K, the calculated
profiles could predict well the experimental ones. In the IL degradation
step, a slower degradation rate than the calculated one was observed for
all composites (the blue curve is shifted to the right of the green curve).
This, together with the fact that composites have similar or higher Tstart
values than their respective neat ILs, indicates that the produced thermal
degradation products did not accelerate the decomposition of ZIF-8. This
is furthermore supported by the fact that the calculated remaining
sample amounts, shown in Table 1, did not significantly differ from the
experimental ones.

3.3. Textural properties of IL@ZIF-8 composites

The textural properties of ZIF-8 and IL@ZIF-8 composites were
determined from N2 sorption-desorption equilibrium isotherms ob-
tained at 77 K (Fig. 2 and Fig. S16, See SI). A relative pressure of 0.97
was used in the determination of the total pore volume (Vp) of the

sorbent materials, and the micropore volume (Vmicropore) was estimated
using the Dubinin-Astakhov equation. The BET and Langmuir specific
surface areas (ABET and ALangmuir, respectively) of the sorbents were also
calculated. These properties can be seen in Table 2, alongside the solid
matrix density (ρs) of each material. The textural properties of ZIF-8
were in accordance with the values reported in the literature [48–50].
The N2 equilibrium isotherms were all Type I according to the IUPAC
classification [51], which indicates the microporous nature of both ZIF-8
and composite materials. This was corroborated by the calculated
micropore volumes of these materials, which make up for 85–98 % of
the determined total pore volume.

The data in Table 2 indicates the impact of IL impregnation on the
textural properties of the composites. When compared to ZIF-8, these
materials lost 30–93 % of total pore volume, and BET and Langmuir
specific surface areas. This can be explained by IL occupation/blockage
of free sorption sites in the ZIF-8 structure. The composite [N4 1 1 8][Ac]
@ZIF-8, which has an impregnated IL with middle-sized and long alkyl
chains, showed the highest textural properties losses. While for all
composites ILs blocked/occupied available pore volume (i.e., free
sorption sites in the ZIF-8 structure), this was particularly notable for

Fig. 2. N2 sorption-desorption equilibrium isotherms at 77 K of pristine ZIF-8 and all IL@ZIF-composites. Closed and open symbols denote sorption and desorption
equilibria data, respectively.
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[N4 1 1 8][Ac]@ZIF-8. Interestingly, there were no abrupt textural
properties losses for [C10MIM][Ac]@ZIF-8. A possible explanation for
this is that, after IL impregnation, the long alkyl chains of [C10MIM]+

cation are packed in such a way that block less pore volume than the
same chains in [N4 1 1 8]+. This different packing of the chains could be
the result of, in likely order of scenarios, higher molar volume of [N4 1 1

8]+, nonidentical cation-MOF interactions, and/or different interactions
between the long chains and the charged part of the cation.

To truly compare losses between composites, textural properties
values should be determined per unit mass of ZIF-8 (in an IL-free basis),
as shown in Table 2. All values were still inferior to the ZIF-8 ones, which
means that all ILs occupied/blocked available pore volume. From the IL-
free textural properties of [N4 1 1 8][Ac]@ZIF-8, the IL likely has a
different conformation within the ZIF-8 structure when compared to the
other ILs.

It should be mentioned that the classical BET data treatment should
only be done considering sorption-desorption data points between 0.05
and 0.30 of relative pressure. Usually, this condition cannot be satisfied
for microporous materials, so herein the low-pressure range was
enlarged for the calculations [51]. Because of this, Langmuir specific
surface area is preferred for these materials, with similar albeit slightly
overestimated values when compared to the BET ones.

The use of non-local density functional theory (NLDFT) calculations
applied to the N2 sorption-desorption data at 77 K allowed for the
determination of the pore size distribution (PSD) of pristine ZIF-8 and
composites. As shown in Fig. S17 (See SI), most IL@MOF materials had a
similar distribution as the MOF precursor, but with less available pore
volume. These distributions confirmed the microporous nature of almost
all materials, as all pores had <20 Å width [51]. It should be noted that,
while the PSD of [N4 1 1 8][Ac]@ZIF-8 could not be determined from the
collected experimental sorption-desorption data points, its N2 sorption-
desorption equilibrium isotherms at 77 K is undeniably Type I, and
confirms its microporous nature [51].

3.4. PXRD

To confirm that the ZIF-8 structural integrity was kept after IL
impregnation, normalized diffractograms of the MOF and IL@ZIF-8
composites were obtained, as shown in Fig. S18 (See SI). The ZIF-8
diffractogram was like others found in previous literature [52,53], and
the IL@ZIF-8 ones overlapped it (i.e., peaks positions did not change).
Thus, no significant ZIF-8 structural changes occurred due to IL
impregnation, with the crystallinity of ZIF-8 being kept.

PXRD diffractograms of IL@ZIF-8 composites showed higher peak
intensities when compared to the ZIF-8 one, especially for peaks be-
tween 10 and 18◦. The increases are more noticeable for composites
with long-side alkyl chains (also in short-side alkyl chains, for DABCO-
based composites). These differences in peak intensity point to elec-
tron density changes after IL impregnation, that result from the formed
IL-MOF interactions.

3.5. Sorption performance of IL@ZIF-8 materials

In IL@MOF composites, the gas sorption performance of a material

depends on the combination of different factors, namely the chosen
MOF/IL system, IL loading, the extent of pore volume loss due to IL
occupation/blockage, possible synergistic effects, and the solvent effect.
This last one is negligible when ethanol is used as the solvent for IL
impregnation in ZIF-8, as shown previously [41], given it does not
compromise the sorption capacity of this MOF, as well as its structural
integrity. Tables S1-S4 (See SI) contain the sorption-desorption equi-
librium data of ZIF-8 and IL@ZIF-8 materials produced.

Single-component CO2 and N2 sorption-desorption equilibrium iso-
therms for pristine ZIF-8 and all IL@ZIF-8 composites were measured at
303 K, shown in Fig. 3. These isotherms were all Type I according to
IUPAC classification [51] and showed that composites, particularly
those with longer alkyl chains, sorbed less gas than ZIF-8 at high pres-
sure. This is due to IL occupation/blockage of available pore volume,
which is the predominant factor in this pressure range.

The imidazolium-based composites did not have a linear profile at
low pressure. For these materials, the first sorption point indicated a
large gas uptake due to the IL presence and the classical Type I shape
only started from the second sorption point. This kind of isotherm profile
has been previously reported for carboxylate-based IL@MOF materials
[33,35] and can be explained by the high CO2 solubility of these ILs at
low pressures (0–1 bar) [25,30]. This proves that ILs, while occupying/
blocking pore volume (i.e., free sorption sites), can create new and
stronger sorption sites. Interestingly, the [C10MIM]+ cation (with a
longer, more apolar chain) was responsible for more CO2 sorption
(apolar gas) than [C2MIM]+ up until 0.7 bar. This trend, where a long
alkyl chain in the 1-alkyl-3-methylimidazolium cation led to slightly
higher sorption of this gas, has also been found in [CnMIM][NTf2]@ZIF-
8 composites [27]. The produced imidazolium-based composites,
through synergistic effects, were the only ones where CO2 sorption at
low pressure was superior to pristine ZIF-8.

It should be noted that the mentioned high CO2 solubility at low
pressures in [CnMIM][Ac] ILs is explained by a chemical reaction be-
tween these and CO2 [30,31,54]. This reaction has been explored in
experimental studies [55,56], though the reaction mechanism is
disputed. An initial study [57] proposed a reaction mechanism for
[C4MIM][Ac] IL, in which the basicity of the acetate anion was sufficient
to deprotonate the imidazolium cation at the C2 position of the ring,
producing acetic acid and a highly reactive carbene species. When CO2 is
later absorbed, the carboxylation of the carbene will occur, promoting
an abnormal increase in CO2 sorption [25]. While this reaction likely
happens to some extent [58], this simple mechanism has been refuted by
subsequent studies [59] and replaced by another that includes the for-
mation of a complex anion [56,60].

More recent mechanisms have been proposed that do not include
carbene formation [61]. Irrespective of the mechanism, the reaction
between the [CnMIM][Ac] IL and CO2 promotes higher CO2 sorption
capacity at low pressures in imidazolium-based ILs [25] and, by exten-
sion, in imidazolium-based IL@ZIF-8 composites.

As mentioned before, it is the acidic hydrogen atom found in the
imidazolium cation at the C2 position of the ring that will promote the
reaction. The fact that no hydrogen atom with such acidity exists in both
ammonium- and DABCO-based ILs, despite their cationic structures
resembling amines, explains why their respective composites did not

Table 2
Textural properties and skeletal density of ZIF-8 and IL@ZIF-8 composites. The values in brackets are in IL-free basis, expressed per gram of ZIF-8.

Sample Vp

(cm3/g)
Vmicropore

(cm3/g)
ABET

(m2/g)
ALangmuir

(m2/g)
ρs

(g/cm3)

ZIF-8 0.672 0.655 1862 1926 1.49
[C2MIM][Ac]@ZIF-8 0.470 (0.522) 0.461 (0.512) 1277 (1419) 1323 (1470) 1.39
[C10MIM][Ac]@ZIF-8 0.360 (0.427) 0.352 (0.417) 936 (1109) 972 (1152) 1.35
[N2 1 1 4][Ac]@ZIF-8 0.321 (0.361) 0.313 (0.352) 881 (990) 910 (1022) 1.24
[N4 1 1 8][Ac]@ZIF-8 0.060 (0.071) 0.051 (0.060) 129 (152) 138 (163) 1.24
[C2DABCO][Ac]@ZIF-8 0.343 (0.388) 0.334 (0.378) 935 (1058) 960 (1086) 1.27
[C12DABCO][Ac]@ZIF-8 0.249 (0.304) 0.242 (0.296) 623 (762) 652 (797) 1.25
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show relevant synergistic effects. Therefore, it is not enough for an
impregnated IL to have a basic anion like acetate for synergy between an
IL and ZIF-8 to occur at low pressures; a cation that promotes a
reversible chemical reaction with CO2 is also required.

An IL-free basis can be applied to the sorption-desorption data and is
revealed in Fig. S19 (See SI). The normalization of gas uptake per unit
mass of ZIF-8 can once again uncover more information about the IL
impact on the sorption capacity of IL@ZIF-8 composites. Using this
basis, if ILs did not affect differently the gas sorption capacity, IL-free
basis isotherms would collapse into one. Also, because the same
amount of IL was impregnated, it is possible to consider at first that ILs
could occupy the same pore volume. The N2 sorption-desorption data 77
K clearly showed that the pore volume is dependent on the impregnated
IL. Thus, the gas uptake in IL@MOF materials is dependent on the IL
structure, gas solubility, and its arrangement in the MOF structure.
Interestingly herein, the ILs with short-side alkyl chains, irrespective of
their cation nature, seemed to have the same impact in gas sorption,
because their IL-free isotherms were nearly identical at high pressures.
For ILs with long-side alkyl chains, the cation nature dictated different
impacts on gas sorption capacity. As no IL-free composites isotherms
collapsed into the ZIF-8 one, no IL was totally outside the MOF structure
and therefore it is furthermore confirmed the occupation/blockage of
the available pore volume.

A different way to highlight that ILs structures have an impact on the
sorption capacity is to consider the sorption-desorption data per avail-
able pore volume. A sorbed amount named qt/Vp, expressed in mol gas/
cm3 of available pore volume, can be obtained by dividing the gas

uptake at a given pressure by the total pore volume of the material. The
respective equilibrium isotherms expressed in qt/Vp can be seen in
Fig. S20 (See SI). The composite [N4 1 1 8][Ac]@ZIF-8 showed more gas
uptake per available pore volume and proved once again how ILs can
tune gas sorption capacity.

The qt/Vp data of the composites were normalized considering ZIF-8
as the reference, with this normalization being achieved by dividing qt/
Vp = f(P) of a material composite by the respective qt/Vp of ZIF-8 at the
same pressure value. Normalized values are shown in Tables S5 and S6
(See SI) for 0.5 and 10 bar, which were deemed as representative values
of the low- and high-pressure regimes, respectively. The normalized data
are also shown in Fig. 4. Analyzing the quadrants for CO2 and N2, all
composites showed higher normalized values at low-pressure (green and
yellow MAP quadrants). For both pressure regimes, the composite [N4 1

1 8][Ac]@ZIF-8 showed the highest increases, because this material
sorbed gas in the same order of magnitude as the other composites but
was revealed to have much lower pore volume. This means that the IL
impact in sorption capacity (per available pore volume) is more evident
in this material, and not that it sorbed much more than ZIF-8 at both
pressure regimes.

To uncover the selectivity performance of the materials, ZIF-8 and
IL@ZIF-8 sorption-desorption data were fitted with Sips and dual-site
Sips fittings, respectively. The Sips model applies to microporous ma-
terials with homogeneous sorbent surfaces [43]. Given that the
impregnation of imidazolium-based ILs led to atypical Type I isotherms,
the dual-site Sips model was preferred for the composite materials.
Moreover, this model considers sorption sites with different energies,

Fig. 3. (Left) Single-component sorption-desorption equilibrium isotherms of CO2 and N2 for ZIF-8 and IL@ZIF-8 composites at 303 K. Closed and open symbols
denote sorption and desorption data, respectively. Lines represent the Sips (ZIF-8) and dual-site Sips (composites) isotherm models fittings to the experimental data
points. (Right) A low-pressure range inset of the data is shown to clarify the goodness of the fittings to the experimental data.
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which seems appropriate for these IL@ZIF-8 composites, given the ex-
istence of both acetate-based ILs and MOF sorption sites [33,62]. The
obtained model fitting parameters can be found in Tables S7 and S8 (See
SI).

ZIF-8 showed a higher maximum sorbed amount and affinity for CO2
than for N2 while presenting a homogeneous system given that n was
close to 1. The general trend in composites was that sorption site 1,
attributed to ZIF-8 sorption sites, had higher maximum sorbed amounts
than those of sorption site 2, attributed to the IL sorption sites. The sole
composite in which qs1 > qs2 was not verified was for N2 sorption-
desorption in [C2MIM][Ac]@ZIF-8. In many cases, qs1 was far superior
to qs2, meaning ZIF-8 sorption sites were the ones contributing the most
to high-pressure gas sorption. Also, b1 and b2 parameters for CO2 were in
general superior to the same parameters for N2. The sole exception is the
b2 parameter of [C10MIM][Ac]@ZIF-8. This was considered a mathe-
matical artifice caused by trying to find the best fitting for the isotherms
of this composite. Since [C10MIM][Ac]@ZIF-8 sorbed more CO2 than N2,
it is unrealistic that the material shows more affinity towards the latter
gas. Finally, in the imidazolium-based composites, the ones that showed
atypical Type I CO2 isotherms, it was found that n1 < n2, which means

the ILs turned the system more heterogeneous. For N2, n1 < n2 was
verified in the DABCO-based composites, considered also as a mathe-
matical artifice created by the shape of the isotherm.

From the obtained fittings, the ideal CO2/N2 selectivity of all the
materials considering post-combustion flue gas composition was calcu-
lated. The selectivity profiles are shown in Fig. 5 and revealed that all
but one composites were more selective than ZIF-8 in the entire pressure
range (0–10 bar). In the case of [C2DABCO][Ac]@ZIF-8, IL impregna-
tion did not improve the selectivity performance of the material, when
compared to the original ZIF-8. Imidazolium-based IL@ZIF-8 materials
followed a different trend from ZIF-8 and the other composites, with
[C10MIM][Ac]@ZIF-8 showing the highest selectivity at 1 bar (pressure
value at which flue gas is emitted). This composite showed an over four-
time increase in selectivity at this pressure, while [C2MIM][Ac]@ZIF-8
almost tripled its selectivity. From the ideal CO2/N2 selectivity results,
impregnated ILs with longer, more apolar side alkyl chains improved the
selectivity performance of IL@ZIF-8 composites, when compared to
their short chains counterparts. This trend has also been found in
[CnMIM][NTf2]@ZIF-8 materials [27]. Also at 1 bar, [N4 1 1 8][Ac]
@ZIF-8 and [C12DABCO][Ac]@ZIF-8 showed 90 % and 51 % increases
in selectivity performance, when compared to ZIF-8, although the size of
the side alkyl chains had less influence in tuning this sorbent property.

The performance of the produced composites was compared with
other IL@ZIF-8 ones found in the literature, as chronologically pre-
sented in Table 3. Regarding ideal CO2/N2 selectivity, the composite
[C10MIM][Ac]@ZIF-8 was found to have a better performance than 77
% of the listed composites, whereas for [C2MIM][Ac]@ZIF-8 this per-
centage was 67 %. If one considers the mass IL loadings of composites
with high selectivity values, most of them have (or are likely to have)
much higher loadings than the imidazolium-based composites produced
herein. This means that there is potential in increasing the selectivity
(and probably the CO2 sorption capacity) of the reported [CnMIM][Ac]
@ZIF-8 composites by increasing the amount of impregnated IL.

4. Conclusions

This work studied the cationic effect of six imidazolium-, ammo-
nium- and DABCO-based IL@ZIF-8 composites on gas sorption and ideal
CO2/N2 selectivity performance.

IL impregnation was confirmed by FT-IR and TGA. The N2 sorption-

Fig. 4. MAP of IL@ZIF-8 composites for the sorption-desorption equilibrium of
CO2 and N2 at 303 K. ZIF-8 is the normalization reference assumed in the MAP
calculation for both low- and high-pressure normalizations (reference pressures
of 0.5 and 10 bar, respectively).

Fig. 5. Ideal CO2/N2 selectivity for the pristine ZIF-8 and IL@ZIF-8 composites
as a function of the total mixture pressure, determined from the Sips (ZIF-8) and
dual-site Sips (composites) adsorption isotherm models of the single-component
sorption-desorption isotherms, measured at 303 K and in the pressure range of
0.5–10 bar. The line is a guide-to-the-eye relative to the pristine ZIF-8.

T.J. Ferreira et al. Sustainable Materials and Technologies 42 (2024) e01122 

8 



desorption equilibrium data at 77 K confirmed the microporous nature
of the produced composites and the loss of total pore volume from IL
occupation/blockage. The composite [N4 1 1 8][Ac]@ZIF-8 had its
textural properties significantly affected, while for [C10MIM][Ac]@ZIF-
8 and [C12DABCO][Ac]@ZIF-8 this decrease was not as abrupt and
explained by different packing of the side alkyl chains. Finally, PXRD
data indicated that the ZIF-8 structural integrity and crystallinity were
maintained after IL impregnation.

All materials showed Type I isotherms, even though the
imidazolium-based composites CO2 isotherms had an atypical profile at
low pressure (0–1 bar). The same composites were the only ones to
outperform ZIF-8 in CO2 sorption at this pressure range, and the syn-
ergistic effects were explained by the chemical reaction between the
imidazolium ILs and the gas. Despite having structural similarities to
amines, ammonium- and DABCO-based ILs were unable to create syn-
ergistic effects. Different approaches were used to demonstrate that ILs

Table 3
Comparison of CO2 and N2 sorption capacity and ideal CO2/N2 selectivity for ZIF-8 and IL-modified ZIF-8 systems reported in literature. The original nomenclature of
each composite was adjusted to the one used herein. Gas sorption capacity values were retrieved at 0.15 bar for CO2 and 0.85 bar for N2.

ZIF-8 System IL loading (wt.
%)

Temperature
(K)

CO2 sorption capacity (mol/
kg)

N2

sorption capacity (mol/
kg)

Ideal CO2/N2

Selectivity
Reference

ZIF-8 c 0 303 0.09 0.10 5.0 This work
[C4MIM][PF6]@ZIF-8 a,b,c 24 298 0.13 0.04 20.4 [26]

4 298 0.10 0.07 7.7
[63][C4MIM][BF4]@ZIF-8 a,b,c 20 298 0.09 0.06 8.5

28 298 0.09 0.04 13.0
10 303 0.26 0.09 17.2

[33]

[C2MIM][Ac]@ZIF-8 a,c 20 303 0.54 0.18 17.3
26 303 0.68 0.23 16.9
8 303 0.19 0.11 9.7

[C4MIM][Ac]@ZIF-8 a,c 15 303 0.48 0.07 41.6
25 303 0.80 0.12 39.5

[C4MIM][SCN]@ZIF-8 a,b,c 25 298 0.06 0.02 17.9 [64]
[C4MIM][CH3SO3]@ZIF-8 a,b,c 25 298 0.09 0.05 10.8

[65]
[C4MIM][CF3SO3]@ZIF-8 a,b,c 27 298 0.08 0.08 5.7
[C4MIM][CH3SO4]@ZIF-8 a,b,c 26 298 0.08 0.02 22.0
[C4MIM][C8SO4]@ZIF-8 a,b,c 24 298 0.03 0.03 6.3
[C4MIM][FeCl4]@ZIF-8 c 13 303 0.05 0.05 5.0

[41]
[C4MIM]2[MnCl4]@ZIF-8 c 18 303 0.04 0.04 7.1
[C4MIM]2[NiCl4]@ZIF-8 c 18 303 0.05 0.05 5.3
[C4MIM]2[CoCl4]@ZIF-8 c 18 303 0.04 0.06 4.5
[C4MIM]2[Co(NCS)4]@ZIF-8 c 20 303 0.03 0.04 4.4
[TETA][Lac]-ZIF-8-[TETA][Lac]a,c ~40 298 1.09 0.01 489.2

[29]

ZIF-8-[TETA][Lac]a,c n.d. 298 0.34 0.07 28.6
[TETA][Lac]-ZIF-8a,c n.d. 298 0.44 0.01 368.3
[TETA][Lac]-ZIF-8-[TETA][Lac]-0a,c n.d. 298 0.34 0.16 11.9
[TETA][Lac]-ZIF-8-[TETA][Lac]-

0.05a,c n.d. 298 0.50 0.03 89.7
[TETA][Lac]-ZIF-8-[TETA][Lac]-

0.15a,c n.d. 298 0.76 0.05 90.7
[TETA][Lac]-ZIF-8-[TETA][Lac]-

0.25a,c n.d. 298 1.10 0.01 586.5
[C2MIM][N(CN)2]@ZIF-8(low) c 3 303 0.08 0.08 5.1

[66]

[C2MIM][N(CN)2]@ZIF-8(high) c 6 303 0.08 0.08 5.7
[C2MIM][C(CN)3]@ZIF-8(low)c 1 303 0.08 0.09 5.2
[C2MIM][C(CN)3]@ZIF-8(high)c 30 303 0.01 0.002 23.1
[C2MIM][NTf2]@ZIF-8(low)c 3 303 0.09 0.09 5.2
[C2MIM][NTf2]@ZIF-8(high)c 31 303 0.05 0.04 7.0

10 313 0.10 n.a. 2.8

[67]

[C2MIM][Gly]@ZIF-8(high)a,d 20 313 0.24 n.a. 3.6
30 313 0.70 n.a. 7.7
10 313 0.28 n.a. 2.8

[C2MIM][Ala]@ZIF-8(high)a,d 20 313 0.32 n.a. 2.3
30 313 0.72 n.a. 3.0

[C6MIM][B(CN)4]@ZIF-8 11 303 0.06 0.07 5.2 [68]
[N2 1 1 4][Ac]@ZIF-8 8 303 0.10 0.07 7.5

[38]
[N1 2OH 2OH 2OH][Ac]@ZIF-8 9 303 0.09 0.09 6.1
[N1 2OH 2OH 2OH][NTf2]@ZIF-8 17 303 0.07 0.07 5.4
[N2 1 1 2OH][AcCys]@ZIF-8 11 303 0.07 0.08 4.8
[N2 1 1 2OH][NTf2]@ZIF-8 15 303 0.06 0.07 5.3
[C2MIM][Ac]@ZIF-8 10 303 0.20 0.08 13.9

This work

[C10MIM][Ac]@ZIF-8 16 303 0.25 0.07 20.3
[N2 1 1 4][Ac]@ZIF-8 11 303 0.09 0.07 7.2
[N4 1 1 8][Ac]@ZIF-8 15 303 0.09 0.05 9.4
[C2DABCO][Ac]@ZIF-8 12 303 0.07 0.08 4.6
[C12DABCO][Ac]@ZIF-8 18 303 0.09 0.07 7.5

Note that n.d stands for ‘not determined’ and n.a for ‘not available’.
a Gas sorption capacity values were retrieved from the graph in the literature.
b The sorption capacity of the composite was calculated into mol/kg from cm3/g.
c Selectivity values were determined at 1 bar according to Eq. (5).
d Selectivity values were retrieved at 1 bar from the graph in the literature.
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impact differently the sorption capacity of the produced IL@ZIF-8 ma-
terials, specifically using an IL-free basis and from a pore volume
perspective.

The ideal CO2/N2 selectivity was calculated for ZIF-8 and IL@ZIF-8
composites considering post-combustion composition. The calculations
revealed that, at 1 bar, [C10MIM][Ac]@ZIF-8 was the most selective
composite, showing an over four-time increase in selectivity while
[C2MIM][Ac]@ZIF-8 almost tripled its selectivity. The results were
explained by stronger interactions between CO2 (an apolar gas) with
longer, more apolar side alkyl chains in 1-alkyl-3-methylimidazolium-
based IL@ZIF-8 composites. For the ammonium- and DABCO-based
composites, the size of the side alkyl chains had less influence in the
tuning of the selectivity performance at low pressure.

In summary, this work studied two rarely- or never-before-explored
cationic families, when considering IL@MOF materials for gas sorption.
The most natural choice to obtain synergistic effects for CO2 post-
combustion capture/separation pressures is the use of cations with
long-side alkyl chains along with acidic hydrogen atoms that, together
with a carboxylate-based anion, can promote a reaction with CO2,
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L. Öhrström, M. O’Keeffe, M.P. Suh, J. Reedijk, Terminology of metal-organic
frameworks and coordination polymers, Pure Appl. Chem. 85 (2013) 1715–1724,
https://doi.org/10.1351/PAC-REC-12-11-20.

[21] A.E. Baumann, D.A. Burns, B. Liu, V.S. Thoi, Metal-organic framework
functionalization and design strategies for advanced electrochemical energy
storage devices, Commun. Chem. 2 (2019) 86, https://doi.org/10.1038/s42004-
019-0184-6.

[22] K. Sumida, D.L. Rogow, J.A. Mason, T.M. McDonald, E.D. Bloch, Z.R. Herm, T.-
H. Bae, J.R. Long, Carbon dioxide capture in metal—organic frameworks, Chem.
Rev. 112 (2012) 724–781, https://doi.org/10.1021/cr2003272.

[23] I. Ahmed, S.H. Jhung, Composites of metal–organic frameworks: preparation and
application in adsorption, Mater. Today 17 (2014) 136–146, https://doi.org/
10.1016/j.mattod.2014.03.002.

[24] P.J. Carvalho, K.A. Kurnia, J.A.P. Coutinho, Dispelling some myths about the CO₂
solubility in ionic liquids, Phys. Chem. Chem. Phys. 18 (2016) 14757–14771,
https://doi.org/10.1039/c6cp01896c.

[25] J. Avila, L.F. Lepre, K. Goloviznina, L. Guazzelli, C.S. Pomelli, C. Chiappe,
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