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Abstract: Composite sorbent materials (IL@MOF) with a metal-organic framework (MOF) ZIF-8 and
[B(CN)4]~-based ionic liquids (ILs) were produced for the first time. Characterization results indicate
the successful IL impregnation and conservation of the ZIF-8 crystalline structure and morphology.
The data collected from the nitrogen (N) physisorption at 77 K suggest that these IL@ZIF-8 materials
are nonporous as their textural properties, such as BET specific surface area and total pore volume,
are negligible. However, CO,, CHy, and N, adsorption/desorption measurements in the IL@ZIF-
8 composites at 303 and 273 K contradict the N data at 77 K, given that the obtained isotherms
are Type I, typical of (micro)porous materials. Their gas adsorption capacity and ultramicroporous
volume are in the same order of magnitude as the pristine microporous ZIF-8. The case study
[CeMIM][B(CN)4] IL revealed a high affinity to both CO, and CHy. This compromised the selectivity
performance of its respective composite when compared with pristine ZIF-8. This work highlights
the importance of accurate experimental gas adsorption/desorption equilibrium measurements to
characterize the adsorption uptake and the porous nature of adsorbent materials.

Keywords: CO, separation; gas adsorption; ionic liquids (ILs); metal-organic frameworks (MOFs);
composite porous materials

1. Introduction

Developing new sorbent materials for carbon dioxide (CO;) capture/separation is vital
for responding to global warming and its impacts [1,2]. Technologies like gas absorption,
gas adsorption, membrane permeation, and chemical looping, among others, have been
proposed for CO, capture [3,4]. Different classes of materials have been considered for this
purpose, such as ionic liquids (ILs) [5], metal-organic frameworks (MOFs) [6], covalent-
organic frameworks (COFs) [7], or hybrid ultramicroporous materials (HUMs) [8]. In the
last decade, the production of MOF-based composite materials for gas adsorption has been
proposed [9]. Specifically, the incorporation of ILs into the structure of a MOF, named
IL@MOF composite materials, has been studied [10]. In these studies, it is frequently
assessed the CO, separation from gaseous mixtures of topical interest that include methane
(CHy) [11] or nitrogen (N3) [12] in their composition. Sorbent material properties like gas
sorption capacity and selectivity performance are crucial to understanding the IL impact
on the gaseous mixture separation compared to the pristine MOEF. Ultimately, the desire is
that IL impregnation creates a synergistic effect that improves both the CO, uptake and
selectivity of the composite material [10].

In a previous study by our group [13], different ILs were incorporated with the same
molar loading into the structure of the MOF ZIF-8 to study their cation and anion effects
and how ILs impact gas adsorption and selectivity of the material. All but one IL in
their bulk phase absorb CO; by physisorption, while [C;MIM][Ac] absorbs the gas by
chemisorption. Two cyano-based ILs, namely [CaMIM][N(CN),] and [CsMIM][C(CN)3],
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were used to produce IL@ZIF-8 composites, along with the fluorinated [CeMIM][NTH;].
High CO, solubility has been reported for fluorinated ILs [14], although the cyano-based
composites showed superior CO, uptake between 0-16 bar than [C¢aMIM][NTf,]@ZIF-8.

Additionally, Carvalho et al. [15] compared the CO; solubility of functionalized ILs
with a generic n-alkane called eicosane. It was concluded that, in molality units, only cyano-
based ILs containing the anion [B(CN)4]~ showed superior CO, solubility than eicosane.
This means that, compared to a common and cheap n-alkane, only [B(CN)4]~-based ILs
showed superior CO, solubility. Another study by Zakrzewska and Nunes da Ponte [16]
determined CO, solubilities at 303.15 K for [Co,MIM][B(CN)4] and [CsMIM][B(CN)4] be-
tween 0-190 bar. These solubilities were found to be comparable or even slightly superior
to the ones found for [NTf,]~-based ILs. This indicates that [B(CN)4] -based ILs have the
potential to surpass the [NTf,] -based ILs, which are commonly referred to in the literature
as the best ILs for CO, capture [17].

In this work, MOF ZIF-8 was impregnated for the first time with [C,MIM][B(CN)4] ILs,
considering their proven high CO; solubility, and the derived composites were fully studied.
Different characterization techniques were employed to confirm the IL impregnation and
to determine its impact on the crystalline structure, morphology, and textural properties of
the produced composites, and ultimately on their sorption performance (with both cation
and loading effects being studied). Complementary adsorption/desorption measurements
of CO,, CHy, and N at 303 K and in a pressure range of 0-16 bar were obtained for
the composites. The adsorption behavior of [C,MIM][B(CN),]-based materials upon the
adsorbates and temperatures studied should serve as a warning to researchers developing
new composite materials for gas sorption applications.

2. Materials and Methods
2.1. Materials

The MOFs ZIF-8 (Basolite®Z1200) and MIL-53(Al) (Basolite® A100) were purchased
from Sigma-Aldrich. The ILs 1-ethyl-3-methylimidazolium tetracyanoborate ([C;MIM][B(CN)4],
>99.5%) and 1-hexyl-3-methylimidazolium tetracyanoborate ([CeMIM][B(CN)4], >98.0%)
were acquired from Merck. The IL 1-hexyl-3-methylimidazolium tetrafluoroborate ([CsMIM][BE4],
99.0%) was purchased from IoLiTec GmbH. Acetone (99.8%, Carlo Erba) was used for IL
dissolution before MOF impregnation. Potassium bromide (KBr; Panreac) was used to
prepare the FT-IR tablets. Finally, the gases used in the adsorption/desorption equilibrium
measurements, namely, Np (>99.998%), CHy (>99.95%), CO; (99.998%), and He (>99.999%),
were supplied by Air Liquide.

2.2. Samples Preparation

The protocol developed previously for IL@MOF materials production can be found
elsewhere [13]. Briefly, 0.45 mmol of IL, vacuumed at 0.1 Pa and 323 K for at least 24 h,
was weighed and dissolved in 10 mL of acetone. This IL quantity was applied in all but
one composite produced for this work (generically named herein as IL@ZIF-8 (low)). For
the composite named [CsMIM][B(CN)4]@ZIF-8 (high), an IL amount of 1.10 mmol was
used instead. The IL solution was stirred at room temperature for 15 min. Then, 1 g of
ZIF-8 (degassed for 4 h at 373 K) was weighed, and the IL solution was added to the MOF
vial. The mixture was then capped and stirred overnight. Afterwards, the cap was removed
and to promote acetone evaporation, samples were dried for 4 h at room temperature and
then at 338 K. A final degassing step at 373 K was performed for 4 h to remove any traces
of volatile components.

2.3. Samples Characterization
2.3.1. Fourier Transform Infrared (FT-IR) Spectroscopy
Infrared spectra of the materials were obtained at room temperature conditions, be-

tween 4000 and 450 cm ! (spectral resolution of 4 cm~!), with a FT-IR Spectrometer
Spectrum Two model (PerkinElmer). For neat ILs, an Attenuated Total Reflectance (ATR)
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modulus was used. For solid samples (ZIF-8 and IL@ZIF-8 composites), spectra were
acquired with a Transmittance modulus. In this case, KBr tablets were produced containing
some milligrams of solid sample.

2.3.2. Powder X-ray Diffraction (PXRD)

The PXRD diffractograms of the materials were obtained using a MiniFlex II diffrac-
tometer (Rigaku), with an X-ray generator of 30 kV voltage and 15 mA current. A copper
radiation source was used (radiation wavelength of 1.5406 A), and analyses were run
between 26 values of 2°and 50° (0.02° step).

2.3.3. Scanning Electron Microscopy (SEM)

SEM micrographs of the materials were obtained with a Zeiss Auriga CrossBeam
Workstation SEM-FIB equipment (x 50k magnification). To obtain high-quality SEM images,
the materials were covered with a layer of gold prior to the analysis.

2.3.4. Textural Properties of ZIF-8 and IL@ZIF-8 Composites

To determine the textural properties of the produced composites, N, adsorption/
desorption isotherms of the materials were obtained at 77 K with a static volumetric appara-
tus ASAP 2010 (Accelerated Surface Area and Porosimetry System, Micromeritics). Before
each measurement, the material was degassed under vacuum for 4 h at 373 K. Different
textural properties of the materials, including total pore volume (V) and specific BET sur-
face area (Apgt), were determined using the BET volumetric method assuming multilayer
formation on the solid surface [18,19]. The Dubinin-Radushkevich (D-R) equation [18]
was applied to the CO, adsorption/desorption data at 273 K (considering points between
0-1 bar) to determine the volume of narrow micropores/ultramicropores (V,), which are
pores with a size below 7 A [19-21].

2.4. Gas Adsorption/Desorption Equilibrium Measurements

Adsorption/desorption equilibrium isotherms of CO,, CHy4, and N, were experimen-
tally measured using a fully established standard static gravimetric method, at 303 K and
in a pressure range of 0-16 bar [13,22]. For the same pressure range, CO, isotherms were
also obtained at 273 K for both ZIF-8 and the composite [CsMIM][B(CN)4]@ZIF-8 (Iow).

The main feature of this gravimetric unit is a high accuracy ISOSORP 2000 magnetic-
suspension balance (Rubotherm GmbH). About 0.3-0.4 g of the material of interest was
used for the measurements. Despite the external degassing of the samples, an in situ
degassing was also performed under vacuum at 373 K for 4 h to ensure that the materials
were free from moisture or other sorbed impurities. Finally, the temperature was allowed
to stabilize to the desired value (273 or 303 K) for the measurements to start. In this work,
replicate measurements were done to check data reproducibility. Further details concerning
the gravimetric apparatus and methodology employed in the measurements can be found
elsewhere [13,22-24].

It should be noted that “adsorption” is the prevalent phenomenon in the produced
composites, as the quantity of MOF used is much higher than the IL mass itself. This
term is used interchangeably herein with the technically correct term “sorption”, which
encompasses both gas adsorption and absorption phenomena.

The adsorbed amount of a gas can be expressed in different quantities (net, excess,
or total). For a gravimetric experiment, and using mole of adsorbed gas per unit mass of
adsorbent, the adsorbed amount can be expressed using a net adsorption quantity [25]:

m—ms — my + Vj, pg
Mg My !

M

net =

where m is the registered weighed mass, m; is the mass of (degassed) adsorbent material,
my, and V}, are the total mass and volume of all the physical parts of the sample holder
contributing to buoyancy effects, respectively. Also, pg is the density of the gas at the
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equilibrium pressure and temperature, and M,y is the molecular weight of the adsorbed gas.
Reporting in net quantity avoids drawbacks regarding using probe molecules to determine
the reference state. Nevertheless, most adsorption studies report total adsorption quantity
(9¢) data. For this purpose, our group usually considers the total pore volume of the material
as an approximation to the volume of the adsorbed phase, which cannot be experimentally
determined

gt = Jexc + Vppg/ )

where V}, is the total pore volume of the material [22]. However, for this work, it was
assumed to use the excess adsorption quantity (gexc)
Jexc = qnet + P7g1 3)
POs
where p; is the solid matrix density of the material. This density was determined by helium
(He) pycnometry.
Isotherms were fitted using the Sips adsorption isotherm model [18]

gs(bP)"/"

BTN

4)

in which g is the saturation adsorbed quantity, b is an affinity constant, and # is the system
heterogeneity constant.
With these fittings, ideal CO,/CH,4 and CO;/Nj selectivities were determined by

__ fexc CO,

SCOZ/CH4 = m (5)
4
fexc CO
Sco,/N, = ;::C v 2 (6)
2

considering an equimolar composition, as well as biogas (40:60 vol.% CO,/CHy) [26] and
flue gas (15:85 vol.% CO;,/Ny) [27] compositions.

3. Results and Discussion
3.1. Fourier Transform Infrared (FT-IR) Spectroscopy

Infrared spectroscopy was used to confirm the impregnation of [CsMIM][B(CN)4] into
the structure of ZIF-8. Spectra of the neat IL, MOF, and IL@MOF composite were obtained,
as shown in Figure 1. A weak IL-related band can be observed in the [CsMIM][B(CN)4]@ZIF-
8 (low) spectrum at about 2223 cm ™! (see graph inset), which is related to the C=N bond
found in the IL anion [28]. This confirms the success of the IL impregnation method.
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Figure 1. Infrared spectra of neat [CeMIM][B(CN)y4], [CsMIM][B(CN)4]@ZIF-8 (low) and pristine
ZIF-8 (the inset details the spectra between 2250 and 2200 cm ).

3.2. Powder X-ray Diffraction (PXRD)

The PXRD diffractograms of ZIF-8 and [C¢sMIM][B(CN)4]@ZIF-8 (low), shown in
Figure 2, reveal that all the pristine MOF peaks were well-preserved, as they can be
found in the composite diffractogram. This means that the IL impregnation does not
compromise the MOF structure and that the produced IL@ZIF-8 material is also crystalline.
The composites produced in our previous study [13] were also crystalline materials.

[C,MIMI[B(CN),J@ZIF-8 (low)

Intensity (a.u.)

J ZIF-8

0 5 10 15 20 25 30 35 40 45 50

26 (°)

Figure 2. PXRD diffractograms of [CsMIM][B(CN),]@ZIF-8 (low) and pristine ZIF-8.
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3.3. Scanning Electron Microscopy (SEM)

SEM images were obtained to confirm that the IL impregnation did not significantly af-
fect the morphology of the MOE. As observed in Figure 3, both ZIF-8 and [CsMIM][B(CN),]@ZIF-
8 (low) show similar surface morphologies. It appears that the composite particles are
slightly rounder than the ZIF-8 ones [13]. This is due to the presence of the IL in the struc-
ture along with the IL impregnation method itself, which uses high rotation speeds. This
fact generates particles collisions that can round their edges. The composite SEM image
shows that no excess IL is outside the MOF structure, although there will be a loading
where the IL entirely blocks the MOF pores, and the textural properties will have negligible
values [11].

200 nm EHT = 2.00kV Mag = 50.00 KX Signal A= InLens Fc{‘ 2 | 200nm EHT = 2.00kV Mag = 50.00 KX Signal A= InLens Fc .
Aperture Size =30.00pm WD = 54mm  Zeiss Auriga conmar o Aperture Size =30.00pm WD = 50mm  Zeiss Auriga cenmAToN

T 12 =

Figure 3. SEM micrographs (x50k magnification) of: (a) ZIF-8; and (b) [CsMIM][B(CN)4]@ZIF-
8 (low).

3.4. Textural Properties of ZIF-8 and IL@ZIF-8 Composites

Up until this point, all the characterization results for [CsMIM][B(CN)4]@ZIF-8 (low)
are similar to the other composites previously reported with the same IL molar loading [13].
However, the N, adsorption/desorption isotherm at 77 K for this material was unexpected.
As observed in Figure 4, a Type Il isotherm was obtained for this composite (according
to IUPAC classification [19]). This result suggests that [CsMIM][B(CN)4]@ZIF-8 (low) is a
nonporous material as the intrusion of N at 77 K is very low. It should be noted that Type
II isotherms are also typical of macroporous materials, but this is not the case as the N,
adsorbed amount is very low. This explains the very low total pore volume (obtained at a
relative pressure of 0.95) and BET specific surface area of this composite, shown in Table 1.
By contrast, pristine ZIF-8 presented a Type I isotherm, typical of microporous materials.
It should be noted that, in our previous study [13], IL@ZIF-8 composites showed Type I
isotherms for N at 77 K and, consequently, significant textural properties for gas sorption
applications.

A different sample from this batch was used for a reproducibility assay to exclude
possible poor IL dispersion during the preparation of the composite material. As observed
in Figure 4 and Table 1, it also showed very low N, adsorption, which translates into very
poor textural properties for a potential adsorbent for gas adsorption applications. No
hysteresis was found, which indicates the materials are completely reversible regarding N»
adsorption at 77 K.

The composite [CeMIM][BE4]@ZIF-8 (low) was then produced, given that it contains
the similar [BF4]~ anion. It presented a Type I isotherm like that of ZIF-8 and significant tex-
tural properties as observed in Table 1. This seems to indicate that whatever phenomenon
is happening at 77 K with N, it is associated with the [B(CN)4] ™ anion of the IL.
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Figure 4. N, adsorption/desorption equilibrium isotherms at 77 K of ZIF-8, [C,MIM][BF]@ZIF-8
(low) and different [C,MIM][B(CN)4]@ZIF-8 composites. Closed and open symbols denote the
adsorption and desorption data, respectively.

Table 1. Total pore volume (V5},), BET specific surface area (Aggr), solid matrix density (ps), and
IL mass loading obtained for ZIF-8 and the various IL@ZIF-8 composites. Both V}, and Aggr were
calculated from Ny adsorption/desorption data at 77 K, while ps was obtained from He pycnometry
at 333 K.

. Vp ABET Ps IL Loading
Material (@mily)  miy  (glem?) (wt.%)
ZIF-8 0.665 1862 1.49 0.0
[CeMIM][B(CN)4]J@ZIF-8 (low) 0.008 7 131 113
[CeMIM][B(CN)4 ]@ZIF-8 reproducibility assay 0.020 36 ’ ’
[CsMIM][BF,]@ZIF-8 (low) 0.484 1276 n.d. 10.3
[CsMIM][B(CN),]@ZIF-8 (low)—2 0.005 5 1.27 11.3
[CaMIM][B(CN)4]@ZIF-8 (low) 0.028 48 1.31 9.3
[CoMIM][B(CN)4]@ZIF-8 (high) 0.003 2 1.28 23.6
MIL-53(Al) 0.354 423 n.d. 0.0
[CsMIM][B(CN)4]J@MIL-53(Al) (low) 0.229 167 n.d. 11.3

A second batch of the case-study composite was produced for reproducibility check
and named as [C4MIM][B(CN)4]@ZIF-8 (low)—2. Concerning N, adsorption/desorption
at 77 K, as shown in Figure 4 and Table 1, it also presented a Type Il isotherm and similar
textural properties to the first batch. Additional composites [CoMIM][B(CN)4]@ZIF-8 (low)
and [C4MIM][B(CN)4]@ZIF-8 (high) were produced to study the cation and loading effects,
respectively. As observed in Figure 4 and Table 1, these two materials also showed Type 11
isotherms and very low textural properties.

The textural characterization of MOFs that can show some flexibility, breathing,
or gating effects should be taken with care regarding the analysis of their N, adsorp-
tion/desorption isotherms at 77 K. Studies on MOFs like zeolitic imidazolate frameworks
(ZIFs) emphasize that ZIF-8 exhibits a “swing effect”, i.e., some flexibility of its framework
in the form of a torsional motion of its imidazolate linkers [29]. Molecules larger than the
ZIF-8 geometric window size (~3.4 A) can diffuse through the ZIF-8 framework, a fact that
is attributed to the flexibility of the structure. Moreover, ZIF-8 has large cavities intercon-
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nected by narrow windows (~11.6 A of diameter) [30]. These material structural effects
and their phase transition between metastable phases can modify the diffusivity of gases
through the porous network, and to some extent can influence the N, adsorption isotherm
(at 77 K) and consequently the BET surface area and pore size distribution calculations.
Nonetheless, these effects are not seen in the results obtained for pristine ZIF-8. In fact, the
interaction of the IL basic anion [B(CN)4]~ with the imidazolate linker of ZIF-8 seems to
tune the material flexibility effect and directly affect the N, diffusivity through the porous
network, which reveals having an impact on the performance of ZIF-8 upon N, adsorp-
tion at 77 K. It is reported that regarding CO,, [B(CN)4] ~-based ILs display an enhanced
ability to dissolve CO, which can be based on weak cation-anion interactions of the ionic
liquid [15,16]. However, a deeper understanding of the CO, solvation in [B(CN)4]™ based
ILs is required, as this could open an explanation for the uptake behavior on their derived
MOF composites and the textural properties of those materials.

To see whether this phenomenon happens in another MOF, the IL [CsMIM][B(CN)4]
was impregnated into commercial MIL-53(Al). As shown in Figure 5, the composite has a
similar isotherm shape but lower N, uptake at 77 K when compared with the pristine MIL-
53(Al). This meant total pore volume and BET specific surface areas losses of 35% and 61%,
respectively. These textural property losses are similar to those obtained in our previous
study [13], which considered cations and anions of different nature and size. The composite
[CsMIM][B(CN)4]@MIL-53(Al) (low) showed significant textural properties as a potential
adsorbent, by contrast with [C,MIM][B(CN)4]@ZIF-8 (low). Therefore the behavior of
[ChMIM][B(CN)4]@ZIF-8 composites upon Nj adsorption at 77 K and respective textural
properties are exclusive of this system, explained by specific [CsMIM][B(CN)4] interactions
with ZIF-8 after impregnation.

400
® / O MIL-53(Al) o
° [C,MIM][B(CN),]@MIL-53(Al) (low)
e
300
a °
50
o>
g .
§ 200 5’ °
5 e
7] e} o ]
2 . o
M - ) () & .
o q °® ®
2 100 - oo v o
£ .2
T C ¢
8‘ 00000000 ¢ v
0 4
T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (p/p,)

Figure 5. N, adsorption/desorption equilibrium isotherms at 77 K of MIL-53(Al) and
[CsMIM][B(CN)4]@MIL-53(Al) (low). Closed and open symbols denote the adsorption and des-
orption data, respectively.

3.5. Gas Adsorption/Desorption Equilibrium Measurements

Solely considering the N; adsorption/desorption data at 77 K, the produced [C,MIM]
[B(CN)4]@ZIF-8 composites would never be considered as potential adsorbents for gas
sorption applications as they show very low textural properties. However, previous
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literature [15,16] indicated that [C,MIM][B(CN)4] ILs should show affinity towards CO,.
Figure 6 shows Type I CO, adsorption/desorption isotherms at 303 K for the pristine ZIF-8
and the produced [C,MIM][B(CN)4]@ZIF-8 materials. The composites showed inferior
but significant CO, uptake compared to ZIF-8 due to the IL pore occupation/blockage.
Type I isotherms were not expected of these materials, considering the N at 77 K data. The
collected gas adsorption/desorption for all materials herein can be found in Tables S1-54
of the Supporting Information.

Dose (mol/kg)

Pressure (bar)

Figure 6. CO, adsorption/desorption equilibrium isotherms at 273 K (inverted triangles) and 303 K
(diamonds) for ZIF-8 and [C,MIM][B(CN),]@ZIF-8 composites. Inset for the low-pressure region
is highlighted. Closed and open symbols denote the adsorption and desorption data, respectively.
Lines are guides to the eye. Symbols: ¥/ ZIF-8_273 K; v /<7 [C¢eMIM][B(CN),]@ZIF-8 (low)_273 K;
&/ ZIF-8_303 K; ¢/ [C¢MIM][B(CN)4]@ZIF-8 (low)_303 K; ¢ /< [CsMIM][B(CN)4]J@ZIE-8 (low)-
2_303K; ¢/< [CoMIM][B(CN)4]@ZIE-8 (low)_303 K; [CeMIM][B(CN)4]@ZIF-8 (high)_303 K.

The composites produced herein also adsorb in the same order of magnitude as the
ones in our previous work [13], which also showed that for [C,MIM][NTf,]@ZIF-8, the
shorter the side-alkyl chain, the more the composite would adsorb. Interestingly, for
[CaMIM][[B(CN)4]@ZIF-8 composites, the reverse tendency is herein observed. Desorption
data indicate that the materials show reversibility, as the desorption branch overlaps the
adsorption one (no exhibited hysteresis).

Figure 6 also shows the CO, adsorption/desorption equilibrium isotherms of pristine
ZIF-8 and [C¢MIM][B(CN)4]@ZIF-8 (low) at 273 K. By applying the Dubinin-Radushkevich
equation to the adsorption/desorption data between 0-1 bar [20,21], it was possible to cal-
culate the ultramicropore volume (V) of the two materials. The calculated ultramicropore
volume of pristine ZIF-8 and [CsMIM][B(CN)4]@ZIF-8 (low) was 0.283 and 0.227 cm®/ g,
respectively. Clearly, and in contrast with the results from N, adsorption at 77 K, CO,
data at 273 K indicates that [CeMIM][B(CN), J@ZIF-8 (low) has a microporous nature and,
consequently, more significant textural properties than previously determined.

Given that [CsMIM][B(CN)4]@ZIF-8 (low) has Type I isotherms for CO,, adsorp-
tion/desorption, isotherms of CH,; and N, were also measured at 303 K for this material
and the pristine ZIF-8. As shown in Figure 7, the composite material showed Type I
isotherms and gas uptake in the same order of magnitude as those found for ZIF-8. This
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was notably unexpected for Ny; considering that adsorption is favored by low temperatures,
[CcMIM][B(CN)4]@ZIF-8 (low) should not adsorb this gas at 303 K.

Dore (mol/kg)

Pressure (bar)

Figure 7. CO,, CHy and N adsorption/desorption equilibrium isotherms at 303 K for ZIF-8 and
[CsMIM][B(CN)4]@ZIF-8 (low) composite (with an inset for the low-pressure region). Closed and
open symbols denote the adsorption and desorption data, respectively. Lines represent the Sips
adsorption isotherm model fitting [18] to the experimental points. Symbols: /< ZIE-8_CO,; € /<
[CcMIM][B(CN)4]@ZIF-8 (low)_CO,; m/0 ZIF-8_CHy; m/ 00 [CaMIM][B(CN)4]@ZIF-8 (low)_CHy;
A /A ZIF-8 Ny; A/ A [CeMIM][B(CN)4]J@ZIF-8 (low)_Ny.

A reasonable explanation for the N; adsorption/desorption data at 77 K could be
that the IL is significantly outside the pores and completely blocks the gas from entering
the porous volume of the MOF, though this is not verified in the SEM micrographs pre-
sented in Figure 3. An IL-free basis was considered for [CsMIM][[B(CN)4]@ZIF-8 (low)
adsorption/desorption data at 303 K by normalizing the adsorbed quantity per unit mass
of ZIF-8. In an IL-free basis, the composite isotherms should overlap the pristine ZIF-8
ones unless the IL affects the gas uptake (i.e., change the sorption site’s nature). This is not
verified, as shown in Figure 8, which indicates the IL influences the adsorption capacity
of the composite material. By contrast, in our previous study [13], the IL [Pg ¢ ¢ 14][NTf;]
was used to incorporate ZIF-8 with the same molar loading used herein. In an IL-free
structure, the produced composite overlapped the ZIF-8 isotherms. According to molecular
simulations studies [31], this IL essentially cannot enter the ZIF-8 porous structure. This
means that only ILs found mostly outside the MOF structure will have IL-free isotherms
like the original MOF. Considering this relationship, [CcMIM][B(CN)4] is inside the ZIF-8
structure, which agrees with the SEM micrographs previously shown.
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q... (mol/kg ZIF-8)

Pressure (bar)

Figure 8. Single-component adsorption/desorption equilibrium isotherms of CO,, CHy, and N, on
an IL-free basis in pristine ZIF-8 and [CsMIM][B(CN),]@ZIF-8 (low) at 303 K. Symbols denote both
adsorption and desorption data. Lines represent the Sips adsorption isotherm model fitting the ex-
perimental non-IL-free data points. Symbols: € ZIF-8_CO,; ® [CsMIM][B(CN)4]@ZIF-8 (low)_COy;
B ZIF-8_CHy; M [CoMIM][B(CN)4]@ZIF-8 (low)_CHy; A ZIF-8_Np; A [C¢MIM][B(CN)4]@ZIE-
8 (low)_Np.

Ideal CO,/CHy and CO; /N3 selectivities were determined for both pristine ZIF-8 and
[CsMIM][B(CN)4]@ZIF-8 (low). Table 2 shows the obtained parameters and the average
relative error (ARE) of the Sips global fitting. The g5 values for both materials follow the
order of less adsorbed gas to most adsorbed (N, < CHy < CO;). Due to its higher gas
uptakes, ZIF-8 shows higher g5 values than its derived composite. Parameter b is also in the
expected order for both materials. Gases with higher affinity for the adsorbent are more
adsorbed, so the affinity parameter should, and in this case does follow the least to most
adsorbed gas order. Finally, the values of parameter n are near or slightly below 1, which
indicates homogeneous adsorbent-adsorbate systems.

Table 2. Sips model fitting parameters for N, CHy, and CO, on ZIF-8 and [C,MIM][B(CN)4]@ZIF-
8 (low).

Parameter—ZIF-8 N> CHy CO,
s 5.674 7.392 12.167
b 0.016 0.040 0.084
n 1.008 0.938 0.872
ARE (%) 1.1 1.3 74
Parameter—[C¢MIMI][B(CN)4]@ZIF-8 (low) N, CHy4 CO,
s 3.857 6.550 9.727
b 0.021 0.035 0.084
n 0.989 0.970 0.862
ARE (%) 1.6 1.2 3.2

The obtained ideal selectivities for ZIF-8 and [C¢MIM][B(CN)4]@ZIF-8 (low) are shown
in Figure 9. The composite shows inferior selectivity performance than the pristine ZIF-§,
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for all types of gaseous mixtures and compositions, in the entire pressure range. In our
previous study [13], practically all the produced IL@ZIF-8 composites developed with the
same IL molar loading as [CsMIM][B(CN)4]@ZIF-8 (low) were more selective than ZIF-8,
between 0-1 bar (i.e., adsorbent-adsorbate interactions prevail over the available pore
volume in this pressure range). It is not possible to directly compare selectivities between
composites, as the adsorption quantity used in that study (g;) is different from the ones
used herein (gexc).
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Figure 9. Ideal CO,/CH, and CO, /Ny selectivities for the pristine ZIF-8 and [C4MIM][B(CN)4]@ZIF-
8 (low) as a function of total pressure, determined from the Sips isotherm model fitting of the
single-component adsorption/desorption isotherms, measured at 303 K and in the pressure range of
0.5-16 bar.

Nevertheless, it is possible to compare the CO, and CH, adsorption/desorption equi-
librium isotherms in excess quantities, gexc. As observed in Figures 10 and 11, [CcMIM]
[B(CN)4]@ZIF-8 (low) is the second-best composite in terms of gas adsorption capacity,
only falling behind [C,MIM][Ac]@ZIF-8, a composite containing a chemisorption-character
IL. The CO; affinity of the [CsMIM][B(CN)4] IL is particularly notorious at high pressure,
given that its respective composite almost matches [CoMIM][Ac]@ZIF-8. Surprisingly,
[CsMIM][B(CN)4]@ZIF-8 (low) also shows a strong affinity towards CHy in the entire pres-
sure range. Considering this result and the fact that the calculated ideal selectivities of this
composite were inferior to the pristine ZIF-8, it can be assumed that the [CcMIM][B(CN)4]
IL will show higher N affinity when compared with the other physisorption-character ILs.
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Dore (mol/kg)

Pressure (bar)

Figure 10. CO, adsorption/desorption equilibrium isotherms for ZIF-8 and different IL@ZIF-8 com-
posites containing the same IL molar loading at 303 K. Symbols denote both adsorption and des-
orption data, respectively. Lines are guides to the eye. Symbols: 4 ZIF-8; [CsMIM][B(CN),]@ZIF-8
(low); ® [C,MIM][Ac]@ZIF-8 ([13]); ® [C¢MIM][B(CN)4]@ZIF-8 (low); ® [CsMIM][CI]@ZIF-8 ([13]);

@ [CsMIM][C(CN);]@ZIF-8 ([13]); ¢ [CsMIM][N(CN),]@ZIF-8 ([13]) and @ [CsMIM][NTS, J@ZIF-
8 ([13]).

0.8+

Pressure (bar)

Figure 11. CHy adsorption/desorption equilibrium isotherms for ZIF-8 and different IL@ZIF-8 com-
posites containing the same IL molar loading at 303 K. Symbols denote both adsorption and des-
orption data, respectively. Lines are guides to the eye.Symbols: B ZIF-8; [C¢aMIM][B(CN), ]J@ZIF-
8 (low); M [C;MIM][Ac]@ZIF-8 ([13]); @ [CsMIM][B(CN),]@ZIEF-8 (low); B [CcMIM][CI]@ZIF-8 ([13]);

B [C,MIM][C(CN);]@ZIF-8 ([13]); M [C4MIM][N(CN),]@ZIF-8 ([13]) and M [CsMIM][NTf, |@ZIF-
8 ([13).

4. Conclusions

In this work, different [C,MIM][[B(CN)4]@ZIF-8 composites were produced to de-
termine their potential for CO, capture/separation. Characterization techniques of the
case study [CsMIM][B(CN)4]@ZIF-8 (low) composite confirmed the incorporation of the
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IL into the structure of the MOF, and that the impregnation did not significantly alter
the crystalline structure and morphology of ZIF-8. Unexpected results regarding the tex-
tural properties of this and other [C,MIM][[B(CN)4]@ZIF-8 composites were obtained
from N, adsorption/desorption data at 77 K, which indicated that the materials were
nonporous. However, gas adsorption isotherms measured at 303 K (and 273 K) indicate
that [C,MIM][[B(CN)4]@ZIF-8 composites are microporous, with the potential to be used
as sorbents for gas separation/capture applications by adsorption. The authors would
like to point out the importance of completely ascertaining the porous nature of the pro-
duced IL@MOF materials. Nonporous materials determined by Nj adsorption/desorption
equilibrium at 77 K should not be immediately ruled as unsatisfactory materials and have
their adsorption capacity /porous nature further tested with closer-to-room-temperature
measurements.

Ideal selectivities were calculated for [CsMIM][B(CN)4]@ZIF-8 (low) from the obtained
CO,, CHy, and Ny adsorption/desorption equilibrium isotherms. When compared to the
pristine ZIF-8, the composite showed inferior selectivity performance. Comparisons drawn
with composites produced in a previous study indicate that indeed [C4MIM][B(CN)4 shows
enhanced affinity for CO,, but also towards CHy (and likely N) when compared with other
physisorption ILs. This explains the low selectivities of the [C4MIM][B(CN)4]@ZIF-8 (low)
composite.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/pr10020247 /51, Table S1: CO,, CH4 and N, adsorption-desorption equilibrium data at 303 K
for pristine ZIF-8, Table S2: CO,, CH4 and N; adsorption-desorption equilibrium data at 303 K for
[CsMIM][B(CN)4]@ZIF-8 (low), Table S3: CO, adsorption-desorption equilibrium data at 303 K for
[ChMIM][B(CN),]@ZIF-8 materials, Table S4: CO, adsorption-desorption equilibrium data at 273 K
for pristine ZIF-8 and [CsMIM][B(CN)4]@ZIF-8 (low).
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