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ARTICLE INFO ABSTRACT

Editor: V. Victor The Kigali Amendment to the Montreal Protocol limits the global use of fluorinated greenhouse gases (F-gases)

and encourages the development of a new generation of refrigerants with lower global warming potential.

Keywords: Therefore, there is a need to develop efficient and sustainable technologies to selectively capture and recycle the
Fl“formated compounds F-gases as new environmentally sustainable refrigerants. Here, ionic liquids (ILs) with high F-gas uptake capacity
Refrigerants

and selectivity were supported on silica and their potential as media for selective F-gas sorption was studied. For
this purpose single-component sorption equilibria of difluoromethane (R-32), pentafluoroethane (R-125), and
1,1,1,2-tetrafluoroethane (R-134a) were measured at 303.15 K by gravimetry. The sorption data were success-
fully correlated using classical models of sorption thermodynamics. The results show that the IL supported in the
porous volume and on the external surface of the porous silica controls the F-gas uptake in the composites and
that changing the IL’s cations and anions allows fine-tuning the selectivity of the sorption process. This work
brings crucial knowledge for the development of new materials based on ILs for the selective sorption of F-gases.
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1. Introduction

In 1987, the Montreal Protocol determined the phasing-out of
second-generation refrigerants based on chlorofluorocarbons, which
cause ozone depletion [50]. As consequence, the utilization of
man-made fluorinated greenhouse gases (F-gases) based on hydro-
fluorocarbons (HFCs) has increased drastically for refrigeration and air
conditioning applications [11]. These third-generation refrigerants are
energetically efficient, non-toxic, have low flammability, and are not
harmful to the ozone layer. However, they are potent greenhouse gases
(GHGs) with a global warming potential up to 23,000 times greater than
that of carbon dioxide and an extensive atmospheric lifetime. While the
emissions of all other GHGs in the EU have decreased, the emissions of
HFCs have increased by 60% since 1990 [11]. Besides, to accomplish the
goals of the United Nations Framework Convention on Climate Change,
the Kigali Amendment (entered into force in 2019) regulates the
phase-down of HFCs at a global level [12]. In the EU, Regulation N°
517/2014 imposes restrictions for placing on the market equipment and
substances with high GWP.

Because of the commitments to the international agreements and the
EU F-gases Regulation, a rapid development of the research on more
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environment-friendly refrigerant alternatives, including HFCs with
lower GWP, hydrofluoroolefins (HFOs), HFC-HFO blends, hydrocar-
bons, and others natural refrigerant, was observed. Nevertheless, the
challenge has been to find alternative refrigerants that ensure a lower
GWP and are simultaneously: (i) safe (low flammability and low
toxicity); (ii) energy efficient; and (iii) easily recycled and reused.
Nowadays, most F-gases recovered from end-of-life equipment are
incinerated, contributing to global warming and creating pressure in the
refrigeration supply chain. Therefore, there is a clear need to develop
technologies to recover and recycle those F-gases from refrigeration and
cooling equipment to be recycled into new blends with lower GWP,
applying circular economy (an EU priority), avoiding the costs associ-
ated with incineration processes, and reducing the GHGs emissions. In
most developed countries, and especially in Europe, increasing attention
is being paid to the need to separate and recycle the HFCs at the end of
life of refrigeration and air conditioning equipment. In fact, in the last
years, different projects, such as KET4F-Gas and LIFE-4-Fgases, have
been put forward at the European level, aiming at developing technol-
ogies to separate HFC blends with high GWP into their pure components.

The capture of pure F-gases and the separation of blends have been
extensively investigated using solvents, advanced materials, and
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membrane technology. A variety of studies have dealt with the use of
ionic liquids (ILs) and other alternative solvents for the selective uptake
of the most commonly used pure F-gases in the EU market (for example,
R-134a (1,1,1,2-tetrafluoroethane), R-32 (difluoromethane), and R-125
(pentafluoroethane)) [2,8,9,15-18,23,34,40-44,46,48]. Fluorinated
ionic liquids (FILs), defined as ILs containing fluorinated alkyl chains
with at least four carbon atoms, form polar, nonpolar, and fluorinated
domains with the ability to solubilize and interact simultaneously with
three totally different moieties [30-32]. Moreover, FILs are highly
tunable, with a vast range of possible variations in the size of the three
different domains, which allows different types of interactions. Addi-
tionally, FILs containing short perfluorinated or hydrogenated alkyl
chains are not toxic for different human cell lines and aquatic species
[30,51,52]. Finally, the fluorination of ILs is a key process to decrease
the viscosity and therefore to increase mass transfer [30,38]. Previous
work has shown that ILs have high F-gas absorption capacity and that
the properties of the absorbed F-gas play a key role in its effective ab-
sorption [46]. Moreover, the combination of FILs and membrane tech-
nology has been demonstrated to be relevant for the separation of
refrigerants mixtures, as addressed by Pardo et al. [26-29] and
Hermida-Merino et al. [13].

The adsorption of pure F-gases has also been studied on various
adsorbent types [55], such as silica and activated carbons [1,4,5,7,19,
20,36,37,471, zeolites [39,53], and metal-organic frameworks (MOFs)
[24,54]. The investigation of porous materials for separation processes
has advanced greatly in the last decades, as the selection of materials
with different properties, such as surface area and pore volume and
dimensions, and functionalization allows to direct the selectivity toward
a specific species of a gas blend, allowing to separate it from the other
components of the mixture.

The support of ILs in solid porous materials represents an advantage
to increase the contact area between the gaseous sorbate and the solu-
bilization media, increasing the mass transfer. Some authors have
already studied the preparation of mesoporous silica with impregnated
ILs for CO4 sorption [14,21,35], CO; conversion [49], and desalination
[6]. In this work, we are stepping forward in the study of FILs and other
fluoro-containing ILs (with a variety of functional groups and sizes of the
perfluorinated chain) supported in silica, aiming at increasing the con-
tact area to increase the sorption capacity. While a variety of new ma-
terials, such as MOFs, have been developed in the last years for the
adsorption of F-gases with very high adsorption capacity [54], these
materials are still difficult to produce in high amounts and have high
costs. Therefore, in this study, we have selected silica, a cheap,
well-studied and widely available porous material for the support of ILs.

We report the measurement and comparison of the sorption prop-
erties of R-32, R-125 and R-134a on silica and nine different silica/IL
composites at room temperature. The experimental data are successfully
correlated with the Sips adsorption isotherm model and an analogy
model with the adsorption potential theory (APT). Since various fluo-
rinated refrigerants composed of different F-gases are used industrially,
the study of the selective separation of different F-gases from mixtures is
crucial. To this end, we predict the sorption equilibria of two commer-
cial refrigerants, R-410A (a binary blend of R-32 and R-125) and R-407 F
(a ternary blend of R-32, R-125, and R-134a), in the studied composites,
assuming the IL/F-gas system in the silica/IL composites behaves as an
ideal mixture. Moreover, the selectivity is evaluated at different equi-
librium pressures. This work presents a step forward in the study of
single- and multi-component F-gas sorption in ILs supported on porous
materials and in the still poorly explored area of F-gas capture and
separation from commercial refrigerants.

2. Characterization of the composites
Each composite was prepared by mixing 40 wt% IL with 60 wt%

fumed silica according to the experimental procedure detailed in the SI.
Given that the specific volumes of the tested ILs are in the range
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0.65-0.91 cm®/g, 40-wt% IL is 30-85% in excess of the amount required
to completely fill the 0.33 x 0.6 = 0.20 cm®/g porous volume of the
composite with bulk liquid IL. The composites were characterized in
terms of BET surface area (Sger) and pore volume (V},) (SI shows the
experimental procedure). The surface area and porous volume of silica
are significantly decreased when it is impregnated with 40-wt% IL (see
Table S2 of SI). The Sggr and V, values decreased between ~60% for the
8i02/[C2C1Im][CgF17S03] composite and ~80% (Sger) and ~90% (V)
for SiOy/[C2C1Im][C;CO2]. These results indicate that the IL not only
penetrated into the pore volume of the silica but also covered the
external surface of the silica particles, rather than existing as droplets
surrounded by a silica envelope, as observed in other studies [35].

The morphology of the composites was evaluated and compared with
those of pure IL and fumed silica by scanning electron microscopy (SEM)
(SI shows the experimental procedure). Figs. S4-S6 of SI compare the
SEM images of: (i) fumed silica; (ii) three pure ILs, ([C2C;Im][C,CO2] as
reference IL, [CoC1Im][N(CF3S05)-], and [C2C1Im][C4F9SO3]); and (iii)
the composites prepared with these ILs. The morphology of the com-
posites is very similar to that of pure silica and has notable differences
from that of pure ILs. Moreover, the energy-dispersive X-ray spectros-
copy (EDS) analysis of each sample (see Figs. S4-S6 of SI) detected
fluorine atoms on the surface of the composites prepared with ILs con-
taining fluorine atoms but not on the silica samples. These results
indicate that some of the ILs are located on the external surface of the
silica particles and the rest inside of their porous volume, reinforcing the
previous conclusions from ASAP results.

3. Results and discussion
3.1. Gas sorption in the silica/IL composites

The procedure for determining the F-gas sorption on the composites
is detailed in the SI. The equilibration time required for measuring each
experimental data point was about 40 min. Sorption data of each F-gas
on silica and the composites are presented as excess sorption, gex, in
Fig. 1 and total sorption, q, in Fig. S7 of SI, as a function of equilibrium
gas pressure (see also Table S4 of SI). The sorption and desorption
branches of the isotherm are superimposable, indicating the inexistence
of hysteresis between the sorption and desorption processes (see Fig. S8
of SI). Fig. 1 shows that for gas pressures below ca. 0.18 MPa the porous
silica adsorbs more F-gas than the pure ILs and the composites; however,
above P = 0.18 MPa, the F-gas uptake by the pure ILs is higher than by
the porous silica and the composites.

Since to predict binary adsorption and calculate selectivities it is
necessary to manipulate analytical expressions of loading as a function
of pressure, the sorption data were fitted by a Sips isotherm model [45],
as detailed in the SI, with good agreement between calculated and
experimental data. The Sips parameters determined for each
composite/F-gas pair are listed in Table S5 of SI and the fittings are
illustrated in Fig. S7 of SI as dashed lines. Although the Sips model was
originally developed as a combined form of Langmuir and Freundlich
models for predicting the adsorption in heterogeneous systems and
circumventing the limitation of the rising adsorbate concentration
associated with the Freundlich isotherm, we use it here as a general
three-parameter model with enough flexibility to adequately fit our
experimental sorption data.

The purpose of supporting the ILs on silica, a material with a rela-
tively high porous volume, is to enhance the mass transfer and increase
the contact area with the F-gas. The sorption capacity and selectivity of
the prepared composites towards R-32, R-125, and R-134a were evalu-
ated. Due to the high tuneability of the ILs, the appropriate combination
of cation and anion allows the sorption and selectivity of a given gas to
be optimized. The absorption of R-32, R-125, and R-134a into different
ILs containing fluorine atoms was previously studied [46]. Here, six
different ILs based on two cations ([CoC;Im]™ and [C,C;py]™) and on
five different anions ([C1CO2] ™, [CF3SO3] ", [N(CF3S02)2] , [C4F9SO3],
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Fig. 1. Sorption equilibrium isotherms, at 303.15 K, of R-32 (panel A), R-125 (panel B), and R-134a (panel C) on the fumed silica, composites studied in this work,

and on pure ILs studied previously [46].

[C4F9CO2]") were examined [46]. Additionally, three other ILs,
[C2C1Im][N(CoF5802)2],  [CoCiIm][CgF17S03] , and  [CoCiIm][N
(C4F9S05)2] ", are supported on silica to prepare composites used to
study the effect of increasing the size of the perfluorinated chain of the IL
anion on gas sorption and selectivity.

Fig. 1 compares our experimental results with previously published
absorption data of pure ILs [46] over the entire pressure range studied in
this work. F-gas absorption in pure IL shows improved performance
relative to the SiO5/IL composite and fumed silica. However, when a
correction factor of 0.4 is applied to the IL sorption data on the com-
posite (to account for 40% weight of IL in the composite), the uptake
values for both pure IL and its composite are similar, in most cases with
slightly better results for the composite (Fig. SO of SI), due to the effect of
the force field exerted by the internal surface of the silica on the confined
IL which improves its absorption capacity. These results show that F-gas
sorption in the composites is controlled by the IL. Moreover, F-gas sol-
ubility in the pure ILs is higher than the F-gas sorption in the porous
silica.

As noted earlier for pure ILs [46], the use of ILs with different cations
and anions, and especially with different numbers of fluorine atoms in
the anion, strongly influences the solubility and selectivity of the gas. In
this work, it was observed that the ILs play a major role in F-gas sorption
in the composites. Moreover, the preparation of composites using
different ILs led to significant differences in F-gas sorption, with trends
similar to the ones observed for gas solubility in pure ILs (see Fig. 1 and
Fig. S7 of SI). All composites have a higher sorption capacity to R-134a
than to the other two F-gases (see Fig. S10 of SI).

The presence of a carboxylate group, instead of a sulfonyl group, in
the IL anion slightly enhances the sorption of R-125 but not of R-32 and
R-134a (see Fig. S11 of SI). The same tendency is observed for the pure

ILs studied in the work of [46] (Fig. 1). Interestingly, R-125 has also
good solubility in the pure [C2C1Im][C;CO2], suggesting that polar in-
teractions with the carboxylate group may play an important role in the
solubility of R-125 [46]. Similar conclusions were obtained by
Asensio-Delgado et al. [3], where the sorption of R-125 in
carboxylate-based ILs was observed to deviate from the Regular Solution
Theory [3].

While the presence of either an imidazolium or a pyridinium group in
the IL cation does not significantly affect F-gas sorption (see Fig. S12 of
SI), the size of the perfluorinated chain plays a key role in the sorption
capacity of the studied ILs (see Figs. S13 and S14 of SI). The increment
from [CF3SO3]™ to [C4F9SO3] has no significant effect on F-gas sorption
but the composites prepared from ILs with the highest number of car-
bons in the perfluorinated chain ([C2C;Im][CgF17S03] and [CoCiIm] [N
(C4F9S02)2]1) have the poorest sorption capacity for the three F-gases.
However, the influence of the increment of the fluorinated alkyl chain
length is higher for the sorption of R-32 and R-134a than for the
adsorption of R-125, demonstrating specific interactions with this F-gas.

On the other hand, the composites containing the two studied con-
ventional fluoro-containing ILs ([C2CiIm][CF3SOs] and [CyCiIm][N
(CF3S02)2]) presented the best sorption capacities for R-32. On the other
hand, composites containing ILs with up to 4 carbons in the per-
fluorinated chain present the best results for R-134a and R-125 (see
Figs. S13 and S14 of SI). The presence of ramified perfluorinated chains
in the anion of the ILs does not significantly affect the uptake of R-125
and R-134a (see Fig. S14 of SI). However, the increase in the anion size
and the change of linear to ramified chains in the ILs anion leads to a
decrease in gas uptake in the case of R-32 (see Fig. S14 of SI).

These effects in gas uptake are in accordance with those previously
observed for pure ILs [46], revealing that the properties of the ILs are
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commanding the sorption of the F-gases in the composites. In this way,
the sorption of the F-gases containing a higher number of fluorine atoms
(R-125 and R-134a) is enhanced in composites prepared with FILs
(fluorinated ILs with fluorinated chain lengths equal to or greater than 4
carbon atoms), relatively to conventional fluoro-containing ILs (with
perfluorinated chains shorter than 4 carbon atoms). These results
highlight the key role of the fluorinated alkyl side chain (fluorinated
nanosegregated domain) of the IL, either pure or as a composite, in the
solubility of the studied F-gases.

The sorption of each F-gas was also evaluated based on the Henry’s
law constant, H;, [33] defined as

L
H; (T, P) = limf—i (@]

xi=0¢;

where fl-L is the fugacity of gas i and g; the uptake of gas by the sorption
medium expressed as total or excess sorption (mmol/g), under infinite
dilution conditions (lims_.g; = lims_.0g*). Since under thermodynamic
equilibrium the fugacity of the F-gas in the sorbent phase is equal to the
fugacity in the gas phase, the Henry’s law [33] can be rewritten as
follows:

HY(T) = lim™" @
Pi=0g;
where P; is the partial pressure of F-gas in the gas phase. Therefore, the
Henry constant is the proportionality value between the partial pressure
of F-gas in the gas phase and its solubility in the sorbent phase, under
infinitely dilute conditions. The slope of the tangent at P = 0 of the
experimental (g, P) data is the Henry’s law constant and consequently, a
smaller value of this parameter corresponds to a higher gas solubility.
The comparison with the pure ILs [46] was also made through the
Henry’s law constants (see Fig. 2 and Table S6 of the SI), which
confirmed that gas sorption into the composites is lower than into the
pure ILs. Moreover, these results clearly show that the tendencies of gas
sorption in the composites are identical to those in pure ILs. Finally, it is
observed that under infinite dilution (low pressure) conditions, silica has
the best gas adsorption capacity, contrary to what is observed at higher
pressures, where the pure ILs have higher absorption capacity (see
Fig. 1).

Journal of Environmental Chemical Engineering 10 (2022) 108580
3.2. An analogy with the adsorption potential theory (APT)

A formulation similar to the Adsorption Potential Theory (APT) was
applied to the sorption equilibrium data in the composites and silica, as
detailed in the SI. As in the APT [10], the sorbed amount of gas, g,
measured as an equivalent volume of condensed gas, W, is expressed as

W = qVy, = W(P) 3

where Vp, is the molar volume of the gas if it were condensed into a
liquid phase,

@ = RTIn(f./f) C))

is usually referred to as the sorption potential [10], R is the ideal gas
constant, T the system temperature, f the fugacity, and f; the saturation
fugacity (to account for non-ideal gas behavior at high pressure).
However, we prefer to identify @ as the difference in free energy (or
chemical potential) when a gas molecule is moved from the gas phase to
its condensed state. Since in this work the sorption data were measured
at a single temperature, the formulation above is perfectly valid because
Egs. (3) and (4) are equivalent to simply stating that ¢ = q(P)gyeq 1

But, inspired by the APT, one can go a step further and test whether
introducing an affinity coefficient f, as a scaling factor of &, collapses
the curves W;(®;) of the different gases in the same composite into a
single characteristic curve W(®;/f;) [10] Thus, Eq. (3) is replaced by

~ @

=W(D), & =— 5
(1) 5 5)

Wi=4qiVim
where @; is the sorption potential scaled by ;. In the literature, § is often
correlated to the molecular parachor of the adsorbate.

Table S3 of SI lists the values of 8 that collapse the curves W;(®;) of
the three different F-gases in the same composite into a single charac-
teristic curve. For reference, we also include the values obtained for
silica and those given by a correlation often used for adsorption in
carbon materials (see SI). These characteristic curves are plotted in
Fig. 3 and fitted to an equation similar to the Dubinin-Astakhov (D-A)
model. The D-A isotherm parameters obtained from the curve fitting are
indicated in Table S7 of SI and the comparison between the experi-
mental sorption isotherms and the D-A model fitting is presented in
Fig. S15 of SL.

Somewhat surprisingly, not only is it possible to collapse the sorption
data of the three F-gases on the same composite into a single charac-
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teristic curve by using an affinity coefficient but also the obtained values
of f§ are almost independent of the type of composite but different from
those for pure silica. These results are another indication that the IL
supported in the porous volume and on the external surface of the
porous silica controls the F-gas uptake in the composites.

3.3. Prediction of multicomponent sorption using the ideal adsorption
solution theory (IAST)

In this work, the sorption equilibria of R-410A (R-32/R-125, 50/
50 wt%), R-407 F (R-32/R-125/R-134a, 30/30/40 wt%), and of each
component of these systems, were predicted using the Ideal Adsorption
Solution Theory (IAST) [25]. These predictions were based on the
experimentally determined isotherms of the pure F-gases R-32, R-125,
and R-134a, fitted with the Sips model. The study was applied to all
composites over the pressure range 0.01-0.6 MPa (Tables S8 and S9 of SI
and Fig. S16 of SI). The equilibrium mole fractions of the gas phase (y)
are those of the commercial F-gases blends: y3_,, = 0.70 and Ylg»lzs
= 0.30 for R-410A, and y%.32 = 0.47, y8.125 = 0.21, and y¥.1342 = 0.32
for R-407 F. The uptake of both gas mixtures increases with increasing
pressure. Silica and the composites prepared with FILs with up to ten
fluorine atoms in the anion have the highest R-410A and R-407 F
sorption  capacities, while the composites prepared from
fluoro-containing ILs (with fluorinated chains shorter than 4 carbon
atoms) and FILs with 17 or 18 fluorine atoms in the anion have the
lowest sorption capacities at the highest pressures.

3.4. Selectivity for the separation of F-gases from commercial refrigerants

The capacity of the composites studied in this work for the separation
of R-410A and R-407 F refrigerants in their components (R-32, R-125,
and R-134a) was analyzed using the predictions determined by IAST.
The gas selectivity (S) at 303.15 K of each composite and silica for the
separation of a gas i from the mixture with a gas j was determined as
follows [22]:

_ Xi/%;

S," =
Y }’i/)/j

(6)

where x; and x; are the sorbed molar fractions of gas i and of gas j,
respectively, and y; and y; are the molar fractions of gas i and of gas j in
the gas phase at equilibrium, respectively.

The capacity of each composite and silica for the separation of the
commercial refrigerant R-410A into its components (R-32 and R-125)
was evaluated by determining the R-32/R-125 selectivity, using the
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IAST results. If the selectivity values are greater than 1, R-32 is prefer-
entially sorbed, and if these values are less than 1, R-125 is preferentially
sorbed. The value of the selectivity was determined as a function of
pressure for the equilibrium gas-phase composition corresponding to
that of bulk R-410A and the results are plotted in Fig. 4 (see values in
Table S10 of SI). At low pressures, most composites are selective towards
R-32 (with SiO2/[C2C1Im][C4F9SO3] presenting the highest selectivity),
while silica, SiOZ/[Czcllm] [C4F9C02], and SiOz/[C2C11m] [C8F17503]
are selective towards R-125. At higher pressures, the R-32/R-125
selectivity is higher for SiO/[C2C1Im][CF3SO3] and SiO2/[C2CiIm][N
(CF3S03)21, and the R-125/R-32 selectivity is higher for Si05/[C2C;Im]
[C4F9CO3], SiO2/[C2C1pyl[C4F9SO3], and SiO2/[C2C1Im][CgF17S03]. In
this same pressures range, the selectivity of silica approaches 1 and the
selectivity of SiOy/[C2C1py]l[C4F9SOs3] is shifted towards R-125.

In the case of the R-407 F blend, a ternary mixture of R-32, R-125,
and R-134a, the selectivities for the separations of R-32/R-125, R-134a/
R-32, and R-134a/R-125 were determined as a function of pressure at
303.15 K for the equilibrium gas-phase composition of the bulk R-407 F.
The results are shown in Fig. 5, and Table S11 of SI. All composites are
selective for the separation of R-134a from their mixtures with the other
two gases (panels B and C of Fig. 5), with silica presenting the highest
selectivities. Higher R-32/R-125 selectivities were obtained for the
composites prepared with the conventional fluoro-containing ILs (SiO2/
[C2C1Im][CF3SO3] and SiOy/[C2CiIm][N(CF3SO3)2]) at all range of
pressures and to the composite prepared with SiO5/[C2C1Im][C4F9SO3]
at low pressures. Higher R-125/R-32 selectivities were obtained for
silica and for the composite prepared from SiO2/[C2C1Im][CgF17S03] at
low pressures, and for the composites prepared from SiO3/[C2CiIm]
[CgF17S03], SiO2/[C2C1pyl[C4F9SO3], and SiO2/[C2C1Im][C4F9CO3] at
higher pressures.

In order to determine if the support of ILs into fumed silica has effects
on the gas selectivity, the ideal selectivity for each binary pair of gases i
and j was also determined using the Henry’s constants of each gasiand j
(H; and Hj) in the same sorbent as follows [22]:

S; 7)

“u
The comparison of the ideal selectivities of fumed silica, composites,
and pure ILs is represented in Fig. S17 of SI and the values are also
presented in Table S12 of SI. The results clearly show that, when
compared to the composites, the pure ILs have a greater capacity to
separate these F-gas mixtures, with the best performance being achieved
for the separation of the R-134a + R-125 mixture. Pure fumed silica has
the highest capacity for the separation of the R-134a + R-32 mixture.
The results show that the selectivities of the composites and ILs follow
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pressure at 303.15 K from the commercial refrigerant R-407 F (yg-32 = 0.47, yr-125 = 0.21, and yg-134a = 0.32).

the same trends, with composites presenting similar or lower values in
most cases. The exceptions are SiOo/[C2C1Im][C4F9CO-], which is more
selective towards R-125 over R-32, and SiO,/[C2C1Im][C;CO5], which
is more selective towards R-134a over R-32. All composites are selective
towards R-134a over R-32 and R-125. As reported before for pure ILs, an
increase in the number of fluorine atoms favors the selectivity for the
separation of the two F-gases with the most different sizes, R-134a and
R-32. The composite with the highest selectivity for the R-134/R-32
separation is SiO5/[C2C1Im][CgF17S03]. The results presented here also
show that an increase in the number of fluorine atoms moves the
selectivity towards R-125 for the R-32 + R-125 mixture. The same
behavior is observed when the functional group in the IL anion is
changed from a sulfonyl to a carboxylate group. SiOy/[C2CiIm]
[CF3SO3] presents the highest selectivity towards R-32 over R-125 while
Si04/[C2C1Im][CgF17S03] and fumed silica present the best selectivity
toward R-125 over R-32. Moreover, the separation of mixtures of R-134a
and R-125, which have similar sizes, is favored in composites prepared
with ILs with ramified perfluorinated chains in the anion.

4. Conclusions

Fluorinated ionic liquids have optimal properties for the selective
absorption of F-gases. In this work, we supported different FILs and
other fluoro-containing ILs in silica with the aim to increase the contact
area and mass transfer between the F-gas and the ILs. The results from
BET superficial area, pore volume analysis, SEM, and EDS suggest that
the ILs are located at the surface and inside the pores of silica. These

composites and pure fumed silica were evaluated for their capacity to
sorb the three most used pure F-gases used in refrigeration and air
conditioning equipment (R-32, R-125, and R-134) at 303.15K and
pressures up to 0.54 MPa. The sorption data were successfully correlated
with the Sips equation and by an analogy to the Adsorption Potential
Theory. The sorption data of these three gases in each composite were
successfully collapsed into a single characteristic curve, which was well
fitted by the Dubinin-Astakhov (D-A) model.

The capacity of the composites and silica to sorb the three F-gases
was compared to the previously published results for the pure ILs [46].
Moreover, the Henry’s Law constants were also calculated to obtain
valuable information on gas solubility at diluted conditions. At high
pressures, the pure ILs present higher gas solubility capacity than silica,
evidencing the advantages of using ILs for F-gases sorption. From these
comparisons, it became clear that similar effects on gas solubilization
occur when the same modifications were performed in the cation or
anion of the pure IL or the corresponding composites. Therefore, it is
evident that the properties of the ILs are commanding the sorption of the
F-gases.

Using the Ideal Adsorption Solution Theory (IAST), the sorption of
two commercial refrigerants, R-410A and R-407 F, in each composite
and silica was calculated at different pressures. Then, the selectivity of
the composites and silica to each component of the F-gas blends was
determined. The results show that the composites are selective towards
R-134a in relation to either R-32 or R-125. Moreover, better separations
are obtained for the R-407 F refrigerant than for the R-410A blend. Pure
ILs presented higher R-134a/R-125 selectivities, compared to fumed
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silica, which confirms that ILs are advantageous systems for the sepa-
ration of R-134a and R-125.

The results presented in this work show that ILs have good sorption
capacities for the selective separation of F-gas from gas blends and that
ILs present in the composites control not only gas solubility but also gas
selectivity. By supporting the ILs into a porous material, it was possible
to obtain a new material, maintaining the selective sorption capacities of
the ILs. Thus, this work obtains key information to the fundamental
understanding of the behavior of these alternative materials and opens
the road for the development and manipulation of new materials based
on ILs for the selective uptake of F-gases.
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