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Abstract

The separation of hydrofluorocarbons (HFCs) and hydrofluoroolefins (HFOs) from novel refrigerant
blends will become essential to boost the recycling of these compounds and drastically reduce the
emission of HFCs, which are powerful greenhouse gases. In this work, the use of ionic liquids (ILs) as
solvent media is explored to perform the selective separation of HFC/HFO refrigerant mixtures
composed of the HFCs R32 (difluoromethane) and R134a (1,1,1,2-tetrafluoroethane) and the HFO
R1234yf (2,3,3,3-tetrafluoropropene). The low-viscosity IL 1-ethyl-3-methylimidazolium thiocyanate,
[C,mim][SCN], is selected as separation agent to prove that small and non-fluorinated ILs, with lower
hydrogen bonding capability than other ILs, can provide enhanced solubility selectivity and mass
transport properties for the selective separation of HFC/HFO refrigerant blends. The phase behavior
of IL-refrigerant systems is determined at temperatures between 283.15 and 313.15 K and pressures
up to 0.7 MPa. Results are parametrized according to the NRTL activity model and the separation
selectivity is assessed in terms of Henry’s law constants, solvation enthalpies and entropies, infinite
dilution coefficients, Gibbs free energy of mixing, and ideal and noncompetitive selectivity. Results
show superior HFC/HFO solubility selectivity in [C,mim][SCN] compared to other ILs due to unfavorable

entropic effects that difficult the solvation of large molecules such as R1234yf.
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1. Introduction

Hydrofluorocarbons (HFCs) are a family of compounds with excellent refrigerant properties that
substituted ozone-depleting  substances, namely, chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs), whose production and use were phased out under the Montreal
Protocol. Therefore, the concentration of HFCs in the atmosphere has raised more than twofold since
1990 as a consequence of their massive introduction to the market as refrigerants, fire retardants,
foam blowing agents and propellants [1]. Once established on the market, emissions of HFCs are
steadily increasing due to fugitive emissions, the lack or non-application of end-of-life recovery
protocols, and the low share of refrigerant recycling [2]. However, despite having negligible ozone
depletion potentials (ODPs), HFCs are still concerning greenhouse gases with extremely high global
warming potentials (GWPs), up to several orders of magnitude higher than that of the reference CO,
(GWP = 1) [3,4]. For this reason, new legislation and international agreements have recently entered
into force. Mainly, Regulation EU 517/2014 in Europe has scheduled the progressive HFCs phase-down,
and the Kigali Amendment to Montreal Protocol, already adopted by 93 parties, aims at reducing HFCs

emissions by 80% with respect to 1990 levels by 2045 [5-7].

Accordingly, there are several HFC blends commercialized as refrigerants that will be phased-out due
to their high GWP (e.g., R404A, R407C, R410A, and R507C). To meet current legislation requirements,
new refrigerant mixtures containing hydrofluoroolefins (HFOs), unsaturated hydrofluorocarbons that
exhibit very low GWP, are being formulated and incorporated into the refrigerant market as
environmentally friendly alternatives (e.g., R448A, R449A, R454A, R455A, and R513A). The
composition of the aforementioned mixtures and their GWP is provided in Table S1 as Supplementary
Information. In addition, Table 1 presents relevant properties of the main HFCs and HFOs that are

being used in new HFC/HFO blends [2,3,8].

The current legal framework provides an excellent opportunity to focus technological innovations on

the design of refrigerant recovery processes to shift the refrigeration and air conditioning (RAC)



industry towards a more circular economy [9]. To promote the recycling of refrigerants, blend
components must be recovered as pure compounds so they can be then reused in the formulation of
new more environmentally friendly commercial blends. However, some relevant HFC+HFO systems
behave almost like pure fluids with virtually no variation of composition between the vapor and liquid
phases and almost constant evaporation/condensation temperature at a given pressure (i.e., the
temperature glide is lower than 1 K). This is for instance the case of systems R134a+R1234yf,
R134a+R1234ze(E) and R134+R1234ze(E). Other important systems also exhibit near-azeotropic
behavior at some point, e.g., system R32+R1234yf, and therefore, it may be difficult to recover their
individual components at the high purity needed for reuse [10—13]. These reasons make the separation
of those refrigerant systems by means of conventional distillation very challenging or even impossible

[14].

Table 1. Properties of common HFCs and HFOs contained in new refrigerant blends [8].

HFCs HFOs
Properties R32 R125 R134a R1234yf R1234ze(E)
Molecular formula CH,F, C,HFs C,H,F, Cs;H,F, CsH,F,
GWP 675 3500 1430 4 6

Molar mass (g mol?) 52.02 120.02 102.03 114.04 114.04
Critical temperature (K) 351.26 339.17 374.21 367.85 382.52

Critical pressure (bar) 57.82 36.18 40.59 33.82 36.35
Critical volume (cm3mol?) 122.70 209.25 199.32 239.81 233.10
Acentric factor 0.2769 0.3052 0.3268 0.2760 0.3131
Normal boiling point (2C) -51.65 -48.09 -26.07 -29.45 -18.95

ASHRAE-34 flammability A2L Al Al A2L A2L

In contrast, the development of extractive distillation processes for the separation of HFCs/HFOs based
on gas solubility differences appears as a more effective alternative [15]. Moreover, ionic liquids (ILs)
have been proposed as a novel solvent platform in new gas separation processes owing to their unique

features, e.g., extremely low vapor pressure, high thermal and chemical stability, liquid state in a wide
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temperature range, and enhanced solvation properties, among others [16—18]. Several studies have
been conducted to assess the phase equilibria of binary systems of fluorinated refrigerants and ILs
[14,19-33]. However, the design of novel gas separation processes for the recovery of refrigerants
requires a deep understanding of both the refrigerant-IL phase behavior and mass transport
phenomena, which can severely affect the process efficiency [34]. In this sense, a preliminary
assessment of published data is performed in Table 2, which shows the Henry’s law constants at infinite
dilution of the gases studied in this work in several ILs, along with the IL molar volume and viscosity.
As can be seen, for a given solute, solubility increases with IL molar volume and fluorination of the
anion. Moreover, these trends are particularly significant for the HFO R1234yf, whose solubility is
consistently lower than that of R32 and R134a. In addition, to date, solubility data for all these
refrigerant gases in low viscosity ILs have not been reported. Consequently, it is expected that an IL
that combines a small non-fluorinated anion and a cation with a short alkyl chain would significantly
decrease the HFO solubility and provide enhanced HFC/HFO selectivity and improved mass transfer
rates. Therefore, the IL 1-ethyl-3-methylimidazolium thiocyanate, [C,mim][SCN], is selected in the
present work because of its low molar volume (151.52 cm? mol?), the absence of fluorine atoms and
its very low viscosity compared to other ILs (24.5 mPa s at 298 K) [35,36]. The thermodynamic
absorption equilibria of R32, R134a and R1234yf in [C,mim][SCN] are assessed and modeled using the
NRTL activity method to allow simulation of an extractive distillation separation process in a further
stage. Moreover, the diffusion coefficients of each refrigerant gas are evaluated at several
temperatures and compared to those found in other systems. Finally, a thermodynamic assessment is
performed to gain a deeper understanding on the refrigerant solvation in ILs and the importance of

adequate IL selection for designing novel separation processes.



Table 2. Henry’s law constants of R32, R134a and R1234yf in several ILs at 300 K [18,19,26-28,32,37—
49].

lonic liquid Henry's law constants (MPa)

Anion  Cation Molar volume (cm3 mol)  Viscosity (mPas)  HFC-R32 HFC-R134a HFO-R1234yf
[BF;] [Comim] 154.27 38.8 15.56

[C4mim] 188.10 103.5 1.32

[Cemim] 222.08 206 0.90 4.57
[PFg]  [Csmim] 207.82 282 1.21 1.22 5.24

[Cemim] 241.26 483 0.96 4.30
[Tf,N]  [Comim] 257.70 33.9 0.96 0.73

[Cemim] 326.20 70.1 0.72 0.63 1.65

2. Experimental

2.1. Materials

The IL [C;mim][SCN] (98%) was purchased from loLiTec and dried under vacuum during 48 h before
used. The water content of [C,mim][SCN] was determined using Karl Fischer titration to be <200 ppm.
R32 (99.9%) was purchased from Coproven Climatizacién (Gas Servei licensed supplier, Spain). R134a

(99.8%) and R1234yf (99.9%) were supplied by Carburos Metalicos (Air Products).

2.2. Procedure

Gas absorption into ILs was measured using an isochoric saturation method, which relies on gas-phase
measurements. The experimental system was described in detail in our previous works [16,17,35]. It
consists of a jacketed stirred tank reactor (Buchi, model Picoclave type 1/100 mL) equipped with a
pressure transducer (Aplisens, model PCE-28, 0.2% accuracy) and a Pt-100 temperature sensor
connected to a cryothermostatic bath (Julabo, model F25-ME, +0.01 K). A storage cylinder of known
volume equipped with an absolute digital manometer (Keller, model Leo 2, 0.1% accuracy at full scale)
is used as gas reservoir. The reactor was loaded with ~10 g (£0.0001 g) of IL and degassed at 333 K
applying vacuum for 4-6 h before each absorption experiment. Initially, absorption was allowed to
proceed without stirring for the first 20 minutes for diffusivity measurements. After that, the stirrer
was set to 500 rpm and gas absorption proceeded until the system reached equilibrium conditions. It

was assumed that equilibrium was reached when pressure remained constant for more than 20



minutes. The amount of gas absorbed in each step (n;) and the accumulated absorbed amount (ng;)

were calculated as follows:

n; = p(i,s)'Vs + Pi- 1,r)'(Vr - Vl) - p(i,eq)'(Vs +V,— Vl) (1)
i—1

Ngps = N; + Z ny (2)
k=1

where Vg, V,. and V; are the storage, reactor and loaded IL volumes, respectively, and p;s, p;—1, and
Pieq are the gas molar densities in the storage cylinder, in the reactor and at equilibrium conditions,
respectively. Molar densities were calculated from pressure and temperature data using the Peng-
Robinson equation of state to account for deviations from ideal behavior. The molar fraction of gas

dissolved in the IL is defined as:

Naps
X=—— (3)

n; + Nabs

where n; are the moles of IL. To validate the accuracy of our system, we performed absorption
experiments of R1234yf in [C;mim][BF,] achieving excellent agreement with data available in literature

[19] as shown in Figure S1 of the Supplementary Information.

2.3. Modeling

Modeling the absorption equilibria is essential for the simulation of absorption systems with computer
tools used for process design. We present here the model parameters of the absorption equilibria of
the three hydrofluorocarbon gases in [C,mim][SCN] using the non-random two-liquid (NRTL) model

[18,50,51]. According to this activity coefficient based model, vapor-liquid equilibria is calculated as

yp® = xypi (i€ Z[1,N]) (4)

where y; and x; are molar fractions of the i species in vapor and liquid phases, respectively, and y; and
pf are the activity coefficient and vapor pressure, respectively. The correction factor @ is calculated as

follows:



® =exp (5)

(B:—VH)(p - p?)]
RT

where R is the ideal gas constant, B; is the second virial coefficient and V¥ is the saturated liquid molar
volume. pl-S, B; and V¥ were calculated using CoolProp 6.3.0 software [8]. Combination of Egs. (4) and

(5) leads to the following expression of the activity coefficients:

p
Y1 = Sexp
X1P1

(6)

(B1—vi)(p - Pg)]
RT

NRTL minimizes the difference between this experimental activity coefficient and the calculated as

5 G21 2 T12G12
721 (7)

Iny;=x +
N S o (x2 + x1G12)°

where G12 = exp (—at12), G21 = exp (—aty1), T12 = 135 + 112/T and 121 = 31 + 731/T. Thus, the

model parameters to be optimized are @, 35, 715, 31 and 71;.

2.4. Diffusivity

Diffusion coefficients were calculated using the semi-infinite volume model [52,53].

ac Dazc o
T (8)

where C expresses the concentration of gas in solution, t is time, D is the diffusion coefficient and y is
the depth into the IL. Integration of Eq. (8) leads to the accumulated dissolved moles per unit area

from which diffusion coefficients are obtained:

w [ [ofs)

where Cy, = = ¢ is the initial concentration in the surface and m is a mass transfer coefficient, both of

t

1
)dt = @(2cy=t=0 E—Emt\ﬁ) =+/D¢ (9)
y=0

them calculated according to



Cy=0=Cy=r=0+mt (10)
where (), - ¢ is the surface concentration defined as [54]
PIL

ku (11)
(7 1)

Cy=0=

where pj;, and My are density and molar mass of the IL, respectively.

2.5. Separation assessment

The Henry’s law constants (ky) are calculated from the experimental data as follows:

ky(T) = lim

x—0

f(P,T)
(12)
x
where f is the refrigerant fugacity calculated using PR-EoS. As Henry’s law constants are defined at

infinite dilution, Eq. (12) can be simplified to [18,25]

af
ky =~ (a)x—o (13)

Solvation enthalpy, AH,,, and entropy, ASg,;, provide information regarding the strength of
interaction between the IL and gas and the ordering in the mixture [55,56]. Henry’s law constants allow

calculation of solvation enthalpies and entropies at infinite dilution using the van’t Hoff equation [57]:

oln ky
AHsor =R ; 1 (14)
)
14
oln ky,
ASso1=—R InT (15)
14

The comparison of solvation energies gives information regarding solubility differences between gases

that is very useful for an initial assessment of the expected selectivity provided by a certain IL. Besides,
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Henry’s law constants can be used to calculate the ideal selectivity at infinite dilution, S1/;, defined as

[55]

1
/kH_1 @

1 “k
/ ky 2 "

S12=

At higher pressures, a non-competitive selectivity can be defined from VLE data as

Y2
b /X2 X1
S12 = =—

3’1/x1 X2

where the vapor phase, y; = 1, owing to the negligible vapor pressure of ILs.

(16)

(17)

Further understanding of the separation mechanism involves the analysis of thermodynamic

properties related to solute and solvent interactions. NRTL model allows for the calculation of these

interaction parameters. Fugacity coefficients at infinite dilution (y{°) are calculated from Eq. (7) when

x;=0andx; = 1.

Iny? =121 + 112G12

(18)

Finally, Gibbs free energy of mixing is derived as the sum of the ideal contribution and the excess

energy:
Agmix — Agid + Agex
where both contributions are calculated as follows:
Ag' = RT (x1In x1 + xIn x3)

Ag® = RT(x1In y1 + x3Iln y3)

(19)

(20)

(21)



3. Results and discussion

3.1. Gas solubility

In this section, the absorption of R32, R134a and R1234yf in [C,;mim][SCN] is presented. The solubility
data were measured at temperatures between 283.15 and 313.15 K and pressures up to 0.7 MPa. The
results are plotted in Figure 1. Also, Tables S2-S4 of the Supplementary information present the
solubility data of each system expressed as molar fraction and molality, which is a more adequate unit
for process design [58], along with the related uncertainties calculated by the propagation-of-errors
method. As can be seen, the molar fraction of gas absorbed in the IL increases, as expected, when
temperature decreases and pressure increases. The comparison between refrigerants reveals that the
HFCs R32 and R134a exhibit much higher solubility in [C;mim][SCN] than the HFO R1234yf. This
solubility difference is of great relevance to design selective absorption processes in which R32, or

R134a, is preferentially absorbed into the IL while the HFO primarily remains in the gas phase.

Figure 1 shows that the phase equilibria of HFC/HFO + IL systems are correlated with very good
accuracy using the conventional NRTL activity model for nonelectrolyte solutions, which is in good
agreement with previous works that also treated ILs as undissociated species [18]. Table 3 presents
the model parameters, the calculated absolute average relative deviation in activity coefficients (AAR
D,) and the root-mean-square deviation in pressure (RMSD) for each system. The parameter a
characterizes the tendency of two species to distribute in an organized way, where the system is
ordered if & = 0 and immiscibility is predicted if & > 0.426. Although a can be treated as an adjustable
parameter, for the case of fluorocarbons and hydrocarbons « is usually assumed constant and equal
to 0.2 [18,50,59], and therefore, we decided to follow this approach for consistency with previous
works. The parameters 71, and 3, represent the excess free energy of Gibbs divided by the ideal gas
constant, while 1(1]2 and 181 lack physical meaning and are used to correct deviations from the ideal

behavior [18]. In this way, the absorption of R32 and R134a was modeled using only two adjustable
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parameters (71, and 731), while the absorption of R1234yf required all four adjustable parameters to

be accurately modeled.

0.8
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Figure 1. Solubility of common refrigerant gases in [C,mim][SCN] at several temperatures: 283.15 (e®),
293.15 (m), 303.15 (#) and 313.15 K (A). a) R32, b) R134a and c) R1234yf. Solid lines represent NRTL

model calculations.

Table 3. NRTL activity model parameters for the absorption of fluorinated gases in [C;mim][SCN].

R32 + [C,mim][SCN] R134a + [C,mim][SCN]  R1234yf + [C,mim][SCN]

a 0.2 0.2 0.2

%, 0 0 179.52

1, 1025.6 2682.6 -47781

™ 0 0 21.89

31 -210.04 254.58 -5506.8
RMSE (MPa) 0.009 0.013 0.029
AARD, (%) 2.45 3.63 10.92

Figure 2 shows the calculated Henry’s law constants of R32, R134a and R1234yf in [C,mim][SCN] as a

function of temperature, which are well-correlated with an Arrhenius type expression.

A
lnky=?+B (22)

These results are also provided as Supplementary Information in Table S5 and S6. According to Eq.
(12), Henry’s law constants increase with increasing temperature as solubility decreases. As can be
seen, Figure 2 indicates that the effect of temperature on the solubility of R1234yf is larger than for
the other two refrigerant gases. Accordingly, the solubility selectivity of R32 and R134a towards the

HFO R1234yf is enhanced with temperature.
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Figure 2. Henry’s law constants for the absorption of R32 (®), R134a (m) and R1234yf (A) in

[C,mim][SCN] as a function of temperature. Solid lines represent the linear least-squares regressions.

3.2. Gas diffusivity

Regarding gas diffusivity, Figure 3 presents the value of diffusion coefficients at infinite dilution of the
three refrigerants in [C;mim][SCN] between 283.15 and 313.15 K. In addition, data are provided in
Table S7 as Supplementary Information. As can be seen, diffusivity in [C;mim][SCN] increases with
temperature and the influence of temperature on the diffusion coefficients is well correlated with an
Arrhenius type expression. Besides, selecting a low-viscosity IL such as [C;mim][SCN] enhances
diffusivity of the gases as expected, so the diffusion coefficients of hydrofluorocarbons in [C,mim][SCN]
obtained in this work are higher than those found in more viscous ILs [54,60], which is extremely
important to reduce mass transfer resistance in this type of viscous fluids. Moreover, the activation
energy of diffusion, Ep, derived from diffusivity data at infinite dilution is presented in Figure 4 as a
function of the penetrant size. As expected, a strong influence is found between E, and the molecular

diameter of the refrigerants [61,62].
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Figure 3. Influence of temperature on the diffusion coefficients at infinite dilution of refrigerant gases

in [C;mim][SCN]: R32 (m), R134a (®) and R1234yf (A). Solid lines are the linear least-squares

regressions.

Eg (kJ mol™)
\
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Figure 4. Relationship between the activation energy of diffusion and refrigerant Chung diameter [63]

of R32 (m), R134a (®) and R1234yf (A). Dashed line is a guide to the eye.

3.3. Thermodynamic separation assessment

The IL [C,mim][SCN] presents significantly different absorption capacity for the three fluorinated
compounds assessed (R32, R134a and R1234yf), which differs from other ILs in which higher and very
similar absorption capacities for these gases are observed [18,26,28,46,49]. It is generally accepted
that the high solubility of hydrofluorocarbons in ILs is associated with their H-bonding capability (H-F-

H) [18,51,56,64]. In the present work, selecting the [SCN] anion moiety, without neither fluorine nor

14



hydrogen atoms, is aimed at avoiding hydrogen bonding between the refrigerant gas and the IL anion,
thus limiting the penetrant-IL interactions in order to increase the typically low HFC/HFO solubility
selectivity found in other ILs. In this regard, solubility differences observed among hydrofluorocarbon
gases in [C;mim][SCN] could be related to their polar nature. However, the electric dipole moments of
R32, R134a and R1234yf (1.649, 1.563 and 2.24 D, respectively [18,65]) do not correlate the observed
solubility trend (R32 > R134a > R1234yf), a fact that is in good agreement with previous works [18].
Moreover, it has been reported that the effective dipolar moment of HFCs increases due to clusters
formed by molecular associations between the gas molecules [18,66—68]. On the other hand, the
electron-rich double bond of the R1234yf molecule may weaken the possibility of forming these
clusters due to shielding effects of the C-H bonds that eventually reduce their potential to act as H-
bond donors [69]. Thus, the formation of HFC molecular associations might contribute to the higher

solubility of HFCs R32 and R134a with respect to the HFO R1234yf.

A deeper understanding of refrigerants solvation into ILs is gained by assessing the solvation enthalpy
and entropy at infinite dilution, which are presented in Table S8 as Supplementary Information and in
Figure 5. Solvation enthalpy reflects the energy of gas-IL interactions (hydrogen bonds, dipoles, Van
der Waals forces), and solvation entropy is a measure of the degree of ordering of solvent molecules
around the solute [55]. Figure 5 also shows a comparison between solvation energies of the three
fluorinated gases in [C,mim][SCN] calculated in this work and in other ILs, which were derived from
available absorption data in the literature [18,26,28,46,48,49]. As can be seen, there are larger
differences between the solvation energies of R32, R134a and R1234yf in [C,mim][SCN] than in the
other two ILs, which are consistent with the larger solubility differences observed between refrigerants
in [C;mim][SCN]. Apart from the enthalpic effects discussed above, entropic effects can also play an
important role regarding the solubility differences between hydrofluorocarbons in ILs [25]. In
[C,mim][SCN], the biggest molecule R1234yf yields a less-ordered structure in solution, as evidenced
by its more negative solvation entropy, what eventually leads to notably lower gas solubility [55].

Therefore, the comparison shown in Figure 5 also confirms the initial hypothesis that decreasing cation
15



alkyl chain length and anion size and avoiding fluorine substitution allows [C,mim][SCN] to improve
the selective separation of HFCs from HFOs with respect to other ILs. In summary, the reduction in size
and limiting fluorine substitution contribute to reducing the IL free volume, which hampers the

accommodation of larger molecules such as the HFO R1234yf [24,70,71].

[C,mim][SCN] [C,mim][PFq] [Cemim][TEN]
0
-30
5 <
Q i
= S
=2 - 80 E
= =
2 e
T 2
v
= <
-90
-120

Figure 5. Comparison of solvation enthalpies (solid column) and entropies (striped column) of

refrigerant gases in [C;mim][SCN] and other ILs [18,26,28,46,48,49].

Activity coefficients at infinite dilution and Gibbs free energy of mixing can be used to rationalize the
solubility differences between these refrigerants. A certain compound is more soluble than ideal if y{°
< 1, and less soluble than ideal if yT° > 1. Table 4 presents the results of y{° at several temperatures,
showing that the three gases are less soluble than ideal. Particularly, R1234yf is much less soluble than
ideal, which is in accordance with the observed behavior. Likewise, the Gibbs free energy of mixing
calculated with NRTL is presented in Figure S2 as Supplementary Information. The more negative the 4

gmi", the higher the sorption capacity, so the trends observed in Figure S2 are also consistent with

experimental observations.
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Table 4. Activity coefficients at infinite dilution of R32, R134a and R1234yf in [C,mim][SCN].

T (K) YR32 YR134a YR1234yf
283.15 2.76 10.21 40.06
293.15 2.78 10.34 40.88
303.15 2.79 10.46 54.49
313.15 2.80 10.56 83.70

The observed solubility differences are promising for the design of absorption or extractive distillation
processes aimed towards the selective separation and recovery of refrigerant fluorinated gases.
Mixtures of R32 or R134a, both HFC refrigerant gases, with R1234yf, an HFO, are gaining importance
as replacement for high GWP HFC mixtures affected by legislation. The recovery of these refrigerants
employing advanced regeneration technologies will be key for companies in their adaptation to the
new regulations. For a preliminary assessment of IL candidates, the ideal separation factors are a useful
measure to determine theoretical separation performances of absorption systems [57]. Table 5
presents both the ideal selectivity at infinite dilution and the noncompetitive selectivity calculated at
0.5 MPa in the temperature range 283.15-313.15 K. R32/R1234yf and R134a/R1234yf selectivity are in
the range 5-14 and 4-9, respectively, and increase with temperature. Therefore, further stages of
process design will have to focus on analyzing the optimal separation conditions to reach a trade-off
between the amount of solvent and the number of equilibrium stages required for a certain degree of

separation.

Table 5. Ideal selectivity (S1/2) and noncompetitive absorption selectivity at 0.5 MPa (S%,3) in
[C;mim][SCN].

T (K) 283.15 293.15 303.15 313.15
SR32/R1234yf 6.0 6.4 8.7 13.3
SB32/R1234yf 5.1 5.5 75 14.2

SR134a/R1234yf 42 4.0 53 7.0
SB134a/R1234yf 45 4.0 4.9 8.6

17



Finally, the selectivity achieved with [C,mim][SCN] is compared to that of other ILs in Figure 6
[18,19,26-28,46,48,49]. The comparison shows that the solubility selectivity of [C,mim][SCN] for
R32/R1234yf separation is at least twofold higher than in any other system. On the other hand, for the
case of R134a/R1234yf separation, selectivity differences among ILs are smaller. Only [Csmim][BF,] at
infinite dilution and [C;mim][PFs] at 0.5 MPa exhibit comparable selectivity to [C,mim][SCN], yet their

viscosity is one order of magnitude higher (Table 2).
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Figure 6. Comparison of R32/R1234yf and R134a/1234yf ideal selectivity at infinite dilution (P = 0) and

non-competitive selectivity at 0.5 MPa (P = 5) in [C,mim][SCN] (data from this work) and in other ILs

([18,19,26-28,46,48,49]).

4. Conclusions

This work is directed towards the development of innovative technologies for the separation and
recycling of hydrofluorocarbon refrigerant gases. Specifically, we have studied the absorption
separation using ILs of the HFCs R32 and R134a, and the HFO R1234yf, which are among the main
components of most of the new commercial refrigerants blends. The results obtained reveal that

[C,mim][SCN], with a small and non-fluorinated anion, provides higher HFC/HFO sorption selectivity
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than ILs with bigger molar volume and fluorinated anions. This fact can be ascribed to unfavorable
entropic solvation effects that hinder the solvation of large molecules such as the HFO R1234yf in
[C,mim][SCN]. In particular, for the gas pair R32/R1234yf, the solubility selectivity found in
[C,mim][SCN] is 2-6 times higher (at 0.5 MPa) than that previously reported in any other IL, and up to
twofold higher for the pair R134a/R1234yf. In addition, the phase behavior of the refrigerant-IL binary
systems has been accurately modeled using the NRTL activity-coefficient method. Moreover, the
diffusion coefficients of R32, R134a and R1234yf in [C,;mim][SCN], in the range 10°-10%° m?2 s, are
also higher than those found in more viscous ILs, which is extremely important to overcome mass

transfer limitations in kinetically controlled separation processes using ILs.
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lonic liquids can enable the recovery of HFCs and HFOs from refrigerant mixtures
Small size and low fluorinated ionic liquids enhance HFC/HFO solubility selectivity
High diffusion coefficients of hydrofluorocarbons in low-viscosity [C,mim][SCN]

Phase behavior accurately parametrized with NRTL activity model
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