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ABSTRACT: Current legislation calling for the phase out of
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Selective Separation of R-410A Using lonic Liquids

hydrofluorocarbon (HFC) refrigerants is driving a global market

shift that has prompted industry and research institutions to Context: Method: Results:

. . . . . . Hydrofluerecarbon Isothermal Vapor Liguid lonic Liquids - Potential Entrainers
investigate new refrigerant mixtures and sustainable separation Refiigerants Equilibrium (VLE) Data for Separating of R-410A
techniques for recycling refrigerants. The recent American

Innovation and Manufacturing (AIM) Act of 2020 requites an n use .

85% phase down of HFC production over the next 15 years. To RATOA: L0

achieve this goal, azeotropic refrigerant mixtures, such as R-410A ¢ 08
composed of 50 wt % HFC-32 (difluoromethane, CH,F3) and 50 wt
% HFC-125 (pentaﬂuoroerhane, CHF,CF3), will have to be
separated to recycle the lower global warming HFC-32 component.
The present work investigates the solubility of HFC-32 and HFC-
125 in six ionic liquids (ILs) with halogen anions for the purpose of
developing the thermophysical property data required for designing
extractive distillation recycling processes and understanding the choice of cation and anion type. A gravimetric microbalance was
used to collect isothermal vapor liquid equilibrium data for each of the ILs at 298.15 K and pressures from 0.05 to 1.0 MPa. The
Peng-Robinson equation of state was used to model the solubility of the HFCs in the ILs. The solubility of HFC-32 in the ILs
showed small differences, while the solubility of HFC-125 had significant vatiations with respect to the anion type and the cation
alkyl chain length. Fick’s law was applied to calculate diffusion coefficients for each HFC/IL system. HFC-32 has a greater diffusivity
than HFC-125 based on smaller molecular size. The 1-n-hexyl-3-methylimidazolium chloride and the trihexyl(tetradecyl)-
phosphonium chlotide ILs have the highest HFC-125/HFC-32 selectivity at 298.15 K. Based on both the mass uptake and selectivity
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ratio, these two ILs are potential entrainers for the separation of R-410A using extractive distillation.
KEYWORDS: hydrofluorocarbons, refrigerants, ionic liquids, phase equilibria, and separation

. INTRODUCTION

The global refrigerant market is rapidly growing and is
currently valued at $14 billion annually. The total amount of
refrigerant in use is 3349 ktons, and 2833 ktons are used in
applications with fugitive emissions.! These applications
include vapor compression, fire suppression, foam production,
acrosols, solvents, and chemical production.! Fluorocarbon
refrigerants make up 44% of the total refrigerant market, and
vapor comptession systems are the “most difficult and
impactful area for refrigerant innovation”.! Chlorofluorocarbon
(CFC) refrigerants, which ate non-flammable and non-toxic,
were invented in the eatly 1930s as safe alternatives to
ammonia, methyl chloride, and sulfur dioxide. CFCs had a
tremendous impact on the rapid development of the
refrigeration and air-conditioning (RAC) industry. Their
unintended impact on the environment, however, has led to
a global phase out agreements and regulations.
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In 1987, the Montreal Protocol phased out both the
production and use of CFCs, and subsequently hydro-
chlorofluorocarbons (HCFCs) due to high ozone depletion
potentials.’* Hydrofluorocatbon (HFC) refrigerants wete
developed in the 1990s to replace CFCs and HCFCs and
are widely used today in a variety of RAC applications. HFCs
have excellent refrigerant properties and zero ozone depletion
potential; however, due to their high global warming potential
(GWP), HFCs are being phased down, see Figure 1.5 The
recent American Innovation and Manufacturing (AIM) Act of
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Figure 1. Fluorocarbon refrigerant generations, environmental impact, and the corresponding legislation.?

Table 1. ILs" Physical Properties!”!8

ionic liquid formula MW (g*mol™)
[CeCrim][I] CioHoIN, 294.18
[CsCiim][Bt] CioH9BrN, 247.18
[CeCiim][Cl] C1oH9CIN, 202.72
[C4Ciim][Cl] CsHisCIN2 174.67
[C5Ciim][Cl] C7Hi;CIN2 160.65
[C2Ciim][Cl] Ce¢H11CIN2 146.62
[Pe66.14] [C]] C32HesCIP 519.32

melting point (K)

density (kg'm™) viscosity (Pa’s)

<RT 1384.09 £ 0.96" 1.8 £ 0.2
<RT 1228.17 £ 0.69% 3.6 £0.8*
<RT 1039.7 £ 2.7% 18.1 £ 1.813»
338.15-343.5%2 1074 £ 10%

333.15%7 1109.11 £ 0.44%

350.15-360.152%% 1143.4 £ 1.2

<RT 892.80 £+ 6.2 1.68 £ 0.25%

2020 proposed an 85% phase down of both production and
consumption of HFCs by 2035.>¢ This moves up the phase
out timeline proposed by the Kigali Amendment to the
Montreal Protocol by nearly 10 years and is comparable to the
Regulation EU 517/2014 in Europe.>” It is impetative for the
successful phase out of HFCs that the next generation (i.e.,
fourth generation) of refrigerants known as hydrofluoroolefins
(HFOs) and blends of HFCs with HFOs are available for
broad adoption across the RAC industry.!*

The phase out of millions of tons of HFC refrigerants
provides a tremendous need to separate and recycle high GWP
HFC refrigerant mixtures.>® Common HFC refrigerant
mixtures include R-404A, R-507, R-407A, R-407C, and R-
410A, all of which are composed of various combinations and
amounts of HFC-125, HFC-32, 1,1,1-trifluoroethane (HFC-
143a, CH3CF3), and 1,1,1,2-tetrafluoroethane (HFC-134a,
CH,FCF3); see Table S1 in the Supporting Information for
details.’%!? The separation of these azeotropic and near-
azeotropic mixtures is difficult to impossible using conven-
tional distillation techniques. For this reason, research is
needed to develop separation techniques such as extractive
distillation, pressure-swing adsorption (PSA), and membrane
processes for breaking the azeotropic compositions to produce
pure refrigerants. Ionic liquids (ILs) are ideal entrainers for
extractive distillation because ILs have essentially no
measurable vapor pressure (ie., <1 X 1073 to 1 X 107> Pa)
and will not contaminate the product streams.!!™'* This study
is a continuation of research focused on experimental
measurements and modeling to identify IL-based entrainers
for the separation of R-410A. R-410A is a near azeotropic
refrigerant mixture composed of 50 wt % HFC-32 and 50 wt %
HFC-125. R-410A is the most widely used refrigerant blend for
air-conditioning applications, and regulations phasing down
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this refrigerant mixture will have a significant impact on the
RAC industry.!

Morais et al. investigated the solubility and diffusivity of
HFC-32 and HFC-125 in six different ILs, three with
fluorinated anions and three with non-fluorinated anions.!®
The study confirmed that HFC-32 was mote soluble in ILs
containing fluotinated anions,'> and recent molecular model-
ing indicates that the hydrogens on CHyF: strongly interact
with fluorines on the anions (e.g., Pl and BE 7). Morais et
al. also found that HFC-125 was more soluble in ILs with non-
fluorinated anions,!> and molecular modeling shows that the
hydrogens on the cation alkyl chains strongly interact with
fluorines on CHF,CF3 in the absence of a fluorinated anion.
One of the most promising ILs identified in that study was 1-n-
hexyl-3-methylimidazolium chloride ([CsCiim][Cl]), which
showed a large difference in mass fraction solubility between
HFC-32 and HFC-125, suggesting that this IL could be used as
an entrainer for extractive distillation to separate R-410A.1°
The current work continues the investigation of HFC-32 and
HFC-125 solubility in six new ILs with halogen anions: 1-11-
hexyl-3-methylimidazolium iodide [C¢Ciim][I], 1-#1-hexyl-3-
methylimidazolium bromide [CsCiim][Br], 1-n-butyl-3-meth-
ylimidazolium chloride [C4Ciim][CI], 1-methyl-3-propylimi-
dazolium chloride [C3Ciim][CI], 1-ethyl-3-methylimidazolium
chloride [C>Ciim][Cl], and trihexyl(tetradecyl)phosphonium
chloride [Ps6.14][Cl] to specifically evaluate the effect of (1)
non-fluorine halogen-based anions, (2) variations in the alkyl
chain length, and (3) the cation type.

2. MATERIALS AND METHODS

2.1. Materials. Difluoromethane (HFC-32, CH,F,, CAS no. 75-
10-5) and pentafluoroethane (HFC-125, CHF,CF3, CAS no. 354-33-
6) were obtained from The Chemours Company (Newark, DE) with

https://doi.org/10.102 | /acssuschemeng. 1 c06252
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Figure 2. Chemical structures, acronyms, and physical properties of the HFC refrigerants and ILs.10718:24.25.27.29.30

a minimum purity of 99.9 wt % and were used as received. The
following ILs were obtained from loLiTec Ionic Liquid Technologies:
1-n-hexyl-3-methylimidazolium iodide ([C¢Ciim][I], assay >98%,
CAS no. 178631-05-5, Lot and Filling no. Q00383.1-IL-0026); 1-n-
hexyl-3-methylimidazolium bromide (|CsCiim|[Bz], assay >99%,
CAS no. 85100-78-3, Lot and Filling no. Q00288.7.1-11.-0069); and
1-methyl-3-propylimidazolium chloride ([C3Ciim][CI], assay >98%,
CAS no. 79917-89-8, Lot and Filling no. Q00183.1.3-1L-0144). 1-n-
butyl-3-methylimidazolium chloride ([C4Ciim][Cl], assay 298%,
CAS no. 79917-90-1, Lot and Filling no. 1185054 23906172) and
trihexyl(tetradecyl)phosphonium chloride ([Pegg,14][Cl], assay >98%,
CAS no. 258864-54-9, Lot and Filling no. 1186190 51505178) were
purchased from Fluka Chemika (Switzerland), and 1-ethyl-3-
methylimidazolium chloride ([C2Ciim][Cl], assay >98%, CAS no.

65039-09-0, Lot and Filling no. 1084445 11106247) was purchased
from Sigma-Aldrich. HFC-32 and HFC-125 liquid and vapor-phase
densities were obtained from the National Institute of Standards and
Technology (NIST) REFPROP V.10.0 database.'® The IL densities,
viscosities, and molecular weights were obtained from NIST
ILTHERMO V.2.0 database #147 and literature.!”»!8 The key
chemical properties of the ILs are summarized in Table 1, and the
chemical structures, names, and acronyms of the HFCs and ILs are
shown in Figure 2.

2.2. Experimental Methodology. The gas absorption measure-
ments were performed using an intelligent gravimetric analyzer
(Hiden Isochema Ltd., IGA 003, Warrington, United Kingdom). The
experimental equipment and procedures have been described in detail
in prior work;*? therefore, only a summary will be discussed here. For
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cach expetiment, approximately 50 mg of IL was added into a flat
bottom stainless-steel sample bucket that was loaded into the IGA.
The IL sample was degassed under vacuum (10710 MPa) at 348.15 K
for a minimum of 12 h or until the mass reading was stable to ensure
the removal of any trace amounts of water and/otr other volatile
impurities from the IL sample. The gas sorption experiments were
operated in “static mode”, where each pressure set point was
maintained by automated adjustments using admit and exhaust valves
in the system. Each pressure setpoint was held for a minimum of 8 h
to ensure the vapor-liquid equilibrium (VLE) was achieved for the
HFC/IL mixture at 298.15 K. The kinetic sotption profile and balance
stability were measured using the HISorp software to ensure
thermodynamic equilibrium. The temperatures of the sample and
counterweight were measured using in situ K-type thermocouples
with an uncertainty of £0.1 K. Pressures under vacuum (10710 to 1075
MPa) wete measured using a Pfeiffer vacuum gauge (model
PKR251), and pressures from vacuum (107> MPa) to higher pressure
(2.0 MPa) were measured using a Druck pressure transducer (model
PDCR4010) with an accuracy of £0.0008 MPa. Both the pressure
transducers and thermocouples were calibrated with NIST-certified
reference instruments. The in situ thermocouple for measuring the
sample temperature was calibrated using a standard platinum
resistance thermometer (Hart Scientific SPRT model 5699/2560
with Hart Scientific Blackstack readout model 1560) with an accuracy
of £0.005 K. The Druck pressure transducer (range 0-2 MPa) was

S R IRG G i s  G E R
instrument is a NIST-certifled secondary pressure standard with a

traceable accuracy of £0.0008 MPa. The instrumental uncertainty in
T is within £0.1 K and P is within £0.001 MPa.

2.3. Equation of State Modeling. In prior work, both cubic
equations of state and activity coefficient models have been utilized as
analytic methods of representing solubility data, which is necessary for
process modeling and optimization frameworks.!>3374 In this work,
the Peng—Robinson (PR) equation of state (EOS) was used to model
the solubility of HFCs in the ILs that were liquid at room temperature
(.e., [CeCiim][I], [CsCiim][Br], [C¢Ciim][Cl], and [Pgg6,14][CI]).
The PR EOS model is described in detail with eqs 1-15.45 Two
binary interaction parameters were regressed for each HFC/IL
mixture, and plots of these fitted models are shown in Figures 3 and 4.
The binary interaction parameters are provided in Table 2. The
IDAES modeling library was used to perform non-linear least squares
regression of the binary interaction parameters with the model
described in eqs 1-154% In addition, uncertainty estimates
(covatiance matrices) for the fitted parameters for each HFC/IL
mixture are given in Table S2 in the Supporting Information.

The general form of a cubic EOS is*

0=2-(1+B-uBZ+ (A - uB - (u- wB)Z — AB
B - 2B )

where Z is the compressibility factor of the mixture, and # and w are
parameters dependent on the functional form of the EOS, and

4= DL
T R @
5o baP
RT 3
Here, a, and by, are mixture properties calculated via
_QRTE,
aj - P KJ
o @
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bm = Zyibi

)

where PCJ and TCJ- are the critical temperature and pressure and y; is
the mole fraction of each component, j. kij is the set of binary
interaction parameters (ki = 0) and Qa, Qp, and K; are parameters
specific to a functional form of an EOS.

For the PR EOS

https://doi.org/10.102 | /acssuschemeng. 1 c06252
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Table 2. Binary Interaction Parameters for the PR EOS Model

HFC-32 HFC-125
1L kIL,HF(; kHFC,IL kIL,HF(j kHFC,IL

[CsCiim][I] -3.00 X 107 2.94 X 1072 9.30 X 107! 1.06 X 107!

[CoCrim] [Br] -3.84 x 1071 1.03 X 1072 1.96 X 1071 233 X 10

[CoCrim][Cl] -2.98 x 107! 271 % 102 -5.51 % 1072 -4.70 X 107

[P .6.14l [C] -6.47 X 107 -1.35 X 10! -6.89 X 107! -2.65 X 107!
u=2 ® IL system at the following pressures: 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and
we -1 ) 1.0 MPa. A detailed description of the application of Fick’s law to the
experimental data collected in the IGA was previously reported;’
Q, = 045724 (10) therefore, only key conditions and assumptions will be discussed here.
To apply the simplified Fickian diffusion model, the following
Qp = 0.07780 1) assumptions were made: (1) there is only physical interaction
between the IL. and HFC; (2) a vertical, one-dimensional diffusion
K= (1 + (1 = T(0.37464 + 1.54226w; — 0.26992w?))> process describes the sorption of HFC; (3) there is no convect}ve
12) flow in the IL; (4) at a given T and P a thin bougdary l.a'yerv exists
between the IL and HFC, where thermodynamic equilibrium is
T = I reached at the saturation concentration (Cy); and (5) the IL/HFC
T, (13) mixture is a highly dilute solution, thus at a given T and P the

As discussed in previous cubic EOS modeling of HFC/IL systems,
the critical temperatures and pressures of ILs must be estimated as
pseudoctitical points.*”4 In 2020, Morais et al. specified the critical
temperature as 1000 K and critical pressure as 2.5 MPa for all ILs
studied;!> here, we follow this same convention and additionally set
the acentric factor (w)) to 0.5 for each IL.

The PR EOS written in terms of pressure is

RT aq

Vb 12+2bV -

(14)

where a and b correspond to 4j and bj and @ corresponds to K.

To fit the parameters k,‘j, the following least squared optimization
formulation was used

min(P, 9 = Poy)’ (15)
constrained by eqs 1-15 to calculate P4 P, are the experimentally
measured pressures at equilibrium.

2.4. Henry’s Law Constant at Infinite Dilution. Henry's law is
the “proportionality, at equilibrium, between the abundance of a
species in the gas phase and its abundance in a liquid solution”.50
Experimental Henry’s law constants (ku) were calculated at infinite
dilute concentration to evaluate the absorption of the refrigerant in
the ILs, where higher refrigerant solubility is indicated by lower ku
values and lower refrigerant solubility is indicated by higher ky. The
solubilities of both HFC-32 and HFC-125 in the HFC/IL systems
show a linear increase with increasing pressure up to 0.2 MPa. This
allows for the assumption that under dilute conditions, the HFC
partial pressure was directly proportional to the HFC composition in
the liquid phase. Experimental Henry’s law constants can be

SRlcparel frpm experimenal HIPG solubiliey (DT o Aseuomin
15
pressure correction
TPy Ay
k}] = lim ! ( 1) zjilz
=0 T x  JdxZ
k {m:o (106)

wherte fV is the vapor phase fugacity of HFC (y = 1) absorbed in the
1 1

IL, and x1 is the mole fraction of HFC absorbed in the IL. The vapor
phase fugacities of the HFCs used in this study were obtained from
the NIST REFPROP V.10.0 database. The Henry’s law constants
were calculated by fitting the experimental solubility data (including
the theoretical point of zero HFC in the IL at zero pressure) up to 0.2
MPa and determining the slope of a linear regression.

2.5. Fickian Diffusion Analysis. The IGA was also used to
measure the time-dependent absorption data for HFC-32 and HFC-
125 in the ILs. Kinetic data was measured at 298.15 K for each HFC/

820

thermophysical properties are constant. The assumptions describe a
local concentration difference that allows for the dissolution of the
HFC in ILs to be described using the equation for one-dimensional
mass diffusion in the z direction

oc _ ¢

ot oz an
with the initial condition

C=Cat t=0and0 <z <L (18)
with the boundary conditions

C=Csat t>0andz =0 19)

ac

a- =0at t>0andz =1L 20)

where time is t, the concentration of the HFC in the 1L as a function
of time is C, the vertical location is z (the vapor-liquid boundaty is at
z = 0), the depth of the IL in the sample bucket is L, and the diffusion
cocfficient is D (assumed to be constant). The depth (L) was
estimated by assuming: (1) an even, thin layer of IL was coating the
bottom of the sample bucket, (2) the cylindrical geometry of the
sample bucket, (3) the sample mass, and (4) the average weight
fraction density at a given T and P of the HFC/IL mixture at both the
saturated (Cy) and saturation initial (Co) concentrations. The initial
and boundary conditions (eqs 18-20) were used to solve eq 17
analytically using the Laplace transform or separation of variables
method

A i = Xp(— ; i !
C=Cs§1 _211 _ @% exp( A,Dt)sm/\,gﬁ
¢ GG L4, ¥ @1)
where A, =:—h + 1yZZT_T
k  2{L @2

Equation 21 represents the concentration profile in the z direction,
but to fit the expetimental data from the IGA it is necessaty to have an
equation that can model the total concentration of the absorbed gas in
the IL. To do this, the equation for space-averaged concentration at a
given time ((C)) is used

Lc
=] “a
o L @23)
Using eqs 21 and 23, the following equation for (C) is obtained
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i < [
(©) = ng\l - 21 - %Z C—mz—%—lﬁi
Lol
where Ar=liz + * i
k {

Equation 24 was used to calculate the solubility limit at equilibrium
(Cy) and the diffusion coefficient (D) for each HFC/IL system using
non-linear regression that was performed in MATLAB with the
propet selection of the Cp value to obtain the best model fit. Finally,
only the first 10 terms of the infinite summation in eq 24 were
necessaty.

Gl Lh 24

(25)

3. RESULTS AND DISCUSSION

3.1. VLE Results. Isothermal VLE data was gathered at
298.15 K and pressures ranging from 0.05 to 1.0 MPa. Figures
3 and 4 show the equilibrium data for each IL and PR EOS
model predictions for [CsCiim][I], [CsCiim][Br], [C¢Ciim]-
[ Pl e 2y 1C TR, oy 125
[C2Ciim][C]] ate solid at room temperature and as such
were not modeled using the Peng—Robinson EOS. However, it
is important to note that for the solubility measurements with
[C4Ciim][C]] and [C3Ciim][Cl], both was heated above their
melting point during the sample preparation and were in a
metastable state for the solubility measurements.>'™>

The solubility of HFC-32 in the ILs is compared with
[C6Ciim][Cl] from Morais et al. in Figure 3.1> The solubility
for HFC-32 was similar in all the imidazolium-based ILs except
for [CoCiim][Cl] that had neatly zero solubility. The low
sorption of HFC-32 in [C,Ciim][Cl] is most likely due to the
fact that the IL remained a solid during the sorption
measurements. The solubility of HFC-32 was higher in
[Pog6,14][Cl] compared with the other imidazolium-based
ILs. The high sorption of HFC-32 in [Pg,14][CI] shows how
changing the cation from an imidazolium to a phosphonium
can significantly affect the refrigerant solubility. A hypothesis
for these trends will be discussed further in the next section.

The solubility of HFC-125 in the ILs is compared with
[CsCiim][CI] from Morais et al. in Figure 4.1> The solubility
of HFC-125 varies significantly with each IL and the trends
will be discussed in the next section. The experimental VLE
data for each HFC/IL mixture at 298.15 K and pressures: 0.05,
0.1,0.2,0.4, 0.6, 0.8, and 1.0 MPa are provided in Tables 3-9.
The maximum pressure of 1.0 MPa was selected to not exceed
the saturation vapor pressure of HFC-32 (1.69 MPa) and
HFC-125 (1.38 MPa) at 298.15 K.

Prior to measuring the results reported in Tables 3-9, the
solubility of HFC-125 was measured in [C4Ciim][PF¢] to
validate the experimental method and T and P calibrations.
The results are provided in TFigure S1 in the Supporting
Information and confirm that the method reproduced prior
results within the experimental T, P, and mass uncertainties.

For each IL, the solubility of HFC-32 and HFC-125
increased with increasing pressure, as expected. When
comparing the solubility data for designing a separation
process, the most important critetion is the relative difference
in solubility on a mass fraction basis between HFC-32 and
HFC-125 at the same T and P for a given IL. The largest
relative difference in solubility on a mass fraction basis between
HFC-32 and HFC-125 shown in Tables 2-8 was found with
[CsCiim][Cl] and [Pesg,14][Cl]. The solubility of HFC-125 in
[CoCiim][Cl] was 52.8 wt %, and the solubility of HFC-32

821
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Table 3. Expetimental VLE for HFC-32/[C C1 im][I] and
HFC-125/|C C im][I] Mixtures at 298.15 Ka

6 1

HFC-32 (1) + [CoCiim][] (2)

HFC-125 (1) + [CeCrim][T] (2)

P

(MPa)
0.00
0.05
0.1
0.2
0.4
0.6
0.8
1.0

100x1
(mol %)
0.0
2.5
4.8
9.7
18.5
26.4
33.8
40.6

w1
(Wt 0/0)
0.0
0.5
0.9
19
3.9
6.0
8.3
10.8

P

(MPa)
0.00
0.05
01
0.2
0.4
0.6
0.8
1.0

100x1
(mol %)
0.0
0.8
1.6
31
6.8
10.8
16.1
21.3

w1
(Wt 0/0)
0.0
0.3
0.7
13
29
4.7
7.2
10.0

2Ppressure; 100x1 and wOHFC composition (mol % and wt % in
the IL. Standard uncertainties: u(T) = 0.1 K, u(P) = 0.0008 MPa,
and u(100x1) = 0.5 mol %.

Table 4. Experimental VLE for HFC-32/[CsCiim][Bt] and
HFC-125/[CsCiim][Bt] Mixtutes at 298.15 K”

HFC-32 (1) + [CsCiim][Bt] (2) HFC-125 (1) + [CsCiim][Bt] ()

P 1001 w, P 100x;1 w
(MPa) (mol %) (wt %) (MPa) (mol %) (wt %)
0.00 0.0 0.0 0.00 00 00
005 31 0.7 0.05 14 0.7
01 6.0 13 01 33 17
0.2 114 26 0.2 74 3.7
0.4 21.0 53 0.4 155 8.2
06 29.5 8.1 0.6 245 13.6
08 37.1 11.0 0.8 343 20.2
1.0 443 143 1.0 46.2 294

aPpressure; 100x1 and wOHFC composition (mol % and wt % in
the IL. Standard uncertainties: u(T) = 0.1 K, u(P) = 0.0008 MPa,
and #(100x1) = 0.5 mol %.

Table 5. Experimental VLE for HFC-32/[CsC1im][Cl] and
HFC-125/[CsC1im][Cl] Mixtures at 298.15 K Repotrted by
Morais et al'®

HFC-32 (1) + [CsCiim][C] (2)7

HEC-125 (1) + [C4Ciim][CI] (2)°

P 100x1 wi P 100x1 wi
(MPa) (mol %) (wt %) (MPa) (mol %) (wt %0)
0.00 0.0 0.0 0.00 0.0 0.0
0.05 2.1 0.5 0.05 4.0 24
0.1 44 12 0.1 7.9 4.8
02 9.2 25 02 16.0 10.2
0.4 18.6 5.6 0.4 29.0 19.5
0.6 27.2 8.8 0.6 414 29.6
0.8 345 11.9 0.8 54.3 413
1.0 41.0 15.2 1.0 65.4 52.8

2Ppressure; 100x1 and wJHFC composition (mol % and wt % in
the IL. Standard uncertainties: u(T) = 0.1 K, u(P) = 0.0008 MPa,
and 1(100x7) = 0.5 mol %.

was 15.2 wt % at 298.15 K and 1.0 MPa. The HFC-125 was
about 3.5 times more soluble in [CsCiim][CI] compared with
HFC-32 at 298.15 K and 1.0 MPa. The solubility of HFC-125
in [Psgg14][Cl] was 41.2 wt %, and the solubility of HFC-32
was 17.6 wt % at 298.15 K and 1.0 MPa. The HFC-125 was
about 2.3 times more soluble in [Psge,14][Cl] compared with
HFC-32. The large differences in the HFC-125 and HFC-32
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Table 6. Experimental VLE for HFC-32/[C4Ciim][Cl] and
HFC-125/[C4Ciim][Cl] Mixtures at 298.15 K*#

HFC-32 (1) + [C+Ciim][C]] (2)

HFC-125 (1) + [C+Ciim][C]] (2)

Research Article

Table 9. Experimental VLE for HFC-32/[Ps66,14][Cl] and
HFC-125/[Ps,,14][Cl] Mixtures at 298.15 K°

HFC-32 (1) + [Ps,6.14][[C]] (2)

HFC-125 (1) + [Pss,6.14][[C]] (2)

P 100x1 w1 P 10021 w1
(MP2)  (mol %)  (wt%)  (MPa)  (mol %)  (wt %)
0.00 0.0 0.0 0.00 0.0 0.0
0.05 2.8 0.9 0.05 0.8 0.5
0.1 5.6 1.7 0.1 25 1.7
0.2 10.9 35 0.2 7.0 4.9
0.4 20.0 6.9 0.4 19.4 14.2
0.6 28.1 10.4 0.6 34.1 26.2
0.8 35.6 14.1 0.8 49.9 40.6
1.0 429 18.3 1.0 63.6 54.5

2POpressure; 100x; and wOHFC composition (mol % and wt % in
the IL. Standard uncertainties: #(T) = 0.1 K, u(P) = 0.0008 MPa,
and u(100x1) = 0.5 mol %.

P 100x1 Wi P 100x1 wi
(MP2)  (mol %)  (wt%)  (MPa)  (mol %)  (wt %)
0.00 0.0 0.0 0.00 0.0 0.0
0.05 118 13 0.05 26.7 7.8
01 19.8 24 01 372 12,0
0.2 311 43 02 481 17.6
04 45.6 77 04 59.6 254
0.6 55.2 11.0 0.6 66.1 31.1
0.8 623 14.2 08 709 36.0
10 681 17.6 10 75.2 412

aPOpressure; 100x; and wOHFC composition (mol % and wt % in
the IL. Standard uncertainties: u(T) = 0.1 K, u(P) = 0.0008 MPa,
and 1(100x7) = 0.5 mol %.

Table 7. Experimental VLE for HFC-32/[C3Ciim][Cl] and

HFC-125/[C5Cyim][Cl] Mixtures at 298.15 K¢

HFC-32 (1) + [C:Ciim][C]] (2)

HFC-125 (1) + [CsCiim][C]] 2)

P 100x1 wr P 100x1 w1
(MPa) (mol %) (wt %) (MPa) (mol %) (wt %)
0.00 0.0 0.0 0.00 0.0 0.0
0.05 19 0.6 0.05 0.4 0.3
0.1 43 14 0.1 1.0 0.8
0.2 9.0 3.1 0.2 2.7 2.0
0.4 18.6 6.9 0.4 9.8 7.5
0.6 26.6 10.5 0.6 25.6 20.4
0.8 339 14.2 0.8 46.2 39.0
1.0 40.7 18.2 1.0 62.5 55.4

aPOpressure; 100x; and wOHFC composition (mol % and wt % in
the IL. Standard uncertainties: u(T) = 0.1 K, u(P) = 0.0008 MPa,
and u(100x1) = 0.5 mol %.

Table 8. Experimental VLE for HFC-32/[C,Cyim][Cl] and
HFC-125/[C2C1im][Cl] Mixtures at 298.15 K*

HFC-32 (1) + [C2Ciim][C]] (2)

HFC-125 (1) + [C2Ciim][C]] 2)

P 100x: w1 P 100x1 w1
(MPa) (mol %) (wt %) (MPa) (mol %) (wt %)
0.00 0.0 0.0 0.00 0.0 0.0
0.05 0.1 0.1 0.05 0.0 0.0
0.1 0.3 0.1 0.1 0.0 0.0
0.2 0.6 0.2 0.2 0.0 0.0
0.4 1.1 0.4 0.4 0.1 0.1
0.6 1.6 0.6 0.6 0.1 0.1
0.8 2.2 0.8 0.8 0.3 0.2
1.0 2.7 1.0 1.0 0.3 0.3

aPOpressure; 100x; and wJHFC compositon (mol % and wt % in
the IL. Standard uncertainties: u(T) = 0.1 K, u(P) = 0.0008 MPa,
and u(100x7) = 0.5 mol %.

solubilities make both [CeCim]|[Cl] and [Pege14][C]]
potential entrainers for the separation of R-410A using
extractive distillation.

3.2. Anion Comparison. The solubilities of HFC-32 and
HFC-125 in [C¢Ciim][I] and [C¢Ciim][Bt] were compared
to the data for [C¢Ciim][CI] from Morais et al. in Figure 5 to
understand the effects of varying the halogen anion.!> In
Figure 5, plots (A,C,E) show the relative difference in

822

solubility on a mole fraction basis between HFC-32 and
HFC-125 with each IL. The solubility of HFC-32 in terms of
mole fraction remains relatively constant between the three
anions; however, there is a distinct difference in the solubility
of HFC-125 as the anion is varied as shown in Figure 5 and
Table 10.

HFC-125 has lower solubility than HFC-32 in [CeCiim]|[I],
has similar solubility to HFC-32 in [C¢Ciim][Bt], and has
higher solubility than HFC-32 in [C¢Ciim][Cl]. Although it is
clear the variation of the anion influences the solubility of
HFC-125, there are no clear solubility trends until the
differences in molecular weight are considered MWrrc-32 =
52.024 g'mol™ and MWyrc-125 = 120.02 g'mol™), as shown in
Figure 5 plots (B,D,F). The HFC-32 solubility again shows
little difference between the anions, but the HFC-125 shows a
clear trend: as the size of the anion decreases, strength of Lewis
basicity increases, and the electronegativity of the anion
increases, the solubility of HFC-125 increases as shown in
Figure 5 and Table 11.

The relative difference in solubility on a mass fraction basis
between HFC-32 and HFC-125 is almost negligible in
[CoCiim][I] and still relatively small in [CsCiim][Bx],
meaning neither would be good candidates as entrainers in
extractive distillation for the separation of R-410A.

3.3. Alkyl Chain Length Comparison. The solubility for
HFC-32 and HFC-125 in [C4Ciim][Cl], [C3Ciim][Cl], and
[C2Ciim][Cl] is compared to [CsCiim][CI] from Morais et al.
in Figure 6 to compare the effects of vatying the alkyl chain
length.”> Note that [C4Ciim][Cl], [C5Ciim][Cl], and
[C2Ciim][CI] are all solids at room temperature, while
[C6Ciim][CI] is a liquid. In addition, [CoCiim][CI] is
assumed to have remained a solid throughout the solubility
experiments, while [C4Ciim][Cl] and [C;Ciim]|[C]] are in a
metastable liquid state. High-pressure view cell experiments
wete conducted under the same T and P conditions as the IGA
to confitm the solid-liquid phase transitions, see Figure S2 in
the Supporting Information for details.

In Figure 6, plots (A,C,E,G) show the relative difference in
solubility on a mole fraction basis between HFC-32 and HFC-
125 with each IL. The solubility of HFC-32 in terms of mole
fraction remains relatively constant among [CeCiim][Cl],
[C4Ciim][CI], and [C5Ciim][Cl], suggesting that the
solubility of HFC-32 in the metastable state for [C4Ciim][Cl]
and [C3Ciim][Cl] behave the same as [C¢Ciim][Cl] in the
liquid state. However, HFC-32 solubility in [CoCiim][Cl] is

https://doi.org/10.102 | /acssuschemeng. 1 c06252
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Figure 5. Effect of anions on VLE (mol fraction, x1 and mass fracton, wi) for HFC-32 and HFC-125 in ILs at 298.15 K: (A) HFC x; in
[C6Ciim][I] (O, ®), (B) HFC w; in[CsCiim][I] (O, @), (C) HFC x1 in [C¢Ciim][Bt] (red O, red ®m), (D) HFC w; in [C¢Ciim][Br] (red O, red
m), (E) HFC x; in [C¢Ciim][Cl]] (yellow %%, yellow %), and (F) HFC w; in [CeCiim][Cl] (yellow %, yellow %). Symbols are the measured
experimental data (PTx) for HFC-32 (open symbols) and HFC-125 (solid symbols). Dashed lines are guides for the reader. Data for [C¢Cqim][Cl]

reported by Morais et al.!>

Table 10. HFC-32 and HFC-125 Solubility (100x1) for
[CeCaim][I], [C¢Ciim][Bst], and [CsCiim][C]] at 298.15 K
and 1.0 MPa“

100x; (mol %) of HEC (1) + IL (2)

[CoCiim][T] [CoCrim] [Br] [CsCim] [CI]
HFC-32 40.6 443 410
HFC-125 213 462 654

“Data for [C¢Ciim][CI] reported by Morais et al.!>

Table 11. HFC-32 and HFC-125 Solubility (w1) for
[CeCiim][I], [CeCiim][Brt], and [CsCiim][Cl] at 298.15 K
and 1.0 MPa“

w; (wt %) of HEC (1) + IL (2)

[CsCiim][T] [CeCrim] [Br] [CsCiim] [CI]
HFC-32 10.8 143 152
HFC-125 10.0 29.4 5238

Data for [C¢Ciim][CI] reported by Morais et al.!>

distinctly lower than [C¢Ciim][Cl], due to its solid state. The
same observations can be made for the solubility of HFC-32 in
terms of mass fraction as shown in Figure 6, plots (B,D,F,H).

823

The solubility of HFC-125 in terms of mole fraction behaves as
expected showing higher solubility in the liquid [CsCiim][Cl]
and lower solubility in the solid [C2Ciim][Cl]. The solubility
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Figute 6. Effects of alkyl chain length on VLE (mol fraction, x1 and mass fraction, w) for HFC-32 and HFC-125 in ILs at 298.15 K: (A) HFC x; in
[CsCiim][C]] (yellow %%, yellow %), (B) HFC w; in [CeCiim][Cl] (vellow %%, yellow %), (C) HFC x1 in [C4Ciim][Cl]] (blue @, blue #), (D)
HFC w; in [C4Ciim][CI] (blue ©, blue ), (E) HFC x; in [C3Ciim][Cl] (green a, green a), (F) HFC w; in [C3Ciim][Cl] (green A, green

4), (G) HFC x; in [CoCyim][Cl] (blue O, blue ®), and (H) HFC w; in [C2Ciim][Cl] (blue O, blue ®). Symbols are the measured
experimental data (PTx) for HFC-32 (open symbols) and HFC-125 (solid symbols). Dashed lines are guides for the reader. Data for [C¢Ciim][Cl]
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Figure 7. Effects of cations on VLE (mol fraction, x; and mass fraction, wi) for HFC-32 and HFC-125 in ILs at 298.15 K: (A) HFC x1 in
[CsCiim][C]] (yellow %%, yellow %), (B) HFC w; in [CsCiim][C]] (yellow 7%, yellow %), (C) HFC x1 in [Pge,14][Cl] (gray v, gray v), and
(D) HFC w1 in [Pe,6,14][Cl] (gray v, gray ¥). Symbols are the measured experimental data (PTx) for HFC-32 (open symbols) and HFC-125
(solid symbols). Dashed lines are guides for the reader. Data for [CsCiim][Cl] reported by Morais et al.!>

of [C4Ciim][C]] and [C3Ciim][C]] as a function of P at
constant T has an unusual shape due to a distinct change in the
slope that leads to the intersection of the HFC-32 and HFC-
125 isotherms. We hypothesize this change in the slope occurs
due to the increase in HFC-125 solubility as the viscosity
changes with gas sorption. View cell experiments support this
assumption based on the visual appearance of the IL as the
HFC-125 pressure was increased in discrete increments at a
constant temperature of 298.15 K. For both [C4Ciim][CI] and
[C5Ciim][Cl] at a pressure of about 0.4 MPa, the IL
appearance changed from a viscous liquid to a non-viscous
liquid as shown in the Supporting Information (see Figure S3).
The solubility trends in the mass fraction become clearer
when the differences in the molecular weight ate considered
MWhrcs2 = 52.024 g'mol™ and MWhnrc-125 = 120.02 ¢
mol™), as shown in Figure 6, plots (B,D,F,H). HFC-125
shows a general trend: as the alkyl chain length increases, van
der Waals forces increase resulting in an increase in HFC-125
solubility. HFC-125 is an electron donor and the alkyl chains
are electron acceptors. As the alkyl chain length increases, so
does the interaction with HFC-125. One interesting trend seen
in [C4Ciim][Cl] and [C3Ciim][C]] is the solubility of HFC-
125 is similar to that of HFC-32 at low pressures. As pressure
increases and the solubility of HFC-125 increases, the slope
changes (as seen in Figure 6D,F) and the solubility of HFC-
125 at 1 MPa and 298.15 K in both is very similar to the
solubility found in [C¢Ciim][Cl] under the same conditions.
For this reason, the relative difference in solubility between
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HFC-32 and HFC-125 at pressures greater than 0.4 MPa
suggests that [C4Ciim][Cl] and [C3Ciim][CI] could also be
potential entrainers for the separation of R-410A using
extractive distillation.

3.4. Cation Comparison. To compare the effects of
different cations, the solubility for HFC-32 and HFC-125 in
[Ps,6,6,14][Cl] is compared to that in [C¢Ciim][Cl] reported by
Morais et al. in Figure 7 and Tables 12 and 13.5 In Figure 7,

Table 12. HFC-32 and HFC-125 Solubility (100x1) for
[Ps,6,6,14][Cl] and [C¢Ciim][Cl] at 298.15 K and 1.0 MPa?

100x1 (mol %) of HEC (1) + 1L (2)

[Ps.6.6.14] [CI] [CeC1im][Cl]
HFC-32 68.1 41.0
HFC-125 75.2 65.4

Data for [C¢Ciim][CI] reported by Morais et al.!>

Table 13. HFC-32 and HFC-125 Solubility (wi) for
[P(,y(,,(,’m] [Cl] and [C(,C1im] [Cl] at 298.15 K and 1.0 MPa?
wi (wt %) of HFC (1) + IL (2)

[Ps,66,14] [C]]

17.6
41.2

[CoCaim] [CI]
152
52.8

HFC-32
HFC-125

Data for [C¢Ciim][Cl] reported by Morais et al.!>
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plots (A,C) show the relative difference in solubility on a mole
fraction basis between HFC-32 and HFC-125 in both ILs. The
solubility difference of HFC-32 and HFC-125 in terms of the
mole fraction and weight fraction remains relatively constant
between the two cations; however, there is a distinct difference
at low-pressures, where the phosphonium-based cation has
much higher HFC solubility compared with the imidazolium-
based cation as shown in Figure 7, plots (A,B) versus plots
(C,D). This difference may be due to the longer alkyl chains in
the phosphonium-based cation interacting through van der
Waals forces with the HFC and an increase in the free volume.

3.5. Deviation from Ideality (Raoult’s Law). The
normalized fugacity of HFC-32 and HFC-125 was plotted
against the HFC mole fraction in the IL to evaluate the non-
ideality of each system and was compared to [CsCiim][Cl]
from Morais et al.!> The normalized fugacity was calculated by
dividing the vapor-phase fugacity (f?) of the HFC by the
fugacity of the HFC at saturated vapor pressure (f*) for
298.15 K. This expression is valid due to the negligible vapor
pressure of the IL, where the gas phase is essentially pure HFC
Unrcx = 1 and Yupcaos = 1)

Figure 8 shows the normalized fugacity of HFC-32 as a
function of the mole fraction solubility in the IL with
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Figure 8. Normalized fugacity for HFC-32 in [CsCiim][I] (®),
[CsCiim][Bt] (ted W), [CoCiim][Cl] (yellow %), [C4Ciim][C]|
e Sl A RG] Gl

COmpOSlthI’l at

298.15 K. The solid line represents Raoult’s law, and the dashed lines
are guides for the reader. Data for [C4Ciim][CI] reported by Morais
etal.!

comparison to Raoult’s law at 298.15 K. All the imidazo-
lium-based ILs with HFC-32 show similar positive deviations
from ideality despite different anions and alkyl chain lengths
except for [C2Cyim][Cl], which shows a much higher positive
deviation (i.e., weaker interactions) due to remaining a solid
throughout the solubility experiments. The phosphonium-
based IL ([Pgg,14][Cl]) with HFC-32 is the only IL in this
study that shows a negative deviation from ideality (ie.,
stronger interactions). However, HFC-32 with [Pg,6,14][C]]
has an interesting shape that shows an ideal behavior at both
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low and high HFC mole fractions and the largest negative
deviations between 0.3 and 0.6 HFC-32 mol fraction
suggesting strong interactions of HFC-32 with the IL.

Figure 9 shows the normalized fugacity of HFC-125 as a
function of the mole fraction solubility in the IL with
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Figure 9. Normalized fugacity for HFC-125 in [C¢Ciim][I] (@),
[CoCiim][Bt] (red W), [CoCiim][Cl] (yellow %), [C4Ciim][C]|
(blue #), [C3C1im][C]] (green 4), [C2Ciim][Cl] (bluc ®), and
[Peg6,14][Cl] (gtay ¥) as a function of HFC molar composition at
298.15 K. Solid line represents Raoult’s law and dashed lines are
guides for the reader. Data for [CsCiim][Cl] reported by Morais et
al.’

compatison to Raoult’s law at 298.15 K. In compatison with
the HFC-32/IL systems, the HFC-125/IL systems have
significantly more variation in non-ideality from each other.
Again, all the imidazolium-based ILs with HFC-125 display
positive deviations from ideality; however, there is clear
differences seen between the anion, alkyl chain length, and IL
phase. As the size of the anion increases, the strength of Lewis
basicity decreases, and the electronegativity of the anion
decteases, so the HFC-125/IL systems inctease in positive
deviation from Raoult’s law (i.e., weaker interactions between
HFC-125 and the IL). Similarly, as the alkyl chain length
decreases (Cs > C4 > C3 > Cy), van der Waals forces decrease,
so the HFC-125/1IL systems inctease in positive deviation from
Raoult’s law (i.e., weaker interactions between HFC-125 and
the IL). The phosphonium-based IL ([Psge14][Cl]) with
HFC-125 shows both negative and positive deviation from
ideality, with positive deviation occurring at the highest
concentration of HFC-125 (x; > 0.7). The same interesting
shape found with HFC-32 is also seen in HFC-125 with an
even more exaggerated difference at both low and high mole
fractions, with the largest negative deviation occurring between
about 0.4 to 0.6 mol fraction HFC-125 in [Pegg14][Cl]
suggesting strong interactions of HFC-125 with the cation.
3.6. Ideal Selectivity Based on Henry’s Law Con-
stants. Ideal selectivity can be used for comparison to evaluate
ILs for the separation of HFC-32 and HFC-125. For this study,
two definitions of ideal selectivity were selected. The first

https://doi.org/10.102 | /acssuschemeng. 1 c06252
ACS Sustainable Chem. Eng. 2022, 10, 816-830


https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://doi.org/10.1021/acssuschemeng.1c06252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c06252?fig=fig9&ref=pdf

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

definition is the ratio of the HFC’s Henry’s law constants at a
given temperature

[y
St = {k}_l EZ
14

{r
where ki and kg (I = HFC-32 and j = HFC-125) ate the
expetrimental Henry’s law constants for the HFCs and T =

298.15 K, as discussed in Section 2.4. The second definition
used is the ratio of pure HFC solubilities on a mass basis

Ewe /wr Y.

_ jwa/wi Yz
Sen. =

h Jiwvi/ W%

{r

(20)

» @7

where wy; and wy; are the liquid mass fractions for the HFCs in
the IL i = HFC-32 and j = HFC-125) at P = 1 MPaand T =
298.15 K. The vapor mass fractions of the HFCs are assumed
to be equal to 1.0 (i.e., wyi = 1.0 and w,; = 1.0) because the IL
has such a low vapor pressure (e.g., < 1.0 X 1073 to 1.0 X 107
Pa).

The expetimental Henry’s law constants, ideal selectivity
based on the ratio of the experimental Henty’s law constants,
and ideal selectivity based on the ratio of pure HFC solubilities
on a mass basis are summarized in Table 14 and compared to

Table 14. Henry’s Law Constants (MPa) for HFC-32 and
HFC-125in ILs at 298.15 K, and Selectivity Based on (1)
Henty’s Law Constants (Swij) in the ILs at 298.15 K and (2)
the Ratio of the Mass Fractions (Swyj) in the ILs at 1.0 MPa
and 298.15 Kb

Henry’s law constants

(kH, MPa) selectivity  selectivity

ionic liquid HFC-32 HFC-125 Shj Sy
[CeCrim][1] 203 £002 617 £ 005 0.33 0.73
[CeCrim][Br] 171003 256 %015 0.67 126
[CeCrim] [C] 200£000  1.16 % 0.03 172 400
[C:Caim][C] 1.80 £ 002 259 % 035 0.69 1.00
[C:Caim] [C] 213+ 008 696 % 0.79 0.31 0.53
[C2Ciim][Cl] 0.13
[Posrs 1[CT] 0.63+ 008 037011 1.68 499

7Uncertainties are the standard error of the coefficient obtained in the
linear tegression. 'Data for [C¢Ciim][Cl] reported by Morais et al.!5

those obtained in [C¢Ciim][Cl] from Morais et al.'> Due to
[CoCiim][Cl] being a solid, ky (MPa) values were not
calculated. All the ky (MPa) values for HFC-32 in the
imidazolium-based ILs at 298.15 K remain relatively constant,
ranging from 1.71 to 2.13 MPa. The comparison of all ky
(MPa) wvalues for HFC-32 show the following order:
[Pos614][Cl] < [CeCiim][Br] < [C4Ciim][Cl] < [CeCiim]-
[C]] < [CeCiim][I] < [C3Ciim][Cl]. The ky (MPa) values for
HFC-125 and the imidazolium-based ILs at 298.15 K range
from 1.16 to 6.96 MPa. The compatison of all ku; (MPa)
values for HFC-125 show the following order: [Pg5,14][Cl] <
[C(,Cﬂm] [Cl] < [C(,Cﬂm] [Br] < [C4C11m] [Cl] < [C(,Cﬂl’l’l]—
] < [C5Ciim][CI]. The solubility trends shown in Figures 3
and 4 agree with the trends shown here. It is clear that the
[Ps,6,6,14][C]] IL has the lowest kHi]' (MPa) values (i.e., highest
solubility) for both HFC-32 and HFC-125 as shown in Table
14.

The ideal selectivity for both Syij and Swi incteases as the
size of the anion decreases and the strength of Lewis basicity
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and the electronegativity of the anion increases as shown in
Figure 10. As the alkyl chain length decreases, van der Waals

6
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Figure 10. Ideal selectivity for the sorption of HFC-32 and HFC-125
in  [CeCiim][I], [CsCiim][Br], [CsCiim][CI], [C4Ciim][ClI],
[C3Ciim][C]], [CoCiim][Cl], and [Pege14][Cl]. Open bars with a
diagonal pattern represent the ideal selectivity calculated from the
ratio of expetimental Henry’s law constants (Spj) in the ILs at 298.15
K, and the solid filled bars represent the ideal selectivity calculated
from the ratio of mass fractions (S\\('jj) in the ILs at 298.15 K and 1.0
MPa. Data for [C4Ciim][Cl] reported by Morais et al.!>

forces decrease, resulting in a decrease in the ideal selectivity.
The [Pegp14][Cl] and [CeCiim][Cl] have the highest
selectivity (Smjj and Swi) compared with the other ILs.

3.7. Fickian Diffusion Coefficients. Diffusion coefficients
are another key property used for designing new separation
processes. The simplified Fickian diffusion model discussed in
Section 2.5 was used to determine diffusion coefficients for
HFC-32 and HFC-125 in each IL using the time-dependent
absorption data. Table 15 shows the IL viscosities at 0.1 MPa
and 298.15 K and diffusion coefficients at 0.05 MPa and
298.15 K for the HFC/IL systems.

According to the Stokes-Einstein equation™
_ kT

- 6mNR (28)

the diffusion coefficient (D) is inversely proportional to the
viscosity (1) and the molecular radius of the solute (R) and
proportional to the absolute temperatute (T). The viscosity of
the IL is also dependent on the amount of refrigerant absorbed
(Cy at the given T and P. Overall, the magnitude of the
diffusion coefficients for HFCs in ILs is lower than that of most
of the gases in ordinary liquids (e.g., water, alcohols, etc.). In
fact, the HFC diffusion coefficients in ILs fall between values
expected for gases into liquids (107 cm?'s™!) and gases into
solids (107 c¢m?’s™!) with similar magnitudes to those found
for gases into polymers (1077 cm?'s™1).4 One explanation is
the relatively high viscosities are due in part to the Coulombic
forces between cations and anions. The reported diffusion
coefficients are similar to previously reported values by Morais

etal. and others.!> As expected, HFC-32 (Dprc-32 = 2.9 X 1077

cm?'s™)) and HFC-125 (Dyugc-125s = 1.1 = 1077 em?'s™!) had
the highest diffusion coefficients in [P ,6,14][Cl], which has
the lowest viscosity (1.68 £ 0.25 Pa’s). The molecular radius
for HFC-32 (0.18 nm) is approximately 22% smaller than the
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Table 15. Viscosities for ILs at 0.1 MPa and 298.15 K and Estimated Fickian Diffusion Coefficients for HFC-32/11. and HFC-

125/1L Systems at 0.05 MPa and 298.15 K

HFC-32 (1)/1L (2)

HFC-125 (1)/1L 2)

ionic liquid viscosity (Pas) D (107 ecm?'s71)

[CsCiim][I] 1.8 £ 0.2 0.9
[CsCiim] [Bt] 3.6 £0.82 0.6
[CsCi1im][CI] 18.1 £ 1.85» 1.5
[C4Ciim][Cl] c 0.3
[C5Ciim][C]] ¢ 0.4
[C2Ciim][C]] ¢

[Piaseel[Cl] 1.68 £ 0.25% 29

Cs (wt %) D (107 cm?*s™) Cs (wt %)
0.5 0.2 0.3
0.7 0.2 0.7
0.5 0.4 32
0.8 0.2 0.6
0.7 0.4 0.3
1.3 1.1 7.8

“Hstimated uncertainty in diffusivity was estimated to be within a factor of 2. ¥Data for [C4Ciim][C]] reported by Morais et al.!> <Solid at 298.15

K

molecular radius for HFC-125 (0.23 nm), which explains why
in most cases the Dupc-32 is larger than the Durc-12s.

4. CONCLUSIONS

HFCs are widely used throughout the refrigeration and air-
conditioning industry; however, the high GWPs for some
HFCs have resulted in legislation being enacted requiring them
to be phased out over the next two decades. Azeotropic
refrigerant mixtures, such as R-410A, complicate the separation
and recycling of low-GWP refrigerants such as HFC-32. This
research is focused on developing IL entrainers for separating
HFC-32 and HFC-125 using extractive distillation. VLE data
for HFC-32 and HFC-125 are compared for six ILs with three
halogen anions ([I]°, [Br]7, and [ClI]") and two cations
(imidazolium [C,Ciim]* with alkyl chain lengths of x = 2, 3, 4,
and 6, and phosphonium [Ps14]") at 298.15 K. The variation
of the anion resulted in relatively no change in HFC-32
solubility; however, HFC-125 solubility increased as the size of
the anion decreased ([I]” > [Bt]™ > [CI]), and the strength
of the Lewis basicity and electronegativity of the anion
increased. Variation of the alkyl chain length resulted in very
little change in HFC-32 solubility. On the other hand, HFC-
125 solubility increased with an increase in the alkyl chain
length due likely to increases in van der Waals forces. The
phosphonium-based IL. had higher HFC-32 and HFC-125
solubility at low pressures compared to the imidazolium-based
IL with the same chloride anion. Diffusion coefficients for
HFC-32 and HFC-125 are lower than those found for gases
into ordinary liquids and similar to those for gas-polymer
systems due to higher IL viscosities. The larger diffusion
coefficients for HFC-32 versus HFC-125 in ILs agree with the
smaller molecular size for HFC-32. Selectivities based on
Henry’s law constants and the mass ratio indicate that
[CsCiim][Cl] and [Pege,14][Cl] are the most promising
candidates as entrainers for the separation of R-410A using
extractive distillation.
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I ABBREVIATIONS

ODP, ozone depletion potential

GWP, global warming potential

IL, ionic liquid

HFC, hydrofluorocarbon

HFO, hydrofluoroolefin

HCFC, hydrochlorofluorocarbon

CFC, chlorofluorocarbon

HFC-125, pentafluoroethane, CHF,CF;

HFC-32, difluoromethane, CHyF,

[CsCiim](I], 1-n1-hexyl-3-methylimidazolium iodide
[CsCiim][Br], 1-n1-hexyl-3-methylimidazolium bromide
[CsCiim][Cl], 1-n1-hexyl-3-methylimidazolium chloride
[
[

C
C4Cyim][Cl], 1-n-butyl-3-methylimidazolium chloride
C5Cyim][Cl], 1-methyl-3-propylimidazolium chloride
[C2Ciim][Cl], 1-ethyl-3-methylimidazolium chloride

[Pes,6,14][Cl], trihexyl(tetradecyl)phosphonium chloride
Shij, selectivity based on Henty’s law constants in the ILs
Swij, selectivity based on the ratio of the mass fraction in the
ILs at 298.15 K and 1 MPa

Duyrc-32, diffusion coefficient for HFC-32 in the ILs
Durc-125, diffusion coefficient for HFC-125 in the ILs

PR EOS, Peng-Robinson equation of state
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