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1. INTRODUCTION 

Hydrofluorocarbons (HFCs) and HFC mixtures have 
been used globally as refrigerants since the 1990s 
because of the restrictions on chlorofluorocarbons 
(CFCs) and hydrochloro- fluorocarbons (HCFCs). 
Chlorinated fluorocarbons are linked to the depletion of 
the Earth’s ozone layer1 and were banned due to high 
ozone depletion potential (ODP)2 according to the 
Montreal Protocol in 1987. Global warming potential 
(GWP) was introduced by Houghton et al. in 1990 to 
determine the effect on the greenhouse gas theory.3 
Even though HFCs have a zero ODP, some HFCs have a 
high GWP ranging from 1000 up to 50004 on a 100 
year basis (where CO2 = 1.0). In 2019, fluorinated 
gases were estimated to account for three percent of 
total greenhouse gas emissions based on equivalent 
metric tons of CO2.5 

The increasing concern of the high GWP for certain 
HFCs has led to the introduction of international 
policies such as the 1997 Kyoto Protocol to the 
UNFCCC,6 the 2015 European Fluorinated Greenhouse 
Gas (EU F-Gas) Regulations,7 the 2016 Kigali 
Amendment (the sixth amendment to the Montreal 
Protocol),8,9 and the 2020 American Innovation and 
Manufacturing (AIM) Act.10 These policies propose 
reducing the production of HFCs by more than 80% 
within the next two decades. Moreover, the Montreal 
Protocol calls for a phaseout of HCFCs in all developed 
countries by 2020 and in all developing countries by 
2040. 

The refrigerant industry is currently transitioning to 
the next-generation refrigerants, hydrofluoroolefins 
(HFOs) and 

HFO/HFC refrigerant blends, to replace HFCs in many 
applications;11 however, there are no pure HFCs that 
satisfies the criteria for minimizing GWP, ODP, and 
flammability.12 Alternatives such as HFOs and HFO 
blends with HFCs, hydrocarbons (HCs), and inorganic 
compounds such as CO2 are being proposed as 
replacements for air-conditioning and refrigeration 
applications. 

Disposal of HFCs at “end-of-life” has become an issue, and 
many are illegally vented to the atmosphere. The 
alternative is incineration, which is energy-intensive 
and produces toxic wastes such as sodium and calcium 
fluorides that have to be landfilled. A more 
environmentally friendly alternative would be to 
separate high-GWP refrigerants from low-GWP 
refrigerants, such as difluoromethane (HFC-32, GWP 
= 670), for use in future HFO/HFC blends. The high-
GWP refrigerants can be used as fluorinated feedstocks 
for producing new products with low-GWP such as 
future HFOs13 and fluoropolymers. Research using 
HFCs as reactants is a field ready for further 
investigation. 
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Developing a separation process to purify HFCs from 
refrigerant mixtures can be challenging since many of 
these mixtures are azeotropic or near azeotropic, 
making separation difficult to impossible using 
conventional distillation methods. Only advanced 
separation processes provide an alternative for 
recovering refrigerant blends, such as absorption in 
liquid entrainers,14,15 adsorption on materials such as 
zeolites,16 and membrane separation technologies.17 
Project EARTH (Envi- ronmentally Applied Research 
Towards Hydrofluorocarbons) is developing 
environmentally responsible materials and technology 
to separate azeotropic HFC mixtures and recycle the 
pure component refrigerants. This work focuses on 
modeling extractive distillation for the separation of 
azeotropic refrigerant mixtures using ionic liquids 
(ILs). 

Extractive distillation18 is a form of distillation 
commonly used for the separation of homogeneous 
azeotropic mixtures or close-boiling solvents.19 
Commercial examples include olefin/ paraffin 
(alkene/alkane), aliphatic/aromatic hydrocarbons, 
aromatic/aromatic hydrocarbons, and dehydration 
separa- tions.20 

The goal of this paper is to show that multicomponent 
refrigerant mixtures that contain azeotropic 
compositions can be separated using unit operations 
such as extractive distillation with ionic liquid 
entrainers. Currently, these mixtures cannot be 
separated using conventional distillation and are 
stockpiled, illegally vented, or incinerated. An 
environmentally responsible alternative is to separate 
the refrigerant mixtures into pure components that can 
be recycled and repurposed to reduce the amount of 
new HFCs manufactured, ultimately decreasing 
overall global warming. 

This work provides a design for the separation of 
multicomponent azeotropic refrigerant mixtures using 
flash separation, conventional distillation, and 
extractive distillation. Seven common refrigerants, 
including HFC-32 (difluoro- methane), HFC-125 
(pentafluoroethane), HFC-134a (1,1,1,2-
tetrafluoroethane), HFC-143a (1,1,1-trifluoroethane), 
HCFC-22 (chlorodifluoromethane), HC-290 (propane), 
and HC-600a (isobutane), have been included in this 
study. Global market trends were used to estimate 
probable multicomponent mixture compositions for 
reclaimed refrigerant gases. Binary interaction 
parameters have been regressed to predict the 
global phase behavior, vapor−liquid equilibrium (VLE), 
and liquid−liquid equilibrium (LLE) over the entire 
refrigerant + 
IL composition range. The quality of experimental data 
based on model regressions is discussed, and this work 
also organizes an extensive literature review for 
extractive distillation with ILs, refrigerant solubility in 
ILs, and binary equilibrium data of refrigerants. 

1.1. Global Refrigeration. The Clean Energy 
Manufactur- 

ing Analysis Center (CEMAC) estimates the global 
production of refrigerants annually. The current 
estimate of almost 800 kiloton (kt) can be divided into 
two categories: heating, ventilation, and air 
conditioning (HVAC) systems (399 kt) and 
refrigeration equipment (387 kt).11 The refrigerant 
distribution for these totals is provided in Table S1 in 
the Supporting Information (SI). 

HFC-32, HFC-125, HFC-134a, and HFC-143a are 

the 
largest-volume HFC refrigerants produced annually, while R- 
404A, R-407C, and R-410A are the largest-volume refrigerant 
mixtures produced. HCFC-22 is still in use and remains in 
circulation, even though HCFC-22 is no longer sold as a 
refrigerant. 

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.2c00937/suppl_file/ie2c00937_si_001.pdf
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The annual kt of refrigerant for HVAC and 
refrigeration applications was used to estimate 
compositions for hypo- thetical mixtures of 
reclaimed gases shown in Table 1. The 

 

Table 1. Weight Fraction Distribution of Refrigerants11 
 

refrigeration HVAC 
 

components (kt) (wt %) (kt) (wt %) 
 

HFC-32 11 2.8 104.5 26.2 

HFC-125 46.2 11.9 94.8 23.7 

HFC-134a 34.2 8.8 37.8 9.5 

HFC-143a 41.6 10.7   

HCFC-22 203 52.5 159.0 39.8 

other 51 13.2 3 0.8 

total 387 100 399 100 

“other” refrigerants used in HVAC and 
refrigeration applications, not shown in Table 1, 
are primarily HFO- 1234yf (2,3,3,3-
tetrafluoropropene), HCFC-142b (1-chloro- 1,1-
difluoroethane), HFC-152a (1,1-difluoroethane, or 
DFE), HC-290 (propane), HC-600a (isobutane), R-
717 (ammonia), and R-744 (CO2). 

The two largest-volume hydrocarbons used 
primarily for refrigeration applications are HC-
290 and HC-600a. For refrigeration applications, 
the “other” refrigerant composition is assumed to 
be an even split between HC-290 and HC-600a. 
Refrigerant HC-600a is not typically used in 
HVAC systems, so the “other” represented in the 
HVAC composition is assumed to be only HC-290. 
The focus of this paper is to develop a separation 
process for HFCs, HCFCs, and HCs, so inorganic 
refrigerants R-717 and R-744, as well as HFO- 
1234yf, were excluded. Also, compositions of 

HCFC-142b and HFC-152a were assumed to be 
negligible, since the use of these refrigerants in HVAC 
and refrigeration applications is small. The simulations 
in this work were based on compositions shown in 
Table 1. 

1.2. Extractive Distillation with Ionic Liquids. Extrac- 
tive distillation uses an entrainer to absorb (i.e., 
entrain) a component, breaking the azeotrope, or to 
modify the volatilities for close-boiling nonazeotropic 
VLE regions, and result in more efficient separation. 
The entrainer and the entrained component leave the 
bottoms of the extractive distillation column and are 
fed into another unit operation (usually a flash column 
or second stripping column) to purify the solute and 
recover the entrainer. Entrainers are typically low-
volatility, high-boiling solvents that make recovery 
simple and efficient. 

There are four criteria for selecting an entrainer: (i) 
high miscibility with the feed to avoid two-liquid 
phases in the distillation process, (ii) absorption 
selectivity of the feed components, (iii) low volatility to 
ensure an easy solvent recovery, and (iv) 
nonazeotropic with the feed components. Five types of 
entrainers have been described for extractive 
distillation: liquid solvents, solid salts (or dissolved 
salts), a mixture of liquid solvents and solid salts, 
hyperbranched polymers, and ionic liquids (ILs).21 
Organic liquid solvents have been the primary choice 
for entrainers, but ILs have shown higher selectivity 
for some processes.22,23 

Ionic liquids are typically composed of a large organic 
cation and an inorganic anion, allowing these materials 
to exist in a liquid state at (or near) room temperature, 
unlike most salts.24 The names and abbreviations of 
cations and anions represented in this work are 
shown in Table S2. 
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Table 2. Published Data on the Solubility of Refrigerants in Ionic Liquids 
 

 
 

Many ILs have high thermal and chemical stability 
with a wide liquid range making them an excellent 
choice for entrainers. Ionic liquids also have extremely 
low vapor pressure (e.g., <1 × 10−5 Pa) and low 
volatility, which significantly reduces the amount of the 
entrainer that can contaminate the distillate (one of 
the trade-offs in using extractive distillation). 
Ionic liquid properties, such as density, viscosity, gas 
solubility, and selectivity can also be designed to 
maximize separation efficiency by selecting the 
appropriate cation and anion. For example, by 
designing an IL with low viscosity, the mass transfer 
efficiency can be increased, and the overall efficiency of 
the separation process may be improved.25 Extensive 
studies 
and reviews on gas solubility in ILs26−28 have been 
published, 
but only a few works describe the separation of 
azeotropic mixtures using ILs as entrainers.29 

Ionic liquids were first introduced as entrainers in 
2001 by 

the BASF Chemical Company and patented in 2004 by 
Wolfgang Arlt et al.30,31 Only two institutions, BASF32 
and Eindhoven University of Technology (EUT),33 have 
published details regarding the experimental setup for 
testing extractive distillation with ILs. However, 33 
articles have been published on  the  simulation  of  
ILs  as  entrainers  for  extractive 
distillation.34−66 Table S3 provides a summary of 
all of the 
published material on extractive distillation with IL 
entrainers, including the (i) components being 
separated, (ii) IL entrainer, and (iii) thermodynamic 
model used to predict the equilibrium of the system. 
Most of these separations were binary systems; 
however, the italicized labels shown in Table S3 
represent multicomponent mixtures. 

Thermodynamic models are correlated by either 
activity coefficient models using the γ−φ method or 

equations of state (EoS) using the φ−φ method. In 
some cases, group contribution methods, such as the 
UNIFAC-Lei,67 UNIFAC- IL,68 and COSMO-SAC69 models, 
were used to predict the activity coefficient 
thermodynamic models. In other cases, 
experimental data was fitted using either an activity 

coefficient model, such as NRTL,70 or EoS, such as the Cubic 
Plus Association (CPA),71 soft-SAFT,72 or Peng−Robinson. 
Group contribution methods can also be used to screen 
hundreds of ILs and find candidates for separation; then, 
experimental data can be measured and fitted to an activity 
coefficient model or EoS. 

https://doi.org/10.1021/acs.iecr.2c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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Systems that used activity coefficient models and 
did not define an EoS for the vapor phase assumed 
that the vapor phase was ideal (φV = 1). For polar 
compounds such as HFCs, the ideal gas mixture in 
the vapor phase is not a good assumption, and an 
EoS such as that described in Table S3 for the 
CO2/tetrafluoroethylene (TFE)63 system is 
necessary for making accurate vapor-phase 
calculations. Moreover, if one of the components is 
at or near the critical point, such as HFC solubility 
in ILs occurring at high temperatures or pressures, 
an EoS for modeling the vapor phase should be 
considered. 

1.3. Refrigerant Solubility in Ionic Liquids. The 
solubility of refrigerants in ILs can be measured 
using a variety of techniques including 
chromatography, ebulliometry, gravimetric, and 
volumetric methods. A literature review for the 
solubility (i.e., VLE data) of HFC-32, HFC-125, HFC- 
134a, HFC-143a, HCFC-22, HFO-1234yf, HC-290, 
and HC- 
600a in ILs was conducted. A detailed list 
containing 38 references is provided in Table 
2.14,73−109 

Literature works containing only the dilute 
regime, or Henry’s Law constants, were not 
included in Table 2 but include the following three 
sources: (i) HFC-143a in [C6C1im][Tf2N],  
[C6C1im][OTf],  and  [C6C1im][BF4];110 
(ii) HC-290 and HC-600a in [C4C1im][BF4], [C4C1im][PF6], 
[C2C1im][OTf], and [C2C1im][Tf2N];111 and (iii) HC-
290 in [C2C1im][BF4], [C6C1im][BF4], and 
[C4C1im][Tf2N].112 The 
binary system HFC-143a/[C2C1im][Tf2N] was also 
removed from Table 2 since the article only 
included NRTL parameters for LLE data and no 
VLE solubility data.83 

Asensio-Delgado et al. prepared a similar 
literature review for fluorinated refrigerant gases 
in ILs but did not include hydrocarbon 
refrigerants, such as HC-290 and HC-600a.65 
The ILThermo NIST database was also a useful 
resource for obtaining IL physical property 
data.113 

In general, published solubility data was 
available for the majority of these eight 
refrigerants in the ILs [C2C1im][Tf2N], 
[C4C1im][PF6], and [C6C1im][Tf2N]. There are many 
opportunities for future work to measure and 
model the solubility of refrigerants in ILs, hence 
the blank spaces in Table 
2. Moreover, there is no known solubility data for 
HCFC-142b in ILs. In this work, the IL 
[C4C1im][PF6] was selected for simulations 
because of the VLE data available for seven of the 

https://doi.org/10.1021/acs.iecr.2c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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ij 

Åj 

Ñ 

k 

ij 

D N 2 2 

refrigerants and the higher selectivity than using 
[C2C1im]- [Tf2N], as discussed in our previous 
work.66 

2. REGRESSION 

2.1. Thermodynamic Model: Peng−Robinson. The 
Peng−Robinson equation of state (PR-EoS),114 shown in 
eq 1, was used to calculate phase behavior by fitting 
VLE experimental data for the binary systems of 
HFC-32, HFC- 
125, HFC-134a, HFC-143a, HCFC-22, HC-290, and 
HC- 
600a, as well as solubility in [C4C1im][PF6]. 

P = 
 RT  

− 
 a  

The B−M method is used for multicomponent 
mixtures and was recommended for the 
Peng−Robinson EoS when modeling polar, nonideal 
chemical systems with asymmetric mixing rules. Unlike 
the vdW parameter kij, the B−M correction parameter 
lij can be regressed asymmetrically with lij ≠ lji. 
Parameter lij carries the same temperature-
dependencies as parameter kij (shown in eq 4) and is 
assumed to be symmetric (lij = lji) in this work. Only the 
linear temperature- dependent parameter, l (2), is 
regressed in this work. 

2.2. Maximum Likelihood. The maximum likelihood 
(ML) technique119 was selected for regressing 
experimental data. The ML method has a 
minimizing-objective function, 

V̲− b V (̲ V +̲  b) + b(V̲ − b) (1) weighed by the error of each experimental coordinate, and fits 

The PR-EoS parameters a and b are a function of 
the pure component  critical  properties:  critical  
temperature  (T ), 

the experimental data point (exp) to the model’s 
regression data point (reg). Each data point represents 
four experimental 

critical pressure, (Pc), and the acentric 
factor (Ω 

c 

). 
These 

coordinates: temperature (T), pressure (P), liquid composition 
of component i (xi), and vapor composition of component i 

properties as well as the physical properties (Tb and 
MW), volume and compressibility critical properties (Vc 
and Zc), and ideal gas heat capacities (ΔCP,IG) are 
required to regress the VLE data using the PR-EoS 
in the ASPEN software. The critical properties for ILs are considered pseudoproperties 

(yi). When incorporating the four experimental 
coordinates, T, P, xi, and yi, the ML objective function 
can be written as shown in eq 7. 

ÄÅ Å exp reg exp reg 

Åij T − T yz ij P − P  yz 
since the Tc is above the IL decomposition 
temperature. The 

min Q = ∑ wd ∑ Åj 
σ
 z 

+ 
j σ z 

critical properties, including Ω and Tb, for 
[C4C1im][PF6] were calculated using a group 
contribution method proposed 

d=1 
n=1 

ÅÅÇk 
T {n k  P {n 

É 

115,116 exp reg 2 exp reg 2Ñ 
by Valderrama and 
Robles, 

and ΔCP,IG, for 
[C4C1im]- 

i x − x y ij y − y yz Ñ 

j i i  z j i i   z Ñ 
[PF6] was estimated as a function of T using the 

Joback 117 

j σx
 z + 

j σ z Ñ 

method published by Ge 
et al. 

The pseudocritical 
properties 

k {n k {nÑÑÖ (7) 

and ΔCP,IG are provided in the SI in Table S4 and 
Figure S1. The van der Waals 1-parameter (vdW1) 

mixing rule was selected to define the PR-EoS 
mixing parameters a and b as 

shown in eqs 2 and 3. 

C C 0.5 

The errors (σ) were assumed to be similar for all data 
sets with the following values: σT = 0.1 K, σP = 0.1% 
MPa, σx = 0.1 mol %, σy = 1.0 mol %. The vapor 
composition error was assumed to be an order of 
magnitude larger than the liquid composition. If 
multiple data sets (D) are used in the 

am = ∑∑ xixj(1 − 

kij)(aiaj) 
i=1 j=1 

C 

bm = ∑ xibi 
j 

 
(2) 

 

 
(3) 

regression, an additional weighting factor can be 
included for one data set (d) by scaling the objective 
function with a multiplier (wd). In this work, none of the 
refrigerant binary mixtures with multiple data sets 
were weighed (wd = 1). 

Error estimations were calculated to determine the 
quality of results on each experimental variable (T, 
P, xi, yi). Error 

Mixing rules are defined by the pure component 
parameters for each species i and j and the vapor or 
liquid composition of each component, xi. Experimental 
VLE data was fitted to the PR-EoS with the vdW1 
mixing rule using the temperature- dependent binary 
interaction parameter, kij, shown in eq 4. 

(3) 

kij = k (1) + k (2)T + 
 ij 

 

estimations can be categorized into two methods: 
deviation (i.e., error) and relative deviation (i.e., error 
percent). Table S5 provides examples of error 
estimations. 

Relative deviation error analyses, such as RMSE% and 
AARD%, are acceptable methods for ratio data, such as 
mass, absolute pressure, or temperature in Kelvin, 
where a measurement of zero represents the 
absence of a value. However, relative deviation is not an adequate method for 

ij ij T (4) 
interval values such as gauge pressures, temperatures in Celsius 

The interaction parameter is assumed to be 
symmetric (kij = kji), and only the linear 
temperature-dependent parameter, k (2), is regressed 

in this work. 

+ 
y 
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j z 

or Fahrenheit, and compositions (xi and yi), where 
the measurement is represented by an interval 

from a reference zero value. Calculating the relative 
deviation of an interval 

For highly nonideal systems, such as IL solubility, the 
Boston−Mathias (B−M)118 correction was added to the 
vdW1. This method provides a second binary 
interaction parameter for regression, lij, as shown in 
eqs 5 and 6, where a0 represents the vdW1 mixing rule 
from eq 2, and a1 represents the B−M correction. 

value produces inconsistent and very large error 
estimations as the experimental value approaches zero. 
Since the error in composition (xi and yi) cannot be 
analyzed using relative deviation, the average absolute 
deviation (AAD) was calculated for each of the four 
experimental variables. The AAD can be calculated to 
include multiple data sets for one binary system; 

am = a0 + a1 
3 

(5) 
however, since one data set might be inconsistent and 
less accurate, each data set was analyzed individually. 

2.3. Refrigerant Binary Regression. Mixing parameters 
c ij c yz k (1) and k (2) from the vdW1 mixing rule were defined by j 0.5 z ij ij 

a1 = ∑ xij∑ xj[(lij)((aiaj) 

]z 
i=1  k j=1 { 

 
(6) 

regressing VLE data for binary mixtures composed of 
seven refrigerants: HCFC-22, HFC-32, HFC-134a, HFC-125, 
HFC- 
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Table 3. Binary Refrigerant Regression Summary 
 

(i) (j) Npoints Ntemp temperature range (K) kij
(1) 

(×101) 

kij
(2) (×104) AAD xj (%) ref 

HCFC-22 HFC-32a 13 1 283.15 0.072  0.15 122 
 HFC-125d    1.955 −7.810   

 HFC-134a 20 3 273.16−323.16   0.25 123 
  60 5 343.81−372.12 −0.132 0.867 0.14 124 
 HFC-143aa 11c 1 275 −0.092  0.00 125 
 HC-290a 12 1 273.15 0.847  0.32 126 
 HC-600ad    0.486 0.933   

HFC-32 HFC-125 66 5 265.15−303.15 0.216 −0.619 0.32 127 
 HFC-134a 124 11 258.15−343.15 −0.162 0.506 1.12 128 
 HFC-143a 60 6 263.15−313.15 0.281 −0.508 0.24 129 
 HC-290 101 7 253.15−323.15 1.685 0.802 0.16 130 
 HC-600a 40 2 260−310   0.51 131 
  32 5 301.8−321.8 1.695 0.950 1.39 132 

HFC-125 HFC-134a 34 5 263.15−303.15   0.24 133 
  49 7 303.75−363.15 −0.043 0.101 0.58 134 
 HFC-143ab 16 3 273.15−313.15 0.187 −0.647 0.11 135 
 HC-290 117 8 253.15−323.15 1.656 −0.627 0.11 130 
 HC-600a 40 3 293.15−313.15 2.735 −4.237 0.31 136 

HFC-134a HFC-143a 54 6 263.15−313.15 0.331 −1.289 0.28 137 
 HC-290 66 6 273.15−323.15 1.818 −0.428 0.30 138 
 HC-600a 28 2 293.66−303.68   0.34 139 
  32 2 303.2−323.2 2.193 −1.927 0.48 132 

HFC-143a HC-290 42 6 268.15−318.15   0.13 140 
  52 6 313.15−363.15 0.656 2.008 0.28 141 
 HC-600aa 20 2 323.15−333.15 1.620 −1.092 0.44 142 

aThe only binary data source available. b4 of the 16 points not regressed at 273.15 K due to inconsistencies. cOnly liquid 
composition measurements. dSimulated data provided by Chemours. 

 

 

143a, HC-290, and HC-600a. In some cases, multiple 
data sets were combined from various sources to 
expand the regression over a broader TPxy range. For 
example, two literature sources for HCFC-22/HFC-
134a with VLE data from 343.81 to 
371.12 K and from 273.15 to 323.15 K were combined 
to define more accurate temperature-dependencies in 
the regression. 

For the case where the binary equilibrium data 
was measured at only one temperature, the 
temperature-dependent parameter, kij(2), was set equal 
to zero (e.g., HCFC-22/HFC- 32 data only available at T 
= 283.15 K). Initially, binary data sets with multiple 
temperatures were regressed without the temperature-
dependent parameter k (2) to test if regressing k (1) 
can accurately predict experimental VLE data over a 
broad temperature range. Results showed that k (2) 
was only 
necessary to predict VLE for large temperature 
ranges (∼100 
K); therefore, binary systems regressed at one 
temperature can accurately predict VLE at other 
temperatures for some systems. 

Currently, there is no published VLE data for two 
binary systems (HCFC-22/HFC-125 and HCFC-22/HC-
600a), and four binary systems only have one 
reference. The VLE data for HCFC-22/HFC-143a had 11 
data points, but these do not include yi measurements. 
Group contribution methods have been proposed to 
predict VLE for refrigerants,120 but simulated data 
was provided and regressed to calculate the vdW 
mixing parameter kij with the PR-EoS.121 

A summary for the binary VLE regression results (k 
(1) and k (2)) is shown in Table 3,122 142 where column “x ” 

had a total of 16 data points to regress, but four of the 
six data points at 273.15 K were considered outliers 
and were excluded from the regression. 

Excellent fits were obtained for most systems with an AAD 
in composition of <1 mol %. The binary systems HFC-
32/HC- 600a and HFC-32/HFC-134a had an AAD of 
1.39 and 1.12 mol % with minor scatter in the 
composition as shown in Figures S3a and S4b; however, 
the overall trends were still a good fit with the 
experimental data. 

The vapor composition (yi) had a larger AAD, which 
was expected since the inputted errors for the ML 
objective function were weighed toward xi rather than 
yi (σx = 0.1 mol % and σy = 1.0 mol %). For all binary 
systems, the average AAD for xi was 0.011%, with a 
maximum deviation of 0.061 mol %, and yi showed an 
average of 0.734 mol % with a maximum deviation of 
2.735 mol %; pressure had an average AAD of 
0.002 MPa with a maximum deviation of 0.009 MPa and 
an average temperature of 0.4 K with a maximum 
deviation of 1.8 K. 

Examples of the regression compared with 
experimental data for binary systems containing HFC-
32, HFC-125, HFC-134a, and HFC-143a with HC-290 are 
shown in Figure 1. In some cases where multiple 
sources provided Pxy data at the same isotherm, a 
comparison was made between the regression and the 
additional literature results [e.g., HFC-32/HC-290 
(Figure 1a)143 and HFC-125/HC-290 (Figure 1b)144,145]. 
All Pxy diagrams showing the experimental values 
with the regressed 
equilibrium models are provided in the SI (see Figures S2− S6). 

ij i represents 
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the overall AAD in composition of both xi and yi. The 
AAD for each variable (T, P, xi, yi) for all binary systems 
can be found in the SI (see Table S6). The binary 
system HFC-125/HFC-143a 

Many of the binary systems had limited VLE data, and 
in some cases only one source was available (see Table 
3, data denoted by footnote a). This provides an 
opportunity for 
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Figure 1. Regressed TPxy data (○) for (a) HFC-32, (b) HFC-125, (c) HFC-134a, and (d) HFC-143a in HC-290 from Table 3, with 
comparable isothermal data for HFC-32 (□143) and HFC-125 (□,144 Δ145) from other sources. 

 

future works to measure additional VLE data for these 
systems. Once regressions were completed, 
azeotropes were simulated 
at normalized pressures. In the case of HFC-125/HC-
290, a heterogeneous azeotrope occurs in the 
liquid−liquid equili- brium (LLE) region where the 
liquid mixture is not completely miscible as  shown 
in  Figure  S7.  LLE  occurred  at  low 
temperatures (e.g., below 220 K). The azeotropic VLE 
region crosses into the LLE region at normalized 
pressures, thus resulting in a heterogeneous 
azeotrope at xHFC‑125 = 0.550 and 
217.0 K. Seven homogeneous and six heterogeneous 
azeotropes are predicted for the 21 binary mixtures 
as shown in Figure 2. Only a few LLE refrigerant 
systems have been experimentally confirmed (e.g., 
HFC-32/HC-290).146−150 

2.4. Ionic Liquid Solubility Regression. The solubilities 
of the seven refrigerants in [C4C1im][PF6] were 
regressed using the vdW1 mixing rule with the B−M 

method. The B−M method was required to improve the 
fit with experimental data (see Figures S9 in the SI). 
Since no literature data was available for HC-290 in 
[C4C1im][PF6], the solubility was assumed to 
be the same as HC-290 in [C2C1im][Tf2N]. 

Three experimental variables (T, P, and x) were regressed 
for each refrigerant in [C4C1im][PF6]. In the case 
where LLE was observed, four experimental 
variables (T, P, xi(1), and xi(2)) were included. The ML 
objective function was used with the same error 
values as the refrigerant binary regressions. The 
summary for all of the IL solubility data sets and 

regression results for parameters kij and lij, with the 
composition AAD, is shown in Table 4.14,80,85,92,95,102,108 The 
results of the overall AAD in temperature and pressure 
can be found in the SI (see 
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Figure 2. Homogenous (gray) and heterogeneous (green) 
azeotropes for binary refrigerant mixtures at 
normalized pressures. 

 

 

Table S7). For the two liquid compositions in the 
LLE data sets, AAD was estimated by considering 

both xi(1) and x (2) as one variable, defined as “xi.” in 
Table 4. 

Excluding the deviations in coordinates for the three 

LLE data sets, the average AAD in composition was 
1.048 mol %, 
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Table 4. Refrigerant Solubility in [C4C1im][PF6] Regression Summary 
 

(i) Npoints Ntemp temperature range 
(K) 

kij
(1) (×101) kij

(2) (×103) lij
(1) (×100) lij

(2) (×103) AAD xi (%) ref 

HFC-32 31 4 283.15−348.15     1.23 80 

7a 

HFC-125  36a 4 283.15−348.15     1.23 80 
  7 1 298.15     2.27 14 
 (LLE) 3 3 283.15−323.15 −2.963 1.243 0.233 −1.04

3 
3.23 85 

HFC-134a  32 4 283.15−348.15     1.13 80 
 (LLE) 3 3 318.20−355.00 7.087 −2.21

9 
2.576 −8.82

8 
1.19 92 

HFC-143a  36 4 285.15−348.15     1.10 80 
 (LLE) 3 3 291.80−338.60 −1.860 1.261 −0.04

4 
0.771 0.13 92 

HCFC-22  47 4 283.15−348.15 −3.830 1.221 −0.86
0 

2.554 0.78 95 

HC-290b  16 4 304.00−352.00 −9.209 3.883 −1.90
4 

6.422 0.03 102 

HC-600a  30 6 288.15−313.15 9.944 −2.33
5 

1.960 −6.56
5 

0.01 108 

aData weight, wd = 50. bAssumed to be the same solubility as in [C2C1im][Tf2N]. 
 

approximately 0.357 mol % larger than refrigerant 
binary systems. Some AADs were <1 mol % such as 
HCFC-22 (0.78 mol %), HC-290 (0.03 mol %), and 
HC-600a (0.01 mol %). 
The average AAD for all deviations in temperature was 
0.4 K, about the same as the refrigerant binary systems. 
The average AAD for all deviations in pressure was 
3.326 × 10−4 MPa, about two orders of magnitude less 
than the refrigerant binary systems.  The  models  
compared  with  the  experimental 
solubility data for the refrigerants in [C4C1im][PF6] 
are shown in Figure 3, and the data sets for HFC-32 and 
HFC-125 in [C4C1im][PF6] were weighted. 

The hydrocarbons, HC-290 (see Figure 3f) and HC-
600a (see Figure S8 in the SI), have very low solubility 
in [C4C1im][PF6] and large predicted LLE regions. 
LLE was also predicted for HFC-125, HFC-134a, and 
HFC-143a and has been confirmed experimentally. The 
solubilities for all seven refrigerants in [C4C1im][PF6] 
were compared at 298.15 K in Figure 4 and can be used 
to guide the process design for separating 
multicomponent mixtures. HC-290 is represented by a 
dashed line to remind the reader that the solubility is 
assumed, since there is no literature for the HC-290/ 
[C4C1im][PF6] system. 

3. METHOD 

Process designs developed for the separation of multi- 
component azeotropic refrigerant mixtures included the 
following unit operations: flash separation, 
conventional distillation, and extractive distillation. The 
distillation process requires the following variables to 
run a simulation: distillate rate (D), operating pressure 
(P), total number of theoretical stages (NT), feed stage 
(NF), reflux ratio (RR), feed temperature (TF), and 
feed pressure (PF). Extractive distillation also includes 
the following additional variables: solvent feed stage 
(NS), solvent-to-feed (S/F) ratio, solvent feed 
temperature (TS), and solvent feed pressure (PS). 

To limit the number of variables used in optimization, 
heuristics were first defined: 

(i) A liquid-phase feed will result in a higher distillate 
purity compared to a vapor-phase feed, and the 
colder the refrigerant and solvent feeds, the 

higher the distillate purity. All feed temperatures were 
set at 293.15 K (ambient temperature), so no 
additional cooling of the streams was necessary. The 
feed pressure was set at 2.0 MPa and higher than the 
column operating pressure to ensure that the feed 
was in the liquid state. 

1 298.15 0.900 −0.226 0.419 −1.117 1.67 14 
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(ii) The solvent feed stage (NS) for an IL should 

enter at the top of the column (NS = 2). Ionic 
liquids have essentially no measurable vapor 
pressure, and the feed stage is a function of 
the feed component’s volatility. 

(iii) The distillate rate (D) should equal the feed 
rate (F) of the light key component (or the 
sum of the light key components) to achieve 
complete component recovery at the 
desired purity. 

Determining the light key (LK) or heavy key 
(HK) components of a multicomponent mixture 
can be difficult, especially where multiple 
azeotropes are present. With multiple azeotropes 
and large differences of component compositions, 
the LK cannot be optimized by order of boiling 
point, because some components can be 
completely distilled outside the order of boiling 
point. This work provides an original method to 
test if conventional distillation can be used for 
multicomponent mixtures in mass distilled versus 
distillate rate diagrams. The distillate rate (D) of a 
conventional distillation column (with 
specifications P = 1.0 MPa, NT = 50, NF/NT = 0.5, 
and RR = 
5) was varied from 0% to 100% of the feed to 
show the percentage of mass distilled for each 

component. Mass distilled versus distillate rate 
diagrams were prepared, and four examples are 
shown in Figure 5 (these diagrams are composition 
dependent). The dashed lines in these diagrams 
represent components that are distilled outside the 
order of boiling point; for example, in Figure 5d, HC-
290 has a higher boiling point than HFC-32, but HC-290 
was distilled out first. This confirms that these 
multicomponent azeotropic mixtures do not follow the 
order of boiling point when leaving the distillate. 

The larger the vertical difference between the mass 
distilled lines, the greater the potential to separate LK 
and HK components. To achieve a complete separation, 
there needs to be a vertical break where the LK reaches 
100% mass distilled, and the HK remains close to 0%. 
An example of this can be seen in Figure 5d where, at 
about 90% distillate rate, HFC- 134a remained at 0% 
while the rest of the components reached 100%; in this 
case, for conventional distillation, HFC-32, HFC- 125, 
HCFC-22, and HC-290 are defined as the LK 
components, and HFC-134a is the HK component. 

If a difference between two sets of components is not 
conclusive, then extractive distillation should be 
considered. The LK and HK for extractive distillation 
are defined by comparing the solubilities of the 
components as previously shown in Figure 4. The 
solubilities of HFC-125, HFC-143a, HC-290, and HC-
600a are much lower than components 
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Figure 3. PTx data (○, Δ) for (a) HFC-32, (b) HFC-125, (c) HFC-134a, (d) HFC-143a, (e) HCFC-22, and (f) HC-290 with [C4C1im][PF6] and 
corresponding LLE data (□) for HFC-125, HFC-134a, and HFC-143a referenced in Table 4. 

HFC-32, HFC-134a, and HCFC-22; therefore, in an 
extractive distillation process, HFC-125, HFC-143a, HC-
290, and HC- 600a are expected to be in the distillate, 
identified as the LK components, and HFC-32, HFC-
134a, and HCFC-22 are expected to remain in the 
entrainer with the bottom stream, identified as the HK 
components. We have observed that the 

 

narrower the range of solubility difference between the 
LK and HK (i.e., HFC-32 and HFC-125), the more S/F is 
required with increasing amounts of the HK. 

The variables P, NT, NF, RR, and S/F were optimized to 
obtain the highest component purities within the 
following constraints. The minimum column pressure 
was set such that 
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Figure 4. PTx regression lines for solubility of seven 
refrigerants in [C4C1im][PF6] at 298.15 K. 

 

the condenser could operate with chilled water (i.e., 
Tcond > 293.15 K). A maximum reboiler temperature 
was specified (i.e., Treb < 373.15 K) to avoid 
potential issues with IL 

decomposition. The reflux ratio (RR) was varied from 
0.5 to 5, and the solvent-to-feed ratio (S/F) was varied 
from 0.5 to 10. Large values for the S/F ratio indicate an 
inefficient separation, and the IL was not selective to 
one of the feed components. 

The first step in the optimization process was to 
determine D by defining the LK components. The LK 
components will then determine Tcond at different 
pressures. The NF and RR 
were then varied to obtain the maximum distillate 
purity. If the desired purity (i.e., 99.5 wt %) could not 
be achieved using conventional distillation, the NT was 
increased, and the optimization process was repeated. 
For systems that require conventional distillation with 
NT > 50, extractive distillation was recommended for 
more efficient separation. 

The optimization process for extractive distillation 
was similar. First, the optimum D, P, NF, and RR were 
determined, and the S/F was increased until the 
desired purity of 99.5 wt % was achieved. If the desired 
purity could not be achieved, the NT was increased, and 
the optimization process was repeated. Once the 
desired purity was achieved, the minimum reboiler 
duty (Qreb) was determined by optimizing the P and S/F 
ratio at a specified product purity, where P was 
selected such that Tcond > 293.15 K and Treb < 373.15 
K. The initial conditions for the distillation processes 
were NT = 20, NF/NT = 0.5, and RR = 2 and S/F = 5 
for extractive distillation. 
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Figure 5. Mass distilled of each component vs the distillate rate for four different compositions. 
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Figure 6. Process for recovering HCFC-22 containing 10 wt % R-410A with entrainer [C4C1im][PF6]. 
 

 

Figure 7. Process for recovering HCFC-22 from a seven-component mixture (hypothetical reclaimed refrigeration mixture) with 
entrainer [C4C1im][PF6]. 

 

 

Figure 8. Process for separating a five-component mixture (hypothetical reclaimed HVAC mixture) with entrainer [C4C1im][PF6]. 

A flash vessel was used for recovering and recycling 
the IL back to the extractive distillation column. The 
flash separation was a single stage equilibrium process 
and was only dependent on T and P. Since ILs are 
nonvolatile and have a very low 

vapor pressure (i.e., <1 × 10−5 Pa), only a single 

stage 

separation was required to remove the refrigerant. To 
ensure that 99.5 wt % of the refrigerant is recovered 
from the IL, the flash vessel was operated at T > 423.15 
K or under vacuum conditions. To minimize the heat 
duty required for the flash vessel, the T was set to be 
similar to Treb, and various pressures 
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from P = 0.01 to 0.1013 MPa were evaluated to 
maximize IL recovery. If higher IL recovery was 
required, the T of the flash was increased. Finally, a 
small amount of refrigerant (wref < 0.5 wt %) 
remaining in the recycled IL will decrease the 
viscosity of the fluid and reduce the pump power; 
however, this amount must be balanced with the purity 
required in the distillate from the extraction 
distillation column. 

If the process does not achieve a satisfactory purity 
within the constraints of the system, additional 
methods for improving the distillate purity for 
conventional distillation include decreasing the column 
pressure and, for extractive distillation, include 
increasing the column pressure or S/F ratio. If neither 
of these approaches increase the distillate purity 
within the stated constraints, the D can be decreased, 
but this will reduce overall product recovery. 

4. SIMULATION 

ASPEN simulations were set up to model three common 
mixtures that are problematic for the refrigerant 
reclaim industry. The first simulation provides a 
process flow diagram (PFD) for separating HCFC-22 
that is contaminated with 10 wt % R-410A, shown in 
Figure 6. The second simulation provides a PFD for 
recovering HCFC-22 from a multi- component mixture 
made up of HFC-32, HFC-125, HFC- 134a, HFC-143a, 
HC-290, and HC-600a shown in Figure 7. The third 
simulation provides a PFD for maximizing the recovery 
of all refrigerants in a 5-component mixture made up of 
HFC-32, HFC-125, HFC-134a, HCFC-22, and HC-290 
shown in Figure 8. 

The mass fractions (wi), mass flow rates (F, S, Bn, and 
Dn), heat duties (Q), T, P, RR, feed locations (NS and NF), 
and the number of theoretical stages (NT) are provided 
in Figures 6−8. In the vapor stream from the flash 
vessel, there is a trace amount of IL (defined as the 
“OUT” stream). The PR-EoS slightly overpredicts the 
vapor pressure for the IL, which 
accounts for this loss and was treated as an outlet that 
was recycled back to the column (similar to how a 
demister would be used if IL were entrained in the 
refrigerant vapor). The separations of the 
nonazeotropic binary systems were also investigated 
with conventional distillation to quantify the difficulty 
of separation. 

4.1. Zeotropic Binary Separation. 8 of the 21 
binary refrigerant mixtures were zeotropic (i.e., 

nonazeotropic) but can be classified as close-boiling 
systems (see Figure 2). A simulation was developed 

to quantify and rank the difficulty of separating a 50/50 
wt % mixture by determining the minimum NT to 

achieve a separation of 99.5 wt % for each 
component. The column and feed pressures were set to 

1.0 and 2.0 MPa, respectively, and the feed 
temperature was set to 293.15 K. Initially, the RR 

was set to 1.0; however, this resulted in NT > 100 for 
most of these cases, so a RR = 5 was selected and the 

results are shown in Table 5. 
In some cases, such as binary mixtures containing 

HFC-125/ HFC-143a and HCFC-22/HFC-143a, a purity 
of 99.5 wt % with less than 100 stages was not possible 
unless the RR > 5. For example, with NT = 100 and RR = 
5.0, HFC-125/HFC- 143a achieved a maximum purity of 
about 59 wt % HFC-143a in the distillate, and HCFC-
22/HFC-143a achieved a maximum purity of about 74 
wt % of HFC-143a in the distillate. This was expected 
based on the small differences in the pure component 

boiling points. 
The binary mixture HFC-134a/HFC-32 was the easiest to 

separate and only required 18 stages to reach a purity 
greater 
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Table 5. Nonazeotropic Binary Separations 
 

heavy key light key ΔTb (K) NT NF 

HFC-134a HFC-32 25.4 18 10 
 HFC-125 22.2 32 16 
 HFC-143a 21.3 36 17 
 HCFC-22 14.5 89 61 

HFC-143a HFC-125 0.9 >100  

HCFC-22 HFC-32 10.9 47 30 

 HFC-143a 6.8 >100  

 
than 99.5% for both components. Binary systems 
with HFC- 134a became increasingly harder to 
separate as the difference in the boiling 
temperature with the second component 
decreased, ΔTb. 

4.2. Simulation 1 Recovering HCFC-22 from R- 
410A. Reclaimed HCFC-22 is still an important 
refrigerant used for servicing existing equipment 
and can often be contaminated with other 
refrigerants such as R-410A (50 wt % HFC-32 and 
50 wt % HFC-125), which was developed as a 
replacement for HCFC-22. In our previous work, a 
process was developed to recover HFC-32 from a 
mixture of R-410A contaminated with 10 wt % 
HCFC-22. In this work, our goal is to maximize the 
recovery of HCFC-22 from a mixture contaminated 
with 10 wt % R-410A. In this ternary system, HFC-
32/HFC-125 and HCFC-22/HFC-125 both form 
binary azeotropes; therefore, an extractive 
distillation process will be required for 
separating and purifying the HCFC-22. 

To determine the LK and HK, a mass distilled 
versus distillate rate diagram of the feed 
composition was prepared and is shown in Figure 

5a. A definitive separation where one or two 
components reach 100% mass distilled while the others 
remain close to 0% was not possible. For example, HFC-
32 is the first component to be distilled but cannot be 
separated from HFC-125, and the distilled HFC-125 
rate was also similar to HCFC-22; therefore, both HFC-
32 and HFC-125 cannot be completely separated from 
HCFC-22. Extractive distillation must be used to 
separate this ternary mixture and the LK, and HK is 
defined by the solubility in the entrainer. HFC-32 and 
HCFC-22 have a much larger solubility than HFC-125 
(see Figure 4) in [C4C1im][PF6]; therefore, HFC-125 will 
be the LK, and HFC-32 and HCFC-22 will be entrained 
with the IL as the HKs. 

A feed composition of 90 wt % HCFC-22, 5 wt % 
HFC-32, and 5 wt % HFC-125 was fed into the first 

column at F = 30 kg/h and T = 293.15 K. The 
distillate rate was set to D = 1.5 kg/h so the column 
could be optimized for maximizing the separation of 

HFC-125 (e.g., 99.5 wt % purity and recovery). The 
first column operated at P = 1.3 MPa so that Tcond > 

293.15 K. The P, RR, and S/F ratio have little effect on 
the optimal NF (±1). A sensitivity analysis was 
conducted on NF to maximize HFC-125 purity in the 
distillate, and the optimal feed stage was found to be 
0.5 NF/NT. The reflux ratio was varied from RR = 0.0 to 
5.0. The purity of HFC-125 in the distillate reached a 
maximum at about RR = 3.0. Increasing RR 
> 3 provided diminishing returns on purity, so the reflux ratio 
was set at RR = 3.0. The solvent feed rate was 
increased until the HFC-125 distillate achieved >99.5 
wt % purity. If the HFC-125 purity did not achieve 
99.5 wt % in the distillate, then the NT would have to 
be increased. If NT was increased, then the solvent 
feed rate should also be optimized. The minimum NT 
to reach the target purity was 25 with S/F =  6 and 
RR = 3. 
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The heat duty Qreb was minimized by conducting a 
sensitivity analysis of the P and S/F ratio while 
maintaining a purity of >99.5 wt % HFC-125 in the 
distillate. The P was varied from 1.3 MPa (i.e., Tcond > 
293.15 K) to where Treb < 
373.15 K. The S/F ratio was varied from 0.5 to 
10 in increments of 0.5. A pressure of P = 1.3 MPa 
and S/F = 6 resulted in the minimum reboiler duty of 
Qreb = 4.07 kW with Treb = 354.2 K. 

The bottom stream from the extractive distillation 
column that contains IL with HCFC-22 and HFC-32 was 
fed to a flash tank operating at 348.15 K and 0.01 MPa 
to separate the refrigerants from [C4C1im][PF6]. The IL 
was recycled back to the extractive distillation column, 
and the vapor stream from the flash tank contained 
94.7 wt % HCFC-22 and 5.3 wt % HFC-125. The vapor 
was cooled to 293.15 K and fed to a second 
conventional distillation column. HFC-32 and HCFC- 22 
are zeotropic, but close-boiling components (ΔTb = 
10.9 
°C). The separation was possible with conventional 
distillation 
but difficult due to the similar boiling points and narrow 
VLE region. Extractive distillation could also be used to 
increase the efficiency in separating HFC-32 and HCFC-
22, but a new IL entrainer would be required since both 
refrigerants have a high solubility in [C4C1im][PF6]. 

The conventional distillation was set at the maximum 
stages of NT = 50 (i.e., constraint). The optimal RR was 
4.0 with minimal improvement in separation at higher 
reflux ratios. Even with the maximum number of stages 
(NT = 50), this system could not achieve a purity of 99.5 
wt % for HFC-32 and HCFC-22. In this case, there are 
two options to increase purity for conventional 
distillation: (1) decrease the column pressure or (2) 
reduce the distillate rate. To maintain Tcond > 293.2 K 
(i.e., constraint) and avoid low-temperature distillation, 
the distillate rate was increased incrementally by 0.5 
kg/h to increase the purity of the HCFC-22 in the 
bottoms stream. 

The maximum amount of HCFC-22 that could be 
recovered with a purity of 99.51 wt % HCFC-22 and 
0.47 wt % HFC-32 was 21 kg/h. The overall HCFC-22 
recovery was 78 wt %. The distillate from the 
conventional distillation column (D3 = 7.50 kg/h) was 
considered a waste stream with 81.31 wt % HCFC- 22 
and 18.67 wt % HFC-32. The addition of a second IL 
extraction could be used to recover additional HCFC-22 
but was not considered in this analysis. Overall, this 
process was able to recover 100 wt % of the HFC-125 
(1.5 kg/h) and 78 wt 
% of the HCFC-22 (21 kg/h) with purities exceeding 
99.5 wt 
%. 

4.3. Simulation 2 Recovering HCFC-22 from a 
Multicomponent Refrigerant Separation. A process 

simulation was developed to recover HCFC-22 
from a hypothetical reclaimed multicomponent 
mixture with a composition based on market 

trends for a refrigeration application (see Figure 7 
and Table 1). To separate the seven components 
into the LK and HK, a mass distilled versus distillate 

rate diagram of the feed composition was prepared 
similar to the previous simulation and is shown in 

Figure 5b. The components HCFC-22 and HFC-134a 
show a vertical trend at higher distillate rates, but 

the area below those two curves shows that only 
about 20% of HFC-134a and HC-600 will end up in the 

distillate and cannot be completely separated from the rest 
of the components. A definitive separation of the 

components for defining an LK and HK was possible as 
shown in Figure 5b; therefore, an extractive distillation 

simulation was developed. HFC-32, HCFC-22, and HFC-
134a have a much higher solubility in [C4C1im][PF6] than 

HFC-125, HFC-143a, 

https://doi.org/10.1021/acs.iecr.2c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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HC-290, and HC-600a (see Figure 4). The lower 
solubility components (HFC-125, HFC-143a, HC-
290, and HC-600a) were specified as the LK 
components, and the distillate rate was set to the 
sum of these feed flow rates, D = 10.76 kg/h. 

The feed entered the first column at 30 kg/h and T = 293.15 
K. The pressure was set to P = 1.2 MPa so that Tcond 
> 293.15 K (i.e., constraint). The optimal feed stage 
was set at 0.5NF/NT similar to the previous 
simulation, and the optimal RR was again about 3.0. 
As stated previously, a higher RR would result in a 
higher purity separation, but RR > 3.0 did not 
significantly increase the distillate purity and 
reduced overall recovery of products in the 
distillate. The recovery of the LK components was 
99.5% with NT = 26 and S/F = 2.5. The minimum 
Qreb was 
3.01 kW with Treb = 338.4 K. The LK components 
form an azeotropic mixture that can be further 
separated using extractive distillation but would 
require an alternate solvent with a higher selectivity 
for the components than [C4C1im]- [PF6]. 

The HKs are separated from the IL in a flash vessel 
operated at T = 338.2 K and P = 0.01 MPa. The 
largest impurities in the LK and HK are HFC-125 
and HFC-32, respectively. The HCFC-22 was flashed 
out of the IL and fed into a conventional distillation 
column where HCFC-22 was separated from HFC- 
32 and HFC-134a. Binary mixtures between these 
components (e.g., HFC-32, HFC-125, and HFC-134a) 
are close-boiling, but are not azeotropic (see 
Figure 3), and all three components have high 
solubility in [C4C1im][PF6] (see Figure 4), so 
extractive distillation could not be used. 

To determine the LK and HK for HFC-32, HFC-
134a, and HCFC-22, a mass distilled versus distillate 
rate diagram of the feed composition was developed 
and is shown in Figure 5c. At about a 90% distillate 
rate, 100 wt % HFC-32 and HCFC-22 can be 
distilled while about 20 wt % HFC-134a remained 
in the distillate. The 20 wt % HFC-134a can be 
minimized; thus, HFC-32 and HCFC-22 are the LK, 
and HFC-134a is the HK. The distillate rate was set 
to the sum of HFC-32 and HCFC- 22, D = 16.59 
kg/h. 

The convention distillation was set with maximum 
conditions of NT = 50 and RR = 5.0 (i.e., 
constraints), and the optimized NF for this system 
could not achieve 99.5 wt % HCFC-22. A pressure of 
1.0 MPa was selected to avoid low distillation 
temperatures. A distillate containing 93.67 wt % 
HCFC-22 at a flow rate of D3 = 14 kg/h was 
produced. The bottoms stream (B3 = 5.24 kg/h) 
contained 50.19 wt % HFC- 134a and 49.70 wt % 
HCFC-22 and was disregarded as a waste stream. 
The distillate (D3 = 14 kg/h) was fed into a second 
distillation column to separate the zeotropic mixture 
HFC-32 and HCFC-22. 

The second distillation column could also not 
reach a purity of 99.5 wt % in the distillate at NT = 
50 and RR = 5. The distillate rate was decreased 
and P set to 1.2 MPa, so Tcond > 
293.15 K. The bottoms of the second conventional 
distillation column resulted in a product of 99.51 wt 
% HCFC-22 with a total flow rate of B3 = 10 kg/h 
(63.6 wt % recovery). The distillate stream that 
contained 20.50 wt % HFC-32 and 79.08 wt % 
HCFC-22 with a flow rate of D4 = 4.00 kg/h was 

regarded as a waste stream. Overall, this seven-
component refrigerant mixture was composed of HFC-
32, HFC-125, HFC-134a, HFC-143a, HCFC-22, HC-
290, and HC-600a. 
The HC-600a was a challenge to separate, and only 10 
kg of HCFC-22 was able to be recovered while 20 kg of 
the remaining components would need to be disposed 
of or utilized  as  a  fluorinated  feedstock  for  
producing  other 
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products. This example highlights the challenges in 
separating multicomponent azeotropic refrigerant 
mixtures. 

4.4. Simulation 3 Complete Separation of a Multi- 
component Refrigerant Separation. For the final simu- 
lation, a process, shown in Figure 8, was developed to 
separate a mixture containing HFC-32, HFC-125, HFC-
134a, HCFC- 22, and HC-290 into individual 
components with a purity 
>99.5 wt %. The hypothetical mixture composition was 
based on a reclaimed refrigerant mixture using market 
trends for the HVAC industry (see Table 1). To separate 
the five components into the LK and HK, a mass 
distilled versus distillate rate diagram of the feed 
composition was developed and is shown in Figure 
5d. 

HFC-134a remained at 0% while the rest of the 
components reached 100% at around a 90% distillate 
rate; therefore, in this case, conventional distillation 
could be used to separate HFC- 134a from the other 
components. A conventional distillation column was 
optimized with HFC-134a in the bottoms and achieved 
a purity of 99.58 wt % with column specifications of NT 
= 50, RR = 5, and P = 1.0 MPa (Tcond = 285.0 K). 
Since 
purity could not be achieved within the defined 
constraints of 
Tcond, extractive distillation was used. 

HFC-125 and HC-290 have low solubility in 
[C4C1im][PF6] and were distilled out as the LK, while 
HFC-32, HFC-134a, and HCFC-22 were entrained and 
exit as the HK with the IL (see Figure 4). The distillate 
rate was set to the sum of the LK, D = 7.35 kg/h. 

The feed entered the first column (i.e., extractive distillation 
column) at 30 kg/h and T = 293.15 K. The pressure was set to 

1.5 MPa, and the optimal feed stage was at 0.5NF/NT; 
similarly to the previous processes, RR plateaued 
around 3.0 and was set to 3.0. This resulted in a 
separation requiring a minimum of NT 
= 25 to reach >99.5 wt % of the LK components, 
HFC-125 and HC-290, and S/F = 8 resulted in a 
minimum Qreb = 6.95 kW and Treb = 370.2 K. This 
process required much more solvent than the previous 
two simulations, possibly in relation to having more 
HFC-125 in the distillate. HFC-125 and HC- 290 form an 
azeotropic mixture that could then be further separated 
with extractive distillation but would require an 
alternate solvent with a higher selectivity of the 
components than [C4C1im][PF6]. The bottoms of the 
extractive distillation column was then fed into a flash 
vessel that was set to 368.2 K and allowed for solvent 
recovery at 0.01 MPa. 

The HK components, HFC-32, HFC-134a, and HCFC-
22, are near-boiling but are not azeotropic. As in the 
previous simulation, HFC-32 and HCFC-22 were the LK, 
and HFC- 134a was the HK in the first column; HFC-32 
was the LK, and HCFC-22 was the HK in the second 
column. 

The  second  process  column  (i.e.,  first  conventional 
distillation column) was set with maximum conditions of NT 

= 50 and RR = 5.0, and at the optimized NF, this system 
could not reach complete separation. The RR = 4.0 
produced similar purities, so the RR was decreased to 
4.0. Since the goal of this simulation was to achieve a 
complete separation of all components, the full 
distillate rate heuristic remained, and P was decreased. 
A new column pressure (P = 1.0 MPa) was tested so 
that Tcond > 283.2 K. The condensing and reboiler 
temperatures were Tcond = 286.2 K and Treb = 312.5 K, 

respectively. The bottoms stream resulted in 99.69 wt 
% HFC- 134a, and the distillate was fed into the third 
process column (i.e., second conventional distillation 
column), which operated at similar conditions but 
required a lower operating pressure (P = 0.85 
MPa) to maintain Tcond > 273.2 K. The reboiler 

M 
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temperature (Treb = 290.9 K) was below ambient 
temperatures, so this was considered a low-temperature 
operation. Achieving 
>99.5 wt % purity by separating HCFC-22 and HFC-32 
with NT = 50 and P = 0.85 MPa could only be 
achieved by increasing the RR < 5.0. At an RR = 6.5, the 
distillate and bottoms stream resulted in 99.54 wt % 
HFC-32 and 99.54 wt 
% HCFC-22. 

As shown in Figure 8, this five-component mixture 
separation is challenging. Three of the five 
components (HFC-134a, HFC-32, and HCFC-22) could 
be separated with a purity >99.5 wt %. The HFC-125 + 
HC-290 separation remains a challenge, and a purity of 
only 96.2 wt % HFC-125 was achieved in the distillate of 
the extractive distillation. Future research will 
investigate new IL entrainers for efficiently separating 
hydrocarbons from HFCs 

5. CONCLUSIONS 

Multicomponent refrigerant mixtures that form 
azeotropes can be separated using extractive distillation 
with IL entrainers. The purified refrigerants can be 
recycled and used for making new refrigerant mixtures 
(e.g., HFC/HFO blends) and repurposed as fluorinated 
feedstocks for future low-global- warming products. 
Many refrigerants such as HFCs, HCFCs, and HCs form 
azeotropes that cannot be separated using conventional 
distillation and will require advanced techniques such as 
extractive distillation. Ionic liquids provide the 
opportunity to tune the solubility of refrigerants to 
maximize separation efficiency. Extractive distillation 
with ILs is a developing field with only two papers 
published on experimental designs and less than 40 
articles published on process simulations. 

Limited data for the solubility of refrigerants in ILs was 
available, and future research should focus on measuring 
and modeling the phase behavior of these systems (e.g., 
VLE for HCFC-22/HFC-125 and HCFC-22/HC-600a). 
Currently, there are only three ILs ([C4C1im][PF6], 
[C2C1im][Tf2N], and [C6C1im][Tf2N]) with solubility data 
available for all seven refrigerants (HCFC-22, HFC-32, 
HFC-125, HFC-134a, HFC-143a, HC-290, and HC-600a) 
studied in this work, and the IL [C4C1im][PF6] was 
selected as the entrainer for this work. Refrigerants HFC-
32, HFC-134a, and HCFC-22 had higher solubility 
compared to HFC-125, HFC-143a, HC-290, and HC-600 
in [C4C1im][PF6]. 

Before simulations can be conducted, binary 
equilibrium data, such as VLE and LLE, need to be 
regressed to define the binary parameters for each 
system. Binary refrigerant data was regressed using the 
PR-EoS with the vdW1 mixing rule to define kij and B−M 
correction to define lij for highly nonideal 
systems. Six heterogeneous and seven homogeneous 
azeo- tropes were predicted at ambient pressures, and 
eight binary systems were zeotropic. 

A set of heuristics and constraints were defined and 
simulations conducted for conventional and extractive 
distillation. Mass distilled versus distillate rate plots were 
created to assist in defining the LK and HK components 
for each unit operation. Variables P, RR, NT/NF, and S/F 
were optimized to minimize Qreb and NT to achieve >99.5 
wt % refrigerant purities. Equilibrium models were used 
to complete three simulations. 

A process flow diagram was developed to recover 
HCFC-22 from a ternary refrigerant mixture 
contaminated with R-410A. None of the components 
could be separated using conven- tional distillation 

since HFC-125/HCFC-22 and HFC-32/ 
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HFC-125 formed azeotropes, so extractive distillation 
was used. The components with the higher solubility 
(e.g., HFC-32 and HCFC-22) were entrained with the IL 
and removed from the IL using a flash process. The 
vapor stream from the flash vessel was fed into a 
conventional distillation column that produced a 
bottoms stream (21 kg/h) containing 99.51 wt % 
HCFC-22. The overall recover of HCFC-22 was 78 wt 
%. 

A second process was developed to recover HCFC-
22 from a seven-component refrigerant mixture. None 
of the components could be separated with 
conventional distillation. Extractive distillation was 
used to separate the higher-solubility components (e.g., 
HFC-32, HFC-134a, and HCFC-22) in the IL entrainer. 
The vapor stream from the flash vessel was fed into a 
conventional distillation column where HFC-134a was 
separated from HCFC-22. A second conventional 
distillation column was required to purify the HCFC-22 
in the bottoms stream to 99.51 wt % with a flow rate of 
10 kg/h. The overall recovery of HCFC-22 was 63.6 wt 
%. The separation of the seven refrigerants was 
challenging, and overall, 20 kg/h of mixed refrigerant 
remained that would need to be further processed, 
destroyed, or utilized as a fluorinated feedstock to 
produce other products. 

The third simulation provided a process design that 
can separate a five-component refrigerant mixture. The 
mixture contained HCFC-22, HFC-32, HFC-125, HFC-
134a, and HC- 

290. The HFC-134a could be separated initially as 
the HK using a conventional distillation, but extractive 

distillation was required in order to separate the 
HFC-125. The distillate of the extractive distillation 

column contained 96.20 wt % HFC- 125 and 3.27 wt % 
HC-290. This azeotropic mixture could not be further 

purified. A new IL entrainer with higher selectivity 
for one of the components will be required to achieve a 

purity of 99.5 wt % HFC-125 in the extractive 
distillation process. Separation of HC-290 from 

many of the HFCs was problematic due to the 
number of azeotropes that this hydrocarbon forms. 

The components with a higher solubility in the IL 
(e.g., HFC-32, HFC-134a, and HCFC-22) were 

absorbed in the entrainer. To achieve a complete 
separation of HFC-32, HFC-134a, and HCFC-22, the P 
and RR constraints had to be expanded. The vapor 

stream from the flash vessel was fed into a 
conventional distillation column where the HFC-134a 

(HK) of the first column resulted in 99.69 wt % 
HFC-134a. The distillate was then fed into a second 

distillation column that had to operate at lower than 
ambient temper- atures. The distillate and bottom 

streams of the second column resulted in 99.54 wt % 
HFC-32 and 99.53 wt % HCFC-22. Overall, more 

than 75 wt % of the multicomponent mixture could 
be separated into the original components (HCFC-22, 
HFC-32, and HFC-134a) with purities greater than 99.5 

wt %. Future work should include finding new IL 
entrainers for separating binary refrigerant systems 

such as HFC-32/HCFC- 22, HFC-125/HFC-143a, and 
HFC-125/HC-290. In addition, rate-based models 

should be developed to assist with sizing future 
conventional and extractive distillation columns. 

Addi- tional properties will be required for rate-based 
models such as density, viscosity, surface tension, and 
liquid heat capacity for refrigerants and ILs, and this 

provides another area for future 
research. 
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