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ABSTRACT: Hydrofluorocarbon (HFC) refrigerants are currently
being phased down by 85% over the next two decades due to their
high global warming potential (GWP). Hydrofluoroolefin (HFO)
refrigerants are being commercialized as replacements for HFCs
and have significantly lower GWP and zero ozone depletion
potential (ODP). A challenge in the transition to HFO refrigerants
is compatibility with the existing equipment. One solution is
blending HFO and HFC refrigerants to match equipment
performance. Several azeotropic refrigerant mixtures, such as R-
450A, R-456A, R-515B, and R-516A, have lower GWP and provide
similar thermophysical properties to replace HFCs in existing
systems. HFO/HFC blends are excellent alternatives that enable
the reduction of HFCs while still maintaining the lifespan of existing equipment. Many HFO/HFC refrigerant mixtures are designed
to be azeotropic or near-azeotropic so that if the refrigerant leaks from the system, only a minimal change in composition will occur,
which makes servicing the equipment easier. However, this poses a challenge when recycling the refrigerant because conventional
distillation cannot be used to separate the HFO/HFC components back into pure products. A proposed solution for separating
azeotropic mixtures uses extractive distillation with an ionic liquid (IL) as the entrainer. This novel method o9ers an e:cient means
of separating azeotropic refrigerant mixtures. The e:cacy of ILs as entrainers is contingent upon their selectivity and strong a:nity
toward one or more components of the mixture. In addition, the limited availability of solubility data for HFOs and HFCs in ILs
constrains the process of selection. This work has identified phosphonium- and imidazolium-based ILs for the separation of four
commercial HFO/HFC refrigerant mixtures based on ASPEN Plus simulations.

■ INTRODUCTION

Hydrofluoroolefin (HFO) refrigerants are being developed and
commercialized as the next generation of refrigerants that have
significantly lower global warming potential (GWP) in
comparison to hydrofluorocarbons (HFCs). In 2020, the
American Innovation and Manufacturing (AIM) Act was signed
by Congress to phase down both the consumption and
production of HFCs over the next two decades by 85%.1

HFOs are considered excellent alternatives to HFCs with
minimal environmental impacts (e.g., low GWP, zero ozone
depletion potential (ODP), and similar thermodynamic
e:ciency). However, current equipment designed for HFCs
may not be directly compatible with HFOs as drop-in
replacements without modifications due to the di9erences in
thermophysical properties, material compatibility (e.g., lubri-
cants), and flammability levels. For instance, HFOs and HFCs
have di9erences in volumetric cooling/heating capacity and the
amount of energy produced per unit volume, which could result
in di9erent compressor size requirements. Furthermore, current
equipment may not be designed for mildly flammable
refrigerants (e.g., ASHRAE A2 and A2L category) as the

majority of HFCs are nonflammable (e.g., ASHRAE A1
category); therefore, safety standards must be considered
when transitioning to HFOs that are generally classified as
mildly flammable.2 Scientific studies show that some HFO/
HFC blends provide similar thermophysical properties as HFCs,
which function as near drop-in replacements without significant
modifications in some applications.4−8 HFO/HFC blends o9er
a significant decrease in GWP in comparison to HFCs and the
blends can be formulated to be nonflammable (Table 1),
allowing a smooth transition toHFOs and a gradual reduction in
HFC consumption. Some HFO/HFC blends are already on the
market (Table 1) and others will be commercialized soon. These
blends provide an optimal solution for existing equipment that
can have decades of useful life remaining, while future
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equipment is designed to be compatible for HFOs. To separate
these refrigerant blends, many of which are azeotropic (i.e.,
vapor and liquid compositions are the same) or near-azeotropic
(i.e., bubble and dew point temperatures are very close), new
separation technologies are needed. For example, the HFO/
HFC blends shown in Table 1 are near-azeotropic (e.g., R-450A
and R-456A) and azeotropic (e.g., R-515B and R-516A) that
have been developed as suitable drop-in replacements for HFC-
134a (1,1,1,2-tetrafluoroethane, CH2FCF3).
R-450A is a near-azeotropic mixture consisting of 42.0 wt %

HFC-134a and 58.0 wt % HFO-1234ze(E) (trans-1,3,3,3-
tetrafluoroethene, CHF = CHCF3) with a 58% reduction in
GWP compared with HFC-134a. Gataric ́ and Lorbek found that
the overall performance was maintained when R-450A was used
as a drop-in replacement for HFC-134a in a tumble dryer heat
pump, concluding the suitability of R-450A to replace HFC-
134a in some applications.9 In addition, Makhnatch et al.
conducted an experimental study for replacement of HFC-134a
with R-450A in a small refrigerator and concluded that the
overall performance was acceptable for this application.10 R-
450A is supplied by Honeywell.5

R-456A is a near-azeotropic mixture consisting of 45.0 wt %
HFC-134a, 6.0 wt % HFC-32 (difluoromethane, CH2F2), and
49.0% HFO-1234ze(E). In 2023, R-456A became commercially
available by Koura to replace HFC-134a with a 50% reduction in
GWP.7

R-515B is an azeotropic mixture containing 91.1 wt % HFO-
1234ze(E) and 8.9 wt % HFC-227ea (1,1,1,2,3,3,3-heptafluor-
opropane, CF3CHFCF3). Honeywell began selling R-515B in
2020 to replace HFC-134a with a 77% reduction in GWP
compared with HFC-134.6 Mota-Babiloni et al. performed an
experimental comparison of R-515B and HFO-1234ze(E) as
replacements for HFC-134a in a heat pump. The study
confirmed that there was no apparent di9erence observed
using R-515B.11 Moreover, R-515B may be a more suitable
replacement for HFC-134a than HFO-1234ze(E) in certain
applications, as it has a nonflammable rating (ASHARE A1
category) that is the same as HFC-134a (ASHRAE A1
category), see Table 1.
R-516A is an azeotropic mixture produced by Arkema,

consisting of 8.5% HFC-134a, 14.0% HFC-152a (1,1-difluoro-
ethane, CH3CHF2), and 77.5% HFO-1234yf (2,3,3,3-tetra-
fluoropropene, CH2 =CFCF3).8Kim et al. showed that R-516A
has higher energy e:ciency compared with other candidates,
such as R-513A and HFO-1234ze(E), to replace HFC-134a.12

Meńdez-Meńdez et al. also performed an energy evaluation of R-
513A and R-516A as a replacement for HFC-134a. R-516A

energy performance was found to be similar to HFC-134a and
was recommended for low to medium temperature refrigeration
and air-conditioning.13 Overall, R-516A has the lowest GWP
(e.g., 90% reduction) compared with HFC-134a and the other
blends shown in Table 1. R-516A also has comparable energy
e:ciency to that of R-134a, which suggests that this blend may
also be a good alternative for both existing and new equipment.
R-513A, which is composed of 44.0 wt % HFC-134a and 56.0

wt % HFO-1234yf produced by Chemours, has a 56% reduction
in GWP compared withHFC-134a and an excellent capacity and
energy e:ciency match with HFC-134a.14 In our prior work, we
provided results for the separation of this azeotropic refrigerant
mixture by extractive distillation and used them as a comparison
with this research.
These azeotropic refrigerant blends significantly reduce the

GWP compared with HFC-134a, but they pose a challenge
when separation is required to recycle the components.
Azeotropic refrigerant mixtures have the same vapor and liquid
compositions that make di:cult to impossible for separating the
components using conventional distillation. To break the
azeotrope, an entrainer (e.g., solvent) can be used, such that
one component has a higher solubility in the solvent at a given
temperature (T) and pressure (P) than the other component.
In this work, ionic liquids (ILs) are used as the entrainers (i.e.,

solvent) in the extractive distillation column. ILs are liquid salts
at room temperature with negligible vapor pressures. For
example, Zaitsau et al. measured the vapor pressure for 1-ethyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([C2C1im][Tf2N]) to be 6.2 × 10−3 Pa at 441 K and 1-hexyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([C6C1im][Tf2N]) to be 6.7 × 10−3 Pa at 445 K.15 This
negligible vapor pressure for ILs aids in the extraction process
when removing the dissolved refrigerants at high T and low P
(i.e., under vacuum). In addition, the tunability of the IL is one
of the advantages that can be utilized to improve its
functionality. For instance, changing the cation or anion of the
IL can increase or decrease the solubility and selectivity of the
refrigerants in the mixture.16 Furthermore, the thermal stability
of ILs is another advantage over traditional organic solvents.17

However, the thermal stability can be di9erent from one IL to
another based on the choice of cation and anion; therefore, to
avoid decomposition, the choice of ILs must take into account
the operating conditions of the process. For long-term thermal
stability, Tonset is not recommended for estimating the thermal
stability. To prevent decomposition, users should ensure that
the temperatures remain below T0.01/10 h (i.e., temperature at
which 1% degradation occurs in 10 h).18−21 The lower thermal
stability of ILs in air is attributed to the presence of oxygen as
described by Deferm et al.20 Given the lack of quantifiable
thermal stability data for ILs in refrigerants, it is hypothesized
that the thermal stability of ILs in refrigerants is similar to that in
nitrogen environments, as both lack oxygen.

■ IONIC LIQUID SCREENING

The proper selection of ILs can have a substantial e9ect on the
separation process. Choosing an IL with high selectivity and
solubility for one of the components will result in lowering the
overall energy demand and minimizing the physical size (i.e.,
capital costs) for the unit.22 As a screening process, the
selectivity and solubility of refrigerants in ILs are calculated
based on vapor−liquid equilibrium (VLE) data for each
component of the mixture in the IL (binary system analysis).
The minimal solubility data for HFO-1234ze(E) and HFC-

Table 1. Refrigerant Blend Properties

refrigerant
name composition (wt %) GWP100

flammability
level-ASHRAE3

HFC-134a 100.0% pure component 1300a A1

R-450A 42.0% HFC-134a 58.0%
HFO-1234ze(E)

547b A1

R-456A 45.0% HFC-134a 49.0%
HFO-1234ze(E) 6.0% HFC-32

687c A1

R-515B 91.1% HFO-1234ze(E) 8.9%
HFC-227ea

292b A1

R-516A 8.5% HFC-134a 77.5%
HFO-1234yf 14.0% HFC-152a

142d A2L

aGWP listed in the Intergovernmental Panel on Climate Change
(IPCC),1996 assessment report.4 bHoneywell technical data sheet.5,6
cKoura Klea technical data sheet.7 dARKEMA Global Web site.8
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227ea in ILs constrain the selection of an appropriate IL.
Experimentalists and modelers should consider measuring and
calculating the solubility of HFO-1234ze(E) in additional ILs. In
the case of R-515B, only three ILs were found in the literature
with solubility data for the constituent components HFC-227ea
and HFO-1234ze(E). Notably, trihexyltetradecylphosphonium
chloride [P6,6,6,14][Cl] and [C6C1im][Tf2N] exhibit similar
selectivity of about 1.2 at 303.15 K and 0.5 MPa.23−26However,
the selectivity for [P6,6,6,14][Cl] exhibits an increase at lower
pressures, as shown in Figure 1. Consequently, [P6,6,6,14][Cl] was
selected to be modeled as an entrainer for the separation of R-
515B.

In the case of R-450A, 1-ethyl-3-methylimidazolium tetra-
fluoroborate, [C2C1im][BF4], and 1-butyl-3-methylimidazo-
lium hexafluorophosphate, [C4C1im][PF6], have a similar
selectivity of 1.4 at 303.15 K and 0.5 MPa (Figure 2), which is
considered a low selectivity but has the highest value among the
five known ILs with available solubility data for R-450A
constituent components, HFC-134a and HFO-1234ze(E).
Viar et al. prioritize low-viscosity ILs in addition to high
selectivity as part of the screening process.27 This work is based
on a simulation using an equilibrium model; therefore, viscosity
does not play a role in the results. If a rate-based model is
considered, then the transport properties, such as viscosity,

Figure 1. T-P-x of HFO-1234ze(E) and HFC-227ea in (a) [P6,6,6,14][Cl] and (b) [C6C1im][Tf2N] at 303.15 K.

Figure 2. Solubility and selectivity of (a) R-450A, (b) R-456A, (c) R-515B, and (d) R-516A at 303.15 K and 0.5 MPa.
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density, and surface tension, must be included, and the higher
the viscosity of the IL, potentially the lower the mass transport.
However, the amount of refrigerant dissolved in the IL will
decrease the viscosity, which also plays an important role and
can increase the mass transport. The viscosities of [C2C1im]-
[BF4] and [C4C1im][PF6] are 0.0434 ± 0.0047 and 0.37 ± 0.1
Pa·s, respectively, at 293 K and 0.1 MPa.28,29 In the case of R-
450A, [C2C1im][BF4] is chosen for the simulation because it has
a slightly lower viscosity compared with [C4C1im][PF6], but this
has no impact on the equilibrium-based simulation shown in this
work.
In the case of the ternary mixture R-456A, the binary pair of

HFC-134a and HFO-1234ze(E) forms an azeotrope, and HFC-
32 does not form an azeotrope with either HFC-134a or HFO-
1234ze(E).30,31 In this case, [C2C1im][BF4] is an optimal
choice, with a selectivity of 1.4 for HFC-134a in the HFC-134a/
HFO-1234ze(E) mixture. Also, based on the HFC-32/HFO-
1234ze(E) mixture in the same IL, the selectivity for HFC-32 is
almost the same, 1.34 at 303.15 K and 0.5 MPa, as shown in
Figure 2. Also, HFC-32 and HFC-134a exhibit similar
solubilities in [C2C1im][BF4] at the same T and P. In this
simulation, the IL [C2C1im][BF4] will preferentially dissolve
HFC-32 and HFC-134a and the HFO-1234ze(E) will be
concentrated in the distillate. HFC-32 and HFC-134a can be
separated from the IL using heat and vacuum, and the two
refrigerants can be further separated using traditional fractional
distillation since no azeotrope exists for this binary pair.
The azeotropic ternary mixture R-516A has two components,

HFC-134a and HFC-152a, which exhibit azeotrope-like
behavior, and both form azeotropes with the third component
of the mixture, HFO-1234yf.32−35 In this case, the separation of
the mixture into three pure compounds required the use of two
solvents. As illustrated in Figure 2, HFC-134a and HFC-152a
show higher solubility in [C4C1im][PF6] compared to HFO-
1234yf; therefore, [C4C1im][PF6] is used to extract HFO-
1234yf. The remaining components, HFC-134a and HFC-152a,
exhibit di9erent solubilities in [C2C1im][OTF], which is chosen
as the second entrainer to separate these refrigerants.
The IL selection is constrained by the available experimental

data. Asensio-Delgado et al. proposed a useful method to predict
the solubility in ILs using a prescreening tool based on an
artificial neural network (ANN).36However, the high polarity of
refrigerants, such as HFC-227ea (CHF2CF2CF3), led to
inaccurate predictions using the ANN; therefore, experimental
solubility measurements are needed for HFC-227ea and HFO-
1234ze(E) in di9erent ILs that have a higher solubility di9erence
(i.e., higher selectivity) between these components. In
particular, experimental data for HFO-1234ze(E) are critically
needed because it is being used in multiple HFO/HFC
refrigerant blends, including R-450A, R-456, and R-515B.
HFO-1234ze(E) is one of the next-generation refrigerants
being commercialized, and in order to separate it from
azeotropic mixtures containing HFCs, additional solubility
data as a function of T and P are required. Molecular simulations
are also needed to help with the selection of ILs to maximize
solubility and selectivity for HFO-1234ze(E) combined with
other refrigerants.

■ THERMODYNAMIC MODEL

The Peng−Robinson−Boston−Mathias (PR-BM) property
method in ASPEN Plus V11 was used to model and predict
the phase equilibria data for refrigerants and ILs using the Peng−

Robinson equation of state (PR EOS) and the Boston−Mathias
mixing rule.

=

+ +
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V b
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Parameter a is given by summation of a0 quadratic term and
a1, an additional asymmetric (polar) term, as proposed by
Mathias et al.37
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The ai and bi are pure component parameters used in the PR
EOS that can be calculated using eqs 8 and 9.38
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wheremi is the parameter correlated to the acentric factor (ω)
and is given by the following expression
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Boston and Mathias derived an alternative α function for
temperatures above the critical T because eq 11 will provide
unrealistic results at high reduced T.39
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Using the PR EOS with the Boston−Mathias α function and
modified mixing rule including the added asymmetric term will
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enable the modeling of polar and nonideal chemical systems.
Maqbool et al. found PR-BM to be ideal for fitting solubility data
and representing the binary phase behavior for systems when at
least one component is polar.40 This model enables precise
predictions of phase behavior under specified T and P
conditions, facilitating the evaluation of selectivity and solubility
in the absence of isothermal vapor−liquid equilibrium (VLE)
and liquid−liquid equilibrium (LLE) data at particular T and P
conditions. In this work, the ideal selectivity for the binary
systems was calculated using the following expression

=S T P
x

x
( , )ij

i

j

i

k

jjjjjj

y

{

zzzzzz
(15)

where subscripts “i” and “j” refer to the component i (i.e., HFC)
and component j (i.e., HFO), and x is the mole fraction of the
dissolved refrigerant in ILs.
PR-BM has accurately described the phase behavior of the IL/

refrigerant binary systems with a low average absolute di9erence
(AAD) between calculated and experimental values for PTx, as
shown in Table 2, for R-450A.

The maximum-likelihood objective function was used in
ASPEN Plus for VLE and LLE regression and is listed in eq 16.
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The variable (Q) represents the objective function, where (D)
denotes the number of data groups, (w) indicates the weight of
the data group, (NP) represents the number of data points in
group d, (NC) denotes the number of components in the data
group, and (σ) indicates the standard deviation of the given data.
The superscript (est) is the estimated properties and (exp) is the
actual experimental measurements. (P), (T), (x), and (y) are
pressure, temperature, liquid, and vapor mole fractions,
respectively.
The objective function is minimized by manipulating the

estimated values corresponding to each measurement and is

Table 2. Regression Summary for PR-BM Binary Interaction Parametersa,b

average absolute deviation

(i) (j) NE NT temperature range
(K)

kij
(1) kij

(2) lij
(1) lij

(2) T (K) P (MPa) xi references

HFC-134a [C2C1im]
[BF4]

36 5 283.15−323.15 −0.1070 0.0005 −0.1197 0.0002 0.0870 0.0007 0.003 41

HFO-1234ze(E) 49 7 283.15−343.15 −0.0045 0.0002 0.2159 −0.0008 0.0736 0.0005 0.001 42

HFC-134a [C4C1im]
[PF6]

31 4 283−348.2 −0.2237 0.0008 −0.7527 0.0019 0.0154 0.0789 0.004 43

LLE 3 3 318.2−355 0.0000 6.3067 0.021 44

HFO-1234ze(E) 42 7 283.15−343.15 −0.0937 0.0007 0.1186 −0.0003 0.0216 0.0002 0.001 23

HFC-134a [C6C1im]
[TF2N]

40 4 298.15−348.15 0.1807 −0.0006 −0.2093 0.0006 0.0001 0.1902 0.001 45

HFO-1234ze(E) 35 7 293.15−353.15 0.1149 −0.0003 0.5926 −0.0020 0.0000 0.0533 0.000 23

HFC-134a [C6C1im]
[BF4]

16 3 298−348 −0.0926 0.0003 0.8377 −0.0029 0.0000 0.3089 0.113 45

HFO-1234ze(E) 49 7 283.15−343.15 −0.0437 0.0003 0.0527 −0.0002 0.0427 0.0002 0.001 46

HFC-134a [C6C1im]
[PF6]

21 3 298−348 −0.0406 0.0003 0.0236 −0.0005 0.1169 0.0031 0.008 45

HFO-1234ze(E) 42 7 283.15−343.15 −0.0792 0.0006 0.0899 −0.0003 0.0302 0.0002 0.001 47
aNE = Number of experimental data point. NT = Number of temperatures at which measurements were conducted at refrigerant mixture R-450A.
bPR-BM binary interaction parameters for R-456A, R-515B, and R-516A are provided in the Supporting Information.

Table 3. Physical and Critical Properties for ILs and Refrigerants Used in This Worka,50,51

name formula MW (g mol−1) Tb (K) Tc (K) Pc (MPa) Vc (cm
3 mol−1) Zc Ω

[C2C1im][BF4] C6H11N2BF4 197.97 449.5 1234.4 2.36 540 0.2573 0.8087

[C2C1im][OTF] C7H11F3N2O3S 260.23 662 992.3 3.58 636.4 0.2765 0.3255

[C2C1im][Tf2N] C8H11N3F6S2O4 391.3 816.7 1249.3 3.27 875.9 0.2753 0.2157

[C4C1im][PF6] C8H15N2PF6 284.2 554.6 719.4 1.73 762.5 0.2203 0.7917

[C6C1im][BF4] C10H19BF4N2 254.08 541 1080.6 1.79 769.2 0.2406 0.9625

[C6C1im][PF6] C10H19F6N2P 312.24 600.3 764.9 1.55 876.7 0.2137 0.8697

[C6C1im][Tf2N] C12H19N3F6S2O4 447.41 908.2 1292.8 2.39 1104.4 0.2454 0.3893

[P6,6,6,14][Cl] C32H68PCl 519.3 1006.2 1222.8 0.79 2002.2 0.1565 0.7947

HFC-32 CH2F2 52.02 221.46 351.28 5.78 122.4 0.24233 0.2766

HFC-134a C2H2F4 102.03 247.08 374.18 4.06 199 0.26103 0.32695

HFC-152a C2H4F2 66.05 249.15 386.44 4.51 179 0.25165 0.27524

HFC-227ea C3HF7 170.03 256.76 375.01 2.93 291.5 0.27384 0.356

HFO-1234yf C3H2F4 114.04 243.65 367.85 3.38 240 0.32695 0.2753

HFO-1234ze(E) C3H2F4 114.04 254.203 382.51 3.63 233 0.268 0.31313
aHFCs and HFOs data obtained from the NIST database.
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subjected to the constraints of phase equilibrium criteria of VLE
and LLE, where the fugacity in each phase is equal.
The PR-BM model was in good agreement with the

experimental PTx data of HFOs and HFCs.41−48The regression
requires the critical properties of both refrigerants and ILs,
which are provided in Table 3, and the ideal gas heat capacity of
ILs, which was estimated using the extended Joback method.49

The PTx diagrams for HFC-134a, HFO-1234ze(E), and
HFC-32 in the IL [C2C1im][BF4] are shown in Figure 3. HFC-
134a and HFO-1234ze(E) are components of R-450A. HFC-
134a, HFO-1234ze(E), and HFC-32 are components of R-
456A.

■ SIMULATION

ASPEN Plus V11 was used to perform the simulation for
separating the azeotropic refrigerant mixtures. ASPEN Plus
enables simulations using either equilibrium- or rate-based
models. The equilibrium-based model is typically the method
used to begin evaluating a separation and requires equilibrium
data (e.g., VLE and LLE). A rate-based model requires mixture
transport properties (e.g., viscosity and surface tension) in
addition to the physical structure of the distillation column (e.g.,
packing material, column diameter, column height, etc.).
The extractive distillation process is designed to separate the

refrigerant mixture based on the di9erence in solubility of one
refrigerant versus another in the IL. The solvent stage (NS) is set
to be the second stage in all cases to ensure the IL contacts all

stages in the column.52 This will increase the contact time
between the IL and refrigerant, enhancing the separation
process. In addition, the distillate rate (Ḋ) is assumed to be equal
to the light component fraction multiplied by the total mixture
feed flow rate (Ḋ = xiḞ). Other parameters, such as solvent-to-
feed (S/F) ratio, operating P, the number of stages (NT), feed
stage (NF), and reflux ratio (RR), were adjusted using sensitivity
analysis in ASPEN Plus. A similar approach for setting the
constants and adjusting the manipulated variables was
considered in the previous work.22,53,54 The bottom stream of
the extractive distillation consists of the refrigerant dissolved in
the IL. A flash process that operates at high T and low P (i.e.,
vacuum) is used to remove the refrigerant from the IL and the IL
is recycled back to the top of the column. The flash tank operates
at zero heat duty (i.e., no heat added or removed during the
process), which involves a phase change, where high P
refrigerant liquid is rapidly depressurized, resulting in vapor-
ization of the dissolved gas in the IL. The heat from the reboiler
liquid entering the flash provides enough energy, such that the
overall energy demand of the process can be minimized. The
flash tank is operated under adiabatic conditions, where the
reduction in T of the flash tank (Tflash) is attributed to the
desorption energy and adiabatic expansion of the refrigerant in
the tank. However, the low mass fraction of the refrigerants in
the bottom stream diminishes the e9ect of the energy of
desorption and refrigerant expansion, resulting in a slight
reduction in Tflash for R-450A, R-456A, and R-515B. In contrast,

Figure 3. PTx diagrams: (a) HFC-134a, (b) HFO-1234ze(E), and (c) HFC-32 in [C2C1im][BF4]. Other PTx diagrams in ILs used in the simulations
are provided in the Supporting Information.
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R-516A exhibits a 11.9 K reduction in the first flash and a 7.4 K

reduction in the second flash, where the mass fractions of the

refrigerant in the inlet flash streams (i.e., bottom stream of

distillation column) are 10.5 and 7.3 wt %, respectively.
R-450A Separation.The IL [C2C1im][BF4] was selected to

separate R-450A into HFC-134a and HFO-1234ze(E). In this

separation, HFO-1234ze(E) has a lower solubility in the IL than
HFC-134a; therefore, HFO-1234ze(E) is the distillate product
and HFC-134a dissolved in the IL is the bottom product, as
shown in Figure 4. The bottom stream containing HFC-134a
and IL is separated using a flash tank, where the gas is extracted
under vacuum, and the IL is recycled back to the column. The

Figure 4. ASPEN Plus PFD for separating R-450A using [C2C1im][BF4].

Figure 5. ASPEN Plus PFD for separating R-456A by using [C2C1im][BF4].
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low vapor pressure for the IL (i.e., 1× 10−3
−1× 10−5 Pa) allows

the refrigerant to be separated with no loss of IL, which makes
ILs uniquely suited for this application.
R-450 can be separated in HFO-1234ze(E) and HFC-134a

using [C2C1im][BF4] with both refrigerants achieving a purity of
≥99.5 wt % under the following operation conditions (F = 10
kg/h, RR = 5, S/F = 12.7, Treboiler = 454.5 K, Pcolumn = 2.5 MPa
(25 bar), Pflash = 0.01 MPa (0.1 bar), and Tflash = 454.1 K). The
IL [C2C1im][BF4] has good thermal stability (e.g., T0.01/10 h =
490 K)55 and the operating T for the reboiler and flash is well
below this threshold. The energy required to operate the process
includes the reboiler (10.58 kW), the column condenser (−0.47
kW), the recycled stream cooler (−9.9 kW), and the pump (0.36
kW) with a total absolute energy input of 21.31 kW/10 kg/s
refrigerant flow rate (2.131 kJ/kg R-450A), which is reasonable
for a refrigerant separation process.
R-456A Separation.The IL [C2C1im][BF4] was selected to

extract HFO-1234ze(E) from the ternary mixture R-456A due
to the high solubility of both HFC-32 and HFC-134a in
[C2C1im][BF4]. The high solubility of HFC-134a and HFC-32
in [C2C1im][BF4] will break the azeotrope with HFO-
1234ze(E). The HFC-134a and HFC-32 can be extracted
from the IL using a flash tank, and the IL can be recycled back to
the extractive distillation column as shown in Figure 5. The
HFC-32 and HFC-134a are pressurized to 1.0 MPa and cooled
to 293 K and fed to the fractional distillation column, where the
refrigerants are separated based on the di9erence in boiling
points.
The highly e:cient separation of the ternary mixture R-456A

into pure components (purity of ≥99.5 wt %) can be achieved
using extractive distillation and fractional distillation. The
extractive distillation process operates at F = 10 kg/h, RR = 5,
S/F = 12, Treboiler = 467.3 K, Pcolumn = 2.5 MPa (25 bar), Pflash =
0.01 MPa (0.1 bar), Tflash = 422.9 K, NF = 25, and NT = 60. The
fractional distillation process operates at RR = 5, Treboiler =
282.17 K,Tcondenser = 252.8 K, Pcolumn = 0.4MPa (4 bar),NF = 15,

and NT = 30. The overall energy demand of the extractive
distillation to extract HFO-1234ze(E), including the reboiler
(7.81 kW), the condenser (−0.4 kW), the recycled stream
cooler (−7.4 kW), and the pump work (0.33 kW), is 15.94 kW.
The overall energy demand of the fractional distillation for
separating HFC-32 and HFC-134a, including the reboiler (0.32
kW), the condenser (−0.36 kW), the inlet stream cooler (−0.89
kW), and inlet gas compression work (0.42 kW), is 1.99 kW.
The total energy input, including both extractive and fractional
distillations, for separating R-456A into pure components, is
17.93 kW/10 kg/s refrigerant flow rate (1.793 kJ/kg R-456A).
R-515B Separation. The IL [P6,6,6,14][Cl] was selected for

the separation of R-515B. The selectivity of [P6,6,6,14][Cl]
increases at lower P; therefore, the process was designed to
operate with Pcolumn = 0.12 MPa (1.2 bar), RR = 2, S/F ratio =
3.3, Treboiler = 436.5 K, Tcondenser = 258.2 K,NF = 10, andNT = 20.
The distillate product containing HFO-1234ze(E) achieved a
purity of 99.83 wt %. The purity of HFC-227ea in the flash tank
operating at Pflash = 0.01 MPa (0.1 bar) and Tflash = 435.5 K
achieved a purity of 98.3 wt % as shown in Figure 6. The Treboiler
operates at 436.5 K, which is close to the thermal stability
temperature limit for [P6,6,6,14][Cl] found in the literature (e.g.,
438 K).20

The overall energy demand of the separation process includes
the reboiler (3.51 kW), the condenser (−1.51 kW), the recycle
stream cooler (−2.50 kW), and the pumpwork (0.005 kW) for a
total of 7.52 kW/10 kg/s refrigerant flow rate (0.752 kJ/kg R-
515B).
The purity of HFC-227ea can be slightly improved at higher

pressures between 0.13 and 0.5 MPa; however, the IL may not
be thermally stable with Treboiler = 444.8−570.4 K at those
corresponding Pcolumn.
R-516A Separation. The R-516A separation requires two

consecutive extractive distillations with di9erent IL entrainers.
The IL [C4C1im][PF6] is selected as the entrainer in the first
extractive distillation to distill HFO-1234yf by entraining HFC-

Figure 6. ASPEN Plus PFD for separating R-515B using [P6,6,6,14][Cl].
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134a and HFC-152a. A flash vessel is used to desorb HFC-134a
and HFC-152a from the IL. HFC-134a and HFC-152a are
nearly azeotropic with similar boiling points and have to be
separated based on the di9erence in solubility using IL 1-ethyl-3-
methylimidazolium trifluoromethanesulfonate [C2C1im][OTF]
as shown in Figure 7.
To achieve the targeted purity of ≥99.5 wt % for HFO-

1234ze(E) and recycle IL [C4C1im][PF6], the following
operating conditions were required: S/F ratio = 3.5, Pcolumn =
0.5 MPa, NF = 11, NT = 19, Treboiler = 334.7 K, Tcondenser = 287.5
K, Pflash = 0.01 MPa (0.1 bar), and Tflash = 322.8 K. The
refrigerants HFC-134a and HFC-152a were separated in the
flash vessel, pressurized to 1.3 MPa, cooled to 293.15 K, and fed
to the second extractive distillation. The purities for HFC-134a
and HFC-152a were approximately 97 wt % at the following
operating conditions: S/F ratio = 8, Pcolumn = 1.3 MPa, NF = 17,
NT = 40 Treboiler = 433.7 K, Tcondenser = 322.6 K, Pflash of 0.06 MPa
(0.6 bar), and Tflash = 426.3 K. The overall absolute energy
demand for the separation process, which includes the reboilers,
condensers, coolers, pump, and compressor for both extractive
distillation columns, is 7.62 kW/10 kg/s refrigerant flow rate
(0.762 kJ/kg R-516A).

The T0.01/10 h of [C4C1im][PF6] is 521 K. The T0.01/10 h of
[C2C1im][OTF] is unknown, but with the same cation
([C2C1im]), the T0.01/10 h with the anion [OTF] is higher than
[HSO4] and lower than [BF4] as described by Cao et al.

55 The
maximum operationT for less than 1% loss of [C2C1im][HSO4]
per month is 454 K according to Heym et al.56 SinceT0.01/10 h for
[C2C1im][OTF] is higher than 454 K (i.e., T0.01/m of
[C2C1im][HSO4]) and lower than 490 K (i.e., T0.01/10 h of
[C2C1im][BF4]), the T0.01/10 h of [C2C1im][OTF] is assumed to
be 454 K to ensure the thermal stability of the IL. Consequently,
the Treboiler of the first and second extractive distillation columns
(334.8 and 433.7 K) is maintained based on Pcolumn to be below
the known and hypothesized T0.01/10 h for [C4C1im][PF6] and
[C2C1im][OTF] (<531 and 454 K, respectively).
In most of these cases, transport data is not available, and the

rate-based model simulation in the absence of experimental
transport data may result in under- or overestimating the size of
the equipment. For example, the viscosity of HFC-134a/
[C6C1im][Tf2N] was estimated with and without experimental
data by Zhang et al., as shown in Figure 8.57 The absence of
experimental viscosity data leads to a significant under-
estimation of the mixture viscosity, which would result in an
underestimation of the equipment size (i.e., an overestimation of

Figure 7. ASPEN Plus PFD for separating R-516A using [C4C1im][PF6] and [C2C1im][OTF].

Figure 8. (a) ASPEN Plus viscosity model estimation without experimental data. (b) ASPEN Plus model estimation based on experimental data
regression using the liquid mixture viscosity model (the model is provided in the Supporting Information).
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the mass transport). In this work, the ASPEN Plus simulation is
based on equilibrium data; however, transport property
measurements are in progress. The equilibrium-based process
simulations show that the chosen IL entrainers are e9ective at
separating the refrigerant mixtures using extractive distillation.
Equilibrium-based results can be used as a preliminary screening
and provide guidance to experimentalists verifying the results.

■ RESULTS AND DISCUSSION

This work demonstrates the potential of employing extractive
distillation with an IL entrainer to separate azeotropic refrigerant
mixtures. However, the limited IL solubility data, coupled with
the lack of highly selective ILs, necessitates, in some cases,
extreme conditions for e9ective separation (e.g., 60 equilibrium
stages, S/F = 12.0−12.7, Pcolumn = 2.5 MPa) of refrigerant
mixtures R-450A and R-456A as shown in Figures 4 and 5 and
Table 4. While a slight increase in stage P enhances the
separation of R-515B, it also increases the Treboiler and could
potentially increase the level of IL decomposition. To address
this, utilizing a more selective and thermally stable IL, especially
for HFC-227ea and HFO-1234ze(E), would facilitate achieving
≥99.5 wt % purity for R-515B components. In the case of R-
516A, extracting HFO-1234yf in the first extractive distillation
proves comparatively easy due to the high solubility of HFC-
134a and HFC-152a in [C4C1im][PF6], combined with the
lower HFO-1234yf solubility. This shows the significance of
finding highly selective ILs, especially for HFO-1234ze(E),
which is a component in three of the refrigerant blends studied
in this work (e.g., R-450A, R-456A, and R-515).
The ILs as entrainers in extractive distillation exhibit the

ability to separate azeotropic refrigerant mixtures into high-
purity components. The extreme conditions for separating R-
450A and R-456A, in contrast to R-515B and R-516A, arise from
low refrigerant solubility and selectivity;53 however, the S/F and
RR ratios were within reasonable ranges for extractive distillation
processes. In comparison with our previous work on the
separation of R-513A, the operating conditions are S/F ratio = 3,
Pcolumn = 0.7MPa,NT = 20Treboiler = 333.9 K,Tcondenser = 299.0 K,
Pflash of 0.01MPa (0.1 bar), and Tflash = 345.15 K. The flash tank,

in contrast to the adiabatic flash operation assumed in this
simulation, was operated under isothermal conditions with a
specific T and P. This operational di9erence introduced an
additional heat duty to the flash tank. Moreover, the previous
study omitted the consideration of low pump work, a factor that
was incorporated in the present work for the purpose of
comparative analysis. The overall energy demand of the
fractional distillation for separating HFC-134a and HFO-
1234yf, including the reboiler (1.3 kW), the condenser (−0.62
kW), the inlet stream cooler (−0.82 kW), pump work (0.05
kW), and flash duty (0.39 kW), is 3.18 kW. The total energy
input, including both extractive and fractional distillations, for
separating R-513A into pure components, is 3.18 kW/10 kg/s
refrigerant flow rate (0.318 kJ/kg R-513A). The pursuit of
superior ILs (i.e., high refrigerant absorption capacity, high
selectivity, high thermal stability, and low viscosity) is an
interesting optimization problem for facilitating the separation
of azeotropic refrigerant mixtures in order to minimize energy
consumption, environmental impact, and operating costs,
enabling a smooth transition to next-generation refrigerants.
Additional experimental measurements and modeling are
needed for developing process simulations using ILs.

■ CONCLUSIONS

Extractive distillation with IL entrainers has demonstrated the
potential for e9ective and e:cient separation of azeotropic and
near-azeotropic mixtures. The separation processes are designed
and simulated based on ASPEN Plus supported with phase
equilibrium and critical property data. A targeted purity of≥99.5
wt % was successfully attained for all components in R-450A and
R-456A. Despite the low selectivity of ILs for HFC-32, HFC-
134a, and HFO-1234ze(E), [C2C1im][BF4] e9ectively ex-
tracted HFO-1234ze(E) from R-450A and R-456A with the
desired purity. The observed lower selectivity can be attributed
to specific operating conditions and structural requirements,
necessitating a higher number of stages. This limitation, coupled
with the thermal stability constraints of ILs, imposes restrictions
on process optimization, particularly when operating at or below
certain pressures, as exemplified in the separation of R-515B

Table 4. Summary of the Operating Conditions and Energy Demand for the Selected ILs

refrigerant mixture R-450A R-456Aa R-515B R-516Aa R-513A22

distillation extractive extractive fractional extractive extractive −1 extractive −2 extractive

ionic liquid [C2C1im][BF4] [C2C1im][BF4] N/A [P6,6,6,14][Cl] [C4C1im][PF6] [C2C1im][OTF] [C2C1im][Ac]

solvent-to-feed ratio 12.7 12 N/A 3.3 3.5 8 3

number of stages 60 60 30 20 19 40 20

feed stage 30 25 15 10 11 17 13

reflux ratio 5 5 5 2 5 5 2.2

operating pressure [MPa] 2.5 2.5 0.4 0.12 0.5 1.3 0.7

reboiler temperature [K] 454.5 424.8 252.8 436.5 334.8 433.7 333.9

condenser temperature [K] 363.3 363.3 282.17 258.2 287.5 322.6 299.0

reboiler heat duty [kW] 10.58 7.81 0.32 3.51 2.21 1.38 1.3

condenser heat duty [kW] −0.47 −0.40 −0.36 −1.51 −1.85 −0.23 −0.62

cooler heat duty [kW]−1 −9.9 −7.4 −0.89 −2.50 −0.39 −0.99 −0.82

cooler heat duty [kW]−2 N/A N/A N/A N/A N/A −0.37 N/A

flash tank net duty 0 0 0 0 0 0 0.39

pump and/or compressor network
[kW]

0.36 0.33 0.42 0.005 0.012 0.19 0.05

overall absolute energy demand [kW] 21.31 15.94 1.99 7.52 4.46 3.16 3.18

distillate product purity wt % 99.67% 99.55% 99.83% 99.83% 99.85% 97.8% 99.7%

second product purity wt % 99.55% 99.5% 98.3% 97.7% 99.5%
aTernary mixtures require two consecutive extractive distillations or extractive and fraction distillation columns.
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using [P6,6,6,14][Cl]. This separation demonstrated e9ective
purification of HFC-227ea and HFO-1234ze(E) with purities of
98.3 and 99.83 wt %, respectively, which were also below
thermal stability constraints. In the case of R-516A, [C4C1im]-
[PF6] and [C2C1im][OTF] were utilized to separate the
refrigerant mixture into pure components. The higher selectivity
of [C4C1im][PF6] provided the high purity extraction of HFO-
1234yf (99.85 wt %), while [C2C1im][OTF] was utilized to
separate HFC-134a and HFC-152a, achieving approximately 97
wt % purity for both components. The higher operating
conditions and the physical structure of the unit, dictated by the
lower selectivity, could contribute to an increase in capital costs.
These costs encompass not only unit construction but also
expenses associated with overall absolute energy demand.
Consequently, the search for superior ILs becomes essential,
as they hold the potential to simplify the separation process for
the current refrigerant mixtures, thereby minimizing their
environmental impact. Such advancements would facilitate a
smoother transition to the next-generation refrigerants.
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(52) Ayuso, M.; Cañada-Barcala, A.; Larriba, M.; Navarro, P.;
Delgado-Mellado, N.; García, J.; Rodríguez, F. Enhanced separation of
benzene and cyclohexane by homogeneous extractive distillation using
ionic liquids as entrainers. Sep. Purif. Technol. 2020, 240, No. 116583.
(53) Finberg, E. A.; Shiflett, M. B. Process Designs for Separating R-
410A, R-404A, and R-407C Using Extractive Distillation and Ionic
Liquid Entrainers. Ind. Eng. Chem. Res. 2021, 60 (44), 16054−16067.
(54) Finberg, E. A.; May, T. L.; Shiflett, M. B. Multicomponent
Refrigerant Separation Using Extractive Distillation with Ionic Liquids.
Ind. Eng. Chem. Res. 2022, 61 (27), 9795−9812.
(55) Cao, Y. Y.; Mu, T. C. Comprehensive Investigation on the
Thermal Stability of 66 Ionic Liquids by Thermogravimetric Analysis.
Ind. Eng. Chem. Res. 2014, 53 (20), 8651−8664.
(56) Heym, F.; Korth, W.; Thiessen, J.; Kern, C.; Jess, A. Evaporation
and Decomposition Behavior of Pure and Supported Ionic Liquids
under Thermal Stress. Chem. Ing. Tech. 2015, 87 (6), 791−802.
(57) Zhang, Y.; Wang, X.; Yin, J. Viscosity of saturated mixtures of 1-
hexyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)amide with
R600a and R152a. J. Chem. Thermodyn. 2020, 141, No. 105970.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.4c00531
Ind. Eng. Chem. Res. 2024, 63, 6754−6765

6765

https://doi.org/10.1021/acs.iecr.3c03245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c03245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.3c03245?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.6b00731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jct.2018.04.004
https://doi.org/10.1016/j.jct.2018.04.004
https://doi.org/10.1016/j.jct.2018.04.004
https://doi.org/10.1021/acs.iecr.2c01639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c01639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c01639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ijrefrig.2021.07.020
https://doi.org/10.1016/j.ijrefrig.2021.07.020
https://doi.org/10.1016/j.seppur.2023.124610
https://doi.org/10.1016/j.seppur.2023.124610
https://doi.org/10.1016/j.seppur.2023.124610
https://doi.org/10.1016/j.jct.2009.11.014
https://doi.org/10.1016/j.jct.2009.11.014
https://doi.org/10.1016/j.jct.2009.11.014
https://doi.org/10.1021/je050147b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je050147b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je050147b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jct.2019.04.020
https://doi.org/10.1016/j.jct.2019.04.020
https://doi.org/10.1016/j.jct.2019.04.020
https://doi.org/10.1016/j.jct.2019.04.020
https://doi.org/10.1016/0378-3812(94)80046-4
https://doi.org/10.1016/0378-3812(94)80046-4
https://doi.org/10.1016/j.fluid.2014.04.015
https://doi.org/10.1016/j.fluid.2014.04.015
https://doi.org/10.1016/j.fluid.2014.04.015
https://doi.org/10.1016/j.ijrefrig.2012.08.016
https://doi.org/10.1016/j.ijrefrig.2012.08.016
https://doi.org/10.1016/j.ijrefrig.2012.08.016
https://doi.org/10.1016/j.ijrefrig.2022.05.006
https://doi.org/10.1016/j.ijrefrig.2022.05.006
https://doi.org/10.1016/j.ijrefrig.2022.05.006
https://doi.org/10.1016/j.ijrefrig.2022.05.006
https://doi.org/10.1016/j.ijrefrig.2022.05.006
https://doi.org/10.1016/j.ijrefrig.2022.05.006
https://doi.org/10.1016/j.molliq.2022.120472
https://doi.org/10.1016/j.molliq.2022.120472
https://doi.org/10.1016/j.molliq.2022.120472
https://doi.org/10.1016/j.molliq.2022.120472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0378-3812(91)90045-9
https://doi.org/10.1016/0378-3812(91)90045-9
https://doi.org/10.1021/i160057a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/i160057a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cep.2020.107907
https://doi.org/10.1016/j.cep.2020.107907
https://doi.org/10.1021/acs.jced.0c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2017.07.013
https://doi.org/10.1016/j.fluid.2017.07.013
https://doi.org/10.1016/j.fluid.2017.07.013
https://doi.org/10.1002/aic.10685
https://doi.org/10.1002/aic.10685
https://doi.org/10.1021/je060275f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je060275f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je060275f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2009.07.007
https://doi.org/10.1016/j.fluid.2009.07.007
https://doi.org/10.1021/acs.jced.7b00047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.7b00047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.8b00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.8b00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.8b00314?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jced.0c00224?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je800335v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je800335v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie900250g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie900250g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.fluid.2015.11.025
https://doi.org/10.1016/j.fluid.2015.11.025
https://doi.org/10.1016/j.seppur.2020.116583
https://doi.org/10.1016/j.seppur.2020.116583
https://doi.org/10.1016/j.seppur.2020.116583
https://doi.org/10.1021/acs.iecr.1c02891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c02891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.1c02891?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.2c00937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie5009597?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ie5009597?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cite.201400139
https://doi.org/10.1002/cite.201400139
https://doi.org/10.1002/cite.201400139
https://doi.org/10.1016/j.jct.2019.105970
https://doi.org/10.1016/j.jct.2019.105970
https://doi.org/10.1016/j.jct.2019.105970
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.4c00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

