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A B S T R A C T

This paper assesses the performance of vapor–liquid equilibrium (VLE) models in ionic liquid

based absorption cycles with natural refrigerants. Frequently used equation-of-state (EOS)

based models, activity coefficient based models, and generic Clausius–Clapeyron relations

are evaluated. Working pairs considered are H2O/[emim][DMP] and NH3/[bmim][BF4]. Firstly,

experimental VLE data of those working pairs are correlated by using the models. Mixing

enthalpies are then estimated using the models and corresponding correlated param-

eters. Performances of the different models in reproducing VLE data and estimating mixing

enthalpies are compared with each other. Subsequently, total enthalpies and thermody-

namic performances of absorption refrigeration cycles are predicted based on the different

models. The assessment reveals that the RK-EOS and the NRTL model perform best in re-

producing VLE data. In addition, the RK-EOS and the UNIFAC model show the best performance

in estimating mixing enthalpies. Hence, the RK-EOS is recommended in correlating VLE data

and estimating mixing enthalpies in absorption cycles.

© 2017 Elsevier Ltd and IIR. All rights reserved.

Keywords:

Absorption cycle

Ionic liquid

Mixing enthalpy

VLE

EOS

Activity coefficient model

Évaluation de modèles d’équilibre liquide-vapeur pour les
paires fonctionnant avec du liquide ionique dans les cycles à
absorption

Mots clés : Cycle d’absorption ; Liquide ionique ; Enthalpie de mélange ; Équilibre liquide-vapeur ; Équation d’état ; Modèle de coefficient

d’activité

* Corresponding author. Process and Energy Department, Delft University of Technology, Leeghwaterstraat 39, 2628 CB Delft,The Netherlands.
E-mail address: M.Wang-2@tudelft.nl (M. Wang).

Abbreviation: C–C, Clausius–Clapeyron equation; EOS, equation of state; Ge, activity coefficient model; G–H, Gibbs–Helmholtz equations;
IL, ionic liquid; IS, ideal solution; NRTL, non-random two-liquid model; PR, Peng–Robinson EOS; PRWS, Peng–Robinson EOS with Wong–
Sandler mixing rules; PRVdW, Peng–Robinson EOS with van der Waals mixing rules; RK, Redlich–Kwong EOS; TCM, thermodynamically
consistent model; UNIFAC, UNIQUAC functional-group activity coefficients method; VLE, vapor–liquid equilibrium; [bmim][BF4], 1-butyl-
3-methylimidazolium tetrafluoroborate; [emim][DMP], 1-ethyl-3-methylimidazolium dimethylphosphate
https://doi.org/10.1016/j.ijrefrig.2017.09.021
0140-7007/© 2017 Elsevier Ltd and IIR. All rights reserved.

i n t e rna t i ona l j o u rna l o f r e f r i g e r a t i on 8 7 ( 2 0 1 8 ) 1 0 – 2 5

Available online at www.sciencedirect.com

journal homepage: www.elsevier.com/ locate / i j re f r ig

ScienceDirect

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrefrig.2017.09.021&domain=pdf
mailto:M.Wang-2@tudelft.nl
http://www.sciencedirect.com/science/journal/01407007
http://www.elsevier.com/locate/ijrefrig


1. Introduction

Climate change requires humans to keep optimizing the way
the energy sector is developing.The ambition of the recent Paris
Agreement is accelerating this development (International
Energy Agency, 2016). As a clean and renewable way of energy
utilization, thermally activated absorption refrigeration and heat
pump systems provide opportunities for low-grade heat uti-
lization. Absorption systems show potential in waste heat
recovery (Thekdi and Nimbalkar, 2015) and solar thermal cooling
and heating (Kim and Infante Ferreira, 2008; International
Energy Agency, 2013).

Binary mixtures such as H2O/LiBr and NH3/H2O have been
widely used in absorption systems for decades, but many
challenges do exist, such as the possibilities of crystalliza-
tion of the H2O/LiBr pair (Wang et al., 2011) and the difficulty
in separation of the NH3/H2O pair (Vasilescu and Infante Ferreira,
2014). Thus, the investigation of alternative absorbents is still
a relevant topic (Sun et al., 2012; Vasilescu and Infante Ferreira,
2014). Ionic liquids (ILs), a family of molten salts at room
temperature, possess negligible vapor pressure, high thermal
and chemical stability, a wide temperature range of liquid
state and good solubility of gases (Vega et al., 2010). These
key properties meet the requirements (Nowaczyk and Steimle,
1992) for working fluids and make them particularly attrac-
tive as potential absorbents in absorption systems (Ayou et al.,
2014), especially with natural refrigerants such as H2O (Dong
et al., 2012) and NH3 (Yokozeki and Shiflett, 2007a, 2007b).

Vapor–liquid equilibrium (VLE) properties and their models
play significant roles in the performance analysis of absorp-
tion cycles with these novel working pairs. Firstly, they are used
to correlate and predict the relationship between pressure, tem-
perature and composition of working pairs. This is usually
applied as the first step in performance evaluations, such as
working pair screening and determination of state point con-
ditions.The correlated VLE models can also be used to estimate
the mixing enthalpy of the working pair, which is an essen-
tial part of the total enthalpy. The term mixing enthalpy
quantifies the heat effect during mixing of liquid compo-
nents, which is defined as the difference between the total
enthalpy of the solution and its ideal counterpart (Van Ness,
1964),

Δh h x hmix
sol

i i
i

= −∑ (1)

VLE models applied in absorption cycles in recent studies
are reviewed as follows. For the H2O based pair H2O/
[emim][DMP], Yokozeki and Shiflett (2010) measured and
analyzed VLE data of plentiful H2O/ILs working pairs using the
generic Redlich–Kwong (RK) equation of state (EOS) model and
applied this model in the absorption cycle analysis. Wang et al.
(2010), Wu et al. (2011), Ren et al. (2011) and Nie et al. (2012)
measured and correlated vapor pressure data for other H2O/
ILs pairs with the NRTL model. The correlated NRTL model of
Ren et al. (2011) has also been used to study the performance
of absorption chillers (Zhang and Hu, 2011) and absorption heat

Nomenclature

COP coefficient of performance [-]
cp specific heat capacity [kJ kmol−1K−1]
F object function [-]

f fugacity [MPa]
f circulation ratio [-]
g specific Gibbs energy [kJ mol−1]
h/Δh specific enthalpy (difference) [kJ mol−1]
�m mass flow rate [kg s−1]

N counting number [-]
P pressure [MPa]
R molar gas constant [8.314472 J mol−1K−1]
r correlation coefficient [-]
RMSD root-mean-square deviation [-]
T temperature [K/°C]
w mass concentration [kg kg−1]
x/y molar concentration in liquid/vapor [mol mol−1]
Z compressibility factor [-]

Greek symbols
α interaction parameters in UNIFAC [-]
β input parameters in RK-EOS [-]
γ activity coefficient [-]
ϕ fugacity coefficient [-]
Φ Poynting correction [-]
ω acentric factor [-]

Subscript and superscript
0 reference state
1 component of refrigerant
abs absorption
c critical point
calc calculated data
cond condensation
e excess properties
evap evaporation
exp experimental data
gen generation
H2O H2O component
i i-th component/point
ig properties in the ideal gas state
IL ionic liquid component
L liquid phase
mix mixing properties
NH3 NH3 component
r refrigerant stream
real real properties
res residual properties
s strong (of refrigerant) solution stream
sat saturated state properties
sol solution
V vapor phase
w weak (of refrigerant) solution stream
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transformers (Zhang and Hu, 2012). Dong et al. (2012) used their
own correlated NRTL model for the estimation of mixing en-
thalpy in an investigation of an absorption refrigeration cycle
with the H2O/[dmim][DMP] pair. Kim et al. (2012b) explored a
miniature absorption refrigeration cycle with working pairs con-
sisting of different refrigerants and imidazolium-based ILs,
including H2O/[emim][Tf2N] and H2O/[emim][BF4] working pairs.
The correlated NRTL model was used for VLE determination
and mixing enthalpy estimation. However, in their following
work (Kim et al., 2012a, 2013), the NRTL model was replaced
by the generic RK-EOS model, which is the same model
Yokozeki and Shiflett (2007a, 2007b, 2010) previously used. Since
2013, the group of Zheng started using the UNIFAC model.They
correlated the previous VLE experimental data of H2O/ILs pairs
(Dong et al., 2013; Zheng et al., 2013) with the UNIFAC model
to quantify the interaction parameters. In terms of NH3,
Yokozeki and Shiflett (2007a, 2007b) applied the generic RK-
EOS model in their work to correlate experimental VLE data
and to estimate the mixing enthalpy for ammonia based pairs,
after they pointed out that an accurate estimation of the mixing
enthalpy with the NRTL model is difficult (Shiflett and Yokozeki,
2006). Additionally, Chen et al. (2014) implemented a self-
correlated UNIFAC model (Chen et al., 2013) to estimate the
mixing enthalpy for an NH3/IL-based absorption cycle. Ruiz et al.

(2014) modeled NH3/ILs absorption cycles making use of the
COSMO-based Aspen thermodynamic properties estimation.
The COSMO-RS model was used to estimate properties of non-
database components. Previous studies which used VLE models
to estimate the mixing enthalpies for H2O/IL and NH3/IL working
pairs is listed in Table 1.

It is obvious that the NRTL, RK-EOS and UNIFAC models have
been frequently used to correlate experimental VLE data and
to estimate the mixing enthalpies of working pairs for absorp-
tion cycles. All these mentioned models can be regarded as
thermodynamically consistent models (TCMs). They were also
classified into a family of Gibbs–Helmholtz (G–H) equations by
Mathias and O’Connell (2012) and Mathias (2016), which bridges
the phase equilibrium with the enthalpy change.

h
R

d g RT
d T p

= ( )
( )1

(2)

Depending on the particular equation applied in the de-
scription of the equilibrium, the forms can be different. The
current methods of mixing enthalpy estimation can be sorted
into the following groups: EOS methods (Eq. (3)), activity co-
efficient, Ge, (Eq. (4)) methods and C–C method (Eq. (5)), the
general forms of them are as follows, respectively,

Table 1 – VLE models applied for the estimation of mixing enthalpy in H2O/IL and NH3/IL-based absorption cycles.

Working fluids* Application Model for the
excess enthalpy

Researcher Source of VLE data

H2O/[emim][DMP] Absorption refrigeration cycle NRTL Zhang and Hu (2011) Ren et al. (2011)
Absorption heat transformer cycle NRTL Zhang and Hu (2012)

H2O/[dmim][DMP] Absorption refrigeration cycle NRTL Dong et al. (2012) Dong et al. (2012)
H2O/[emim][Tf2N] Absorption refrigeration cycle NRTL Kim et al. (2012b) Kato and Gmehling (2005)
H2O/[emim][BF4] Absorption refrigeration cycle NRTL Seiler et al. (2004)
H2O/[bmim][BF4] Absorption refrigeration cycle RK-EOS Yokozeki and

Shiflett (2010)
Yokozeki and Shiflett (2010)

H2O/[emim][BF4]
H2O/[emim][C2H5SO4]
H2O/[mmim][(CH3)2PO4]
H2O/[bmim][I]
H2O/[choline][Gly]
H2O/[choline][CH3SO3]
H2O/[choline][Lac]
H2O/[bmim][(C4H9)2PO4]
H2O/[eeim][(C2H5)2PO4]
H2O/[emim][(C2H5)2PO4]
H2O/[emim][(CH3)2PO4]
NH3/[bmim][PF6] Absorption refrigeration cycle RK-EOS Yokozeki and

Shiflett (2007a)
Yokozeki and Shiflett
(2007a)NH3/[hmim][Cl]

NH3/[emim][Tf2N]
NH3/[bmim][BF4]
NH3/[emim][Ac] Absorption refrigeration cycle RK-EOS Yokozeki and

Shiflett (2007b)
Yokozeki and Shiflett
(2007b)NH3/[emim][SCN]

NH3/[emim][EtOSO3]
NH3/[DMEA][Ac]
NH3/[bmim]Zn2Cl5 Absorption refrigeration cycle UNIFAC Chen et al. (2014) Chen et al. (2013)
NH3/[choline][NTf2] Absorption refrigeration cycle COSMO-RS Ruiz et al. (2014) N/A
NH3/[emim][Ac]
NH3/[emim][EtSO4]
NH3/[emim][SCN]
NH3/[HOemim][BF4]
NH3/[hmim][Cl]

* Nomenclature of ILs is according to the original works.
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h
R

f
T

i
res

i

p x

= − ∂
∂( )

ln
1

,

(3)

h
R

d g RT
d T

e e

p x

= ( )
( )1 ,

(4)

Δh
R

P
T

= ∂
∂( )

ln
1

(5)

They are mathematically derived from the fundamental ther-
modynamic relations, see details in Mathias and O’Connell
(2012) and Mathias (2016). The right sides of these TCMs are
related to the equilibrium properties, and the left side gives
enthalpy changes. Functionally similar to the Gibbs–Duhem
equation, these TCMs can be used for:

1. Property estimation, when having the VLE data to predict
energy data or vice versa.

2. Consistency analysis, when having both VLE and excess en-
thalpy data.

In this work, various thermodynamic models are used to
correlate the same experimental VLE data of two refrigerant/
IL working pairs, H2O/[emim][DMP] and NH3/[bmim][BF4]. The
performance of these models is examined. The models con-
sidered here include EOS models, activity coefficient models
and the general Clausius–Clapeyron relations. Following the
thermodynamic consistency, performances of different models
in estimating mixing enthalpies and total enthalpies are also
evaluated.The estimated values from different models are com-
pared with each other. For H2O/[emim][DMP], experimental
values are also included. Finally, these VLE models are applied
to calculate the performance of an absorption cycle, to test how
the precision of the model influences the prediction of the cycle
performance. This systematic assessment of VLE models is in-
tended to provide essential information for the selection of
models in IL-based absorption cycles.

2. Approaches and VLE models

The procedure of the assessment in this study can be sum-
marized as follows:

1. Reliable VLE data are applied to correlate the correspond-
ing VLE models. The correlation performance is evaluated
by comparing the deviations. The preferred model gives a
low value for the root-mean-square deviation (RMSD)
between experimental data and predicted values. A high
value of the squared correlation coefficient (r2) would confirm
the quality of the correlations.

2. VLE data from independent sources of the same working
pairs are adopted to verify the reproducibility of the cor-
relations, and to allow for an uncertainty analysis of the
experimental VLE data.

3. Using corresponding models, mixing enthalpies are esti-
mated based on the correlated interaction parameters
obtained previously in Step 1.

As mentioned in the introduction in Section 1, there are 3
different alternative methods for the estimation of Δhmix from
VLE data by VLE models. In contrast to the method based on
the C–C relations, the EOS and Ge methods rely on interac-
tion parameters correlated from VLE data. Thus, the method
of VLE calculation is first introduced.

2.1. VLE calculation

The equilibrium criterion is the starting point of VLE calcula-
tions. Its general form can be expressed by using the fugacities

f of both liquid and vapor phases (Sandler, 2006),

f T P x f T P yi
L

i i
V

i, , , ,( ) = ( ) (6)

When using EOS methods, the equilibrium criterion can be
stated as in Eq. (7). This procedure is also referred to as ϕ − ϕ
method,

x T P x y T P yi i
L

i i i
V

iφ φ, , , ,( ) = ( ) (7)

The fugacity coefficients ϕ for both phases can be ob-
tained from the EOS.

Another description of VLE uses an activity coefficient for
the liquid phase and an EOS for the vapor phase. This method
is usually referred to as the γ − ϕ method.

x T P x P T y P T P yi i i i
sat

i i i
V

iγ φ, , , ,( ) ( ) = ( )Φ (8)

In the case of refrigerant/IL systems, due to the non-
volatility of IL, its fraction in the vapor phase can be neglected,
i.e. y1 = 1.The equilibrium pressure of the binary system is rela-
tively low, especially when compared with the critical pressure
of refrigerants.Therefore, the Poynting correction Φ can be con-
sidered to be unity. The fugacity coefficient of the refrigerant
component in the vapor phase, φ1

V, can also be approximated
to be 1 due to the ideal behavior of the vapor at low pressure.
Following these assumptions, Wang et al. (2010) and Ren et al.
(2011) implemented the equilibrium criterion as,

γ 1
1 1

= P
x Psat (9)

For the VLE models discussed in this work, the same set of
experimental data is used to regress the unknown interac-
tion parameters. The nonlinear-least-square method is
implemented to correlate the data. The objective function F in
Eq. (10) is chosen as the difference between experimental liquid
phase fugacity values and calculated ones using the models.

F f fi
L

i
calcL

i

N

= −( )
=
∑ 1 1

2

1
,

exp
, (10)

2.2. Mixing enthalpy estimation

2.2.1. Mixing enthalpy estimated from EOS models
The first method for the estimation of Δhmix is to use a spe-
cific EOS model. After obtaining the interaction parameters in
the mixing rules, the general form of residual enthalpy, hres, can
be expressed as Eq. (11),
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h RT
Z
T

dP
P

res

P
P

P
= ∂

∂
⎛
⎝

⎞
⎠∫2

0
(11)

where Z is the compressibility factor, the form of which depends
on the particular EOS. The residual enthalpy, hres, is defined as
the difference between the ideal gas enthalpy and the real one.

h h hres ig real= − (12)

With the residual enthalpies of the mixture and both the
pure components at liquid state, the mixing enthalpy can be
calculated via

Δh x h hmix i i
res

i

N

sol
res= −

=
∑

1

(13)

In this study, the PR-EOS with van der Waals mixing rules
(PRVdW) (Peng and Robinson, 1976), PR-EOS with Wong–
Sandler mixing rules (PRWS) (Wong and Sandler, 1992) and a
modified RK-EOS (Yokozeki and Shiflett, 2007b) were in-
cluded in the evaluation. The details of these models can be
found in the Appendix.

2.2.2. Mixing enthalpy estimated from Ge models
The second method is to use Ge models. With a Ge model and
the corresponding regressed binary interaction VLE param-
eters, the excess Gibbs energy can be obtained by

g
RT

x
e

i i
i

N

=
=
∑ lnγ

1

(14)

The relationship between excess enthalpy and excess Gibbs
energy is defined by Eq. (4). Together with Eq. (14), the excess
enthalpy can be obtained.

Ge models only work for solutions, thus, the excess en-
thalpy calculated by Eq. (4) is actually the mixing heat (Chen
et al., 2014; Dong et al., 2012). Ge models considered here are
the NRTL (Dong et al., 2012) and the UNIFAC (Dong et al., 2013)
models. The details of these models can also be found in the
Appendix.

2.2.3. Mixing enthalpy estimated from C–C equation
The third method to estimate the Δhcond is to use the C–C equa-
tion. In an lnP-(-1/T) diagram, the slope of the curve reflects
the heat effect during phase-change:

d P
d T

h
R

ln
1( ) = − Δ (15)

For the vapor pressure curve of a pure fluid, Δh is the latent
heat Δhcond (Kiss and Infante Ferreira, 2016). When it concerns
the vapor pressure of a mixture with fixed concentration, Δh
is the absorption heat Δhabs (Meyer et al., 2015). Note that the
mixing enthalpy is the heat effect during the mixing of two
liquid components, which can be obtained by removing the
latent heat from the absorption heat,

Δ Δ Δh h hmix abs cond= − (16)

2.3. Fluids information of working pairs in VLE models

Except for the NRTL model, the application of VLE models in
VLE calculation and the estimation of the Δhmix require input
information. For instance, the critical information and acen-
tric factors are required for the EOS based models. In the case
of UNIFAC models, group volumes, area parameters and some
interaction parameters of/between split functional groups are
needed. H2O/[emim][DMP] and NH3/[bmim][BF4] working pairs
were selected because the required input information of these
pairs is available in literature. Tables 2–5 list the used infor-
mation and the corresponding references for each model
discussed in this study.

3. Results and discussion

3.1. Performance in correlating and reproducing VLE data

3.1.1. H2O/[emim][DMP] pair
The H2O/[emim][DMP] pair is one of the few working pairs for
which experimental mixing enthalpy data have been pub-
lished. For this working pair, the VLE data reported by Ren et al.
(2011) are used for the correlation. The authors collected the
experimental data at 5 different concentrations, see Fig. 1.

Table 2 – Inputs for the PR-EOS (PRVdW and PRWS
models in this study)*.

Compound Tc [K] Pc [MPa] ω [-]

H2O 647.1 22.06 0.3443
[emim][DMP] 836.85 2.50 0.6383
NH3 406.15 11.42 0.25601
[bmim][BF4] 643.18 2.04 0.8877

* PRVdW and PRWS models are discussed in Peng and Robinson
(1976) and Wong and Sandler (1992), respectively. Critical points
and acentric factors are predicted using the group-function method
proposed by Valderrama and Robles (2007).

Table 3 – Inputs for the RK-EOS*.

Compound Tc [K] Pc [MPa] β0 [-] β1 [K] β2 [MPa] β3 [-]

H2O 647.1 22.06 1.00236 0.54254 −0.08667 0.00525
[emim][DMP] 852.21 1.81 1 To be correlated 0 0
NH3 406.15 11.42 1.00027 0.45689 −0.05772 0
[bmim][BF4] 894.9 3.02 1 To be correlated 0 0

* The RK-EOS studied in this work and its input parameters are discussed in Yokozeki and Shiflett (2007a, 2010).
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Different VLE models are correlated based on the VLE data.
The correlated interaction parameters and the qualities of the
correlations of different models are listed in Table 6. The quali-
ties are quantified using the root-mean-square deviation (RMSD),
the maximum relative deviation (Max.Dev.) of data points, and
by the squared correlation coefficient (r2) between the mea-
sured and correlated pressures (which reflects the degree of
linearity of the correlations). The predicted VLE curves of the
H2O/[emim][DMP] pair are also illustrated in Fig. 1(a–e) for the
corresponding VLE models.

The studied models seem to be able to reproduce the VLE
data of the H2O/[emim][DMP] working pair.The prefered models,
RK-EOS and NRTL models, perform the best because they give
low values for the RMSD between experimental and pre-
dicted values.

The previous correlations were only based on the VLE data
reported by Ren et al. (2011). VLE data from the other inde-
pendent source (Wang et al., 2007) are also applied to check
the uncertainty of the previous correlations. Similarly, the root-
mean-square deviation (RMSD) and the squared correlation
coefficient (r2) are adopted to verify the reproduction quali-
ties, as listed in Table 7.

Even though the reproducibility of the independent data is
worse than reproducing the same data used for the correla-
tion, the performances of most models are still acceptable,
especially for the RK and NRTL models with lower RMSD values.

3.1.2. NH3/[bmim][BF4] pair
VLE data of the NH3/[bmim][BF4] pair, which were reported by
Yokozeki and Shiflett (2007a), for 5 isothermal conditions are

plotted in Fig. 2. The correlated interaction parameters and the
correlations performances of the different models for this pair
are listed in Table 8. Generally, the errors are larger than those
for the H2O/[emim][DMP] pair. However, the RK-EOS and NRTL
models still show the best performance, while the perfor-
mance of the UNIFAC model is the worst. The predicted
isotherms of the NH3/[bmim][BF4] pair are also illustrated in
Fig. 2(a–e) for the corresponding VLE models.

VLE data reported by Li et al. (2010) are applied here as an
independent source to verify the reproducibility of the previ-
ous correlations based only on data of Yokozeki and Shiflett
(2007a). As listed in Table 9, the reproducibility of this pair is
not as good as one of the H2O/[emim][DMP] pair. Neverthe-
less, the reproduction qualities, especially of the ones based
on NRTL model, are still acceptable.

3.2. Performance in the estimation of mixing enthalpies

3.2.1. H2O/[emim][DMP] pair
For the H2O/[emim][DMP] working pair, the estimated mixing
enthalpies using the different models at T = 298.15 K and

Table 4 – Group volumes and area parameters used in
the UNIFAC model*.

Group Volumes [-] Surface area [-]

H2O 0.92 1.4
NH3 1.4397 2.0918
CH2 0.6744 0.54
CH3 0.9011 0.848
[mim][DMP] 6.2609 4.996
[mim][BF4] 6.5669 4.005

* Group division of working fluids is discussed in Lei et al. (2009)
and Dong et al. (2013).

Table 5 – Group interaction parameters used in the
UNIFAC model*.

Group 1 Group 2 a12 [-] a21 [-]

H2O CH2/CH3 300 1318
H2O [mim][DMP] To be correlated

gi1(1)
To be correlated
gi3(1)

CH2/CH3 [mim][DMP] To be correlated
gi2(1)

To be correlated
gi4(1)

NH3 CH2/CH3 To be correlated
gi1(2)

To be correlated
gi3(2)

NH3 [mim][BF4] To be correlated
gi2(2)

To be correlated
gi4(2)

CH2/CH3 [mim][BF4] 1108.51 588.74

* Group division of working fluids is discussed in Lei et al. (2009)
and Dong et al. (2013).

Table 6 – Correlation results and performances of
different models by using VLE data of H2O/[emim][DMP]
pair reported by Ren et al. (2011).

Correlated coefficients* Correlation
performance†

RMSD Max.Dev. r2

PRVdW −0.796; −0.282 5.53% 11.35% 0.970
PRWS 0.576; 0.591; −15.080; −2.679 3.99% 7.14% 0.986
RK 0.174; −17.584; 0.038; 0.015;

0.608
2.43% 9.21% 0.997

NRTL 0.434; 0.454; 350.924; −2.261;
−388.387

2.63% 7.08% 0.996

UNIFAC −590.684; −686.639;
−460.958; 1780.121

4.55% 10.17% 0.983

* Coefficients of PRVdW are k12 (=k21) and l12 (=l21) respectively (Kiss
and Infante Ferreira, 2016); Coefficients of PRWS are k12, α, τ12

0( ) and
τ21

0( ) respectively (Ramdin et al., 2013); Coefficients of RK are β1,
τ12 (=τ21), l12, l21 and m12 (=m21) respectively (Yokozeki and Shiflett,
2007b); Coefficients of NRTL are α, τ12

0( ) , τ12
1( ) , τ21

0( ) and τ21
1( ) respec-

tively (Dong et al., 2012); Coefficients of UNIFAC are the group
interaction parameters (gi1(1)-gi4(1)) mentioned in Table 5.

† RMSD P
P P

N

fit exp
N( ) =

−( )∑ 1 2

, represents the root-mean-square de-

viation. Max.Dev. is the maximum relative deviation of data points.
r2 is the squared correlation coefficient between the measured and
correlated pressures.

Table 7 – VLE data reproducibility of the H2O/
[emim][DMP] pair (Wang et al., 2007) by using the
correlated models based on VLE data reported by Ren
et al. (2011).

RMSD r2

PRVdW 14.08% 0.976
PRWS 12.49% 0.982
RK 9.16% 0.965
NRTL 9.56% 0.965
UNIFAC 10.60% 0.966
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P = 0.1 MPa (for Ge and C–C methods, only T = 298.15 K is re-
quired) are shown in Fig. 3 along with the experimentally
measured ones (Ren et al., 2011; Zhang et al., 2014).

All estimated values show obvious deviations from the mea-
sured ones. The RK-EOS, UNIFAC and NRTL models estimate
the experimental data the best. The mixing enthalpies esti-
mated with the PRVdW model are positive while the other
models show negative values. For conditions xH O2 0 5< . , the
results estimated with the C–C relation require extrapolation
of the experimental data. This results in an outlier for
xH O2 0 18= . .

3.2.2. NH3/[bmim][BF4] pair
The VLE data of the NH3/[bmim][BF4] pair were measured at 5
isothermal conditions. When using the C–C method, an addi-
tional step is required to obtain the data at different
concentrations. Fig. 4 shows how the data have been pro-
cessed.The experimental VLE data including the vapor pressure
data of pure NH3 are first fitted to a polynomial. Vapor pres-
sure data at constant concentrations (0.1–0.9 of NH3 molar
concentration) were then interpolated, see Fig. 4(a). The inter-
polated data are again plotted in an lnP-(-1/T) diagram, see
Fig. 4(b), for the experimental temperature range. The slopes
of these curves are used to estimate the absorption and mixing

heat with Eq. (15) and (16). This data processing inevitably in-
troduces additional errors.

Estimated Δhmix values at T = 298.15 K and P = 1.1 MPa (for
Ge and C–C methods, only T = 298.15 K is required) are shown
in Fig. 5. Note that for the given conditions, the pure NH3 is
in a liquid state and hence the latent heat is not taken into
account here. The values for the PRVdW and PRWS models are
significantly larger than the others, and are not presented. The
two Ge models, i.e. NRTL and UNIFAC, produce contradicting
trends. The RK-EOS model and the C–C relation show inter-
mediate values. Δhmix values estimated from C–C and RK-EOS
change from positive to negative. This behavior indicates that
the mixing of the two liquid components is exothermic at low
ammonia concentration while endothermic at high ammonia
concentration. The differences in the estimated Δhmix values at
the same condition are significant.

A thorough search of the relevant literature still yielded no
work on the mixing enthalpy data of solution NH3/[bmim][BF4],
thus the judgment of which model is more suitable for this
pair is not possible currently. Nevertheless, compared with Δhmix

values of the H2O/[emim][DMP] pair, absolute values of Δhmix

for the NH3/[bmim][BF4] pair are generally much lower. This in-
dicates smaller heat effects during the mixing of liquid NH3

with [bmim][BF4].

Fig. 1 – Experimental VLE data of the H2O/[emim][DMP] pair as reported by Ren et al. (2011) and the correlated VLE curves at
constant H2O concentration via different models: (a) PRVdW, (b) PRWS, (c) RK, (d) NRTL, and (e) UNIFAC.
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Table 10 summarizes the key information of the models con-
sidered in this study and their performances in respect to the
estimation of Δhmix.

3.2.3. Outlooks of molecular simulation
Besides the discussed models here, molecular simulations can
be used to predict the mixing enthalpy of IL working pairs. In
molecular simulations, thermodynamic properties are calcu-
lated based on a potential which describes the molecular
interactions. These potentials are often correlated to experi-
mental VLE data similar to the models discussed in this work,
but can also be used to extrapolate mixture properties from
pure component data. Previously, Maginn and colleagues ex-
plored these methods to calculate the mixing enthalpy of H2O/
[emim][EtSO4] (Kelkar et al., 2008) and NH3/[emim][Tf2N] (Shi
and Maginn, 2009). While the initial results for H2O/
[emim][EtSO4] did not agree well with experimental
measurements, these authors slightly adjusted the potential
to better reproduce experimental results. Moreover, these
authors suggested more sophisticated potentials to further
improve the accuracy of molecular simulations. Hence, we see
molecular simulations as an alternative approach.

3.3. Total enthalpy calculation

3.3.1. H2O/[emim][DMP] solution
Depending on the availability of the heat capacities of the IL-
based solutions, there are two alternative methods to calculate
the total enthalpy. If the heat capacity of the solution, cp

sol, is
known, its total enthalpy at a specified temperature and con-
centration can be calculated from

h T x h x c x dTsol sol
p
sol

T

, . ,
.

1 1 1

298 15

298 15( ) = ( ) + ( )∫ (17)

where h xsol 298 15 1. ,( ) is the solution enthalpy at 298.15 K and
a concentration of x1. Based on an arbitrarily chosen refer-
ence state, here at 273.15 K, this enthalpy can be calculated
via,

h x h x x c dT

x

sol
mix p

IL298 15 298 15

1

1 1 1

273 15

298 15

. , . ,
.

.

( ) = ( ) +

+ −

∫Δ

11

273 15

298 15
2( ) ∫ c dTp

H O

.

.

(18)

Fig. 2 – Experimental VLE data of the NH3/[bmim][BF4] pair as reported by Yokozeki and Shiflett (2007a) and the correlated
VLE isotherms via different models: (a) PRVdW, (b) PRWS, (c) RK, (d) NRTL, and (e) UNIFAC.
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For the H2O/[emim][DMP] working pair, total enthalpies at
328.15 K are calculated using Δh xmix 298 15 1. ,( ) from different
models. The results are presented in Fig. 6. Heat capacities of
pure IL and solutions reported by Zhang and Hu (2011) were
also used in the calculation. The properties of H2O were taken
from the NIST database (Lemmon et al., 2013).

The ideal solution, IS, in which the effects of mixing en-
thalpy are neglected is also shown in Fig. 6. Only mixing
enthalpies calculated by the PR-EOS and the C–C relation, see
Fig. 3, have positive deviations. Compared with the total en-
thalpy calculated using the experimental mixing enthalpies,
the UNIFAC and RK models agree the best, while the compa-
rable deviations are in opposite directions.The largest deviation
occurs at a concentration around x1 = 0.7–0.8.

The previous method of the total enthalpy calculation only
requires mixing enthalpy data at one temperature condition,
while it also needs heat capacities of the solution. For most
IL-based pairs, especially in the absorbent screening phase, the
heat capacities of the solutions are not available.Therefore, the
previously presented total enthalpy calculation method is not

applicable. As an alternative, the following method which di-
rectly uses the mixing enthalpy and the enthalpy of the IS can
be applied (Chen et al., 2014; Kim et al., 2012a).

h T x h T x x c dT x c dTsol
mix p

IL

T

T

p
H

T

T

, ,( ) = ( ) + + −( )∫ ∫Δ 1 1

0

2

0

1 O (19)

In Fig. 7, the total enthalpies calculated using both methods
are displayed along the horizontal axis and the vertical axis,
respectively. All points are displayed along the x = y line. The
behavior indicates that the two methods can be used alter-
natively to calculate the total enthalpies for the H2O/
[emim][DMP] solution. Furthermore, the result implies that the
excess heat capacity of the solution, i.e. the difference between
the heat capacity of the real solution and its ideal counter-
part, has a very limited influence, because Eq. (19) neglects the
excess heat capacity.

3.3.2. NH3/[bmim][BF4] solution
Fig. 8 shows the results of total enthalpies of the NH3/
[bmim][BF4] solution when the mixing enthalpies obtained by
the different sources are used. Eq. (19) has been used because
there are no published heat capacity data for this solution. In
comparison to the H2O/[emim][DMP] solution, a smaller de-
viation can be observed between the ideal solution and the
enthalpy values obtained with the different models. This is
because the Δhmix of the NH3/[bmim][BF4] pair is smaller.

3.4. Influence on the absorption cycle performance

Two factors resulting from VLE models can lead to different
predictions of the performance of an absorption cycle. One is
the influence of the model on the determination of operating
conditions. If the solubility is incorrectly predicted, the cycle
performance will be inaccurate.The second aspect is the mixing
enthalpy estimation, which is of significance for the estima-
tion of the total enthalpy. The circulation ratio, f, one of the

Table 8 – Correlation results and performances of
different models by using VLE data of NH3/[bmim][BF4]
pair reported by Yokozeki and Shiflett (2007a).

Correlated coefficients* Correlation
performance†

RMSD Max.Dev. r2

PRVdW −0.036; 0.517 10.32% 25.52% 0.992
PRWS 0.633; −7.206; 0.233; 0.363 5.06% 11.79% 0.998
RK-EOS 0.771; -3.104; −0.017; −0.074;

0.028
4.68% 11.72% 0.997

NRTL −0.011; −52.253; 9597.721;
36.085; −6024.139

2.82% 7.87% 0.997

UNIFAC 296.011; 210.119; −316.806;
−316.844

14.64% 16.45% 0.987

* Coefficients of PRVdW are k12 (=k21) and l12 (=l21) respectively (Kiss
and Infante Ferreira, 2016); Coefficients of PRWS are k12, α, τ12

0( ) and
τ21

0( ) respectively (Ramdin et al., 2013); Coefficients of RK are β1,
τ12 (=τ21), l12, l21 and m12 (=l21) respectively (Yokozeki and Shiflett,
2007b); Coefficients of NRTL are α, τ12

0( ) , τ12
1( ) , τ21

0( ) and τ21
1( ) respec-

tively (Dong et al., 2012); Coefficients of UNIFAC are the group
interaction parameters (gi1(2)-gi4(2)) mentioned in Table 5.

† RMSD P
P P

N

fit exp
N( ) =

−( )∑ 1 2

, represents the root-mean-square de-

viation. Max.Dev. is the maximum relative deviation of data points.
r2 is the squared correlation coefficient between the measured and
correlated pressures.

Table 9 – VLE data reproducibility of the NH3/[bmim][BF4]
pair (Li et al., 2010) by using the correlated models
based on VLE data reported by Yokozeki and Shiflett
(2007a).

RMSD r2

PRVdW 29.4% 0.963
PRWS 36.8% 0.972
RK 37.9% 0.974
NRTL 27.3% 0.971
UNIFAC 23.6% 0.952

Fig. 3 – Comparison of the experimental and the estimated
Δhmix values for the H2O/[emim][DMP] pair at T = 298.15 K
and P = 0.1 MPa.
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performance criteria, reflects solely the effect of the VLE cor-
relation, while the coefficient of performance (COP) reflects the
effects of both factors. In the following, the comparison of these
two performance criteria is presented when the different
models are used.

The cycle configuration and its thermodynamical descrip-
tion were introduced in previous work by the authors (Wang
and Infante Ferreira, 2017). In this study, both working pairs
are applied in an absorption refrigeration system operating

Fig. 4 – VLE data processing before using Clausius–
Clapeyron relations. (a) Interpolation at constant
concentrations. (b) The interpolated data shown in an lnP-(-
1/T) diagram (dash line represents the saturated pressure
of pure NH3).

Table 10 – Summary of Δhmix estimation using the different VLE models for the H2O/[emim][DMP] pair.

Type Model Δhmix estimation
method

Remarks

EOS PRVdW ln f h hi i
res

mix→ → Δ Critical information and acentric factors needed, sign of heat effect does not agree with experiments
PRWS Critical information and acentric factors needed, large deviations from experiments
RK Critical information needed, one the two best performing models

Ge NRTL lnγi→ge→he(Δhmix) No input needed, close to UNIFAC model
UNIFAC Group information needed, one of the best performing methods
C–C ln P h hi abs mix→ →Δ Δ No input needed, second largest deviation

Fig. 5 – Comparison between the Δhmix estimated with the
different estimation methods for the NH3/[bmim][BF4]
working pair at T = 298.15 K and P = 1.1 MPa.

Fig. 6 – Comparison of the total enthalpies of the H2O/
[emim][DMP] solution at 328.15 K as estimated by the
different VLE models. The lines distinguish sources of the
mixing enthalpies for the estimation of total enthalpies.
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under the conditions T T Tcond abs evap = °45 30 5 C.The heat source
temperature Tgen varies from 85 to 100 °C.

The circulation ratio, f, which is defined as the mass flow
ratio between the pump stream and the refrigerant stream can
be obtained using mass and species balances,

f
m
m

w
w w

s

r

w

s w

= = −
−

�
�

1
(20)

Fig. 9 presents the results of f for the absorption cycle with
H2O/[emim][DMP] working pair.These results are obtained when
applying the different VLE models. f is solely quantified by the
solubilities obtained from the VLE data. The results of f do not

show large differences, because they are based on the same
set of VLE experimental data.

Using the enthalpy calculation methods discussed in Section
3.3, the COP, defined as a ratio between the cooling effect ob-
tained in the evaporator and the heat input to the generator,
can be calculated. Fig. 10 shows the estimated COP for varying
levels of heat source temperature. Since there is no sensible
difference in f, the difference in the predicted COPs is mainly
due to the difference in mixing enthalpies. Results based on
ideal solutions and experimental mixing enthalpy data are also
plotted as references.

Generally, the models that estimate higher mixing enthal-
pies lead to a higher predicted COP. This relationship implies
that a less exothermic effect during mixing is preferable for

Fig. 7 – Comparison of the two methods for the calculation
of the total enthalpies of H2O/[emim][DMP] solution at
328.15 K. h-Method1 is based on Eq. (17) and (18), while
h-Method2 is based on Eq. (19). The symbols distinguish
sources of the mixing enthalpies for the estimation of total
enthalpies.

Fig. 8 – Comparison of the total enthalpies at 328.15 K of
the NH3/[bmim][BF4] solution estimated by different VLE
models. The lines distinguish sources of the mixing
enthalpies for the estimation of total enthalpies.

Fig. 9 – Calculated circulation ratio of the H2O/[emim][DMP]
working pair in an absorption refrigeration cycle by
different VLE models. The lines distinguish sources of the
VLE prediction.

Fig. 10 – Calculated coefficient of performance of the H2O/
[emim][DMP] working pair in an absorption refrigeration
cycle when the different VLE models are applied. The lines
distinguish sources of the VLE prediction and the mixing
enthalpy estimation.
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the absorption cycle. The highest COP is attained when using
the C–C model. Thereby, it is shown that a steep change of the
mixing enthalpy can lead to an overestimated performance.

Similar to the mixing enthalpy estimation, RK-EOS and
UNIFAC models also present the closest predictions for COP
values compared with the one using experimental data.
However, the COP values predicted using these two models are
distributed on both sides of the experimental predicted COP.

The f and COP values of the absorption refrigeration cycle
for the NH3/[bmim][BF4] working pair are also calculated, see
Figs. 11 and 12. Large differences for f can be observed at a lower
generation temperature (85 °C): The UNIFAC model gives a lower
value of f, which leads to a higher estimation of COP. This is
mainly due to the relatively poor performance in reproducing

the VLE data, as listed in Table 8. For high generation tempera-
tures, RK-EOS, UNIFAC and C–C models show similar values for
the COP, while all results are lower than the ones for the ideal
solution. The NRTL model overestimates the COP. The relation
between the cycle performance and the estimated values of Δhmix

agrees with the previous observations for the cycle using H2O/
[emim][DMP] as working pair. Additionally, the COP values of the
cycle with NH3/[bmim][BF4] working pair are lower than the ones
for the H2O/[emim][DMP] pair.

4. Conclusion

The performance of different VLE models applied to ionic liquid
based absorption refrigeration cycles has been evaluated for
the two investigated working pairs (H2O/[emim][DMP] and NH3/
[bmim][BF4]). Specifically:

• For the sake of analyzing absorption cycles when no ex-
perimental data is available for the mixing enthalpy, the
Redlich–Kwong equation of state performs best in both cor-
relating VLE data and estimating mixing enthalpies. Besides,
the NRTL model is also suitable for the correlation of VLE
data and the UNIFAC model can be applied for estimating
mixing enthalpies.

• The mixing of liquid NH3 with [bmim][BF4] is less exother-
mic since the absolute values of Δhmix for this pair are smaller
than those of the H2O/[emim][DMP] pair.

• The results of total enthalpies for the H2O/[emim][DMP] so-
lution are more sensitive to the VLE models compared to
the NH3/[bmim][BF4] solution.

• Excess effects in the heat capacity of solutions are not domi-
nant. This has been shown by comparing two alternative
methods for the calculation of total enthalpies for the H2O/
[emim][DMP] solution.

• Performance parameters (f and COP) of the absorption re-
frigeration cycle vary when using different VLE models. The
variation of COP is larger for the cycle with the H2O/
[emim][DMP] pair. For the same working pair, a model
estimating a smaller Δhmix (more exothermic effect) would
underestimate the COP.
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Appendix

Appendix A:EOS and activity coefficient models

Peng–Robinson (PR) EOS
The basic expression of Peng–Robinson EOS is (Peng and
Robinson, 1976),

P
RT

V b
a T

V V b b V b
=

−
− ( )

+( ) + −( ) (A.1)

Fig. 11 – Calculated circulation ratio of the NH3/[bmim][BF4]
working pair in an absorption refrigeration cycle by
different VLE models. The lines distinguish sources of the
VLE prediction.

Fig. 12 – Calculated coefficient of performance of the NH3/
[bmim][BF4] working pair in an absorption refrigeration
cycle when the different VLE models are applied. The lines
distinguish sources of the VLE prediction and the mixing
enthalpy estimation.
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where V is the molar volume, R is the gas constant. The pa-
rameters a and b here are defined as,

a T
R T

P
c

c

( ) = 0 457235
2 2

. α (A.2)

b
RT
P

c

c

= 0 077796. (A.3)

where the subscript c represents the critical conditions of the
substance. With ω, the acentric factor and α(T), in classical PR-
EOS, are defined as,

α ω ω2 2
0 5

1 0 37646 1 54226 0 26992 1= + + −( ) −⎛
⎝⎜

⎞
⎠⎟

. . .
.T

Tc
(A.4)

As for the mixtures in low pressure cases, conventional qua-
dratic mixing rule (VdW mixing rule) with two interaction
parameters is used to describe the behavior as,

a a a k x xm i j ij i j
i j

N

= −( )
=
∑ 1

1,

(A.5)

where

k k kij ji ii= =, 0 (A.6)

and

b b b l x xm i j ij i j
i j

N

= +( ) −( )
=
∑1

2
1

1,

(A.7)

where

l l lij ji ii= =, 0 (A.8)

The parameters ai and bi for all pure components in the
mixing rules can be calculated using the aforementioned way
for a and b. Thus, there are only two parameters needed to be
correlated, i.e., k12 and l12 for a binary mixture.

For high pressure applications, PR-EOS is usually com-
bined with the Wong–Sandler (WS) mixing rules (Wong and
Sandler, 1992), which are given by,

b

x x b
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b RT
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where kij is a binary interaction parameter ( k kij ji= )
and the constant C is −0.62322 for PR-EOS. The excess
Helmholtz energy at infinite pressure A xe

i∞ ( ) is calculated

through the assumption that A x A x G xe
i

e
i

e
i∞ ( ) ≈ ( ) ≈ ( )0 0 . The

excess Gibbs energy, G xe
i0 ( ), at low pressure can be obtained

from an activity coefficient model, here the conventional
NRTL model. For the binary solution, the expression of G xe

i0 ( )
is,

G
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τ τ
(A.12)

where, the expressions of G21 and G12 are given in Eq. (A.23),
and the τ12 and τ21 can be used directly without the depen-
dence of T. In this case, the parameters of this PRWS model
to be correlated are k12, α, τ12 and τ21.

Generic Redlich–Kwong (RK) EOS
The generic RK type of cubic EOS can be written in the fol-
lowing form (Yokozeki and Shiflett, 2007b),

P
RT

V b
a T

V V b
=

−
− ( )

+( ) (A.13)

where a and b are expressed by the following,

a T
R T

P
Tc

c

( ) = ( )0 42748
2 2

. α (A.14)

and

b
RT
P

c

c

= 0 08664. (A.15)

where the temperature-dependent part of the parameter α
for pure component is modeled by the following empirical
form,

α βT
T
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(A.16)

As Yokozeki and Shiflett (2007b) reported, β2 of ILs can be
determined through the binary VLE data analysis with β0 = 1
and β2 = β3 = 0. β values for the natural refrigerants H2O and NH3

along with the critical conditions are summarized in Table 2.
For the mixtures, three binary interaction parameters τ, l and
k are introduced in the parameters a and b for an N-component
system via,

a a a f T k x xm i j ij ij i j
i j

N

= ( ) −( )
=
∑ 1

1,

(A.17)

where, f T
Tij

ij( ) = +1
τ , τ τij ji= and τ ii = 0. k

l l x x
l x l xij
ij ji i j

ji i ij j

=
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+
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kii = 0.

b b b k m x xi j ij ij i j
i j

N

= +( ) −( ) −( )
=
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2
1 1

1,

(A.18)

where m mij ji= and mii = 0.
For the RK-EOS, the fugacity, φi, could be derived as

follows,
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where, the explicit forms of a′ a
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Thus, the parameters that need to be regressed are β1 for
the ILs along with τ12, l12, l21 and m12 for the mixtures.

Non-random two-liquid (NRTL) model
The non-random two-liquid model is one of the frequently used
activity coefficient models. For a binary mixture with a non-
volatile component in this study, the model can be expressed
as (Dong et al., 2012),
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where

G G12 12 21 21= −( ) = −( )exp , expατ ατ (A.23)

and τij is correlated with temperature-dependent expres-
sions,

τ τ τ τ τ τ
12 12
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21 21
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T T
, (A.24)

The parameters to be correlated in this model are α, τ12
0( ),

τ21
0( ) and τ12

1( ) , τ21
1( ) .

UNIFAC model
Before applying the UNIFAC model to the VLE calculation, the
molecule of every component of the binary system needs to
be split into functional groups. Parameters used in this model
are mainly based on the properties of each functional group.
As proposed by Kim et al. (2005), Lei et al. (2009) and Dong et al.
(2013), H2O, NH3 and ILs in this study are divided into groups
which are listed in Table A1.

Using the UNIFAC model, the activity coefficient, γi, can be
obtained from a combination of two terms via (Dong et al., 2013),

ln ln lnγ γ γi i
C

i
R= + (A.25)

where γ i
C and γ i

R denote the combinatorial and residual term
of species i, respectively. The combinatorial terms represent
the difference of size and shape of the molecules, which could
be expressed as,
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The parameters are defined as,
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where ri and qi, which denote the volume and surface area of
the i-th species, are defined as the sum of the group volume
and area parameters Rk and Qk,

r Ri k
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and

q Qi k
i

k
k

= ( )∑ν (A.29)

of which νk
k( ) is the number of group k in species i. The values

of Rk and Qk for each functional group in this study are listed
in Table 4.

The residual term, can be described in the following form,

ln ln lnγ νi
R

k
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k k
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k

= −( )( ) ( )∑ Γ Γ (A.30)

where Γk is the group residual activity coefficient, and Γk(i) is
the residual activity coefficient of group k in a reference so-
lution containing only molecules of type i. They both are given
as,
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When the group volume and area parameters are avail-
able, some of the group interaction parameters, amn, are the only
parameters unknown. Thus, they are the ones to be corre-
lated from the experimental VLE data.The number of the group
interaction parameters, amn, depends on the division of the spe-
cific molecules. For this work, all of the known and unknown
interaction parameters are listed in Table 5.

Table A1 – Group division of the molecules of the
studied working pairs.

Molecule Group division

Water 1 H2O
[emim][DMP] 1 CH2, 1 CH3, 1 [mim][DMP]
Ammonia 1 NH3

[bmim][BF4] 3 CH2, 1 CH3, 1 [mim][BF4]
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