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ABSTRACT: In this work, we developed the electrolyte
perturbed-chain statistical associating fluids theory (ePC-SAFT)
coupled with free volume theory (FVT) using an ion-based
approach (i.e., treating IL cation and anion as distinct species) to
model the viscosities of 72 ionic liquids (ILs) across various
temperatures and pressures. To evaluate the model performance,
we compared the ePC-SAFT-FVT model employing a molecular-
based approach (i.e., treating IL as a single pure substance)
developed in our previous work. The results indicate that the ion-
based approach demonstrates desirable performance, achieving an
average ARD of 8.73%. This is comparable to the molecular-based approach, which has an average ARD of 6.09%. Importantly, the
ion-based approach requires fewer adjustable parameters, reducing the number from 216 to 81 for 72 ILs, and offers enhanced
flexibility by allowing the combination of both cation and anion parameters for predictions. Additionally, the ion-specific ePC-SAFT-
FVT model was employed to predict the viscosities of IL mixtures, which were then compared to experimental data of 19 IL
mixtures. The findings reveal that the model effectively predicts the viscosity of most IL mixtures, achieving an average ARD of 9.1%.
Furthermore, the ion-based approach demonstrates superior predictive performance compared to the molecule-specific ePC-SAFT-
FVT model. This study indicates that the ePC-SAFT-FVT model, using an ion-based approach, reliably represents the viscosity of
pure ILs and IL mixtures, leveraging the flexibility of cation and anion parameter combinations to enhance predictive capabilities.

1. INTRODUCTION
Over the past two decades, ionic liquids (ILs) have garnered
significant attention as promising fluidic materials due to their
unique properties, such as nonvolatility, high thermal stability,
the ability to dissolve both organic and inorganic compounds,
and broad electrochemical windows.1 Moreover, the properties
of ILs can be tailored by adjusting the combinations of cations
and anions to meet specific requirements. These remarkable
characteristics have driven extensive research and development
into ILs for a wide range of applications, including CO2
capture and separation,2 electrochemical energy storage,3 and
pharmaceuticals and medicine.4

The properties of ILs, primarily encompassing thermody-
namic and transport properties, are crucial in the development
of IL-based applications. Even though thermodynamic proper-
ties have been extensively studied, research on transport
properties, such as viscosity, remains relatively limited.5 The
viscosity of ILs plays a pivotal role in scaling up IL-based
applications, as it directly influences fluid flow behavior and the
rates of heat and mass transfer, making it an indispensable
parameter in the design, analysis, and optimization of industrial
processes. The viscosity of ILs is highly dependent on factors,
such as temperature, pressure, and the presence of impurities
(i.e., moisture content), with values ranging from 1 to 1 × 106

mPa·s.5,6 This wide range makes them versatile for various
fields depending on specific viscosity requirements. For

instance, high-viscosity ILs are well-suited for applications
like lubrication and membranes,7 while low-viscosity ILs are
favorable as solvents to enhance mass and heat transfer rates.2

Therefore, the further development and potential applications
of ILs require a comprehensive understanding of the
dependence of their viscosity on temperature, pressure, and
other components. Considering the vast number of potential
ILs, along with the time-consuming and expensive nature of
experimental measurements, it is highly desirable to develop
theoretical models capable of estimating the viscosity of ILs
and IL-containing mixtures over a wide range of conditions.

To the best of our knowledge, numerous theoretical
approaches have been developed to describe the dependence
of viscosity on temperature, pressure, and composition for the
IL-containing systems, with comprehensive reviews of various
viscosity models provided by Bouarab et al.8 and Gao et al.5

Models with good predictive and extrapolation capabilities are
valuable for screening ILs in practical applications. Con-
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sequently, this study provides a brief overview of such models,
and they are typically categorized into quantitative structure−
property relationship (QSPR) methods, group contribution
(GC) methods, and theoretical and semiempirical approaches.
QSPR methods are commonly used to describe IL viscosity
based on molecular descriptors, such as constitutional,
geometrical, and quantum descriptors. GC methods are
developed based on the principle that the viscosity of ILs is
determined by the sum contributions of their molecular
fragments or groups, which can be regarded as a subclass of
QSPR methods. Abundant QSPR and GC methods have been
developed to model the viscosity of ILs, employing a variety of
molecular descriptors and group contributions. Moreover,
machine learning (ML) algorithms have been extensively
incorporated into QSPR and GC methods to enhance their
predictive performance, and for an in-depth understanding of
those based on QSPR, one can refer to the works of Bouarab et
al.,8 Gao et al.,5 Paduszynski,6 and Boualem et al.9 Among
them, GC models coupled with the ML algorithms, which were
proposed by Paduszynski and Domanska,10 Paduszynski,6 and
Boualem et al.,9 demonstrate exceptional performance in
representing the viscosity of a wide range of ILs, covering up to
1600 ILs with 15000 data points. Recently, QSPR models
incorporating four ML methods proposed by Mohan et al.11

have shown the best accuracy in describing the viscosity of 967
ILs with 11721 data points. QSPR, GC, and their
combinations with the ML algorithms are regarded as effective
and practical methods for estimating IL viscosity. However,
most QSPR-based and GC-based models are rarely developed
to account for the dependence of viscosity on pressures, and
those models designed for pure ILs have not been extended to
the IL-containing mixtures.

Unlike QSPR-based and GC-based models, theoretical and
semiempirical models for describing viscosity varied with
temperature, pressure, and composition are developed based
on clear physical principles, offering better predictive and
extrapolation capabilities.5 To date, various physics-based
models for the viscosity of pure ILs and IL-containing mixtures
have been proposed, such as Eyring’s absolute rate theory,12−14

friction theory,15,16 free volume theory (FVT),15−18 entropy
scaling model,19−21 modified Yarranton-Satyro correlation,22

and hard-sphere scheme.23 These approaches are often
coupled with thermodynamic models, such as equations of
states (EOSs) or activity coefficient models, to reliably
describe the dependence of IL viscosity on temperature and
pressure. Additionally, mixing rules are employed to extend
these models for describing the viscosity of IL-containing
mixtures. In our previous work,17 we developed the FVT
model coupled with electrolyte perturbed-chain statistical
associating fluid theory (ePC-SAFT) to reliably represent the
viscosity of 89 ILs across a wide range of temperatures and
pressures, and to predict the viscosity of binary IL mixtures. As
highlighted in the review of Gao et al.,5 the ePC-SAFT-FVT
model can be considered as the most advanced achievement in
theoretical and semiempirical modeling of IL viscosity.
However, the predictive capacity of the ePC-SAFT-FVT
model is relatively limited, as the model parameters are
molecular-specific (i.e., treating IL as a single neutral
substance). Thus far, only a few studies have been conducted
to enhance the predictability of theoretical and semiempirical
models for IL viscosity. For example, in our previous work,24

we developed a generalized self-diffusion coefficient model
coupled with the Stokes−Einstein equation to represent the

viscosity of pure ILs, but its performance was relatively poor.
More recently, Melfi and Scurto20 applied entropy scaling with
ePC-SAFT to model the viscosity of pure ILs and IL mixtures
using an ion-based approach (i.e., treating IL cation and anion
as distinct species). This method demonstrates potential as a
predictive tool, offering flexibility in combining cation and
anion parameters. However, only a limited number of
imidazolium ILs were involved in modeling. Despite ongoing
efforts, the development of theoretical and semiempirical
models with broader predictive capability for IL viscosity
remains insufficient. The ePC-SAFT-FVT model, which
employs a molecular-based approach, has demonstrated good
performance in describing IL viscosity. Furthermore, when
coupled with the Einstein equation, this model with the
viscosity-derived parameters and three universal parameters
can be extended to predict the self-diffusion coefficient,25 an
essential transport property that governs mass transfer rates in
ILs. To enhance its predictive capacity, it will be desirable to
develop an ion-specific ePC-SAFT-FVT to accurately represent
the viscosity of ILs and IL mixtures across a range of
temperatures and pressures.

In this work, the ePC-SAFT-FVT model with an ion-based
approach was employed to study the viscosity of the
commonly used ILs containing one of the following cations:
[Cnmim]+, [Cnmpy]+, [Cnpy]+, [C4mpyr]+, [C4m2py]+,
[C4m4py]+ or [THTDP]+ and one of the following anions:
[BF4]−, [Tf2N]−, [PF6]−, [tfo]−, [eFAP]−, [DCA]−, [C1SO4]−,
[C2SO4]−, [SCN]−, [Ac]−, or [Cl]−. The model with the ion-
specific parameters was applied to predict the viscosity of the
binary IL. For comparison, ePC-SAFT-FVT with a molecular-
based approach was also studied.

2. THEORETICAL BACKGROUND
2.1. ePC-SAFT Model. Building the previous studies,26,27

the dimensionless residual Helmholtz energy within the ePC-
SAFT framework for ILs is a summation of energy
contributions from hard-sphere (ahs), chain (achain), dispersive
(adisp), and ionic (aion) terms:

a a a a a( )res hs chain disp ion= + + + (1)

The expressions for the hard-sphere, chain, and dispersive
terms are detailed in the original PC-SAFT publication.28 The
ionic term is derived from the Debye−Huckel theory, as
expressed in

a x q
12

ion

j
j j j

2=
(2)

where ε is the dielectric constant of the medium, which was set
to be unity for pure ILs; κ is the inverse Debye-screening
length; xj and qj are the mole fraction and the charge of ion j,
respectively; and detailed expressions of κ and χj can be found
in the original ePC-SAFT publication.29 It should be noted
that the association term was excluded when modeling pure
ILs due to the assumption that pure ILs consist of fully
dissociated ions, particularly an equimolar mixture of IL anions
and IL cations, without associative interactions. Each IL ion
was modeled as a nonspherical species characterized by
repulsive, dispersive, and Coulombic interactions, involving
three parameters: segment number (m), segment diameter (σ),
and dispersion-energy (ε/kB). The Lorentz−Berthelot mixing
rules were used to characterize a pure IL without any
additional binary parameters:
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1
2

( )ij i j= +
(3)

ij i j= (4)

m x m
i

i i=
(5)

2.2. Viscosity Model, ePC-SAFT-FVT. The viscosity, η, of
a fluid can be characterized as the sum of a dilute gas viscosity
term, η0, and a dense state correction term, ηres:

res
0= + (6)

Compared to the contribution of ηres, the value of η0 is
significantly lower. The model by Chung et al.30 modifies the
Chapman-Enskog theory to determine the dilute gas viscosity
η0, expressed as

MT
V T

F P40.785 ( )
c

c0 2/3= * * (7)

where M is the molecular weight in g/mol; T is the
temperature in Kelvin; Vc is the critical volume in cm3/mol;
T* is the reduced temperature (= T/Tc, where Tc is the critical
temperature); and Ω* is the reduced integral of collision,
expressed as

T e e
T T

1.16145 0.52487 2.1678

6345 10 ( ) sin 18.0323( )

7.2731

T T0.77320 2.43787

4 0.14784 0.76830

* = * + +

× * [ *

]

* *

(8)

and Fc is empirically estimated by

F k1 0.2756 0.059035c r
4= + + (9)

where ω is the acentric factor; k’ is the correction factor to
represent the effect of hydrogen bonding for the associating
substances; and μr is the dimensionless dipole moment,
expressed as

V T131.3 /r c c= (10)

In eq 10, μ represents the dipole moment in Debye.
Therefore, the critical physical constants of the studied systems
are needed to determine the dilute gas viscosity term. The
calculation of these critical constants is detailed in the
following section.

For the dense state contribution ηres, Allal et al.31 proposed a
relation between viscosity and microstructure of the fluids,

N L
M

res A
2

=
(11)

where ρ represents the density in kg/m3, which can be
determined using ePC-SAFT; NA is the Avogadro constant,
6.022 × 1023 mol−1; L denotes the average quadratic length;
and ξ is the friction coefficient expressed as

B fexp( / )v0= (12)

where f v represents the free volume fraction, defined as f v =
(RT/E)3/2; B is an adjustable parameter, which characterizes
the overlap of free volume; and ξ0 is expressed as

E
N b

M
RT3f

0
A

3/2

= i
k
jjj y

{
zzz

(13)

In eq 13, R is the gas constant, with a value of 8.3145 J/
(mol·K). The parameter bf represents the dissipation length of
the energy E, which is defined as E = E0 + PM/ρ (where E0 is
given by E0 = αρ, and P is the pressure). By combining eqs 11
∼ 13, ηres can be expressed in the form

L PM
b MRT

B
PM

RT
( / )

3
exp

/res

f

2 3/2

= + +
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ
i
k
jjj y

{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ (14)

This equation involves four physical parameters that
characterize the molecule: L, bf, α, and B. The parameter α
represents the energy barrier a molecule must overcome to
diffuse, expressed in J·m3/(mol·kg). The parameters L and bf
can be combined as l = L2/bf, reducing the number of
independent parameters to three. The parameter l is a length
scale that accounts for the molecular size of the fluid in Å.
Therefore, for each pure fluid, three parameters are used: α, l,
and B.

For the mixtures, the following mixing rules were used:

x xmix
i j

i j ij=
(15)

k(1 )( )ij i j
0.5= (16)

B
x B
1

/mix
i i i

=
(17)

l
x l
1

/mix
i i i

=
(18)

3. MODELING
3.1. ePC-SAFT Parameters. In this work, ePC-SAFT was

employed to calculate the density of pure ILs and IL mixtures,
which served as input for FVT in viscosity modeling. When
modeling density with ePC-SAFT, the parameters for each IL
ion were (1) sourced from the previous works26,27 for the ILs
that have been studied, (2) estimated with the linear
relationship derived in the previous studies17,27 for the ILs
within a homologous series. The specific ePC-SAFT
parameters for all studied ILs are listed in Table S1.
3.2. Estimation of Dilute Gas Term, η0. In modeling

viscosity with FVT, the critical properties (i.e., Tc and Vc) and
the acentric factor (i.e., ω) are required to calculate η0. Shen et
al.32 determined parameters for 47 groups using the group
contribution method proposed by Valderrama and Robles33

through density correlation for 747 pure ILs, enabling the
estimation of the critical properties of ILs. In this study, this
method was utilized to calculate the critical properties and
acentric factors of the investigated ILs, as listed in Table S2.
Notably, the critical properties of certain ILs, particularly those
based on [eFAP]−, appear unreasonable due to the intrinsic
limitations of the GC method in extrapolation. Considering the
impracticality of directly measuring the critical properties of
ILs, the GC method still can be used for the estimation
approximately. Additionally, the correction factor k’ and the
dipole moment μ were needed to calculate η0. In this work,
following our previous study,17 k’ for all the studied ILs was
assumed to be the same as that for ethanol (k’ = 0.174823),
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Table 1. Viscosity Data for the Studied Pure ILs

ILs T, K P, bar N references supplementary references

[C2mim][BF4] 269.15−363.15 1−145 117 34−40 41
[C4mim][BF4] 273.15−373.15 1−3000 229 42,43 36,41,44, 45
[C6mim][BF4] 278.15−368.15 1−3994 299 37,46−48 41,49,50
[C8mim][BF4] 273.15−363.15 1−2242 185 51 41,49,52,53
[C4mpy][BF4] 278.15−343.00 1−650.5 88 54−58
[C6mpy][BF4] 293.15−343.15 1 6 59
[C8mpy][BF4] 278.15−333.15 1−648.0 66 60 56
[C4py][BF4] 278.15−353.15 1−685.5 115 56,59,61−63 64
[C6py][BF4] 278.15−333.15 1 31 59 65
[C8py][BF4] 283.15−353.15 1 6 59
[C4m2py][BF4] 288.15−338.15 1 28 66,67
[C4m4py][BF4] 278.15−373.15 1−649.6 94 53,55,56,68,69
[C2mim][Tf2N] 263.15−368.15 1−4000 326 35,44,46,47,54,70−73 50
[C4mim][Tf2N] 273.15−373.15 1−2989 173 74 44,75,76
[C6mim][Tf2N] 258.15−373.15 1−4011 314 46,77−79 50
[C8mim][Tf2N] 278.15−363.15 1 63 79,80 81−83
[C2mpy][Tf2N] 293.15−343.15 1 11 73
[C4mpy][Tf2N] 288.15−373.15 1−1000 114 57,73,84−86 87
[C6mpy][Tf2N] 283.00−353.15 1 26 54,88,89
[C8mpy][Tf2N] 283.00−343.00 1 8 54
[C2py][Tf2N] 288.15−343.15 1 39 57 90,91
[C4py][Tf2N] 283.15−353.15 1 35 57,63,80,92
[C6py][Tf2N] 278.15−363.15 1 26 54,93
[C8py][Tf2N] 278.15−363.15 1 31 92,93
[C4mpyr][Tf2N] 273.15−373.15 1−1500 195 39,73,86,88,94−96 97
[C4m2py][Tf2N] 293.15−323.15 1 7 57
[C4m4py][Tf2N] 278.15−363.15 1 38 57,93,98
[THTDP][Tf2N] 278.15−373.15 1 20 99,100
[C2mim][PF6] 343.15−363.15 1 4 101,102
[C4mim][PF6] 273.15−413.15 1−2493 236 42,103 44,45,75,104,105
[C6mim][PF6] 273.15−363.15 1−2385 139 46,74,106 107,108
[C8mim][PF6] 273.15−373.15 1−1759 112 51,106 107,109,110
[C4mpy][PF6] 328.15−363.15 1 8 105
[C2mim][tfo] 268.15−363.15 1−501.1 124 111−113 114−116
[C4mim][tfo] 283.15−363.15 1−501.8 131 39,73,113,117 75,108,118,119
[C6mim][tfo] 293.15−358.15 1−503.2 61 73 119,120
[C8mim][tfo] 293.15−352.62 1 18 83
[C4mpy][tfo] 293.15−363.15 1 22 57,121
[C2py][tfo] 293.15−338.15 1 19 122
[C4py][tfo] 298.15−338.15 1−648.8 49 56,62
[C4mpyr][tfo] 278.00−373.15 1−1500 109 73,121,123,124 125
[C2mim][eFAP] 278.15−398.15 1−100 58 126−128 129
[C4mim][eFAP] 273.15−373.15 1 37 126,130 131
[C6mim][eFAP] 293.15−373.15 1−100 50 126,132 129
[C4mpy][eFAP] 293.15−323.15 1 7 57
[C4mpyr][eFAP] 278.00−373.15 1−1500 92 123,133 124,125
[THTDP][eFAP] 268.15−373.15 1−750 63 123,133 134,135
[C2mim][DCA] 258.15−363.15 1 50 35,111,136,137
[C4mim][DCA] 278.15−373.15 1 72 36,53,73,137−140
[C6mim][DCA] 278.15−363.15 1 29 36,73
[C4mpy][DCA] 278.15−348.15 1−614.7 85 53,56,141
[C4mpyr][DCA] 273.15−408.15 1 51 142,143 124,144
[THTDP][DCA] 278.15−363.15 1 25 99,145
[C2mim][C1SO4] 283.15−373.15 1 43 110,113,146,147
[C4mim][C1SO4] 298.15−353.15 1 11 113,148
[C4mpyr][C1SO4] 298.15−343.15 1 10 149
[C2mim][C2SO4] 253.15−373.15 1−1500 109 71,72,94,123,148,150−153
[C4mim][C2SO4] 283.15−363.15 1 9 118
[C2mim][SCN] 278.15−363.15 1 26 111,154
[C4mim][SCN] 278.15−363.15 1 50 36,154−156
[C4mpyr][SCN] 298.15−348.15 1 6 155
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and μ was assumed to be the same as that for methanol (μ =
1.70 D). It should be mentioned that the contribution of η0 to
the total viscosity is minimal, making these approximations
sufficiently accurate.
3.3. FVT Modeling for Pure ILs. In modeling viscosity

using FVT, an ion-based approach was used to determine the
FVT parameters for each ion of the IL (both cation and
anion). These parameters were derived by fitting the
experimental viscosity data using the mixing rules presented
in eqs 15 ∼ 18. It is important to note that, in the mixing rules
for mixtures, the harmonic mean of the length parameter l (eq
18) used in this study differs from the arithmetic mean (lmix =
∑ixili) employed in the previous work.17 The preliminary
study found that it is challenging to determine the FVT
parameters using the ion-based approach and the arithmetic
mean of the length parameter l. This is because the l values are
typically relatively low, often below 10−1, leading to the
appearance of negative values during parameter fitting, which
causes the fitting process to fail. As a result, the harmonic mean
of the length parameter l was employed in this study.

4. EXPERIMENTAL DATA
Experimental data hold a significant role in both model
development and verification. In our previous study,17 a
comprehensive evaluation of the available viscosity data from
various literature sources was carried out to ensure the
reliability of these experimental measurements for model
development. Moreover, the viscosity data for a large number
of pure ILs were summarized. In this work, in parametrizing
the FVT parameters, 72 ILs were selected. These ILs comprise
a homologous series of cations (i.e., [Cnmim]+, [Cnmpy]+,
[Cnpy]+, [C4mpyr]+, [C4m2py]+, [C4m4py]+ and [THTDP]+)
paired with various anions (including [BF4]−, [Tf2N]−, [PF6]−,
[tfo]−, [eFAP]−, [DCA]−, [C1SO4]−, [C2SO4]−, [SCN]−,
[Ac]−, and [Cl]−). The full names of all studied ions are
provided in Table S1. For most of these selected ILs, the
experimental data have been summarized in our previous
studies.17,32 However, the previous collection of viscosity data
across a broad pressure range for several ILs, such as
[Cnmim][BF4], [Cnmim][Tf2N], and [Cnmim][PF6], was
insufficient. Given the importance of experimental data at
elevated pressures for obtaining accurate model parameters,
more viscosity data for these ILs at high pressures were
collected and incorporated. Furthermore, since 2017, new
viscosity data for some of the studied ILs, covering a wide
range of temperatures and pressures, have been reported in the
literature. As a result, both the sources of the previously
collected viscosity data (cited as references) and the

supplementary data for the newly collected viscosity data
(cited as supplementary references) are listed in Table 1.

As summarized in Table 1, the data cover the available
experimental viscosity data for 72 ILs, consisting of 16 cations
paired with 11 anions, amounting to 4885 data points,
measured under a wide range of pressures, and the
corresponding ranges of temperatures and pressures for all
studied ILs were provided as listed in Table 1. Moreover, an
analysis of experimental deviations in viscosity data, primarily
under atmospheric pressure, was performed based on the
values reported across different literature sources for each IL.
The experimental viscosities for each IL were correlated using
an empirical formula, expressed as lnη = A + B/(T-C), where
A, B, and C are adjustable parameters. To evaluate
discrepancies among the various viscosity data sets, the
absolute relative deviation (ARD) was used and given by

ARD
N

(%)
100

i

N
i cal i

i

, ,exp

,exp

=
(19)

where ηi,cal and ηi,exp are the experimental and calculated
viscosities, respectively; and N is the total number of data
points. The experimental deviations (i.e., ARD) for the
available ILs are summarized in Table S3. The results reveal
that the ARDs for 43 ILs are below 5%, while 12 ILs exhibit
relatively high ARDs exceeding 5%. Notably, [C6mimCl],
[C8mim]Cl, and [THTDP]Cl display particularly high ARDs
of 19.1%, 16.4%, and 18.9%, respectively. The overall ARD for
the experimental atmospheric viscosity data across the 55 ILs is
approximately 4%. A model capable of achieving viscosity
correlations within approximately 8% would be sufficient for
engineering applications.20

5. RESULTS AND DISCUSSION
The ARD, as defined in eq 19, was employed to evaluate the
performance of the ePC-SAFT-FVT model. To assess the
model performance of the ion-based approach, a comparison
was made with the results obtained using the molecular-based
approach in detail. To achieve this, as the viscosity data of
several studied ILs, particularly those under high pressures or
reported since 2017, were newly collected, the FVT parameters
for these ILs were refitted using the molecular-based approach;
while for the other ILs, the molecule-specific FVT parameters
were directly taken from the previous study.17 The molecule-
specific FVT parameters for the ILs are listed in Table S4.
5.1. Parametrization of Ion-Specific FVT Model. Based

on the available experimental data summarized in Table 1, the
adjustable parameters (α, B, and l) for each ion of the IL were

Table 1. continued

ILs T, K P, bar N references supplementary references

[C4m4py][SCN] 298.15−343.15 1 6 155
[C2mim][Ac] 278.15−408.15 1 71 127,136,151,157−159
[C4mim][Ac] 278.15−373.15 1 38 54,158,160,161
[C4mpyr][Ac] 298.15−363.15 1 14 162
[C2mim]Cl 323.15−393.15 1 8 102,163
[C4mim]Cl 283.15−393.15 1 31 157,163 164−166
[C6mim]Cl 283.15−393.15 1 23 163,167 168,169
[C8mim]Cl 283.15−363.15 1 32 110,167 165,170
[C2py]Cl 393.15−453.15 1 13 171
[C4py]Cl 413.15−458.15 1 10 171
[THTDP]Cl 278.15−373.15 1 34 99,100 172,173
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fitted. The values of the fitted parameters are listed in Table 2,
with the corresponding ARDs provided in Table 3, yielding an
average ARD of 8.73%. Compared to the experimental
deviations, the ion-based approach demonstrates acceptable
accuracy in representing the viscosity of pure ILs across a wide

range of temperatures and pressures. However, it is important
to note that the model performs poorly for certain ILs, with
ARDs exceeding 10%. The following discussion will focus on
comparing the calculated results of these ILs with experimental
data.

Table 2. FVT Parameters for Cations and Anions of ILs Studied in This Work

cations α, J·m3/(mol·kg) B l, Å anions α, J·m3/(mol·kg) B l, Å

[C2mim]+ 270.06 2.582 × 10−3 −1.236 × 10−1 [BF4]− 695.88 1.440 × 10−3 1.141 × 10−2

[C4mim]+ 424.12 2.360 × 10−3 6.421 × 10−1 [Tf2N]− 380.14 1.241 × 10−3 5.938 × 10−2

[C6mim]+ 640.75 1.781 × 10−3 4.648 × 10−2 [PF6]− 569.19 1.477 × 10−3 1.933 × 10−2

[C8mim]+ 972.93 1.248 × 10−3 1.183 × 10−2 [tfo]− 528.45 1.283 × 10−3 3.785 × 10−2

[C2mpy]+ 431.96 1.572 × 10−3 −5.073 × 101 [eFAP]− 209.53 1.797 × 10−3 8.357 × 10−2

[C4mpy]+ 349.97 4.984 × 10−3 2.061 × 103 [DCA]− 892.45 9.026 × 10−4 2.608 × 10−2

[C6mpy]+ 459.88 4.734 × 10−3 6.901 × 10−2 [C1SO4]− 915.97 1.053 × 10−3 1.408 × 10−2

[C8mpy]+ 952.31 1.507 × 10−3 7.190 × 10−3 [C2SO4]− 1298.04 6.940 × 10−4 1.680 × 10−2

[C2py]+ 402.59 1.777 × 10−3 2.728 × 10−1 [SCN]− 775.20 1.219 × 10−3 2.617 × 10−2

[C4py]+ 371.02 3.343 × 10−3 −4.071 × 103 [Ac]− 3116.65 3.268 × 10−4 4.535 × 10−3

[C6py]+ 540.46 2.743 × 10−3 5.303 × 10−2 [Cl]− 975.57 2.352 × 10−3 5.779 × 10−3

[C8py]+ 341.56 −1.609 × 103 3.953 × 103

[C4mpyr]+ 298.65 1.629 × 103 3.054 × 10−1

[C4m2py]+ 1318.85 7.648 × 10−4 2.187 × 10−3

[C4m4py]+ 505.04 2.324 × 10−3 5.719 × 10−2

[THTDP]+ 2784.81 4.231 × 10−4 2.583 × 10−2

Table 3. ARDs Determined from the Ion-Based Approach for the Studied ILs

ILs ARD, % ILs ARD, % ILs ARD, % ILs ARD, %

[C2mim][BF4] 14.22 [C6mpy][Tf2N] 3.15 [C8mim][tfo] 9.31 [C4mim][C1SO4] 3.55
[C4mim][BF4] 7.21 [C8mpy][Tf2N] 7.43 [C4mpy][tfo] 6.99 [C4mpyr][C1SO4] 4.92
[C6mim][BF4] 5.88 [C2py][Tf2N] 2.38 [C2py][tfo] 1.94 [C2mim][C2SO4] 9.28
[C8mim][BF4] 6.68 [C4py][Tf2N] 7.07 [C4py][tfo] 8.81 [C4mim][C2SO4] 9.63
[C4mpy][BF4] 11.22 [C6py][Tf2N] 8.23 [C4mpyr][tfo] 4.58 [C2mim][SCN] 7.02
[C6mpy][BF4] 5.76 [C8py][Tf2N] 5.25 [C2mim][eFAP] 9.93 [C4mim][SCN] 8.31
[C8mpy][BF4] 9.81 [C4mpyr][Tf2N] 7.63 [C4mim][eFAP] 15.75 [C4mpyr][SCN] 5.79
[C4py][BF4] 8.30 [C4m2py][Tf2N] 5.12 [C6mim][eFAP] 5.18 [C4m4py][SCN] 2.84
[C6py][BF4] 9.69 [C4m4py][Tf2N] 5.08 [C4mpy][eFAP] 7.95 [C2mim][Ac] 13.21
[C8py][BF4] 6.52 [THTDP][Tf2N] 6.57 [C4mpyr][eFAP] 11.85 [C4mim][Ac] 28.62
[C4m2py][BF4] 5.68 [C2mim][PF6] 16.82 [THTDP][eFAP] 9.27 [C4mpyr][Ac] 14.95
[C4m4py][BF4] 14.56 [C4mim][PF6] 10.46 [C2mim][DCA] 8.90 [C2mim]Cl 7.35
[C2mim][Tf2N] 7.66 [C6mim][PF6] 11.24 [C4mim][DCA] 7.84 [C4mim]Cl 15.46
[C4mim][Tf2N] 4.79 [C8mim][PF6] 6.64 [C6mim][DCA] 6.67 [C6mim]Cl 23.88
[C6mim][Tf2N] 9.81 [C4mpy][PF6] 4.69 [C4mpy][DCA] 7.22 [C8mim]Cl 29.19
[C8mim][Tf2N] 9.09 [C2mim][tfo] 3.72 [C4mpyr][DCA] 15.38 [C2py]Cl 12.85
[C2mpy][Tf2N] 1.40 [C4mim][tfo] 5.81 [THTDP][DCA] 13.14 [C4py]Cl 10.85
[C4mpy][Tf2N] 3.91 [C6mim][tfo] 8.57 [C2mim][C1SO4] 12.07 [THTDP]Cl 24.85

Figure 1. Viscosity of [C2mim][BF4]: (a) at the atmospheric pressure and (b) up to high pressures. Symbols represent experimental data; dashed
lines correspond to the results from the molecular-based approach; solid lines represent the results from the ion-based approach.
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In contrast, the molecular-based approach achieves higher
accuracy, with an average ARD of 6.09%. The values of the
adjustable parameters for each IL are provided in Table S4,
along with their respective ARDs. Although the ion-based
approach exhibits slightly lower accuracy compared to the
molecular-based approach, it has the advantage of requiring
fewer model parameters, reducing the total from 216 to 81 for
all investigated 72 ILs. Moreover, the ion-based approach
makes it possible to provide predictions for the ILs with
different cations and anions.
5.2. Discussion of Specific ILs. 5.2.1. [C2mim][BF4],

[C4mpy][BF4] and [C4m4py][BF4]. According to Table 3, the
ion-based approach effectively represents the viscosity of the
[BF4]-based ILs, with the ARDs of most ILs below 10%.
However, the ARDs for three specific ILs, i.e., [C2mim][BF4],
[C4mpy][BF4], and [C4m4py][BF4], are higher than 10%,
specifically 14.22%, 11.22%, and 14.56%, respectively. The
comparison between the calculated viscosity and experimental
data for [C2mim][BF4] is illustrated in Figure 1, while Figure 2
shows the comparison for [C4mpy][BF4] and [C4m4py][BF4].
For comparison, the model results of the molecular-based
approach are also depicted.

Figure 1 demonstrates that the ion-based approach performs
reasonably well in describing the viscosity of [C2mim][BF4]
across various temperatures, whereas it exhibits obvious
deviations at low temperatures. When considering different
pressures, the calculated results of the ion-based approach
show significant differences from experimental data, partic-

ularly at low temperatures. The molecular-based approach
demonstrates consistent and acceptable model performance
under varying temperature and pressure conditions. Notably,
the pressure-dependent variations in calculated viscosities from
both approaches follow almost identical trends. We speculate
that the discrepancies of the ion-based approach may primarily
result from its limitations in accurately capturing the viscosity
of [C2mim][BF4] at low temperatures. Furthermore, exper-
imental viscosity data at low temperatures also show noticeable
differences in different literatures, as depicted in Figure 1a.

Figure 2 illustrates that the experimental data for [C4mpy]-
[BF4] and [C4m4py][BF4] are quite similar. The ion-based
approach produces viscosities that align well with the
experimental data across a range of temperatures, though
some deviations are observed at temperatures below room
temperature. Regarding high-pressure conditions, as shown in
Figure 2b, the ion-based approach can generally provide
acceptable results, while noticeable deviations are observed at
283 K. This is consistent with the observations at low
temperatures in Figure 1b. Meanwhile, the molecular-based
approach accurately captures viscosity across various temper-
atures and pressures but exhibits significant deviations for
[C4m4py][BF4] at higher temperatures.
5.2.2. [Cnmim][PF6] (n = 2, 4, 6). For the [PF6]-based ILs,

only five ILs, i.e., [Cnmim][PF6] (n = 2, 4, 6, 8) and
[C4mpy][BF4], were considered in the modeling due to the
limited availability of experimental data. For [C8mim][PF6]
and [C4mpy][PF6], the calculated results show good agree-

Figure 2. Viscosity of [C4mpy][BF4] and [C4m4py][BF4]: (a) at the atmospheric pressure and (b) up to high pressures. Symbols represent
experimental data; dashed lines correspond to the results from the molecular-based approach; solid lines represent the results from the ion-based
approach.

Figure 3. Viscosity of [C4mim][PF6] and [C6mim][PF6]: (a) at the atmospheric pressure and (b) up to high pressures. Symbols represent
experimental data; dashed lines correspond to the results from the molecular-based approach; solid lines represent the results from the ion-based
approach.
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ment with the experimental data across various temperatures
and pressures using the ion-based approach. However, the
model performance for the other three ILs, [Cnmim][PF6] (n
= 2, 4, 6), is not as good as the other ILs, with ARDs exceeding
10%. Among these, the ARD for [C2mim][PF6] is the highest,
reaching up to 20%. However, it is difficult to determine
whether the high ARD of [C2mim][PF6] is due to the model
itself or experimental uncertainty, given that only four viscosity
data points are available. Figure 3 compares the experimental
data and calculated results for [C4mim][PF6] and [C6mim]-
[PF6] across a wide range of temperatures and pressures. The
ion-based approach shows acceptable agreement with exper-
imental data across the entire temperature range, with most
calculated viscosity values aligning closely with the exper-
imental results. In terms of the variations in viscosity with
pressure, the ion-based approach demonstrates acceptable
performance at high temperatures and pressures below 1000
bar. However, the deviations between the calculated results
and experimental data increase as temperatures decrease and
pressures rise. On the other hand, the molecular-based
approach produces results that align well with experimental
data across a range of temperatures and pressures.
5.2.3. [C4mim][eFAP] and [C4mpyr][eFAP]. Regarding the

model performance of the [eFAP]-based ILs, experimental
data for six ILs were collected and compared with the
calculated results, as shown in Table 2. The ARDs of
[C4mim][eFAP] and [C4mpyr][eFAP] using the ion-based
approach exceed 10%, while the values for the other four ILs

remain below 10%. Therefore, further comparisons between
the calculated and experimental data for [C4mim][eFAP] and
[C4mpyr][eFAP] are illustrated in Figure 4. Figure 4a shows
that the calculated viscosities of [C4mpyr][eFAP] using the
ion-based approach align well with the experimental data
across a range of temperatures. However, for [C4mim][eFAP],
the ion-based approach underestimates the experimental
values. It should be noted that the experimental data for
these two ILs, as reported in different literature sources, exhibit
discrepancies. In terms of the viscosity at high pressures, the
experimental data are available only for [C4mpyr][eFAP].
Figure 4b presents a comparison between the calculated
viscosities and experimental data up to a pressure of 1500 bar.
We can see that the ion-based approach demonstrates
generally acceptable performance compared to the exper-
imental data. Consistent with previous observations, the ion-
based approach shows noticeable deviations as temperature
decreases and pressure increases. Furthermore, it can be
observed from Figure 4 that the molecular-based approach
exhibits acceptable alignment with the experimental data across
different temperatures and pressures.
5.2.4. [C4mpyr][DCA] and [THTDP][DCA]. Experimental

data for six [DCA]-based ILs were collected and compared
with the calculated results. Among them, [C4mpyr][DCA] and
[THTDP][DCA] show relatively high ARDs, with values of
15.38% and 13.14%, respectively. Figure 5 presents the
comparison between the calculated and experimental data for
these two ILs across various temperatures. The ion-based

Figure 4. (a) Viscosity of [C4mim][eFAP] and [C4mpyr][eFAP] at the atmospheric pressure, and (b) viscosity of [C4mpyr][eFAP] up to high
pressures. Symbols represent experimental data; dashed lines correspond to the results from the molecular-based approach; solid lines represent the
results from the ion-based approach.

Figure 5. Viscosity of [C4mpyr][DCA], [THTDP][DCA], and [C4mpy][DCA] at the atmospheric pressure (a) and that of [C4mpy][DCA] up to
high pressures. Symbols represent experimental data; dashed lines correspond to results from the molecular-based approach; solid lines represent
results from the ion-based approach.
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approach yields generally acceptable results for [THTDP]-
[DCA] compared with the experimental data, while obvious
deviations can be observed for [C4mpyr][DCA] at temper-
atures below 340 K. For the model performance of the [DCA]-
based ILs at high pressures, experimental data are available
only for [C4mpy][DCA], and the model shows an ARD of
7.22%, as listed in Table 2. The comparison between the
calculated and experimental results, depicted in Figure 5,
shows that the ion-based approach aligns well with the
experimental data across a range of temperatures and up to
high-pressure conditions. Similarly, the molecular approach
can reliably represent the viscosity of [C4mpy][DCA],
[C4mpyr][DCA], and [THTDP][DCA] across various tem-
peratures and pressures.
5.2.5. [C2mim][C1SO4] and [C2mim][C2SO4]. Given the

similarities between the [C1SO4] and [C2SO4] anions and the
limited availability of experimental data, the results for these
two types of ILs were discussed together. Among the six ILs
studied, [C2mim][C1SO4] exhibits a relatively high ARD of
12.07%. Additionally, experimental data for [C2mim][C2SO4]
are available at high pressures, and the model shows an ARD of
9.28%. Figure 6 compares the calculated and experimental data
for both [C2mim][C1SO4] and [C2mim][C2SO4], demonstrat-
ing the ion-based approach yields acceptable results across a
wide range of temperatures. However, for [C2mim][C2SO4],
the ion-based approach shows discrepancies compared to
experimental data, particularly at 313 K and pressures above
1000 bar. In terms of the molecular-based approach, the
calculated results are in acceptable alignment with the
experimental data for [C2mim][C1SO4] and [C2mim][C2SO4].
5.2.6. [Ac]-Based ILs. For the [Ac]-based ILs, experimental

data are available for only three ILs, namely [C2mim][Ac],
[C4mim][Ac], and [C4mpyr][Ac]. As shown in Table 2, the
ARDs for these ILs exhibit relatively high values, all exceeding
10%. The ARD for [C4mim][Ac], in particular, reaches up to
28.62%. Figure 7 illustrates the comparison between the
calculated results and experimental data for these three ILs
over a wide range of temperatures. For [C2mim][Ac] and
[C4mpyr][Ac], the ion-based approach generally provides
acceptable results, especially considering the relatively high
experimental uncertainty itself. For instance, the average ARDs
between the data of [C2mim][Ac] from different literature
sources127,136,151,157−159 can reach up to 15%. For [C4mim]-
[Ac], the ion-based approach underestimates viscosities
compared to the experimental data, especially at low

temperatures. Additionally, the molecular-based approach
demonstrates comparable performance to the ion-based
approach, while it outperforms the ion-based method for
[C4mim][Ac] at these lower temperatures.
5.2.7. [Cl]-Based ILs. For the [Cl]-based ILs, experimental

data for seven ILs, namely [Cnmim][Cl] (n = 2, 4, 6, 8),
[Cnpy][Cl] (n = 2, 4), and [THTDP][Cl], were considered in
the viscosity modeling, with the data available at the
atmospheric pressure. Among these ILs, the ARDs of six ILs
are higher than 10%, with [C8mim][Cl] having an ARD as
high as 29.19%. Figure 8 presents a comparison between
calculated and experimental viscosity data for the seven [Cl]-
based ILs, demonstrating that the calculated results from the
ion-based approach generally fall within the range of the
experimental uncertainty, despite the relatively high ARDs. For
instance, the average ARDs of viscosities for some [Cl]-based
ILs, such as [C6mim][Cl], can reach up to 60% when
comparing data from different literature sources.163,167−169 As
a result, the model performance, particularly for the ion-based
approach, can be considered acceptable given the high
experimental uncertainty. Similarly, the molecular-based
approach can reliably represent the viscosity of [Cl]-based ILs.

In addition to the previously mentioned ILs, those with
ARDs below 10%, such as [Tf2N]-based and [tfo]-based ILs,
show that the calculated results generally align well with
experimental data using the ion-based approach. Consequently,

Figure 6. (a) Viscosity of [C2mim][C1SO4] and [C2mim][C2SO4] at the atmospheric pressure, and (b) viscosity of [C2mim][C2SO4] up to high
pressures. Symbols represent experimental data; dashed lines correspond to results from the molecular-based approach; solid lines represent results
from the ion-based approach.

Figure 7. Viscosity of [C2mim][Ac], [C4mim][Ac], and [C4mpyr]-
[Ac] at the atmospheric pressure. Symbols represent experimental
data; dashed lines correspond to the results from the molecular-based
approach; solid lines represent the results from the ion-based
approach.
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further detailed comparisons for these ILs were not conducted
in this study. Moreover, the limited analysis of non-
imidazolium-based ILs is primarily due to their ARDs being
predominantly below 10%. The differences in ARDs between
imidazolium-based ILs and other ILs arise from an imbalance
in data set representation, indirectly suggesting that the overall
ARD of the model could increase if more ILs from
homologous cation series were included in the parametrization.
However, the limited availability of viscosity data for
nonimidazolium ILs constrained further exploration of this
potential model limitation.

Based on the discussion above, the ion-based approach
provides acceptable results for the studied ILs across a range of
temperatures, with most calculated values falling within
experimental uncertainty. Regarding model performance
under high-pressure conditions, the ion-based approach
effectively represents the viscosity of the studied ILs at high
temperatures and up to high pressures. However, noticeable
discrepancies arise when modeling the viscosity of certain ILs
at low temperatures and high pressures.
5.3. Further Comparison and Discussion. To further

evaluate the model performance of our proposed model, we
also compared it with several previously proposed models with
predictive capacity for calculating the viscosity of pure ILs at

various temperatures and pressures, as summarized in Table 4.
The GC models proposed by Paduszynski6 and Boualem et al.9

demonstrate superior performance compared to other GC
models. However, their deviations are larger compared to our
model. It should be noted that the GC model coupled with the
SVM algorithm, as proposed by Boualem et al.,9 shows
significantly better performance, primarily due to its more
sophisticated mathematical description and larger set of model
parameters compared to the traditional NLR model. However,
the physical or mechanistic interpretation of the parameters in
these models is not feasible.6 Moreover, these models are
limited in their ability to describe the viscosity of ILs across
varying pressures. In contrast, QSPR models can describe the
variation of viscosity under different pressures, whereas they
generally exhibit higher deviations compared to our model.
Among these, the QSPR model coupled with the CATBoost
algorithm, recently proposed by Mohan et al.,11 demonstrates a
relatively low ARD of 2.8% when applied to a larger set of ILs.
However, this ARD is reported in logarithmic units (lnη), and
the ARD for η is not provided, which is likely to be
significantly higher than that for lnη. Furthermore, the QSPR
models require specialized software to generate descriptors,
such as σ-profiles and norm descriptors, which limits their
applications to an extent. In addition to the GC and QSPR

Figure 8. Viscosity of (a) [C2mim][Cl], [C4mim][Cl], [C8mim][Cl], [C2py][Cl], and [C4py][Cl], and (b) [C6mim][Cl] and [THTDP][Cl] at
the atmospheric pressure. Symbols represent experimental data; dashed lines correspond to the results from the molecular-based approach; solid
lines represent the results from the ion-based approach.

Table 4. Summary of the Models Applicable at Different Temperatures and Pressures

method/technique type NIL N T, K P, bar ARD, % year authors

GC/NLR groups 1654 15,251 253−571 1 19.6 2022 Boualem et al.9

GC/SVM groups 1654 15,251 253−571 1 9.1 2022 Boualem et al.9

GC/FFANN-LSSVM groups 1596 13,539 253−573 1 32.3 2019 Paduszynski6

QSPR/CATBoost σ-profiles 967 11,721 253−573 1−9500 2.8a 2024 Mohan et al.11

QSPR/MLR norm descriptors 351 7342 253−438 1−2989 7.5 2021 Zhang et al.175

QSPR/ELM σ-profiles 89 1502 258−395 1−3000 ≈ 20 2017 Kang et al.176

QSPR/SVM σ-profiles 89 1502 253−395 1−3000 30.2 2015 Zhao et al.177

MLR 45 1079 273−395 1−3000 55.7 2016 Zhao et al.174

SVM 45 1079 273−395 1−3000 7.6 2016 Zhao et al.174

cubic EOSs + ES IL-based 13 1150 273−433 1−3000 4.6 2025 Dehlouz et al.21

PC-SAFT + ES IL-based 12 3847 253−573 1−499 5.4 2024 Melfi et al.20

ePC-SAFT + ES ion-based 12 4433 253−373 1−4011 7.1 2024 Melfi et al.20

FCCS + FVT IL-based 25 2138 258−573 1−3000 6.6 2019 Tu et al.18

cubic EOSs + Eyring IL-based 25 1070 273−433 1−3000 2.0 2018 He et al.12

ePC-SAFT + FVT ion-based 72 4916 253−458 1−4011 8.7 2024 this work
aARD given in log-units for η; Abbreviations: NLR = nonlinear regression; SVM = support vector machine; FFANN-LSSVM = feed-forward
artificial neural network and least-squares support vector machine; CATBoost = categorical boosting; MLR = multiple linear regression; ELM =
extreme learning machine; ES = entropy scaling; FCCS = fragment contribution corresponding states.
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models, Zhao et al.174 proposed a model that predicts viscosity
using critical properties and boiling point temperatures with
the SVM algorithm, yielding comparable performance to our
model. Like the GC-SVM model, the SVM algorithm is more
complicated than the traditional method, such as MLR. For the
semitheoretical models, most of them exhibit similar accuracy
to our proposed model, which requires only three adjustable
parameters. Among these, the entropy scaling coupled with
ePC-SAFT utilizes an ion-based framework. When comparing
our model with that of Melfi and Scurto20 for the same ILs,
specifically, [Cnmim][BF4], [Cnmim][PF6], and [Cnmim]-
[Tf2N], we observe that the ARDs for most systems in our
model are relatively higher than those reported by Melfi and
Scurto.20 This discrepancy is primarily due to the broader
range of ILs included in our model. However, when focusing
solely on the same IL systems used in the study by Melfi and
Scurto,20 our model demonstrates comparable performance.
Therefore, we believe that our model achieves a similar level of
accuracy to that of Melfi and Scurto while also incorporating a
greater variety of ILs in this work. In summary, the developed
ePC-SAFT-FVT model, utilizing the ion-based approach, can
effectively and accurately describe the viscosity of ILs across a
wide range of temperatures and pressures. More importantly,
its concise mathematical formulations and flexible ion
parameters facilitate its application in predicting the viscosity
of other ILs.
5.4. Viscosity of IL Mixtures. Using the parameters

determined from the ion-based approach for each ion (listed in
Table 2) and the corresponding mixing rules shown in eqs 15
∼ 18, the ePC-SAFT-FVT model was applied to study the
viscosity of IL mixtures. Additionally, the parameters derived
from the molecular-based approach (listed in Table S4), along
with the mixing rules in eqs 15 ∼ 17 and the arithmetic mean
of the parameter l (lmix = ∑ixili) were used to study the
viscosity of IL mixtures for comparison.

The viscosity data for the binary IL mixtures were surveyed.
It shows that in these mixtures, most of the corresponding pure
ILs have not been concerned with determining their viscosities
experimentally, i.e., no viscosity data is available for most of the

pure ILs in the mixtures. Also, for the pure ILs in the mixtures
that have been studied, their viscosities are only available under
atmospheric pressure conditions. Also, prior to the viscosity
predictions, an evaluation of the collected data was performed.
The viscosity data for pure ILs involved in the selected IL
mixtures were compared with those listed in Table 1. For
instance, Pamete et al.178 measured viscosity data for the
[C2mim][Tf2N]/[C2mim][BF4] mixture at various composi-
tions and temperatures. However, the viscosity data for
[C2mim][BF4] in their study at different temperatures showed
significant deviations from the experimental data summarized
in Table 1 and were thus excluded from the viscosity
predictions. Similarly, the viscosity data for [C4mim][PF6]
and [C6mim][PF6] reported by Khupse et al.,179 as well as the
data for [C4mim][Ac] reported by Almeida et al.,75 show
inconsistencies with the values summarized in Table 1.
Additionally, the experimental data for the same IL mixtures
from different literature sources were compared. For example,
Chakraborty et al.180 measured the viscosity of the [C4mim]-
[BF4]/[C4mim][Tf2N] mixture at temperatures ranging from
293 to 328 K. However, their data showed discrepancies
compared to Almeida et al.,75 whose results appeared more
reliable, as the viscosity data for [C4mim][BF4] measured by
Almeida et al.75 are consistent with the values summarized in
Table 1. Thus, the viscosity data for 19 IL mixtures were
collected and summarized in Table 5 for investigating the
viscosity of IL mixtures.
5.4.1. Model Prediction and Comparison. The ePC-SAFT-

FVT model was employed to predict the viscosities of IL
mixtures at various compositions and temperatures, with the
binary adjustable parameter kα in eq 16 set to zero. The ARDs
for each IL mixture, using the ion-based approach (denoted as
ARDion), are summarized in Table 5, together with those for
the molecular-based approach (denoted as ARDmol). The
average ARD of ARDion yields 9.10%, and that of ARDmol is
12.65%, suggesting that the ion-based approach offers superior
predictive performance compared to the molecular-based
approach.

Table 5. Summary of Viscosity Prediction Results for IL Mixtures

IL mixtures N T, K ref ARDion, % ARDmol, %

ILs with the same cation [C2mim][Ac]/[C2mim][C2SO4] 77 298.15−358.15 151 8.81 16.48
[C2mim][SCN]/[C2mim][DCA] 60 298.15−353.15 181 7.25 4.23
[C2mim][SCN]/[C2mim][C2SO4] 88 298.15−353.15 181 12.32 14.41
[C4mim][BF4]/[C4mim][PF6] 135 298.15−323.15 182 6.77 3.57
[C4mim][BF4]/[C4mim][Tf2N] 85 283.15−363.15 75 8.13 6.14
[C4mim][BF4]/[C4mim][C1SO4] 135 298.15−308.15 182 2.49 3.66
[C4mim][PF6]/[C4mim][Tf2N] 90 283.15−363.15 75,183 5.41 19.84
[C4mim][Tf2N]/[C4mim][SCN] 85 283.15−363.15 75 25.32 37.57
[C4mim][Tf2N]/[C4mim][DCA] 85 283.15−363.15 75 23.17 4.35
[C4mim][Tf2N]/[C4mim][tfo] 85 283.15−363.15 75 8.90 8.71
[C4min][PF6]/[C4min][tfo] 168 293.15−328.15 184 7.06 10.12
[C4py][BF4]/[C4py][Tf2N] 72 303.15−353.15 63 7.33 31.59

ILs with the same anion [C2mim][BF4]/[C6mim][BF4] 256 293.15−343.17 37,182 8.60 15.67
[C2mim][Tf2N]/[C6mim][Tf2N] 30 278.15−323.15 185 16.50 4.20
[C4mim][BF4]/[C4py][BF4] 121 293.15−343.15 186 2.94 12.11
[C4mim][BF4]/[C6mim][BF4] 117 298.15−308.15 182 1.74 2.10
[C6mim][Tf2N]/[THTDP][Tf2N] 64 278.15−323.15 185 33.44 28.59

ILs without any common ion [C2mim][C2SO4]/[C4m4py][Tf2N] 84 293.15−353.15 187 4.66 19.34
[C4py][BF4]/[C4m4py][Tf2N] 84 293.15−353.15 188 5.96 8.84

total 1921 278.15−363.15 9.10 12.65
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As shown in Table 5, the predictive performance for the 19
investigated IL mixtures can be categorized into four distinct
cases. In Case 1, both ion-based and molecular-based
approaches exhibit acceptable performance, with ARDs
below 10% for 7 of the 19 IL mixtures. In Case 2, however,
both approaches show significant discrepancies for 3 specific IL
mixtures ([C2mim][SCN]/[C2mim][C2SO4], [C4mim]-
[Tf2N]/[C4mim][SCN], and [C6mim][Tf2N]/[THTDP]-
[Tf2N]), with ARDs exceeding 10% and reaching up to 30%.
Figure 9 presents the comparison between predicted and
experimental results for the selected IL mixtures in both Case 1
and Case 2. In Figure 9a, for Case 1, the predictions for three
representative IL mixtures show good agreement with the
experimental data using both ion-based and molecular-based
approaches. However, in Case 2, as depicted in Figure 9b, both
approaches perform less accurately, displaying similar tenden-
cies of underestimating or overestimating viscosity compared
to the experimental data. The discrepancies observed in Case 2
may be attributed to omitting the parameters to adjust the
binary interactions in the mixing rules. This leads to an
inadequate prediction of the viscosity of these IL mixtures in
both approaches. Incorporating binary interaction parameters
is likely essential for improving the model accuracy.

In Case 3, for the 7 IL mixtures, the ion-based approach
yields better predictions, with ARDs remaining below 10%,
whereas the molecular-based approach performs less accu-
rately, producing ARDs above 10%. Conversely, in Case 4, for
the remaining 2 IL mixtures ([C4mim][Tf2N]/[C4mim]-

[DCA] and [C2mim][Tf2N]/[C6mim][Tf2N]), the molec-
ular-based approach offers more accurate predictions with
ARDs below 10%, while the ion-based approach yields ARDs
exceeding 10%. Figure 10 compares the predicted and
experimental results for [C2mim][BF4]/[C6mim][BF4] in
Case 3 and [C2mim][Tf2N]/[C6mim][Tf2N] in Case 4 to
represent overall model performance. In Figure 10a, for Case 3,
the ion-based approach shows good agreement with exper-
imental data across various temperatures, while the molecular-
based approach displays unreasonable trends. Conversely, in
Figure 10b, for Case 4, the molecular-based approach provides
generally acceptable predictions, whereas the ion-based
approach tends to underestimate viscosity compared to
experimental data. Overall, the ion-based approach demon-
strates superior performance in predicting viscosity for most of
the investigated IL mixtures.
5.4.2. Performance Improvement with Binary Parameters.

In cases where ion-based or molecular-based approaches
exhibit poor performance, the mixing rules omitting binary
parameters, which account for specific interactions between
components, are inadequate for accurately predicting the
viscosity of IL mixtures. Therefore, binary parameters need to
be incorporated when modeling the viscosity of these IL
mixtures.

In modeling the binary IL mixtures using the ion-based
approach, interactions between cation and cation or between
anion and anion were taken into account. For example, for the
binary mixture of IL1 and IL2, the interactions between C1

Figure 9. (a) Comparison of model predictions for three representative IL mixtures in Case 1 with experimental data at 303 K; (b) Comparison of
model predictions for two representative IL mixtures in Case 2 with experimental data at 303 K. Symbols represent experimental data, dashed lines
indicate the molecular-based approach and solid lines correspond to the ion-based approach.

Figure 10. (a) Comparison of model predictions for [C2mim][BF4]/[C6mim][BF4] in Case 3 with experimental data at various temperatures; (b)
Comparison of model predictions for [C2mim][Tf2N]/[C6mim][Tf2N] in Case 4 with experimental data at various temperatures. Symbols
represent experimental data, dashed lines indicate the molecular-based approach and solid lines correspond to the ion-based approach.
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(cation of IL1) and C2 (cation of IL2), as well as well as A1
(anion of IL1) and A2 (anion of IL2), could be considered.
These interactions were described using a single adjustable
parameter kα in eq 16. To improve the model performance for
the 5 IL mixtures with ARDs greater than 10%, as shown in
Table 5, the binary parameters kα for these IL mixtures were
determined by fitting the experimental viscosity data using a
nonlinear regression algorithm. The ARD between the
calculated and experimental data, defined in eq 19, serves as
the objective function for optimization. The model results,
summarized in Table 6, show that the average ARD reduced
from 22.27% to 5.89%, demonstrating that incorporating
binary parameters can significantly enhance the model
performance.

Similarly, in modeling the binary IL mixtures using the
molecular-based approach, the binary parameter kα in eq 16
was used to describe the interactions between IL1 and IL2,
with the fitting process identical to that of the ion-based
approach. For the 10 IL mixtures with ARDs exceeding 10%, as
shown in Table 5, the binary parameters kα were obtained by
fitting their viscosity data. The model results, summarized in
Table S5, indicate that the average ARD decreased from
18.39% to 7.2%. Similar to the ion-based approach,
incorporating binary parameters in the molecular-based
approach also effectively improves the model performance in
describing the viscosity of IL mixtures.

6. CONCLUSION
In this study, we developed the ePC-SAFT-FVT model using
an ion-based approach to describe the viscosities of 72 ILs,
comprising 16 IL cations and 11 IL anions, across a wide range
of temperatures and pressures. To assess the model perform-
ance, we compared the ePC-SAFT-FVT model using the
molecular-based approach proposed in our previous work. The
results show that the ion-based approach offers desirable
performance with an average ARD of 8.73%, which is
comparable to the molecular-based approach (ARD =
6.09%). Notably, the ion-based method uses fewer adjustable
parameters and provides potential flexibility by allowing the
combination of cation and anion parameters for prediction.
Both approaches exhibit relatively high deviations in predicting
the viscosity of ILs at low temperatures and/or high pressures.

Furthermore, the ion-specific ePC-SAFT-FVT model was
utilized to predict the viscosities of IL mixtures and compared
with the experimental data of 19 IL mixtures after careful
evaluation. The results demonstrate that the model is effective

for predicting the viscosities of most IL mixtures, achieving an
average ARD of 9.10%. For the IL mixtures with relatively high
ARDs, model performance can be significantly improved by
adjusting the binary interaction parameters. Compared to the
molecule-specific ePC-SAFT-FVT, the ion-based approach
provides superior performance.
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Physicochemical Characterization of New Sulfate Ionic Liquids. J.
Chem. Eng. Data 2011, 56 (1), 14−20.
(150) Schmidt, H.; Stephan, M.; Safarov, J.; Kul, I.; Nocke, J.;

Abdulagatov, I. M.; Hassel, E. Experimental Study of the Density and
Viscosity of 1-Ethyl-3-Methylimidazolium Ethyl Sulfate. J. Chem.
Thermodyn. 2012, 47, 68−75.
(151) Pinto, A. M.; Rodríguez, H.; Arce, A.; Soto, A. Combined

Physical and Chemical Absorption of Carbon Dioxide in a Mixture of
Ionic Liquids. J. Chem. Thermodyn. 2014, 77, 197−205.
(152) Larriba, M.; García, S.; García, J.; Torrecilla, J. S.; Rodríguez,

F. Thermophysical Properties of 1-Ethyl-3-methylimidazolium
1,1,2,2-Tetrafluoroethanesulfonate and 1-Ethyl-3-Methylimidazolium
Ethylsulfate Ionic Liquids as a Function of Temperature. J. Chem. Eng.
Data 2011, 56 (9), 3589−3597.
(153) Diogo, J. C. F.; Caetano, F. J. P.; Fareleira, J. M. N. A.;

Wakeham, W. A. Viscosity Measurements of Three Ionic Liquids
Using the Vibrating Wire Technique. Fluid Phase Equilib. 2013, 353,
76−86.

(154) Larriba, M.; Navarro, P.; García, J.; Rodríguez, F. Selective
Extraction of Toluene from N-Heptane Using [Emim][SCN] and
[Bmim][SCN] Ionic Liquids as Solvents. J. Chem. Thermodyn. 2014,
79, 266−271.
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