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A B S T R A C T

This short paper investigates the applicability of our previously developed entropy scaling model to pure ionic
liquids and concludes that it can be used without any modification and leads to very satisfactory results when
coupled with the Peng-Robinson or Soave-Redlich-Kwong cubic equations of state. For the considered ionic
liquids, the average deviations between calculated and experimental viscosities were found to be around 4.6 and
5.8% for the two cubic equations of state, respectively.

1. Introduction

With their tunable physicochemical properties [1], application fields
of ionic liquids span over a wide range of disciplines. Viscosity is a
critical parameter and its characterization is of major importance for
electrochemical [2], lubrication and separation [3] and renewable en-
ergy [4,5] processes. Diverse physical, semi-empirical and empirical
models were developed in the last years to give reliable predictions of
the viscosity of ionic liquids (ILs) [6]. Among them, the friction theory
[7–11], the free volume theory [7–9,12,13] have been successfully
applied to correlate viscosity of some ionic liquids. Based on Eyring’s
theory, Macias-Salinas proposed a model that also proved to be a
promising approach [14]. More recently, the entropy scaling concept
which correlates the viscosity to the residual entropy was investigated
by Macias-Salinas and Gross [15] for its applicability to ionic liquids.
The aforementioned methods count among the most physically-sound
approaches in modeling viscosities of fluids; their optimal formulation
is still an open question as multiple versions of such models – with
different numbers of adjustable parameters – can be found in the
literature.

In this note, following the recent study of Macias-Salinas and Gross
[15], the applicability of a reformulated entropy scaling model, previ-
ously developed by our group [16–22], is investigated. The same ionic
liquids as those selected by Macias-Salinas and Gross are here consid-
ered to investigate the performances of coupling the Peng-Robinson (PR)
or Soave-Redlich-Kwong (SRK) equations of state with our version of the

entropy scaling concept.

2. Theoretical background

2.1. Entropy scaling

First proposed by Rosenfeld [23,24], the correlation of a reduced
transport property in general and a reduced viscosity in particular with
the Tv-residual entropy (i.e., the difference between the entropy of a real
fluid and the entropy of a perfect gas having the same temperature and
volume as the real fluid) has given good results and proved robustness
for a wide range of fluids and temperature and pressure conditions. By
reduced transport properties, we mean that the actual transport prop-
erty is divided by a reference term of the same dimension. In Rosenfeld’s
original publication, the entropy scaling concept is justified by the fact
that the transport properties of some simple theoretical fluids (hard
spheres) can be expressed as functions of the packing fraction which in
turn has a direct relation with the residual entropy. Beyond the specific
case of model fluids, Dyre [25] summarizes the concept as follows: “The
simplest explanation of excess-entropy scaling is that the microscopic
dynamics at state points with the same excess entropy is virtually the
same”.

It thus becomes possible to derive a direct relationship between
transport properties and residual entropy. The estimation of the residual
entropy knowing the temperature and pressure conditions of a fluid can
be made straightforwardly from an equation of state. Several improve-
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ments were achieved since the first appearance of the method in 1977.
Through our investigations on viscosity [16], thermal conductivity [17]
and diffusion coefficients [18] of a large panel of pure fluids, we have
developed a reformulated version of the entropy scaling concept to
achieve a better universality and a broad applicability while counter-
acting the systematic low-density divergence of the original approach
[19]. The following thermodynamic function was used for the correla-
tion of transport properties:

XES =

(

−
sTv− res
scTv− res

)

− ln
(
sTv− res
scTv− res

)

(1)

sTv− res is the Tv-residual entropy and scTv− res is the corresponding
critical value. The viscosity is then calculated as the reference term
multiplied by a function (eYES ) depending on the Tv-residual entropy, XES

and parameters specific to each component:

ηcalc = ηref ⋅eYES (2)

Here, the reference viscosity term is kept within its macroscopic form
as proposed by Rosenfeld [23] and justified later by Dyre under the
scope of the isomorph theory [25]:

ηref = ρ2/3
N

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
m0kbT

√
(3)

Where ρN is the molecular density, m0 the molecular mass in kg, kb
the Boltzmann constant and T the temperature. In Eq. (4), the logarithm
of the reduced viscosity, YES, is defined as a combination of dense fluid
and gas contributions.

Where fdense and fgas are functions describing the dense-state behavior
(XES < 0) and gas-state behavior (XES > 0) respectively; gdense and ggas
can be considered as damping factors making fdense dominating in the
dense region, and conversely, fgas dominating in the gas region. The
definition of these functions is given in equations (5).
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

fdense (̃sTv− res) = a1 + a2 ⋅̃sTv− res

gdense(XES) =
1

1 + ecXES

fgas (̃sTv− res) = b1 + b2 ⋅̃sTv− res

ggas(XES) =
1

1 + e− cXES

k =
d

s̃cTv− res

(5)

For a given fluid, the later correlating function introduces six pa-
rameters (a1, a2, b1, b2, c, and d) for the entire fluid region; they must be
fitted to experimental data. The case of ionic liquids can be considered as
a special case because, due to their very low vapor pressures, these
compounds are, in practice, never gaseous. As the experimental viscosity
data always refer to the liquid state, the approach presented above can
be simplified by reducing Eq. (4) to the liquid part by setting the

parameters b1, b2 and c to zero: it is recalled that b1 and b2 are param-
eters involved in the expression of fgas while c is a parameter of the
damping factors gdense and ggas, used to bridge the dense fluid part and the
gas part of the correlation YES versus s̃Tv− res. Eq. (4) thus becomes:

YES =

[

fdense (̃sTv− res)×
1
2

]

⋅XES + k (6)

Therefore, for a given ionic liquid, the correlation of the viscosity
only requires the fitting of 3 parameters (a1, a2 and d).

2.2. Equations of state and experimental data

For the estimation of the thermodynamic properties, namely, the
density and the Tv-residual entropy, involved in the model previously
presented, translated versions [26–28] of the Peng-Robinson [29] and
Soave-Redlich-Kwong [30] equations of state were used. The volume
translation ct, was estimated for each EoS and for each component using
the correlations developed by Pina-Martinez et al. [31]. These correla-
tions do not require new input parameters and are therefore not very
accurate. However, they can be used to improve the liquid densities
returned by the two cubic EoS (in particular the SRK EoS). As we shall
see later, the main source of error with ILs is ignorance of the critical
parameters and acentric factor. Although not consistent [32–34], a
Soave-type temperature-dependent α-function was used in both EoS
[35]. This is simply because using a consistent version of the Twu 91
α-function [36] would require vapor pressure data to determine the
three parameters L, M and N embedded in such an α-function, whereas

such data are not available for ionic liquids.
t-PR:

P(T, v) =
RT

(v+ ct) − b
−

a(T)
(v+ ct)(v+ ct + b) + b(v+ ct − b)

(7)

With :

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ηc =
[

1 +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4 − 2
̅̅̅
2

√3
√

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4 + 2
̅̅̅
2

√3
√ ]− 1

≈ 0.25308

ac =
40ηc + 8
49 − 37ηc

R2T2
c

Pc
≈ 0.45724

R2T2
c

Pc

b =
ηc

ηc + 3
RTc
Pc

≈ 0.07780
RTc
Pc

ct =
RTc
Pc

(0.0096 + 0.0048ω)

a(T) = ac⋅α(Tr);Tr =
T
Tc

α(Tr,ω) =
[
1 +m(ω)

(
1 − T0.5

r
)]2

m = 0.3919 + 1.4996ω − 0.2721ω2 + 0.1063ω3

(8)

t-SRK:

P(T, v) =
RT

(v+ ct) − b
−

a(T)
(v+ ct)(v+ ct + b)

(9)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

YES = ln
(

η
ηref

)

=
[
fdense (̃sTv− res, a1, a2) × gdense(XES, c) + fgas (̃sTv− res, b1, b2) × ggas(XES, c)

]
⋅XES + k

(
s̃cTv− res, d

)

a1, a2, b1, b2, c and d are component-dependent model parameters

s̃Tv− res =
sTv− res
R

When the model parameters are known, η is the calculated viscosity (η = ηcalc)

When the model parameters are fitted, η is the experimental viscosity
(
η = ηexp

)

(4)
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With :

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ac =
1

9
( ̅̅̅

23
√

− 1
)
R2T2

c
Pc

≈ 0.42748
R2T2

c
Pc

b =

̅̅̅
23

√
− 1
3

RTc
Pc

≈ 0.08664
RTc
Pc

ct =
RTc
Pc

(0.0227 + 0.0093ω)

a(T) = ac⋅α(Tr);Tr =
T
Tc

α(Tr,ω) =
[
1 +m(ω)

(
1 − T0.5

r
)]2

m = 0.4810 + 1.5963ω − 0.2963ω2 + 0.1223ω3

(10)

Each of the two equations of state takes the critical temperature,
critical pressure and the acentric factor as input parameters. For ILs,
these parameters can not be determined experimentally and are

therefore hypothetical values that have to be estimated using group
contribution methods or specific correlations. For the ILs considered in
this study, these properties are taken from Valderrama et al. [37–39]
and are summarized below (Table 1):

Following Macias-Salinas & Gross [15] the experimental viscosity
data were taken from the sources listed in Table 2.

3. Results and discussion

As stated above for the case of ionic liquids for which vapor pressures
are very low, experimental viscosity data are limited to liquid state.
Thus, in Eq. (4), the gas state contribution of the entropy scaling model
is neglected by fixing the parameters b1, b2 and c to zero. It is worth
recalling that while b1 and b2 enter in the formulation of fgas, c is relative
to the sharpness of the transition between fdense and fgas. This reduces the
adjustable parameters of the model to a1, a2 and d.

The optimization step of the adjustable coefficients was performed
using the BFGS algorithm, a quasi-Newton method. In order to reach the
global minimum of the objective function reported in Eq. (11), 10
different optimizations were run, each started from different initial
guesses (of a1, a2 and d) generated randomly.

Fobj =
1

Ndata

∑Ndata

i=1

⃒
⃒ηexp,i − ηcalc,i

⃒
⃒

ηexp,i
(11)

Ndata is the total number of experimental data points for a given
component, ηcalc,i is the calculated value of the viscosity by the entropy
scaling model and ηexp,i is the corresponding experimental value. The
resulting optimized parameters and the corresponding average de-
viations are reported in Tables 3 and 4 for the entropy scaling model
combined with each of the two cubic EoS cited before.

From the optimization of the 3 component-dependent coefficients for

Table 1
Critical properties and acentric factor of the considered ionic liquids.

Ionic liquid M, g/mol Tc , K Pc, bar ω Source

[emim][BF4] 198.0 585.3 23.6 0.7685 [37]
[bmim][BF4] 226.0 632.3 20.4 0.8489 [37]
[hmim][BF4] 254.1 679.1 17.9 0.9258 [37]
[omim][BF4] 282.1 726.1 16.0 0.9954 [37]
[bmim][PF6] 284.2 708.9 17.3 0.7553 [37]
[hmim][PF6] 312.2 754.3 15.5 0.8352 [37]
[omim][PF6] 340.3 800.1 14.0 0.9069 [37]
[emim][Tf2N] 391.3 1244.9 32.6 0.1818 [37]
[bmim][Tf2N] 419.4 1265.0 27.6 0.2656 [37]
[hmim][Tf2N] 447.4 1287.3 23.9 0.3539 [37]
[b3mpy][BF4] 237.0 625.8 18.9 0.8924 [39]
[P14][Tf2N] 422.4 1093.1 24.25 0.3467 [39]
[N1114][Tf2N] 396.4 1038.7 25.9 0.3334 [38]

Table 2
Experimental viscosity data base of pure ionic liquids.

Ionic liquid number of exp. data points Tmin/K Tmax/K Pmin/bar Pmax/bar ηmin/(mPa.s) ηmax/(Pa.s) Source

[emim][BF4] 54 282.55 323.75 1 145 18.4 0.0793 [40]
[bmim][BF4] 108 273.15 353.15 1 3000 13.2 0.875 [41,42]
[hmim][BF4] 53 293.15 353.15 1 1218.1 21.2 0.819 [43,44]
[omim][BF4] 101 273.15 353.15 1 2242 28.1 2.291 [44,45]
[bmim][PF6] 93 273.15 353.15 1 2493 25.5 2.694 [41,46]
[hmim][PF6] 108 273.15 353.15 1 2385 34.7 3.924 [43,47,48]
[omim][PF6] 76 273.15 353.15 1 1759 42.2 6.41 [45,47]
[emim][Tf2N] 87 298.15 353.15 1 1255.3 7.81 0.1315 [43,49]
[bmim][Tf2N] 119 273.15 353.15 1 2989 9.50 0.2803 [48,49]
[hmim][Tf2N] 115 288.15 433.15 1 1240 2.86 0.2757 [43,50]
[b3mpy][BF4] 69 278.15 333.15 0.7 650.5 30.5 1.281 [51,52]
[P14][Tf2N] 91 273.15 353.15 1 1029.2 12.7 1.18476 [53]
[N1114][Tf2N] 76 278.15 373.15 0.991 1500 9.36 0.5666 [54]

Table 3
Model’s adjusted parameters for the t-PR EoS and the corresponding average deviations.

CAS number IL name a1 a2 d Number of exp. data points MAPE%

143314-16-3 [emim][BF4] 9.48657086 0.50377187 − 39.4435442 54 1.30
174501-65-6 [bmim][BF4] 9.42749657 0.4810409 − 40.179586 108 5.91
244193-50-8 [hmim][BF4] 14.4133333 0.58419788 − 69.9247529 53 5.82
244193-52-0 [omim][BF4] 9.57222427 0.38666072 − 50.0100974 101 4.43
174501-64-5 [bmim][PF6] 14.6227305 0.68109464 − 61.9788771 93 7.05
304680-35-1 [hmim][PF6] 14.8960178 0.61449464 − 70.2641308 108 6.55
304680-36-2 [omim][PF6] 12.7538506 0.48882748 − 65.6716461 76 3.98
174899-82-2 [emim][TF2N] 7.89028413 0.58570561 − 20.5221665 87 4.48
174899-83-3 [bmim][TF2N] 15.3939532 0.85019842 − 49.2274051 119 2.57
382150-50-7 [hmim][TF2N] 8.31146334 0.45883815 − 28.4742023 115 3.22
597581-48-1 [b3mpy][BF4] 12.0769957 0.57659898 − 52.4038887 69 8.86
223437-11-4 [P14][TF2N] 16.0811203 0.85590139 − 54.2486521 91 2.50
258273-75-5 [N1114][TF2N] 15.4843608 0.89522148 − 48.7547197 76 3.71

Total: Average:
1150 4.62
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each considered chemical species, it appears that the translated Peng-
Robinson EoS leads to a slightly better precision than the SRK EoS as
reported in Tables 3 and 4. Overall, both the considered equations of
state lead to very satisfying correlations that ensure a good reproduction
of the experimental data as shown in Figs. 1 and 2.

It is worth recalling that Macias-Salinas and Gross had investigated
three different ways to reduce the viscosity: i) use of the macroscopic
reduction proposed by Rosenfeld that involves density and temperature;
ii) use of the Chapman-Enskog (CE) temperature-dependent relation
suited for dilute gas viscosity; iii) and finally, a simple division of the
viscosity by its units (i.e., η/(1 Pa s)). Summarizing the three models,
the most favourable case was achieved with the last approach when the
viscosity is divided by unity, resulting in errors as low as 4.47% and
5.28% for the Peng-Robinson and the SRK EoS respectively. On the other
hand, the macroscopic and the CE reductions have shown, 4.90% and
5.16% deviations for the PR-EoS and 6.08% and 6.39% deviations for
the SRK-EoS respectively. Although these results are similar, it can be

assumed that the slight advantage of the correlation using the viscosity
divided by its unit is arbitrary and can be attributed to the limited range
of thermodynamic conditions covered by the ionic liquids studied in this
article. The superiority of the entropy scaling concept is generally
observed when considering a large range of thermodynamic conditions
spanning from dilute gases to dense liquids.

This study shows that the general model developed previously for
pure fluids, aimed at correlating viscosities over the entire fluid region,
can indeed correlate the viscosity of the thirteen ionic liquids in the
liquid state with high accuracy. The average deviations between
experimental and calculated values are only 4.6% for the t-PR EoS and
5.8% for the t-SRK EoS. Such deviations are similar to those reported in
2023 by Macias-Salinas and Gross who use a less elaborated entropy
scaling approach in terms of the proposed correlation function. One of
the main advantages of the proposed approach is however that it is not
specific to ILs and can be applied to any compound (the reader is
refereed to our previous paper [16]).

Table 4
Model’s adjusted parameters for the t-SRK EoS and the corresponding average deviations.

CAS number IL name a1 a2 d Number of exp. data points MAPE%

143314-16-3 [emim][BF4] 8.46479117 0.43567472 − 37.4877066 54 1.77
174501-65-6 [bmim][BF4] 8.75538655 0.42908423 − 39.5998513 108 7.61
244193-50-8 [hmim][BF4] 12.0288887 0.4771998 − 61.6048993 53 7.45
244193-52-0 [omim][BF4] 9.37496072 0.35592265 − 52.2984034 101 4.64
174501-64-5 [bmim][PF6] 12.5952649 0.56799263 − 56.6851532 93 8.83
304680-35-1 [hmim][PF6] 15.1825542 0.58275319 − 76.5462342 108 8.24
304680-36-2 [omim][PF6] 13.9089065 0.48677878 − 77.0686945 76 5.33
174899-82-2 [emim][TF2N] 6.86127445 0.48373822 − 19.3781716 87 4.90
174899-83-3 [bmim][TF2N] 14.2195322 0.73381332 − 49.0774336 119 3.66
382150-50-7 [hmim][TF2N] 7.55474538 0.39469679 − 27.7976922 115 3.35
597581-48-1 [b3mpy][BF4] 10.8241832 0.49859882 − 49.890201 69 11.10
223437-11-4 [P14][TF2N] 14.8056742 0.74094768 − 53.6185844 91 3.92
258273-75-5 [N1114][TF2N] 13.2981251 0.73378214 − 44.7644366 76 5.40

Total:
1150

Average:
5.81

Fig. 1. Results of the entropy scaling model for pure ionic liquids when the translated Peng-Robinson EoS is used. Triangles represent experimental data and solid
lines represent calculated data.
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4. Conclusion

As this short paper shows, the reformulated entropy scaling model
previously developed by our group obtains very satisfactory results
when applied to pure ionic liquids. This study, which focused solely on
the liquid state, demonstrated that the truncated model with only three
parameters could accurately correlate experimental viscosities of com-
plex ionic liquids. These results are in line with those obtained by
Macias-Salinas and Gross in their recent study.
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