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Abstract

In this study, we proposed a strategy that combines the fragment contribution
corresponding states (FCCS) and free volume theory (FVT) method, namely FCCS-
FVT, to calculate the viscosities of ILs covering a wide range of temperatures and
pressures. In the method, the FCCS model was used to calculate the critical properties
and densities of ILs, and then based on those values, the FVT model was applied to
calculate the viscosities of ILs. The results indicated that the FCCS-FVT method shows
high accuracy with 6.6% in average absolute relative deviation of total 2138 data points
(25 ILs), which covers a wide range of temperatures (258.15-573 K) and pressures
(0.06-300 MPa). Moreover, it is more convenient for the FCCS-FVT method to be
applied for quick and accurate calculation of viscosities of ILs because it needs only

three adjustable parameters.
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1. INTRODUCTION

As an environment friendly solvents, ionic liquids (ILs) have attracted intensive
attention from the researchers and show high potential to replace traditional solvents in
many industrial processes.'> However, their viscosities are much higher than
conventional solvents, and typically lie in a wide range from 2.2 mPa-s to 21645.1
mPa-s at 298.15 K and at the atmospheric pressure.>* In addition, it is reported that the
number of potential ILs is as high as 10'8.°> Thus, it is necessary but great challenge to
develop a model to predict the viscosities of ILs. It is well known that viscosity is one
of the important properties of ILs, which strongly affects the mass- and heat-transfer
rate and transport behaviors.® The viscosities are dramatically influenced by the
operational conditions, especially temperatures and pressures. The whole
pressure—temperature—viscosity (Pn7) behaviors of ILs can be used to determine the
feasible operation conditions for a real chemical process, such as fluids pumping and
stirring.” Generally, the available experimental viscosities of ILs that can be used to
guide industrial applications are far from adequate. Therefore, developing reliable and
efficient models to predict viscosities of ILs at different temperatures and pressures are
critical for industrial applications of ILs.

To predict viscosities of ILs, some models are reported in the literature.®4 Most
of them are only applicable for predicting viscosities of ILs at different temperatures
while the pressure is a constant (e.g., 1 atm). To the best of our knowledge, there are
just a few models for calculating viscosities of ILs are valid considering both different
temperatures and pressures. So far, the framework that simultaneously combines
transport and thermodynamic models is the most popular one being applied to describe
the PyT behaviors of ILs."3-1? In this framework, the thermodynamic models provide
the necessary thermodynamic properties of ILs as input for the theoretical models to
calculate viscosities. Among them, the friction theory (FT)?° and the free volume theory
(FVT)?! are adopted to combine with different types of equations of state (EoS). In
Haghbakhsh’s study, the FVT and FT models were combined with four EoSs (i.e.,
Peng—Robinson (PR), Soave—Redlich—Kwong (SRK), cubic plus association (CPA),

2
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and perturbed-chain statistical associating fluid theory (PC-SAFT)), respectively, to
model the viscosities of ILs.!> Overall, FT model shows higher accuracy than FVT
model mainly due to the former requires more adjustable parameters. The parameters
for FT and FVT are 12 and 3, respectively. Among these eight models, FT+PC-SAFT
model has the minimum average absolute relative deviation (44ARD) of 2.37% and
FVT+SRK has the maximum A4ARD of 18.7%, and the AARD could decrease to 3.75%
when FVT is coupled with PC-SAFT. The reliability of FVT and FT models coupled
with different version of SAFT models have been further proven to describe the PyT
behaviors of ILs.!6-18 However, the different versions of SAFT models are relatively
complex and difficult to be implemented. Therefore, it is valuable to develop a simpler
model to calculate the viscosities of ILs at different temperatures and pressures with
satisfactory accuracy.

In our previous work, the fragment contribution corresponding states (FCCS)
method was proposed to predict the critical properties of ILs and the physicochemical
properties (e.g., density, surface tension, heat capacity, and thermal conductivity) of
ILs.?? The results indicated that the FCCS method shows high accuracy with an AARD
of less than 4%. For the density, the overall A4RD is less than 2.1% of the whole data
set (5179 data points) by using Riedel equation. On the other hand, the FVT model
needs only 3 parameters, which is simpler than FT model. In addition, it has been
proved that FVT model is capable to predict the viscosities of ILs by combining suitable
thermodynamic models, for example, Abolala et al. combined FVT model and SAFT-
VR-Mie model to predict the viscosities of ILs with an A4RD of 3.81% for 11 ILs.!®
Therefore, combining FCCS and FVT models would be a successful strategy to
efficiently calculate the viscosities of ILs at different temperatures and pressures.
Furthermore, their combination will enable the model to be applied to process
simulations and integrations, and numerical simulations of bubble behavior and mass
transfer.?

In this study, we develop a method to predict the viscosities of ILs by combining
FCCS and FVT models, namely FCCS-FVT. The development procedure is as follows:

First, we collect the experimental viscosities of 25 ILs covering a wide range of
3

ACS Paragon Plus Environment



oNOYTULT D WN =

Industrial & Engineering Chemistry Research Page 4 of 28

temperatures and pressures from literature; Second, FCCS method is used to calculate
the critical properties and densities of ILs as input for FVT model; Finally, the
parameters of FVT are optimized with experimental data. Then viscosities of ILs are
calculated by FCCS-FVT method, and accuracy is discussed and compared with

previous models.

2. METHODOLOGY
2.1. Free volume theory.

The free volume theory (FVT) was proposed by Allal et al.?! The viscosity is
divided into two parts, the viscosity of dilute gas, 7, and the residual friction viscosity
term, 7.

n=1,+1, (1

The viscosity of the dilute gas is calculated by Eq. (2).!1>:16

M, T
7, = 40.785 _F )

Where My, is the molecular weight and V. is the critical volume. The parameters

of Q" and F, are calculated by Egs. (3)—(5).!>1¢

1.16145 0.52487 2.16178
T exp(0.77320T7)  exp(2.43787T") 3)

—6.435x107* T gin (1 8.03237 076830 _ 7.27371)

Q=

With
o 1:25937 @
T,
F. =1-0.27560+0.059035u" + k (5)

Where £, 1. and @ are the associating bond effect parameter, dimensionless dipole

moment, and acentric factor, respectively. p, is expressed as
W, =131.3p/(V.7)" (6)
Where T, and u are the critical temperature and dipole moment, respectively.

The residual term for the FVT is expressed by the following equation:!5-16.21

4
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1
2
3 3/2
4 PM,, PM,,
5 pl| ap+ - ap +

yo,
6 n,= exp| B| ———F— (7)
7 7 3RTM, RT
8
9
:(1) Where p, My, R, T, P and B are density, molecular weight, universal gas constant,
12 temperature, pressure, and characteristic of the molecule, respectively. / is a parameter
13
14 homogeneous with length. The parameter « is a barrier energy. FCCS method is used
15
16 as auxiliary equations with this model for calculating densities, the critical properties
17
18 and acentric factor of ILs (see section 2.2). The parameters (/, &, and B) are optimized
19
20 based on experimental data with Eq. (8) as the objective function.
21
22 1 N, exp _ Fa[ 2
23 OF .= _Z(—”l _k J (8)
24 N, T 1;
25
26 Where 7 and 7 are the experimental and calculated viscosities,
27
;g respectively, and N, is the total number of data used in the optimization.
2(1) To calculate viscosities of ILs with the FVT model, the critical properties, acentric
gg factors and densities of ILs are necessary, which can be calculated by FCCS method
gg (see section 2.2). The critical properties and acentric factors of the investigated ILs are
g? summarized in Table S26. In addition, the correction factors k& and u are also required
38 for calculating 7). Shen et al.'® assumed the £ of ILs to be the same as that for ethanol
39
40 (k=0.174823), and assumed ILs’ dipole moment z to be the same as that for methanol
41
42 (1= 1.7 D). Later, the same solution was adopted in the study of Haghbakhsh et al.!3
43
44 These approximations are accurate enough since the contribution of the dilute gas
45
46 viscosity to the total viscosity is negligible. Therefore, the same approximations have
47
48 been employed in our study.
49
50
51 2.2. FCCS method.
52
gi 2.2.1. The ionic fragment for FCCS method.
55 .. . .
56 The ionic fragments used in current study are taken from our previous work.??
g; Each IL is composed of three parts: cation fragment, anion fragment, and substituent
23 fragment attached to cations or anions. The cation and anion fragments represent the

5
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charge center of cation and anion, respectively. The H atoms attached to a ring are
defined into a substituent fragment, named —H(ring). The typical cation and anion
fragments are shown in Figure 1, and an exemplary fragment assignment is shown in
Figure 2 for a representative IL, namely 1-butyl-3-methylimidazolium
bis[(trifluoromethyl)sulfonyl]imide ((BMIm][Tf,N]). The complete set of 46 fragments,
including 7 cation fragments, 18 anion fragments, and 21 substituent fragments, and

their increments for 7T}, and critical properties are presented in our previous work.??

(a)

(b)
) F\ _F I H
F—B—F P e S-----
‘ - - ‘ \ - ‘ ‘ O/ N \O
F F o
[BE," [PFg|” -S0,- INOsI

Figure 1. Typical fragments of ILs. (a) Cation fragments, (b) Anion fragments.

-CH;

[-N-I

\®./

\) /

Figure 2. An exemplary fragment assignment of [BMIm][Tf;N] in terms of the
proposed FCCS method: 1 x [Im]*, 3 x —=H(ring), 2 x —CHj3, 3 x —CH,—, 2 x —=SO,—, 1
X [-N—]~, 2 x —CF;.

2.2.2. Critical properties and densities calculations.

As shown in section 2.1, the critical properties and densities of ILs are required
for FVT model. These properties can be calculated with FCCS method proposed in our
previous work.?? It has been shown that the Riedel corresponding states equation?*
represents the highest accuracy to calculate the densities of ILs. Therefore, in this study,

6
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the Riedel equation (Eq. (9)) is adopted to calculate the densities of ILs. The normal
boiling temperature (75) and the critical properties (i.e., critical temperature (7), critical
pressure (P,), critical volume (V) and acentric factor (w)) of ILs are calculated by Eqgs.

(10)—(14).22

p:%[1+0.85(1—Tr)+(1.6916+0.984(0)(1—Tr)1/1 (9)
T,=1982+) nAT,, (10)
.= L 2 (11
0.5703+1.0121) nAT,, —(anATCJ
P = My (12)
[0.34 + > nAT, J
| 6.03853
V. =28.8946 +14.75246> AV, 13
Zn c,i ZI’IA ( )
a)leog LA Llog k +log| —= k -1 (14)
0.7(7,-7,) "\B) (L.-T,) "\ A L

Where n; represents the number of fragment 7 that appears in an IL; AT}, ;, AT,
AP, ; and AV, ; denote the increments of fragment i for the normal boiling temperature,
critical temperature, critical pressure and critical volume, respectively; P, is the
atmospheric pressure, setting up 100 kPa in this study; 7, is the reduced temperature

defined as 7, = T/T.,.

2.3. Model evaluation.

Models are often evaluated by several metrics. Squared correlation coefficient, R,
which gives a fraction of explained variance for a data set, is utilized to evaluate the
model’s fit performance. Relative deviation (RD), absolute relative deviation (4RD),
average absolute relative deviation (44RD) and mean square error (MSE) are used to
measure the model’s predictive effectiveness. These metrics are defined by following

equations:
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R2 — _i=l i=1 (15)

S -y,)

i=l1

cal _ _ exp
RD, (%) =100x2—2_ (16)
12 y}exp
cal _yexp
ARD, (%) =100x|[Z—2i_ (17)
1 yexp
ycal yiexp

Nf/
AARD(%)=100x

i=1

i
exp
i

/Np (18)

MSE = \/ip:(yf“’ )N, (19)

i=1
Here y donates the property of viscosity, y,, is the mean of experimental viscosities.
The superscripts ‘cal’ and ‘exp’ represent calculated and experimental value,

respectively, and N, is the total number of data for a system or whole data set.

2.4. Data set.

In the present work, all experimental data are taken from IL Thermo Database.?
The viscosity values of ILs may be significantly different due to different authors,
measuring methods, and the purity of ILs. The aim of this work is to study the PyT
behaviors of ILs at different temperatures and pressures. Therefore, the viscosities
measured at different temperatures and pressures are adopted. In the case that the
viscosities measured at the same operation conditions (e.g., temperatures and pressures)
by different researchers, the outliers are discarded firstly and then the data of higher
purity ILs is accepted. The pressures are assigned to 100 kPa for the data points
measured at “ambient pressure” or at unknown pressures. Considering the available
application of the FCCS method, a total of 2138 experimental viscosity data points of
25 ILs are collected mainly based on alkyl-substituted cations, including imidazolium
[Im]*, pyridinium [Py]*, pyrrolidinium [Pyr]*, and anions, containing tetrafluoroborate
[BF4]~, hexafluorophosphate [PF¢]~, bis[(trifluoromethyl)sulfonyl]imide [Tf,N]-,
dicyanamide [Dca]~, methylsulfate [MeSO,]-, ethyl sulfate [EtSO4], and

8
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trifluoromethanesulfonate [CF;SO5]~. The summary of collected viscosity data points
of 25 ILs are listed in Table 1. The details of all data are also provided in ESI from
Table S1 to Table S25.

To optimize the parameters of the FVT model, about half of the data for each IL
were randomly selected as training set, and the remaining data were used as testing set
to test the parameters of FVT model. The process to determine the training set and test
set was as follows: Firstly, a vector of random (V) was generated using RAND function
in Excel for the experimental data of each IL. Secondly, the elements of V, were marked
with ascending order until reaches the needed number (half of the number of data points
for each IL). Thirdly, the experimental data which had the same indexes as marked

elements were defined as training set while the rest data were used as test set.

Table 1. Summary of selected literature data for the viscosities of ILs

ILs N, T range (K) P range (MPa)  # range (mPa-s) Refs.
[(2,3-M)BIm][T£;N] 45 273.15-373.15 0.1-150 8.81-519 26,27
[BMIm][BF,] 192 273.15-388.04 0.1-300 5.8-875 28-34
[BMIm][PFq] 175 273.15-413.2 0.1-249.3 7.1-2700 28, 30, 32, 34-40
[BMIm][Tf,N] 115 273.15-573 0.1-298.9 1.13-280 28,30, 32,41-43
[BMPyr][CF;S0;] 74 283.15-373.15 0.1-150 12.95-738 27,44
[BMPyr][Tf,N] 101 273.15-373.15 0.1-150 8.45-1185 27,45, 46
[BPy][BF,] 73 278.15-353.15 0.06-65.85 15.84-1057 7,47-49
[BPy][CF;S0s] 46 298.15-338.15 0.1-64.88 24.62-175 7,47
[Ci1oMIm][TE,N] 49 278-393 0.1-122.57 6.8-460 35,43
[CsPy][BF,] 71 278.15-338.15 0.1-65.91 21.97-616 7,50
[C4(2-M)Py][BF,] 61 288.15-338.15 0.1-65.69 38.2-860 7,51
[C4(3-M)Py][BF,] 73 278.15-343 0.07-65.05 23-1281 7,52,53
[C4(3-M)Py][Dca] 81 278.15-348.15 0.1-61.47 7.22-107.9 7,54,55
[C4(4-M)Py][BF,] 69 278.15-373.15 0.1-64.96 10.5-1689 7,52,55,56
[CeMIm][BF,] 122 283.15-368.15 0.1-121.81 13.92-819 33,35, 57-60
[CeMIm][PFq] 103 273.15-368.15 0.1-238.5 17.9-3924 35,41, 61, 62
[CeMIm][TEN] 102 258.15-433.15 0.1-124 2.86-942 35,43, 63-65
[Cs(3-M)Py][BF,] 45 283.15-333.15 0.08—64.8 61.4-2341 7
[CsMIm][BF,] 150 273.15-363.15 0.1-224.2 21.6-2291 33, 60, 66, 67
[CsMIm][PFq] 66 278.15-363.15 0.1-175.9 31.49-6410 61, 66, 68
[DMIm][MeSO,] 66 293.15-438.15 0.1-70 3.5-92.8 69-71
[EMIm][BF,] 74 269.15-363.15 0.1-14.5 7.225-145 31,33,72
[EMIm][EtSO,] 24 313.15-363.15 10-150 13.2-154 46
[EMIm][T£,N] 113 263.15-393.15 0.1-125.53 3.7-175.1 28, 30, 35, 43,57, 72-74
9

ACS Paragon Plus Environment



oNOYTULT D WN =

Industrial & Engineering Chemistry Research

[(MoE)Mpyr][Tf;N] 48 258.15-373.15 0.1-150 7.26-620 27,46

*: The full names of ionic liquids can be found in Appendix A.

3. RESULTS AND DISCUSSION

3.1. Model evaluation.

In the FVT model, only three adjustable parameters (i.e., [, @ and B) are needed to
be optimized using the experimental data, which is achieved by employing Eq. (8) as
objective function for each IL. The optimized parameters are summarized in Table S26.

With the optimized parameters, the viscosities of ILs are calculated at the whole
pressures and temperatures as listed in Table 1. The calculated viscosities, experimental
values, relative deviations and absolute relative deviations of each IL are summarized
in Table S1-S25. Figure 3(a) shows the comparison between experimental and
calculated viscosities using the FCCS-FVT model. The results show that most of the
data points distribute tightly close to the diagonal of y=x, and the squared correlation
coefficient, R?, for the training, test and entire data set are 0.973, 0.957, and 0.965,
respectively, indicating the calculated viscosities are consistent well with experimental
values. The AARD, quantifies the magnitude of the scatter for the training, test and
entire data set are 6.4%, 6.8%, and 6.6%, respectively. This indicates that the scatter of
the data set is small.

The relative deviations for all experimental data are depicted in Figure 3(b). The
results show that most of the data are distributed in the range where the relative
deviations are less than +£10%. The ARD distribution and the corresponding percentage
are shown in Figure 3(c). It shows that 50.4% of entire data set lie in the range of 0-5%
and 81.2% of entire data set lie in the range of 0-10%, which cover the A4RD of the
whole data set. The number of data points with an ARD of less than 20% covers 95.0%
of the whole data set. There are only three data points with ARD of >50%. In summary,
the high R’ (> 0.95) and small AARD (< 10%) imply that the FCCS-FVT method is
rather accurate for prediction of the viscosities of ILs in a wide range of temperatures

and pressures.

10
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Figure 3. The comparisons between experimental and calculated viscosities of ILs from
FCCS-FVT. (a) Calculated versus experimental viscosities, (b) Relative deviations
versus data index, (c) Data number and percent of ARD value in different deviation
ranges. (The number on the top of a bar represents the number of ARD that lies in the

corresponding deviation range)
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3.2. Deviation analysis for FCCS-FVT model.

The MSE, AARD and R’ of each IL for training, test and whole data set are
summarized in Table S27. The results show that [C4(2-M)Py][BF,] has relative high
AARD of 13.3% with an acceptable R’ of 0.875. [CeMIm][Tf;N] and
[(MoE)Mpyr][Tf;N] have relative small R? which are 0.740 and 0.799, respectively,
and the corresponding 44 RDs for these two ILs are 9.8% and 8.2%, respectively. Figure
4(a)—(c) depict the calculated viscosities using the FCCS-FVT method versus the
corresponding experimental values of [CsMIm][TE,N], [(MoE)Mpyr][Tf;N] and [C4(2-
M)Py][BF,], respectively. Note that there are several data points show large deviations
for [CeMIm][TH,N] and [(MoE)Mpyr][Tf,N]. After reviewing the data details (see
Table S17 and Table S25), it is found that these data lie in low temperatures (< 298.15

K, the data items have been marked in red color). When excluding these data points,

the AARDs for [CsMIm][T,N] and [(MoE)Mpyr][Tf,N] decrease to smaller values (8.3%

and 6.2%), and the corresponding R’ increase to higher values (0.977 and 0.964).
Unlike forward mentioned two ILs, many data points of [C4(2-M)Py][BF,] have larger
ARD of >10%. However, most of them distribute on both side of the diagonal of y=x.
The deviations are not as significant as the data with large deviation of [CsMIm][T1,N]
and [(MoE)Mpyr][Tf,N]. The detailed data of [C4(2-M)Py][BF,] are given in Table

S11, and the results show that its maximum ARD is 34.9%.

12
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3.3. The contribution of dilute gas viscosity.

As described in section 2.1, the FVT model has more complicated mathematical
expressions for calculating #, than those for calculating 7. As shown in Table S1-S25,
the order of magnitude of dilute gas viscosities is significantly lower than that of total
viscosities. The percentages of dilute gas viscosities with respect to total viscosities
(o/n™"T, %), and the MSE, RD, AARD and R’ for the FVT model ignoring the dilute
gas viscosity contributions are calculated (see Table S27). The average of #,/#"7 is
0.02% for the whole data set and the new statistical quantities (i.e., MSE, RD, AARD
and R?) are almost identical to the data when dilute gas viscosities are included. These
results indicate that the contribution of dilute gas viscosities to the total viscosities is
negligible. The maximum 7,/#""7 is 3.25% for [BMIm][Tf;N] at 573.0 K and 100 kPa.
The experimental and calculated viscosities of [BMIm][Tf,N] at 100 kPa and at
different temperatures are plotted in Figure 5. It is shown that the curves of 5,and /"7
are almost overlap and agree well with experimental data. Moreover, it can be seen that
1y decreases dramatically with the increase of temperature, while 7, almost remains a
constant. Therefore, for condensed fluid with high viscosity, such as ILs, the dilute gas
viscosity item in the FVT model can be ignored. As a result, the mathematical

expression of the FVT model becomes more simplified, and easier to be implemented.
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Figure 5. Viscosities of [BMIm][Tf,N] at 100 kPa and different temperatures.
(Symbols, experimental data; Blue solid line, black solid line and dash red line are

dilute gas viscosity, residual friction viscosity and total viscosity of FVT model,
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respectively.)

3.4. Comparison with previous models.

The models for calculating the viscosities of ILs at different temperatures and
pressures are summarized in Table 2. It is shown that the framework that
simultaneously combines transport and thermodynamic models is the most employed
one. The FVT and FT models are more used to combine with thermodynamic models.
Among these models, our FCCS-FVT method shows satisfactory accuracy and needs
only 3 adjustable parameters. For the FVT based models, FCCS-FVT method shows
higher accuracy than the simple cubic EoSs (PR and SRK equations) and comparable
accuracy with more sophisticated EoSs (CPA and SAFT-based equations). For the other
models with same framework, similar accuracy is found with our method. For example,
the overall 44RDs of FT+ePC-SAFT, MYS+SAFT-VR-Mie, and Eyring+GC are
1.39%, 2.37%, and 1.92%, respectively. However, most of them either need more
parameters or adopt complicated mathematical formulas, which is inconvenient to
implement. The deviations of the QSPR models are comparable with that from our
method, but these QSPR models need professional software (e.g., HyperChem and
COSMOthermX) to generate the descriptors, which limits their applications to an extent.
The GC-FFANN method can be applied for large set of ILs, but the deviation from GC-
FFANN method is larger than that from our FCCS-FVT method (11.42% vs. 6.6%). In
summary, the developed FCCS-FVT method is an effective and accurate model to
describe the PyT behaviors of ILs. More importantly, their concise mathematical
formulas make it easy to be used and extended. The concise strategy and mathematical
formulas will enable it possible to be applied to others ILs when the data are available.
Furthermore, the results from concise expressions can be transmitted to others
commercial software (e.g., Aspen Plus and Fluent) by coding. It provides an
opportunity to integrate the FCCS-FVT model into different scale studies, such as
computational fluid dynamics simulations, process simulations, and so on.

FCCS-FVT method could be considered as a complimentary method rather than a

replacement of existing models. Generally, each model has its own merits. The
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theoretical methods have ability to extrapolate, such as FVT/FT-based methods,
Eyring-based methods. The FT-based methods are usually superior to FVT-based
methods for describing the relationship between viscosity and pressure.!® Eyring-based
methods can describe the PyT behaviors of ILs well in their whole coverage of
temperature and pressure because the maximum deviation of these models is less than
15%.19 The correlation models, such as MY S-based models, are capable to describe the
PyT behaviors of ILs well in their whole coverage of temperature and pressure. MY S-
based models are superior to FVT/FT-based models to describe the relationship
between viscosity and pressure, especially at low pressure.!® The QSPR models usually
show predictive ability for new ILs. The GC-FFANN model is able to be applied at
high pressure (such as > 300 MPa) because it has been developed with a wider coverage

of pressure than that of other models.

Table 2. Summary of the models applicable at different temperatures and

pressures
Model NiL N, Niar T range (K) P range (MPa) AARD (%) Refs.
FVT+PR 9 583 3 273.15-353.15 0.1-300 16.62 15
FVT+SRK 9 583 3 273.15-353.15 0.1-300 18.70
FVT+CPA 9 583 3 273.15-353.15 0.1-300 5.05
FVT+PC-SAFT 9 583 3 273.15-353.15 0.1-300 3.75
FT+PR 9 583 12 273.15-353.15 0.1-300 4.40
FT+SRK 9 583 12 273.15-353.15 0.1-300 4.60
FT+CPA 9 583 12 273.15-353.15 0.1-300 3.12
FT+PC-SAFT 9 583 12 273.15-353.15 0.1-300 2.37
FT+ePC-SAFT 9 604 12 273.15-353.15 0.1-300 1.39 16
FVT+ePC-SAFT 9 604 3 273.15-353.15 0.1-300 4.58
FVT+soft-SAFT 6 — 3 283-636 0.1-300 5.13-9.11 17
FT+SAFT-VR-Mie 11 822 5 365 (Tmax) 300 (Pmax) 4.85 18
FVT+SAFT-VR-Mie 11 822 5 365 (Tmax) 300 (Pmax) 3.81
MYS+SAFT-VR-Mie 11 822 3 365 (Tmax) 300 (Pmax) 2.37
MYS + GSAFT-Cubic 11 822 3 365 (Tmax) 300 (Pmax) 4.04
Eyring+PR 25 1070 5 273.15-433.15 0.06-300 2.03 19
Eyring+SRK 25 1070 5 273.15-433.15 0.06-300 2.01
Eyring+GC 25 1070 5 273.15-433.15 0.06-300 1.92
QSPR 349 3228 4 253.15-573.00 0.06-300 4.62 75
QSPR 89 1502 7 253.15-395.32 0.1-300 6.58 76
16
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over 242
GC-FFANN 1484 253-573 0.06-350 11.42 77
13000

FCCS-FVT 25 2138 3 258.15-573 0.06-300 6.6 This work

* Ny is the number of ILs; N, is the number of data points; Ny, is the number of
parameters; QSPR: quantitative structure property relationship; GC: group
contribution; MYS: modified Yarranton—Satyro correlation; FFANN: feed-forward

artificial neural network.

4. CONCLUSIONS

In this study, fragment contribution corresponding states method (FCCS) is
combined with free volume theory (FVT), named FCCS-FVT, to calculate the
viscosities of ionic liquids (ILs) covering a wide range of temperatures (258.15-573 K)
and pressures (0.06—-300 MPa). The FCCS method is responsible for providing the
critical properties and densities of ILs, which are subsequently used by the FVT method
to calculate viscosities at given conditions. The results indicate that the FCCS-FVT
method shows high accuracy with average absolute relative deviation and squared
correlation coefficient being 6.6% and 0.965, respectively, for total 2138 data points of
25 ILs. On the other hand, only three parameters are required for FCCS-FVT method.
The dilute gas viscosity item shows negligible contribution to the total viscosity of IL,
indicating that FVT can be expressed with simpler mathematical formulas by ignoring
the dilute gas viscosity item. In summary, the strategy of combining FCCS and FVT
models is powerful to calculate viscosities of ILs due to its high accuracy and less

parameters.

Supporting information

The experimental data details (including PyT data, reference, and data set flag) of
ILs and the corresponding calculated results (including #?, RD, ARD, MSE, R?, AARD)
from FCCS-FVT are summarized in Table S1-S25. The molecular weight, critical
properties, acentric factor and the optimized parameters of each IL are reported in Table

S26. The MSE, AARD and R’? of each IL and entire data set for FCCS-FVT are
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summarized in Table S27.
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Appendix A. full names and abbreviations of ionic liquids

[(2,3-M)BIm][Tf;N]: 1-butyl-2,3-dimethyl-1H-imidazolium

bis[(trifluoromethyl)sulfonyl]imide
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[BMIm][BF,]: 1-butyl-3-methylimidazolium tetrafluoroborate

[BMIm][PF¢]: 1-butyl-3-methylimidazolium hexafluorophosphate

[BMIm][TE,N]: 1-butyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
[BMPyr][CF;SOs]: 1-butyl-1-methylpyrrolidinium trifluoromethanesulfonate
[BMPyr][Tf,N]: 1-butyl-1-methylpyrrolidinium bis[(trifluoromethyl)sulfonyl]imide
[BPy][BF4]: 1-butylpyridinium tetrafluoroborate

[BPy][CF3S0;]: 1-butylpyridinium trifluoromethanesulfonate

[CioMIm][T£,N]: 1-decyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
[C5sPy][BF,]: 1-propylpyridinium tetrafluoroborate

[C4(2-M)Py][BF4]: 1-butyl-2-methylpyridinium tetrafluoroborate
[C4(3-M)Py][BF4]: 1-butyl-3-methylpyridinium tetrafluoroborate
[C4(3-M)Py][Dca]: 1-butyl-3-methylpyridinium dicyanamide

[C4(4-M)Py][BF4]: 1-butyl-4-methylpyridinium tetrafluoroborate

[CeMIm][BF,]: 1-hexyl-3-methylimidazolium tetrafluoroborate

[CeMIm][PFg]: 1-hexyl-3-methylimidazolium hexafluorophosphate
[CeMIm][T£,N]: 1-hexyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
[Cs(3-M)Py][BF,4]: N-octyl-3-methylpyridinium tetrafluoroborate

[CsMIm][BF,]: 1-octyl-3-methylimidazolium tetrafluoroborate

[CsMIm][PF¢]: 1-octyl-3-methylimidazolium hexafluorophosphate
[DMIm][MeSQOy]: 1,3-dimethylimidazolium methylsulfate

[EMIm][BF,4]: 1-ethyl-3-methylimidazolium tetrafluoroborate

[EMIm][EtSQOy4]: 1-ethyl-3-methylimidazolium ethyl sulfate

[EMIm][Tf,N]: 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide
[(MoE)Mpyr][Tf,N]: 1-(2-methoxyethyl)-1-methylpyrrolidinium

bis[(trifluoromethyl)sulfonyl]imide
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