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Abstract

A model based on a cubic equation of state and on the geometric similitude concept is proposed to calculate the surface tension of
pure substances and mixtures containing organic substances, water, and ionic liquids. The geometric similitude is observed
between surface tension and density for liquid mixtures at different temperatures and concentrations. The parameters of the model
have been estimated by fitting experimental pure component data obtained from the literature. The model has been extended to
binary and ternary mixtures using simple mixing and combining mixing rules without interaction parameters, so the predictive
capabilities of the model are guaranteed. Data for 90 binary mixtures (2660 data) and 12 ternary mixtures (467 data) are
considered. The mixtures are composed of organic solvent + ionic liquid and water + ionic liquids. The temperature varies from
278.15 to 348.15 K in the whole composition range at atmospheric pressure. Various form of estimating the necessary pure
component parameters are analyzed. Results show that the model is accurate for primary estimation in process design and process

simulation.
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Abbreviations

EoS Equation of Statqe

Eq. Equation

Fig. Figure

IL Ionic liquid

MS Microsoft

N I S T -National Institute of Standards and Technology -
ILs Ionic Liquids Database

VPT Valderrama-Patel-Teja

Greek Letters

« Temperature function defined in Table 1
% A Percent deviation
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p Mass density (g/cm3)
o Surface tension (N/m)
@, B,~v Constant for all substances described in Table 1

Super/subscripts

cal  Calculated

c Critical property
exp  Experimental

i,j Components i and j
L Liquid phase

m Mixture

max Maximum value
mim  Minimum value

Introduction

The surface tension is an important property of especial interest
in phase transition phenomena found in processes such as ca-
talysis, adsorption, distillation, extraction, and biological mem-
branes [1-3]. Examples of these types of processes are those
associated with environmental engineering, liquid chromatog-
raphy, development of compound materials, drug carriers,
chemical reactions that occur in fluid surfaces, and
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microelectronics [2]. Tonic liquids, on the other hand, have
emerged as intriguing modern fluids in science and technology
so the knowledge of their properties has given origin to exten-
sive research during the last 25 years [3, 4]. Not only experi-
mental data on ionic liquid properties have been measured but
also models for correlating and predicting those properties have
been proposed [5—7]. lonic liquids, due to their unique molec-
ular architecture and properties, have helped enhancing the ca-
pabilities and potential applications of many solvents [8]. In this
regard, the surface tension of ionic liquid provides access to
understand the intrinsic energetics of ions interactions, an im-
portant feature in surface thermodynamics [8, 9]. Experimental
data on surface tension are limited and for mixtures is still more
reduced. Therefore, having good correlating models but espe-
cially predictive models is of paramount importance for many
applications involving ionic liquids, especially mixtures con-
taining these fluids [2].

Different theories for modeling the surface tension have
been proposed during the last decade such as the gradient
theory, perturbation theory, van der Waals theory of fluid
interface [10], the significant liquid structure theory,
structure-based methods such as quantitative structure proper-
ty relationship (QSPR) [11, 12], and other empirical models
based on the Parachor [13]. Also, other predictive methods
such as group contribution approaches [14, 15] and computa-
tional intelligence schemes such as artificial neural networks,
have been proposed in the literature [16, 17].

The empirical models most commonly used are those
based on the Parachor [13, 18]. The most interesting contribu-
tion on this line of research is that developed by Gardas and
Coutinho [19], who use the Parachor approach to predict the
surface tension of 38 imidazolium-type ionic liquids (ILs)
(361 data). The mean absolute relative deviation is around
5.75% with maximum deviations of 25.20%. Also, these au-
thors proposed another empirical model based on the molec-
ular volume of the ion pair [19]. This model shows a mean
absolute relative deviation of 4.50% when it was applied to 22
imidazolium-type ILs (47 data). Koller et al. [20] developed a
new empirical surface tension model based on that suggested
by Gardas and Coutinho [19] and proposed an exponential
relation between the surface tension and the molar volume.
This model with three adjustable parameters per ionic liquid
shows deviations lower than 7.00%. More recently, Esmaeili
and Hashemipour [21] proposed an empirical exponential
model obtained by Multi-Gene Genetic Programming
(MGP). This model with three adjustable parameters was ap-
plied to ammonium, imidazolium, pyridinium, pyrrolidinium,
and phosphonium-type ILs.

In the literature, there are some few methods available to
predict the surface tension mixtures, especially binary mix-
tures of ILs. However, most of them have been applied for a
limited number of ILs and are not accurate enough, most
probably due to the fact that surface phenomena in mixtures
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are highly complex because of the structure of the ionic liquids
and ion interactions [20]. Experimental data of surface tension
for the IL family 1-alkyl-3-methyl imidazolium tetrafluorobo-
rate with water and with ethanol have been presented by Rilo
et al. [22]. The authors provide experimental values that had
been fitted to a two-parameter linear equation for each mix-
ture. The overall mean absolute relative deviation using the
lineal model for the IL + ethanol is below 5.90%, while in the
IL + water the mean deviations are below 27.60%. Another
interesting contribution on this line of research is that of
Varela et al. [23], who applied the Bahe—Varela pseudolattice
theory to estimate the surface tension of aqueous binary mix-
ture of ILs. The theoretical predictions show good agreement
with experimental data of several IL mixtures for ILs of dif-
ferent hydrophobic strengths in the low to intermediate con-
centration range. Better overall results were obtained at high
IL concentrations.

Other works provide general information about the struc-
ture at the interface, based on understanding the energy forces
between ions. On the basis of the above developments, differ-
ent studies have been presented such as nanosized cellulose
fibers by electrospinning or acid-catalyzed saccharification of
woody materials [8, 24]. However, these studies have been
applied to some few mixtures only, specially containing
imidazolium-based ionic liquids and in a limited composition
range. Oliveira et al. [25] were the first researchers who
modeled the surface tension in binary mixtures, especially
those containing bis(trifluoromethylsulfonyl) imide-type ionic
liquids at 298.15 K and at atmospheric pressure. These au-
thors used the soft-SAFT equation of state coupled with the
density gradient theory (DGT) to predict the surface tension
using a molecular-based approach. Later, these authors [26]
extended the experimental data and modeling to other ILs
including pyridinium, pyrrolidinium, and piperidinium. The
authors use the Redlich—Kister equation with three adjustable
parameters per mixture to estimate the surface tension with a
standard deviation lower than 0.0012. Shojaeian and
Asadizadehb [27] applied artificial neural networks (ANN)
to predict the surface tension of the 33 binary mixtures con-
taining different types of ionic liquids (1537 data points). The
correlation coefficients R? in the training, validation, and test-
ing steps are above 0.98. Also, these authors compared their
results with those determined by other methods and concluded
that ANN gives the most accurate results.

Another approach that has been explored by several authors
is the use of equations of state by comparing the similarities
between the PpT diagram of a substance and the PXT diagram
of the same substance, being X another property such as viscos-
ity [6]. These similarities gave origin to the concept of geomet-
ric similitude, pointed out by Philips [28] at the beginnings of
the XX century while studying and analyzing the behavior of
the viscosity of carbon dioxide. During the last years, several
models have been presented using the concept of geometric
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Fig. 1 Density and surface tension of some organic substances as a function of the temperature. Data taken from [33] for 1-octanol, from [34] for 1-
propanol, from [35, 36] for n-dodecane, from [37] for 1-octene, and from [36, 38] for heptane

similitude and different equations of state have been employed
[6, 7, 29-32]. However, to the best of the author’s knowledge,
the correlation and prediction of surface tension in mixtures
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containing ionic liquids using the geometric similitude model
have not been presented in the open literature, in the form done
in this paper. The most novel and outstanding aspect of the
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Table 1 Proposed general surface tension model based on the VPT equation of state
Row Description Mathematical expressions Eq.
1 Explicit pressure expression P = Mﬁ—ﬁ F T Mma(;’::il"%% v Al
R2TZ, 3 To;
2 EoS parameters aci = (¢o + 01 Zci) 5 bi= (8o + 1 Zes) R,#T ¢ = (Yo +mZei) % A2
H,
a,(T) = exp [Hl,i<1*(T/Tc.i) )] a;=a,. o)
3 Simple van der Waals Ay = Y. ) XXy a; = \/a;a; A3
mixing rule i
bm: inbi Cm= ZX,C,-
4 Binary mixtures Ay = xf~a1—2x1xz(a|a2)0‘5 +33-a A4
bm=X1'b1+X2'b2; Cp=X1*Ci+Xx2°Co
5 Ternary mixtures am = x3-a1=2x1 Xo(a1 az) %3-2x1 x3(a1 az) %3-2x3 x3(a2 a3) O +x3-ar +33-a3 A5

b,,=x1+b; +X2'b2+)€3'b3

Cp=2X1* CltXp Cr+X3:C3

present paper is the acceptable prediction of surface tension in
mixtures containing ionic liquids.

Empirical model based on a cubic equation
of state

The geometric similitude concept for the surface tension is more
complex to visualize than those for viscosity or density, previ-
ously presented by the authors [6]. As known, the visual simil-
itude between two diagrams representing the variation of two
different properties with pressure and temperature (plus concen-
trations in the case of mixtures) gives origin to this method. If
one plots density vs temperature at constant pressure (1 bar) for
organic substances, a simple plot such as that shown in Fig. 1 is
obtained. Similar plot is obtained for the surface tension vs
temperature at constant pressure (1 bar) as can be observed in
Fig. 1. By simple plots, we mean that one can observe a smooth

Table 2 Solution of empirical model using Cardano’s analytical method

behavior of the properties which decrease as the temperature
increases, for both density and surface tension.

For ionic liquids, being structurally more complex sub-
stances than organic alkanes or alcohols, similar plots can be
obtained as presented in Fig. 2. Again, the variation of density
and of surface tension follows a smooth, steady decrease as
the temperature increases. This observation indicates that
there is a geometric similitude and that the equation describing
these curves should be simple. Although this might be true,
the problem of relating variables and mixture properties, of
greater importance for industrial applications, gets more com-
plicated. Therefore, the influence of the concentration on the
value of the properties is now more complex to observe and to
explain. An example of this fact is shown in Fig. 3.

Figure 3 compares the properties of two mixtures com-
posed of organic systems and ionic liquid mixtures. The
curves indicate that for a fixed composition the density and
surface tension decrease as the temperature increases.
However, the dependency of the properties on concentration

Mathematical expressions of the general model

Coefticients of the cubic polynomial equation

p— Rlo _ a,0®
My=bno M2 +M 0 (by+Cn)=Crbma®
Cubic polynomial

ﬁ)+f](r+f202+(73:0

Cardano’s analytical solution

0 = ycos B cos™! (;—‘{ﬂ —%

 My[~an+buP(but200)+R*T(bntcn)]

fa= by (~an+buenP+enR'T)
oo (e RT)
U™ bufaw—cn(buP+R'T)]
- Myir
So="% [an—cn(buP+RT)]

Associated parameters of the Cardano’s method

3113
p= G

(213911 12+271,)
27

y=2/%
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Table3  Basic properties of pure ionic liquids used in this study and ranges of temperature and surface tension from NIST-ILs database at 1.01 bar. The
complete table is provided as supplementary material

No. Substance Properties of pure components Ranges of temperature, pressure, and surface tension Ref.
M(gmol) T,(K) P.(bar) Z. N AT (K) Ao (N/m)

1 [C4mim][BF4] 226.03 643.18 2038 250-107 65 278.15-393.00 382102457102  [51,52]
2 [C2mim][DEP] 264.27 877.19 2147 235-10"' 11 293.15-338.15  338-102443 1072 [51,52]
3 [C6mim][Ac] 226.32 887.72 2103 220-10' 9 298.15-338.15 298 - 1023311072 [51,52]
4 [P14][dca] 20831 88725 2061 2.16-107" 15 293.05-35345  5.08-102-5.64- 1072  [51,52]
5 [C8mim][bti] 47548 1317.82 2098 233-107" 9 283.15-343.15 289 - 1023211072 [51,52]
6 [P14][bti] 422.42 1093.1 2425 280-10" 15 283.10-363.15  320-102349-1072 [51,52]
7 [C4mim][DMPO4] 264.26 877.19 2147 235-107" 1 298.15 3.80 - 1072 [51, 52]
8  [C6mim][BFA4] 254.08 68998 17.94 241-10" 67 268.58-393.00 343 -1024.14- 102  [51,52]
9 [mbpy][BF4] 237.05 62579 189  256-107' 45 278.15-350.75 423 -1024.72-102 [51,52]
10 [ppyl[BF4] 208.99 573.81 21.81 2.70-10"' 10 278.15-300.65  5.07 - 102-526 - 102  [51,52]
11 [bmpy][BF4] 237.05 62579 189  256-10"' 53 278.15-338.15  429-1024.75-102 [51,52]
12 [C4mim][C8S] 34851 1189.84 2025 229-107' 11 278.75-328.00  2.57 - 102357102  [51,52]
13 [bpy][BF4] 223.02 597.61 2033 2.65-10"' 25 278.15-338.15  442-1024.79-102 [51,52]
14 [C2mim][BF4] 197.97 59623 2359 257-10"' 13 278.15-338.15 486 -102-5.13- 102  [51,52]
15 [C2mim][ESO4] 236.30 1067.49 4046 3.01-10" 17 278.75-333.15 434 -10%4.73- 102> [51,52]
16 [C6Hmim][CH3CH2CO2] 240.35 88822 19.15 214-100' 9 288.15-328.15 3261023431072  [51,52]
17 [C4Hmim][CH3CH2CO2] 21431 84596 2216 224-10' 9 288.15-328.15 348 -10%3.65-102  [51,52]
18 [C3Hmim][CH3CH2CO2] 19827 82501 2369 225-107' 9 288.15-328.15  3.60- 102377 - 107>  [51,52]
19 [C5Hmim][CH3CH2CO2] 226.32 867.02 2046 2.18-10" 9 288.15-328.15  337-1023.54- 102 [51,52]
20 [C4mim][glycinate] 213.28 92782 2484 225-107" 6 208.15-343.15 468 - 1025451072  [51,52]
21 [C3mim][Ac] 184.24 82721 2661 233-10' 9 298.15-338.15 334 -10%3.66- 102> [51,52]
22 [CAmim][Ac] 198.27 84731 2445 229-10"' 23 293.2-343.15 322102392102  [51,52]
23 [C5mim][Ac] 212.29 867.46 2261 224-10' 9 298.15-338.15  3.10- 102342102 [51,52]
24  [C4mim][lactate] 228.29 95356 2382 221-10"' 15 293.15-343.15  4.00- 102431102 [51,52]
25 [C4mim][C]] 174.67 789.00 27.85 242-10" 20 298.00-393.00  4.18 - 102482102 [51,52]
26  [C2mim][lactate] 200.24 912.67 2824 231-10"% 9 288.15-333.15  4.63 - 102495- 102 [51,52]
27  [C5mim][lactate] 24232 97435 2209 216-10"% 9 288.15-333.15 398 - 102431102 [51,52]
28  [C2mim][C4SO4] 264.35 1096.08 3255 277-1070 1 298.15 3.96 - 1072 [51, 52]
29  [C2mim][C8SO4] 320.46 1157.12 2321 242-100 2 293.15-298.15  3.10-1023.13- 102 [51,52]
30 [C4mim][MSO4] 25031 1081.64 361  2.88-107" 32 283-368.1 3.76 - 102-4.60 - 1072 [51,52]
31 [Clmim][DMPO4] 222.19 816.76 27.18 251-10"' 17 293.15-338.15 413102484102 [51,52]
32 [C2mim][DMPO4] 236.21 836.85 2497 246-10"' 6 298.15-343.5 433-1072453-102%  [51,52]
33 [C4mim][dbp] 34843 1002.19 1507 206-10" 1 298.15 2941072 [51, 52]
34 [Comim][Cl] 202.73 829.16 235 233-107' 20 298.00-393.00  3.62-1024.18- 102  [51,52]
35 [NHHH2][NO3] 108.10 71975 4624 247-10" 2 298.15-300.10  4.73 - 102481 - 102  [51,52]
36 [C4mim][PF6] 284.18 71939 1728 220-10' 28 287.6-352.99 4.05-102-445-102 [51,52]
37 [C6mim][PF6] 31224 76489 1550 2.14-10"' 15 293.15-353.15  3.51-102390- 102 [51,52]
38  [C2mim][mesy] 206.27 1026.03 4813 331-107% 13 298.50-342.7 454102509102  [51,52]
39 [P666(14)][9COO0] 655.13 1563.77 677 128-10' 6 298.00-343.00  2.62- 102290102 [51,52]
40 [C4mim][bti] 419.37 1269.93  27.65 2.59-107" 29 278.75-351.56  3.05- 102349 - 102  [51,52]
41 [C8mim][PF6] 340.29 810.85 1405 207-10"' 13 283.91-353.62  3.08- 1023481072 [51,52]
42 [C8mim][BF4] 282.13 73699 1602 231-10" 20 298.00-393.00  2.60 - 102-3.07 - 102 [51,52]
43 [C10mim][bti] 503.53 1279.63  19.67 236-107" 8 298.15-363.15 252102298 - 1072  [51,52]
44 [C5mim][bti] 433.40 1281.08 2564 252-10" 6 293.15-343.15 3.03- 102329102 [51,52]
45  [C4mim][tca] 19731 104736 1938 1.74-107" 5 202.35-303.45  441-102474- 1072  [51,52]
46 [Clmim][MSO4] 208.24 1040 5292 334-10' 6 288.15-313.15 5.89-102-6.09 - 102  [51, 52]
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Table 3 (continued)

No. Substance Properties of pure components Ranges of temperature, pressure, and surface tension Ref.

M(gmol) T.(K) P, (bar) Z. N AT (K) Ao (N/m)

47 [C2mim][MSO4] 22227 1053.61 4592 3.16-107" 11 283.15-333.15  5.04-102535-102 [51,52]
48 [C2mim][Ac] 170.21 807.14 29.19 237-10' 7 278.15-338.15  4.54-102481-102 [51,52]
49  [bdmim][bti] 433.40 1281.11 2548 250-10" 6 293.15-343.15 287 -1023.74- 102  [51,52]
50  [P13][bti] 408.39 1078.45 2608 289-107' 14 288.15-343.15  3.00- 102350 - 1072 [51,52]
51 [prmpy][bti] 416.37 122887 2753 2651070 50 264.14-352.62  325-1023.64- 1072  [51,52]
52 [PP13][bti] 42242 1093.1 2425 280-10" 8 293.4-343.3 330102356102  [51,52]
53 [C3mim][bti] 405.34 125934 2996 267-10" 6 293.15-343.15  322-102349- 1072 [51,52]
54 [C8mim][Br] 275.23 91231 2152 230-107% 1 336.00 3201072 [51, 52]
55  Water 18.02 647.13 22055 229-10" 6 203.15-323.15 678 - 102727 - 107>  [55, 56]
56 Acetone 58.08 5082 4701 233-10" 5 288.15-328.15 1921022431072  [57]
57  Ethanol 46.07 514 6137 241-107" 19 274.77-31899  2.02- 1022361072  [58]
58 n-Methyldiethanolamine ~ 119.16 675 388 254-107 4 303.15-333.15  3.53- 102387102  [59]
59  1-Propanol 60.10 536.8 5169 252-10' 7 293.15-323.15  2.13-102237-102  [60]
60 2-Propanol 60.10 5083 4764 250-10' 5 293.15-323.15 1.88-1022.13-102  [61]
61 Dicthanolamine 105.14 736.6 427  243-10% 6 298.15-323.15  431-102472-102 [62]
62 Methanol 32.04 5125 8084 222-10' 8 293.15-323.15  2.02-102230- 102  [60, 63]
63  1-Butanol 74.12 563 4414 258-10" 6 298.15-334.95  2.17- 1022401072  [64-66]
64 Dimethyl sulfoxide 78.14 729 565  212-10" 5 203.15-313.15 398 - 102434102 [67]
65 Acetonitrile 41.05 5455 483  184-10' 3 288.15-308.15  2.72- 1022951072  [68]
66 1-octene 11222 567 268 266-10" 4 293.10-348.15 157102225102  [37]

(mole fraction) is not clear (separation between lines and
slopes of the lines). Thus, a more sophisticated model must
be considered to include this third variable, the concentration.
Considering that some equations of state can be acceptably
applied to the liquid phase, for both pure substances and mix-
tures, the following hypothesis may be established: an equa-
tion of state that can well represent the effects of pressure,
temperature, and concentration on density will also be able
to represent the effect of these variables on the surface tension,
using the concept of geometric similitude. This hypothesis is
to be demonstrated in this work through the application of the
equation of state (EoS) model to binary and ternary mixtures
for predicting the surface tension. It should be noticed that
once the geometric similitude is established, the meaning of
the parameters is totally lost. Therefore, seeking any relation
between the order of magnitude of the parameters, their be-
havior, or the sign of the parameters, has no sense.

The Valderrama—Patel-Teja cubic equation of state [44,
45] is the selected equation of state that provides the relation
between the variables pressure, temperature, and concentra-
tion with the surface tension. This equation of state has been
used in several applications [46, 47] and has also been suc-
cessfully applied to the prediction of viscosity of ionic liquid
in a wide range of temperature and pressure [6]. The EoS
model applied in this paper is shown in Table 1. The table

gives details on the dependency of the surface tension o on
pressure, temperature, and concentration. Also, some param-
eters (constant values and functions) included in the model are
defined.

It should be noticed that even surface tension and density
decrease with temperature and both behave more or less
monotonically within a binary mixture, what is important
when the similitude concept is invoked is to have a flexible
model that can represent other types of behavior. The cubic
equation used in this paper has that flexibility. This equation
has the flexibility of representing geometric similitude in the
whole range of pressure and temperature, although the partic-
ular study is done in a narrower area, just the liquid phase.
Therefore, there is no restriction for applying the concept to
other pressures and temperatures, including different fluid
phases [6].

In Table 1, P is the pressure in bar, 7 is the temperature in
Kelvin, ¢ is the surface tension in newton per meter, and Z,. is
the critical compressibility factor (dimensionless). The sub-
script m, ¢, i, and j indicate the mixture, the critical properties,
and the components “7” and */,” respectively. The alpha func-
tion described in Table 1, row 3, is that proposed by Heyen
[48]. The use this alpha function has shown to be appropriate
in applications done by the authors in modeling viscosity [6].
The parameter H; varies for each ionic liquid, while H, is a
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Table4 Ranges of concentration (mole fraction), temperature, and surface tension of the data used for binary mixtures. The pressure is 1.01 bar for all
data. 1: ionic liquid, 2: organic solvent

No. Binary mixture N AX, AT (K) Ao, (N/m)

1 [C2mim][DEP] + water 16 0-1 298.15 3.71-10%7.19 - 102
2 [bpy][BF4] + Water 72 0-1 293.15-323.15 451102727102
3 [C2mim][BF4] + water 78 0.87-1 278.15-338.15 486102530102
4 [C2mim][ESO4] + water 15 0-1 298.15 472 -102-7.14 - 102
5 [C6Hmim][CH3CH2CO2] + water 53 0.79-1 288.15-328.15 326 - 102-3.54 - 1072
6 [C4Hmim][CH3CH2CO2] + water 54 0.79-1 288.15-328.15 348 - 1072-3.76 - 107>
7 [C3Hmim][CH3CH2CO2] + water 54 0.79-1 288.15-328.15 3.60 - 10 2-3.87 - 102
8 [C5Hmim][CH3CH2CO2] + water 54 0.79-1 288.15-328.15 337 - 1023.66 - 1072
9 [C4mim][glycinate] + water 108 0-0.01 288.15-328.15 6.08 - 102-7.31 - 102
10 [Cémim][Ac] + water 49 0.86-1 298.15-338.15 298 - 1023.57 - 102
11 [C3mim][Ac] + water 49 0.86-1 298.15-338.15 298 - 102-3.57 - 1072
12 [C4mim][Ac] + water 49 0.85-1 298.15-338.15 3.22-102%3.87 - 102
13 [C5mim][Ac] + water 49 0.86-1 298.15-338.15 3.10 - 1023.71 - 102
14 [C4mim][lactate] + water 48 0-1 298.15-318.15 418 -102-7.19 - 102
15 [C4mim][C]] + water 46 0-0.48 298.10-302.10 537-102-7.19- 1072
16 [C2mim][lactate] + water 45 0.81-0.92 288.15-333.15 470 - 102-5.10 - 1072
17 [C5mim][lactate] + water 45 0.78-0.90 288.15-333.15 405102446107
18 [C4mim][BFA4] + water 38 0-0.51 298.00-299.20 4721072720 - 1072
19 [P14][dca] + water 39 0-0.97 288.30-324.90 489 - 102-7.19 - 102
20 [C2mim][C4SO4] + water 27 0.04-1 298.15 3.91 - 102-4.59 - 102
21 [C1mim][DMPOA4] + water 16 0-1 298.15 484102719 - 102
22 [C2mim][DMPO4] + water 11 0-1 298.15 441-102-7.19 - 102
23 [C4mim][dbp] + water 11 0-1 298.15 2.82-102%7.19 - 102
24 [C6mim][C]] + water 10 0-0.14 297.20-298.20 432-102-7.09 - 102
25 [NHHH2][NO3] + water 10 0.10-0.93 298.15 432-102-7.09 - 102
26 [C4mim][PF6] + water 9 0.93-1 303.15-303.15 410102433 - 1072
27 [C6mim][PF6] + water 8 0.30-1 298.15 3.73-107%3.79 - 1072
28 [C2mim][mesy] + water 30 0-0.49 300.00-303.80 573 - 1072721 - 1072
29 [P666(14)][9COO] + water 6 0.13 298.40-344.30 256 - 102291 - 1072
30 [C4mim][bti] + water 6 0.74 293.15-343.15 3.10 - 102-3.37 - 1072
31 [C8mim][PF6] + water 5 0.78 298.05-335.05 3.17 - 1072-3.40 - 102
32 [C8mim][BF4] + water 5 0.24 293.15-333.15 3.10 - 1072338 - 1072
33 [C2mim][Ac] + ethanol 77 0-1 278.15-338.15 1.89 - 102-4.81 - 102
34 [mbpy][BF4] + cthanol 56 0-1 293.15-323.15 1.98 - 102-4.58 - 1072
35 [C4mim][lactate] + ethanol 45 0-1 298.15-318.15 2.05-102-4.29 - 102
36 [C8mim][bti] + ethanol 39 0.10-0.98 283.15-313.15 229 -1023.20 - 102
37 [C4mim][bti] + ethanol 36 0.10-0.96 283.15-313.15 227102334102
38 [C2mim][C8SO4] + ethanol 18 0-1 298.15 229 -102-3.09 - 1072
39 [NHHH2][NO3] + ethanol 16 0.09-0.87 298.15 236102423 - 1072
40 [C2mim][MSO4] + ethanol 14 0-1 293.15-293.15 220102526102
41 [C6mim][ESO4] + ethanol 13 0.03-1 298.15 230102348 - 1072
42 [C4mim][BF4] + ethanol 12 0.10-1 298.15 228102453 - 1072
43 [C4mim][dbp] + ethanol 11 0-1 298.15 219102294 -10°
44 [C2mim][DEP] + ethanol 11 0-1 298.15 2.19-107%3.71 - 1072
45 [C4mim][DMPO4] + ethanol 11 0-1 298.15 2.19 - 107%-3.80 - 1072
46 [C2mim][ESO4] + ethanol 11 0-1 298.15 220 102-4.72 - 1072
47 [C8mim][BF4] + ethanol 10 0.10-1 298.15 233-1023.28 102
48 [C6mim][BFA4] + cthanol 10 0.10-1 298.15 231-102%3.73 - 102
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Table 4 (continued)

No. Binary mixture N AX, AT (K) Ao, (N/m)

49 [C2mim][C4SO4] + ethanol 10 0.07-1 298.15 236 102-3.96 - 1072
50 [C2mim][Ac] + 1-propanol 77 0-1 288.15-348.15 1.90 - 1024.77 - 102
51 [C8mim][bti] + 1-propanol 33 0.10-0.95 283.15-313.15 233 -1023.17 - 1072
52 [C4mim][bti] + 1-propanol 41 0-1 283.15-313.15 2311023321072
53 [mbpy][BF4] + methanol 112 0-1 293.15-323.15 2.01-10%458-10°
54 [bpy][BF4] + methanol 56 0-1 293.15-323.15 2.01 - 1072-4.69 - 1072
55 [C2mim][Ac] + methanol 55 0-1 278.2-318.2 2.10 - 107%-4.81 - 1072
56 [ppyl[BF4] + methanol 52 0-1 293.15-323.15 2.01 - 1072-5.13 - 1072
57 [C4mim][lactate] + methanol 48 0-1 298.15-318.15 2.05-102-4.29 - 102
58 [C4mim][bti] + methanol 24 0.10-0.96 283.15-298.15 255102334102
59 [C8mim][bti] + methanol 20 0.10-0.94 283.15-298.15 251 -102%3.16 - 102
60 [C2mim][MSO4] + methanol 14 0-1 293.15-293.15 218 - 102-5.26 - 102
61 [C1mim][DMPO4] + methanol 11 0-1 298.15 224 -1024.84 - 102
62 [C2mim][DMPO4] + methanol 11 0-1 298.15 224102443 - 1072
63 [C4mim][DMPO4] + methanol 11 0-1 298.15 224102381102
64 [C2mim][ESO4] + methanol 11 0-1 298.15 224 -1023.73 - 1072
65 [C4mim][dbp] + methanol 11 0-1 298.15 224-10%295-102
66 [C1mim][MSO4] + methanol 9 0-1 298.15 221102565102
67 [C4mim][C8S] + methanol 7 0.18-1 298.15 244 -10%284-10°
68 [C4mim][MSO4] + methanol 6 0.07-0.82 298.15 233-107%3.80 - 1072
69 [C2mim][Ac] + propan-2-ol 66 0-1 288.15-338.15 1.74 - 10%24.77 - 102
70 [C4mim][bti] + propan-2-ol 33 0.10-0.98 283.15-313.15 2.08 - 1072-3.33 - 102
71 [C8mim][bti] + propan-2-ol 30 0.10-0.93 283.15-313.15 2.13 - 102-3.15 - 102
72 [C4mim][lactate] + 1-butanol 48 0-1 298.15-318.15 226 - 1024.29 - 102
73 [C4mim][tca] + 1-butanol 45 0-1 298.15-338.15 2.03 - 10 24.74 - 102
74 [C8mim][bti] + 1-butanol 27 0.12-0.88 283.15-313.15 237-102%3.12- 1072
75 [C4mim][bti] + 1-butanol 26 0.10-0.96 283.15-313.15 2351023341072
76 [C4mim][C8S] + 1-butanol 7 0.16-0.92 298.15 236102251 - 1072
77 [C4mim][bti] + dimethyl sulfoxide 50 0-1 293.15-313.15 3.19 - 102434 - 102
78 [C2mim][bti] + dimethyl sulfoxide 45 0-1 293.15-313.15 351 - 102434 - 1072
79 [C4mim][bti] + acetonitrile 45 0-1 293.15-313.15 264102328 - 1072
80 [P14][bti] + acetonitrile 27 0-1 288.15-308.15 272-10%337-10°2
81 [C6mim][bti] + 1-octene 24 0-1 283.1-348.15 157 -10%3.12- 102
82 (1) [C4mim][bti] + (2) [C2mim][bti] 7 0-1 298.15 332 102-3.67 - 1072
83 (1) [C4mim][bti] + (2) [C5mim][bti] 7 0-1 298.15 325102332102
84 (1) [C6mim][bti] + (2) [C4mim][bti] 7 0-1 298.15 3.19 - 10%3.32 - 1072
85 (1) [C8mim][bti] + (2) [C4mim][bti] 7 0-1 298.15 3.14 - 102332 - 102
86 (1) [C10mim][bti] + (2) [C5mim][bti] 7 0-1 298.15 3.09 - 102-3.32 - 102
87 (1) [bdmim][bti] + (2) [C4mim][bti] 7 0-1 298.2 331102345102
88 (1) [P13][bti] + (2) [C4mim][bti] 7 0-1 298.2 331-102%3.53 - 102
89 (1) [prmpy][bti] + (2) [C4mim][bti] 7 0-1 298.2 331-102%3.50 - 102
90 (1) [PP13][bti] + (2) [C4mim][bti] 7 0-1 298.2 3311023501072

constant value for all ionic liquids. The terms ¢, ¢1, By, 51,
Yo» 71, and R* that appear in the equation of state (Table 1 row
3) are constants for all the ionic liquids and are obtained from
an optimization procedure. It is important to clarify that al-
though in the original P7p equation the parameters may have

certain physical meaning, in the extended model based on the
geometric similitude concept the model parameters do not
necessarily have a physicochemical sense.

For mixtures, the simple mixing rules proposed by the au-
thors for the prediction of thermal conductivity and speed of
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Table 5 Ranges of concentration (mole fraction), temperature, and surface tension of the data used for ternary mixture. The pressure is 1.01 bar for all
data
No. Mixtures AX; AX, Number AT (K) Ao, N/m)
1 (Dacetone + (2)water + (3)[C4mim][BF4] 0.01-0.08 0.43-0.98 13 208.1-298.8  4.57 - 1072-5.95 - 107>
2 (1)ethanol + (2)water + (3)[C4mim][BF4] 0.01-0.04  0.79-0.99 12 29943002  4.85- 1072-6.15 - 107>
3 (Dacetone + (2)water + (3)[C4mim][Cl] 0.01-0.03  0.80-0.99 11 208.1-298.7 559 - 1072-6.11 - 107>
4 (I)n-methyldiethanolamine + (2)water + (3)[C1mim][DMPO4] 0-0.60 0-0.64 70 203.15-343.15 3.90 - 1072-4.62 - 107>
5 (1)n-methyldiethanolamine + (2)water + (3)[C2mim][DEP] 0-0.54 0-0.71 63 203.15-343.15 3.44 - 10°2-3.76 - 107>
6 (1)1-propanol + (2)water + (3)[C1mim][DMPO4] 0.05-0.405 0.05-0.44 54 203.15-333.15 2.85 - 102-4.56 - 107>
7 (1)2-propanol + (2)water + (3)[C1mim][DMPO4] 0.04-0.46  0.04-0.45 54 293.15-333.15 2.63 - 102-4.72 - 1072
8 (1)2-propanol + (2)water + (3)[C2mim][DEP] 0.05-0.45 0.05-0.45 54 293.15-333.15 2.12 - 102-3.19 - 10>
9  (1)1-propanol + (2)water + (3)[C2mim][DEP] 0.05-0.45 0.05-045 54 293.15-333.15 2.11 - 102-324 - 10>
10 (1)n-methyldiethanolamine + (2)water + (3)[C4mim][BF4] 0.22-0.43  0.32-0.62 36 293.2-3232  432-10%5.14- 102
11 (1)diethanolamine + (2)water + (3)[C4mim][BF4] 0.14-0.33 0.33-0.54 32 293.2-3232  4.60 - 102533 - 102
12 (1)ethanol + (2)water + (3)[C4mim][Cl] 0.02-0.05 0.73-0.98 14 299.4-300.6 534 - 102580107

sound in mixtures containing ionic liquids were employed [7].
The authors stated that the parameter £;; in the classical van der
Waals mixing [49] rule is of the order of — 2.0, so they fixed
this parameter for all mixtures. Clearly, this value for k;; has no
physical meaning but is just an adjustable parameter that re-
sulted to approximately assume a constant value, keeping the

model as a predictive tool for estimating the properties of
mixtures. This assumption of k;=—2.0 for all interactions
explains the minus sign in the term —2x; - x; of the mixing
rule for the proposed model (rows 5 and 6 in Table 1). Finally,
the units for each variable that present the model are 7" and 7.,
in Kelvin, P and P, in bar, o in newton per meter, R* in bar

Table 6  Final model for correlating and predicting the surface tension of pure substances and mixtures

Description Mathematical expressions Values
1 Explicit pressure expression P = Mﬁ’_rb:;lg_ MZ M, (,(Z’"fc )Cmbno? R"=40.01-10"
2 EoS parameters " '"R*Z;z e 0=—1181.039
aci = (b0 + ¢1Zci) 7" = (Yo + M Zes) et L? . 2(53767
R'Tei ' 0="1.
bi = (Bo + B1Ze.) o B,=—0.15
" ai = ac, ici(T) ~=-3.06
m(T):exp[Hl‘[(l—(T/Tc,i) )] ?/0:70']7
1 =—0.

3 With H; from a single o=o,atT=T,and P=P, H,=12.80 (constant for all fluids)
experimental datum (H, H, ; is specific parameter for each ionic
using one o value) H; = (W) LnQ liquid and for water.

, o , ) H, can be estimated using a single value of
0= [(M" *M"”Sl(bjz"")’”fb'”" ) (}f]fg_’zﬂ —P0>] surface tension o, at 7, and P, = 1 bar
o0 noe H, ; for ionic liquids can be estimated by
4 H, using M H, ;=—-454- 10°-M?+7.54-1073 - M;+3.32-107" knowing the molar mass M, but accuracy

5 Simple mixing rule Ay = )Y XXy aj = \/aa;
i ‘

b= Y xb; Cm= 2 XiCi
6 Binary mixtures
Cp=X1°C+Xx2°C

7 Ternary mixtures
—|—x§-a2 + x%-a;
Cp=X1*Ci+Xx-Cr+Xx3-C3

ay = x3a1=2x1 x2(a1 az) %5 + x3-a,

2 0.5 0.5
ay, = x1~a172x1 Xz(al az) *2)61 X3 (al a;) *2)62 X3 (az a;)
bm=x1 . bl +X5 b2 +X3- b3

is uncertain.
No interaction parameters are used in the
mixing and combining rules.

Mm = ZX[M

bp=x1-b1+x5-b>

0.5
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Table 7 Selected values of H; and deviations given by the general surface tension model for ionic liquids. The complete table is provided as
supplementary material

No. Substances H, by regression H, using one o value H, using M
M H, Ao [%Aocl 1%Aclpm. Hi  %Ac 1%Acl %Al Hi %Ac [%Acl [%A0Ta
(g/mol)

1 [C4mim][BF4] 226.03 196 043 3.71 11.63 192 244 384 1391 1.80 8.68 8.68  20.76
2 [C2mim][DEP] 264.27 2.10 —1.13 3.66 20.62 206 094 448 18.96 2.01 3.80 6.83 16.66
3 [Comim][Ac] 226.32 198 —1.03 287 5.24 1.87 532 532 1094 1.80 7.67 7.67 1448
4 [P14][dca] 208.31 0.69 040 292 5.54 0.59 528 528 10.67 1.70 —38.88 38.88  41.98
5 [C8mim][bti] 475.48 273 048 3.68 5.88 269 264 3.60 8.40 289 —-697 697 11.71
6 [P14][bti] 422.42 2.80 083 1.86 6.37 278 195 219 7.55 2.70 573 573 11.53
7 [C4mim][DMPO4] 264.26 1.95 0.00 0.00 0.00 1.95 0.00 0.00 0.00 201 -284 284 2.84
8 [Comim][BF4] 254.08 220 —040 3.57 9.79 211 475 535 14.04 1.95 1275 12.75 2292
9 [mbpy][BF4] 237.05 1.95 —-0.10 1.96 5.39 191 197 2.68 7.30 1.86 442 449 10.01
10 [ppy][BF4] 208.99 172 0.03 0.85 1.57 1.74 —125 134 2.93 1.71 0.64 098 2.19
11 [bmpy][BF4] 237.05 195 -0.13 1.97 591 194 0.19 1.99 5.60 1.86 4.15 427 8.44
12 [C4mim][C8S] 348.51 245 —8.10 1390 2043 1.96 16.56 16.56  38.76 241 729 1384 19.73
13 [bpyl[BF4] 22302 193 —002 215 394 191 124 226 517 179 739 739 1152
14  [C2mim][BF4] 197.97 1.67 —0.13 135 2.71 1.66 0.74 143 3.54 1.65 1.26 1.70 4.14
15 [C2mim][ESO4] 236.30 1.57 034 1.63 5.47 1.54 228 246 7.94 1.86 —12.87 12.87 15.34
16 [C6Hmim][CH3CH2CO2] 240.35 1.88 —0.36 146 2.59 1.85 126 1.64 3.90 1.88 —0.58 1.52 2.81
17 [CAHmim][CH3CH2CO2] 214.31 1.75 047 138 2.53 1.73 121 1.56 3.64 1.74 121  1.70 3.29
18  [C3Hmim][CH3CH2CO2] 198.27 1.65 022 1.25 242 1.62 113 147 3.49 1.65 0.15 125 235
19  [C5Hmim][CH3CH2CO2] 226.32 1.80 0.12 135 2.61 1.77 125 1.61 3.76 1.80 —-0.23 1.39 2.54
20  [C4mim][glycinate] 213.28 096 —0.16 4.63 8.26 081 7.16 7.6 16.18 1.73 =31.77 31.77 36.36
21 [C3mim][Ac] 184.24 1.72 -0.59 3.08 4.57 1.63 438 438 9.41 1.57 473 854 1334
22 [C4mim][Ac] 198.27 1.64 1.68 525 1340 1.71 —1.74 5.54 9.78 1.65 1.47 524 1317
23 [C5Smim][Ac] 212.29 1.90 —0.65 2.87 537 1.79 499 499 10.19 1.73 840 840 13.76
24 [C4mim][lactate] 228.29 138 029 1.79 493 134 259 265 7.12 1.82 —18.95 1895 21.25
25  [C4mim][Cl] 174.67 123 -0.18 3.46 6.45 1.10  6.83 6.83 14.72 1.51 —12.78 12.78  18.29
26  [C2mim][lactate] 200.24 1.12 -0.13 175 3.52 1.06 291 3.04 6.06 1.66 —23.45 2345 26.06
27  [C5mim][lactate] 242.32 142 -0.20 2.10 433 135 337 357 7.14 1.89 —20.71 20.71  24.00
28  [C2mim][C4S04] 264.35 1.83  0.00 0.00 0.00 1.83  0.00 0.00 0.00 201 -812 8.12 8.12
29 [C2mim][C8SO4] 320.46 226 046 046 0.46 225 047 047 0.94 228 -041 041 0.41
30  [C4mim][MSO4] 250.31 176 095 4.63 1042 1.69 411 5.09 14.07 1.93 —-747 7.65 17.05
31  [Clmim][DMPO4] 222.19 1.63  0.61 4.64 9.07 149 774 774  16.99 .78 —6.70 6.84 13.56
32 [C2mim][DMPO4] 236.21 1.66 —0.51 091 2.24 1.61 1.66 2.14 4.47 1.86 —9.96 996 11.53
33 [C4mim][dbp] 348.43 240  0.00 0.00 0.00 240 0.00 0.00 0.00 241 -025 025 0.25
34 [Comim][Cl]] 202.73 1.57 0.10 345 7.00 142 724 724 15.03 1.67 —-494 519 11.06
35 [NHHH2][NO3] 108.10 0.84 —0.50 0.87 1.37 0.85 —0.86 0.86 1.72 1.09 —12.03 12.03 12.80
36  [C4mim][PF6] 284.18 205 030 244 4.81 198 335 3.54 7.88 2,11 —253 296 7.15
37  [Comim][PF6] 312.24 231 046 214 4.75 227 170 291 5.90 2.24 399 420 7.64
38  [C2mim][mesy] 206.27 148 0.11 2.66 6.15 148 —0.04 281 6.07 1.69 -9.86 9.86 15.51
39 [P666(14)][9CO0] 655.13 211 1.37 3.17 4.83 1.94 831 83l 13.73 332 —4441 4441 4714
40  [C4mim][bti] 419.37 274 —-027 2.60 8.15 269 195 3.00 7.51 2.69 1.90 299 7.19
41  [C8mim][PF6] 340.29 251 —047 296 6.53 239 542 559 1131 2.37 6.52 652 1261
42 [C8mim][BF4] 282.13 274 029 4.08 8.41 257 861 861 17.88 2.10 3754 37.54 48.60
43 [C10mim][bti] 503.53 3.05 203 449 9.08 3.05 081 4.89 9.08 2.97 620 6.76 1354
44 [C5mim][bti] 433.40 276 —090 248 491 276 —090 248 491 274 -020 250 4.25
45  [C4mim][tca] 197.31 051 -031 222 3.82 051 019 222 3.82 1.64 —42.77 4277 4452
46  [Clmim][MSO4] 208.24 1.12 =039 0.93 221 1.12 =039 0.93 221 1.70 —25.26 2526  26.64
47 [C2mim][MSO4] 222.27 1.36 —045 1.39 2.71 136 0.08 1.59 3.09 1.78 —19.29 19.29 21.13
48  [C2mim][Ac] 170.21 1.11 —0.18 1.58 2.96 1.11 -0.18 1.58 2.96 1.48 —16.68 16.68  19.02
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Table 7 (continued)

No. Substances H, by regression

H, using one o value H, using M

M H,
(g/mol)

D%No 1%Nol [%AcT . H,

D%No 1%Nol %A Hy %A [%AcT [%A0Tiax

49 [bdmim][bti]
50  [P13][bti]

51 [prmpy][bti]
52 [PP13][bti]
53 [C3mim][bti]
54 [C8mim][Br]

433.40 269 —435 671 1374
408.39 286 1.82 441 11.68
416.37 264 023 2.69 6.08
422.42 277 —-0.17 194 3.05
405.34 268 037 181 3.62
275.23 230 0.00 0.00 0.00

239 14.07 14.07  30.02 274 -6.89 807 16.03
292 —-1.08 4.69 8.49 2,65 1311 13.11  24.04
260 194 293 7.72 268 —2.04 322 7.20
273 200 235 6.59 2.70 319 3.19 6.42
260 4.06 4.06 8.26 2.64 261 274 593
230 0.00 0.00 0.00 206 1246 1246 1246

g - m/(K'mol'N), a.. in ba:r~g2 -m*/(mol* - N?), b and ¢ in g m/
(N - mol), M in g/mol, and Hy, H>, (1), Z, o, $15 Bo, B> Yo,
and ~; are all dimensionless.

To solve the model, a cubic polynomial is constructed to
then apply the analytical solution of Cardano [50]. In Table 2,
Jfo, f1. f2. P, g, and y are auxiliary parameters of Cardano’s
method. The cubic equation provides three real roots, and
since we are correlating and predicting a property of the liquid
phase, the highest root is always selected as the true solution.

Data selection

Data selected for the surface tension of ionic liquids and mix-
tures containing ionic liquids were taken from the NIST-IL
database that operates online [51, 52]. This database collects
data and report uncertainties for each set of experimental data.
For surface tension, 2026 data at 1 bar for 130 ionic liquids are
included in the database, distributed in the following way: 93
imidazolium ILs (1481 data), 15 pyridinium ILs (322 data),
eight pyrrolidinium ILs (73 data), nine ammonium ILs (107
data), three phosphonium ILs (29 data), and two sulfonium
ILs (14 data). The uncertainties reported by NIST-ILs are
below 4.32%, with the highest uncertainties belonging to the
data sets of mixtures containing ILs with the anions [BF4] and
[PF6]. For these types of ILs, uncertainties vary from 0.12 to
4.32%, being 0.84% the average uncertainties for
[Cxmim][PF6] and 1.36% for [Cxmim][BF4].

Table 3 shows the ranges of temperature, pressure, and
surface tension of the data selected for analysis, besides the
critical properties for all the substances involved in the study.
The molar mass and the critical properties (7, P., and Z_.)
were taken from the data given by Valderrama et al. [53].
Also, N in this table is the number of data in a data set. This
table is included in the supplementary material that accom-
panies this paper. It is important to clarify that the critical
properties of ILs are impossible to determinate experimentally
because ILs start to decompose even at temperature below the
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normal boiling point [54], so the use of these critical properties
is just an extension of the methods used to treat molecular
fluids using equations of state. The estimated values are con-
sidered to be pseudo experimental and must be interpreted as "
these would be the values of T, P., V., T}, and w, if the
properties were possible to be measured” [53].

The extension to mixtures is done for three types of binary
mixtures, [Ls + organic solvents, ILs + water and ILs + ILs, and
also for ternary mixtures ILs + water + organic substances. The
experimental data are also taken from NIST-IL database [51,
52]. For organic substances, the critical properties (7, P,, and
Z,.) are taken from DIPPR database [69], and for the organic
substances they were taken from other sources [55-68] in the
temperature range from 288.15 to 348.15 K at 1 bar. Tables 4
and 5 show the ranges of temperature, concentration, and surface
tension for the data: Table 4 for binary mixtures and Table 5 for
ternary mixtures. For the 90 binary mixtures (2660 data) and 12
ternary mixtures (467 data), the temperature range goes from
278.15 to 348.15 K at 1 bar, in different concentration ranges.

Parameter estimation

The parameters to be estimated are those related to the mixture
parameters a,,, b,,, and ¢, (b9, 1, Bo, B1> Yo, Y1) and to the
parameter H, of the temperature function a(7) (row 2 of
Table 1); all these parameters are constant values for all sub-
stances. The parameter H; varies from one fluid to another and
is also determined during the optimization process. The above
parameters are estimated by using experimental data of pure
ILs from the NIST-ILs database [51, 52]. For mixtures, no
interaction parameters are included, with the aim of evaluating
the predictive capabilities of the model. The generalized re-
duced gradient [70] optimization method is used to find the
optimum values of the model constants incorporated in Solver
of MS Excel [70, 71]. This method converges to acceptable
accurate solutions according to results presented in the litera-
ture [71, 72]. The objective function to be minimized is the
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Table 8 H, by regression and its
deviations given by the general No. Substances M (g/mol) H, % Ao 1% Aol 1% A0
surface tension model for organic
solvents. The complete table with 1 Water 18.02 -2.36 —046 131 2.08
the data used is provided as 2 Acetone 58.08 1.89 0.74 7.27 13.46
supplementary material 3 Ethanol 46.07 1.59 051 2.90 10.74

4 n-Methyldiethanolamine 119.16 1.51 -0.58 2.69 4.84

5 1-Propanol 60.10 1.87 0.19 2.99 5.58

6 2-Propanol 60.10 2.10 1.18 3.87 8.55

7 Diethanolamine 105.14 0.77 —0.90 2.65 5.09

8 Methanol 32.04 1.20 —0.05 3.16 6.34

9 1-Butanol 74.12 2.01 -0.49 331 543

10 Dimethyl sulfoxide 78.14 0.59 0.74 249 5.46

11 Acetonitrile 41.05 0.50 0.11 2.71 4.24

12 1-Octene 112.22 2.77 -3.14 12.10 17.93
average absolute relative deviation between values deter- eal_exp
mined by the EoS model and experimental data, as follows: % Aol = max.value of 100- ’ BXZ ’ (3)

o

100 N |o=P—g<|
bl = 2 m

In Eq. (1), the superscript “exp” means experimental data,
superscript “cal” indicates calculated, and o is the surface ten-
sion in newton per meter. Also, N is the number of data in a data
set. When the optimum parameters have been found, a statisti-
cal analysis is done to define the goodness and robustness of an
EoS model. For these reasons, besides the average absolute
relative deviation (Eq. 1), the estimation of the average relative
deviation %Ac and the maximum absolute relative deviation
| % Ao | max are additional adequate statistical parameters for
fluid property estimation [73] and are described as follows:

100 X [o<l—go
[—} @

%Ao = —
OO'NZ

=

H, (Surface tension)
N

H, = -4.54-10°M? + 7.54-103M + 3.32-10"!
0 T T
0 200 400 600

M (g/mol)

Fig. 4 H; by regression vs molar mass in g/mol. dots: H; by regression.
line: H, generalized as quadratic equation

800

Some of the data reported in Table 3 (for pure ILs only)
have been used to test the model, while a fraction of the data
was kept for testing. In the case of mixtures, experimental data
were not used for modeling, so the values calculated can be
regarded as totally predictive.

Results and discussion

The model has eight constants R”, do, D1, Bo, b1, Yo, V1> H>),
which are valid for ionic liquids and organic and inorganic
substances, and one adjustable parameter (H;) to be calculated
for each substance. Table 6 shows the final model developed
in this work applied to pure substances and mixtures. The
values of the parameters are estimated using 1810 data (89%
of the dataset), while 216 data (11% of the dataset) were left
for analyzing the predictive capabilities of the model.

Pure substances

The results have been classified into three types according to
the form in which the only adjustable parameter of the model
(H,) was determined: (i) H; by regression, determined by re-
gression analysis of experimental data of surface tension, (ii) H;
using M, obtained according to a general equation using the
molar mass M in g/mol); and (iii) H; using one o value, deter-
mined using one experimental data of surface tension.

Case 1: H, by regression Table 7 presents values of H; by

regression for some selected fluids. Also, the mean deviations
(absolute, relative, and maximum values) with respect to

@ Springer
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Table 9  Overall deviations of the general model applied in the estimation of the surface tension for the steps of correlation and prediction for all pure

ionic liquids
Step Deviations H, by regression H, using M H, using one o
value
Correlation Testing  Correlation  Testing Prediction
Data N 1810 216 1810 216 2026
Absolute relative Average absolute relative deviation (I%Aot) 3.12 3.11 9.05 8.49 4.64
deviation Maximum absolute relative deviation 27.88 12.89 48.60 48.04 38.76
(I%Aclmax)
Relative deviation Average relative 0.01 -0.44 1.24 1.75 3.74
deviation (%Ac)
Maximum average relative deviation (%Ao) 27.88 12.44 48.60 45.83 38.76
Ranges of deviations Points with |%Aal > 10 45 (2.49%) 5 (2.31%) 635 (35.08%) 61 (28.24%) 221 (10.91%)
Points with %Al > 30 0(0.0%) 0(0.0%) 56(3.09%) 5(2.31%) 6 (0.30%)

experimental data of surface tension are shown. A complete
table is provided as supplementary material. Similar devia-
tions for correlation and testing below 3.12% (maximum de-
viation below 27.88%) are obtained. Also, 45 values have a
deviation higher than 10% obtained in the correlation proce-
dure (45 of the 1810 data), while 5 data in the testing proce-
dure (5 of the 216 data). No datum presents deviation higher
than 30%.

Table 8 shows the H; by regression and its deviations for
selected organic substances. The average absolute relative de-
viation is around 3.95%, and its average relative deviations are
around — 0.18%. These results obtained for pure fluids are con-
sidered to be accurate enough to extend the model for correla-
tion and predicting the surface tension in mixtures. The com-
plete table of the data used is provided as supplementary mate-
rial. It can be observed in Table 8 that the parameter H, for
water resulted to be negative (—2.36), while for all ionic liquids
and organic substances the value is positive and varied between
0.50 and 2.77. Clearly this value for 4, has no physical mean-
ing but is just an adjustable parameter that provides accurate

0.07

0.05 - =

ocal (N(m)

0.04

0.03 R

0.02 ; T T
0.02 0.03 0.04 0.05 0.06 0.07

o®® (N/m)

Fig. 5 Calculated vs experimental values for the surface tension of ionic
liquids with parameter H, using one o value
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values of the surface tension and keeps the predictive capabil-
ities of the model when it is applied to mixtures.

Case 2: H, using M The values of H by regression, presented in
Case 1 above, correlate in an acceptable form (with some few
exceptions) with the molar mass M (g/mol) of the ionic liquid,
so a model that relates these two variables is proposed (Fig. 4).
A quadratic equation is acceptable for these purposes:
Hy=332-10"+7.54 - 107 M-4.54 - 10°° M. The coeffi-
cient of determination (R?) is 0.99. With this estimated coeffi-
cient, the values of surface tension are calculated giving vari-
able results. The results using the generalization of H; in terms
of the molar mass can be observed in Table 9. As seen in this
table, during the correlation procedure the average absolute
relative deviation is about 9.05% (maximum 48.60%),
35.08% of the data (635 of the 1810 data) presents deviations
above 10%, while 3.09% (56 of the 1810 data) gives deviations
above 30%. Also, during the testing process, the average abso-
lute relative deviation is about 8.49% (maximum 48.04%),
while for 28.24% of the data (61 of the 216 data) deviations
are above 10% and for 2.31% (5 of the 216 data) deviations are
above 30%. For most of the cases, deviations are below 10%.

Case 3: H; using one o value Since the model has only one
adjustable parameter, this value could be estimated using a
single experimental value of the surface tension, say o= o, at
T=T,and P=P,. Table 6, row 4, shows the equation to esti-
mate H;, obtained by conveniently arranging the model. This
equation required the critical properties (7, P., and Z.) and the
reference temperature and pressure (7,=298.15 K and P, =
1 bar, for instance). In the supplementary material, the authors
provide the complete table for all the data evaluated in this
research. Table 7 shows the average deviations (relative, abso-
lute, and maximum values) for a set of selected ionic liquids,
while Table 9 shows an overall picture of all the cases consid-
ered in the analysis. In this case, for 130 ionic liquids (2026
data), the average absolute relative deviation is 4.64%
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Table 10  Deviations for the predicted surface tension for binary mixtures using different approaches to estimate the pure component parameter H;. 1:
ionic liquid, 2: organic solvent

No. Binary mixture H, by regression H, using one o value H, using M
BT, | %A, | %A max BATw | AT | BAC| max BACw | BAT,| | %A | max
1 [C2mim][DEP] + water 0.63 4.56 16.65 257 4.54 18.54 486 5.05 19.77
2 [bpy][BF4] + water 696 7.38 22.46 835 841 24.04 12.80 12.82 26.46
3 [C2mim][BF4] + water -211 233 5.34 -131 1.80 4.57 -0.74 153 4.01
4 [C2mim][ESO4] + water —-1.61 243 3.59 -0.07 172 437 -10.56 10.97 15.44
5 [C6Hmim][CH3CH2CO2] + -1.68 2.00 4.77 -022 144 3.73 -1.90 2.14 4.97
water
6  [C4Hmim][CH3CH2CO2] + —-1.11  1.66 4.02 -0.04 142 3.47 -038 144 3.30
water
7  [C3Hmim][CH3CH2CO2] + -094 1.50 3.57 0.10 130 3.33 -1.00 1.52 3.62
water
8  [C5Hmim][CH3CH2CO2] + —-142 188 4.50 -031 1.52 3.59 -1.75 207 4.82
water
9  [C4mim][glycinate] + water 2.81 323 10.00 447 4.54 12.17 1.34 197 8.33
10 [Comim][Ac] + water —-475 526 11.56 040 320 10.76 3.59 431 14.30
11 [C3mim][Ac] + water —-459 499 11.23 -0.04 299 9.23 294 386 12.50
12 [C4mim][Ac] + water 271 384 13.22 -055 321 9.60 252 375 12.99
13 [C5mim][Ac] + water —-5.84 622 12.25 -0.51 325 10.01 2.70 3.77 13.57
14 [C4mim][lactate] + water 8.15 8.77 31.08 10.17 10.20 32.93 —6.55 14.11 27.38
15  [C4mim][Cl] + water —-4.11 4.67 13.47 -038 279 7.82 —-942 9.64 23.74
16 [C2mim][lactate] + water -2.08 234 5.83 089 1.89 4.59 —24.77 24.77 27.59
17  [C5mim][lactate] + water —-2.10 245 5.56 1.38 2.09 5.49 —22.09 22.09 24.89
18 [C4mim][BF4] + water 10.67 13.22 29.47 12.53 13.94 31.45 15.72 15.73 33.61
19 [P14][dca] + water 729 736 16.10 11.78 11.78 20.18 —27.87 28.21 3731
20 [C2mim][C4S04] + water 11.77 11.78 27.38 12.05 12.06 28.03 12.05 12.06 28.03
21  [Clmim][DMPO4] + water -522 522 7.34 024 138 4.58 —10.16 10.16 13.83
22 [C2mim][DMPO4] + water 248 275 7.62 467 4.67 9.78 -5.61 5.72 9.06
23 [C4mim][dbp] + water 5.60 5.89 28.51 577 583 28.79 5.54  5.69 28.52
24 [Comim][Cl] + water 13.24 13.24 22.75 1748 17.48 26.52 11.79 11.79 22.19
25 [NHHH2][NO3] + water 231 887 26.84 226 875 26.88 -7.39 740 33.82
26 [C4mim][PF6] + water 0.02 1.65 3.77 3.66 3.66 7.55 -2.80 299 4.76
27 [Comim][PF6] + water 1.81 1.85 5.52 681 6.81 10.50 1491 1491 18.41
28  [C2mim][mesy] + water -837 837 16.04 -7.61 7.65 15.78 —11.38 11.42 23.42
29 [P666(14)][9COO] + water 11.24 11.24 18.16 20.14 20.14 27.60 —37.14 37.14 41.14
30 [C4mim][bti] + water -0.13 242 4.28 233 3.09 6.57 2.03 299 6.26
31  [C8mim][PF6] + water -093 233 3.89 477 477 8.95 599 5.99 10.21
32 [C8mim][BF4] + water -644 644 10.60 -133 2.63 5.71 -0.27 245 4.70
33 [C2mim][Ac] + ethanol 6.88 7.38 20.68 6.88 7.38 20.68 6.88 7.38 20.68
34 [mbpy][BF4] + ethanol 18.69 18.84 34.55 20.08 20.12 35.89 21.92 21.92 37.64
35 [C4mim][lactate] + ethanol 893 9.08 15.82 10.04 10.05 17.00 -1.88 7.02 20.98
36 [C8mim][bti] + ethanol 293 410 14.12 502 532 15.37 -3.67 5.60 11.60
37 [C4mim][bti] + ethanol 391 531 16.60 6.06 643 18.33 580 6.25 18.12
38 [C2mim][C8S0O4] + ethanol 2.09 2.09 4.51 245 245 4.65 1.46 1.59 426
39 [NHHH2][NO3] + ethanol 10.79 10.79 16.84 10.57 10.57 16.59 334 532 9.72
40 [C2mim][MSO4] + ethanol 16.36  16.53 31.58 16.36 16.53 31.58 4.60 10.96 19.91
41 [Comim][ESO4] + ethanol —445 537 14.76 -0.13 393 8.78 —-644 6.75 17.46
42 [C4mim][BF4] + ethanol 20.02 21.00 32.49 644 721 12.07 10.57 10.57 15.98
43 [C4mim][dbp] + ethanol 5.89 592 12.71 589 592 12.72 570 5.77 12.55
44 [C2mim][DEP] + ethanol 9.63 10.64 20.56 11.17 11.79 22.09 13.29 13.41 24.16
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Table 10 (continued)

No. Binary mixture H, by regression H, using one o value H, using M

BAG, | %A, | %A max %A | BATw| | BAGH| max %ACw | BAT,| | AT | max

45 [C4mim][DMPO4] + ethanol 14.02 14.05 26.31 14.03 14.05 26.31 11.84 12.39 24.16
46  [C2mim][ESO4] + ethanol 11.95 1237 21.53 13.12 13.25 22.58 236 834 15.21
47  [C8mim][BF4] + ethanol -420 6.08 14.13 227 4.86 8.41 22.13 22.13 26.21
48 [C6mim]BF4] + ethanol 12.51 12.54 21.41 16.57 16.57 24.90 23.07 23.07 30.87
49  [C2mim][C4S0O4] + ethanol 10.03 10.05 1591 10.03 10.06 1591 3.96 6.62 10.35
50 [C2mim][Ac] + 1-propanol 10.46 10.74 22.49 1046 10.74 22.49 —-0.01 6.55 20.00
51 [C8mim][bti] + 1-propanol 451 5.04 12.56 6.51  6.64 14.11 -1.82 3.99 11.03
52 [C4mim][bti] + 1-propanol 530 6.34 16.60 724 7.51 18.39 7.01 7.34 18.16
53 [mbpy][BF4] + methanol 873  9.07 23.88 10.13  10.37 24.99 11.97 12.20 26.44
54 [bpy][BF4] + methanol 383 741 17.79 505  7.62 18.84 6.65 8.11 20.19
55 [C2mim][Ac] + methanol -155 214 9.41 -1.55 2.14 9.41 —12.27 12.35 19.62
56  [ppyl[BF4] + methanol 15.82 16.05 32.42 15.03 15.29 31.63 16.26 16.50 32.85
57 [C4mim][lactate] + methanol 142 285 9.12 254  3.64 11.26 -9.39 9.64 20.98
58 [C4mim][bti] + methanol -047 253 5.17 1.68 2.58 691 1.42 246 6.69
59  [C8mim][bti] + methanol 040 1.89 5.00 246 2.0 6.31 -6.10 6.17 10.73
60 [C2mim][MSO4] + methanol 631 6.75 15.85 631 6.75 15.85 -6.33 8.63 19.91
61 [Clmim][DMPO4] + methanol 133 415 6.93 6.18 6.94 11.13 -3.67 472 13.70
62 [C2mim][DMPO4] + methanol 6.18 6.94 11.37 7.84  8.56 13.15 -086 3.92 9.65
63 [C4mim][DMPO4] + methanol 1.52 296 5.43 153 297 5.43 -0.55 259 4.99
64 [C2mim][ESO4] + methanol -5.60 5.60 10.50 -5.60 5.60 10.50 -7.51 751 1291
65 [C4mim][dbp] + methanol -1.70 1.70 4.56 -1.70 1.70 4.56 -1.89 1.89 4.67
66 [Clmim][MSO4] + methanol 19.32 1991 33.80 19.32 1991 33.80 -0.48 11.05 21.09
67 [C4mim][C8S] + methanol 310 3.8 6.36 26.66 26.66 29.10 496 496 8.06
68 [C4mim][MSO4] + methanol 13.28 13.28 19.62 1585 15.85 21.87 6.63 729 13.66
69 [C2mim][Ac] + propan-2-ol 11.01 11.44 21.67 11.01 11.44 21.67 070 5.78 18.51
70  [C4mim][bti] + propan-2-ol 773  8.35 22.25 9.78 991 23.81 9.53  9.70 23.62
71  [C8mim][bti] + propan-2-ol 452 534 15.26 648  6.67 16.76 -1.70 522 10.62
72 [C4mim][lactate] + 1-butanol 7.88 8.83 18.53 885 9.65 20.15 -1.67 4.06 20.98
73 [C4mim][tca] + 1-butanol 1492 1532 31.25 1492 15.32 31.25 -14.94 17.07 44.62
74  [C8mim][bti] + 1-butanol 446 4.88 12.07 637 642 13.88 -1.61 3.78 9.93
75 [C4mim][bti] + 1-butanol 519  6.25 16.23 724  7.50 18.05 6.99 7.30 17.82
76 [C4mim][C8S] + 1-butanol 11.14 11.14 12.85 34.01 34.01 41.82 1297 12.97 15.10
77  [C4mim][bti] + dimethyl -0.60 1.38 434 121  1.58 5.48 099 146 5.34
sulfoxide
78 [C2mim][bti] + dimethyl -0.65 148 3.56 222 246 5.05 055 1.28 4.04
sulfoxide
79  [C4mim][bti] + acetonitrile -0.16  1.68 6.83 1.68  2.01 6.83 146 1.87 6.83
80 [P14][bti] + acetonitrile -2.16 2.84 4.76 -038 1.71 4.50 -0.60 1.76 4.40
81 [C6émim][bti] + oct-1-ene 7.92 10.50 18.23 19.64 2221 32.19 418 742 17.87
82 (1) [C4mim][bti] + (2) -325 531 12.74 -0.08 5.11 10.59 —-1.37 4.62 10.85
[C2mim][bti]
83 (1) [C4mim][bti] + (2) —-3.58 3.8 3.90 —-242 242 3.90 -221 221 323
[C5mim][bti]
84 (1) [Comim][bti] + (2) -195 202 4.49 579  5.79 8.42 -3.08 3.81 8.58
[C4mim][bti]
85 (1) [C8mim][bti] + (2) —-294 346 791 -059 2.62 5.73 -578 693 14.74
[C4mim][bti]
86 (1) [C10mim][bti] + (2) —-841 84l 10.98 -841 841 10.98 -6.13 6.13 7.34
[C5mim][bti]
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Table 10 (continued)

No. Binary mixture H, by regression H, using one o value H, using M
BAG, | %A, | %A max %A | BATw| | BAGH| max %ACw | BAT,| | AT | max
87 (1) [bdmim][bti] + (2) -491 491 6.64 3.60 3.87 8.22 —5.18 5.18 9.13
[C4mim][bti]
88 (1) [P13][bti] + (2) [C4mim][bti] —4.48 4.48 5.27 —4.63 4.63 7.97 .61  2.02 5.23
89 (1) [prmpy][bti] + (2) —-224 224 3.31 -027 029 0.92 —-228 228 3.83
[C4mim][bti]
90 (1) [PP13][bti] + (2) [C4mim][bti]] —2.21 2.21 3.31 -0.02 034 0.92 0.49 093 1.76

(maximum 38.76%). Also, 10.91% of the data (221 of the 2026
data) presents deviations higher than 10% and for only six data
points of the 2026 total data (0.30%) deviations are higher than
30%. A graphical picture clarifies these numbers and allows
getting a better understanding of the accuracy and magnitude
of deviations of the proposed model. Figure 5 presents the
calculated surface tension plotted against experimental values.
The coefficient of determination (R?) is around 0.91.

Table 9 provides a good summary of all these cases for
each of the calculations. Average deviations, maximum devi-
ations, and some other statistical parameters are listed for the
three cases. As observed in the table, results are as expected, in
the sense that the more we generalize the model, the higher are
deviations with respect to experimental data. What is impor-
tant, however, is that even the generalized model proposed in
this work provides values of acceptable accuracy for primary
estimations, when no other data are available. Also, important
are how these cases work when the model is extended to
mixtures, as discussed in what follows.

Extension to mixtures

The extension of a model to calculate properties of mixtures is
a severe test for a model, especially if no mixture data are used

for calculating the surface tension for the mixture, as done in
this work. In many applications of equations of state, binary
interaction parameters are introduced into de mixing rules to
obtain more accurate results. However, in this work no inter-
action parameters are used, so the calculations for mixtures are
totally predictive, and pure component properties only are
used to predict the surface tension of mixtures.

The presentation of results for the case of mixtures has been
divided into two groups: (i) results for binary mixtures and (ii)
results for ternary mixtures. In both cases, and similar to the
presentation of results for pure substances, results have been clas-
sified into three types according to the form in which the only
pure component parameter of the model (H;) was determined: (i)
H by regression, (i) H; using M, and (iii) H; using one o value.

Results for binary mixtures

Table 10 presents detailed deviations for the binary mixtures
considered in this work for the three cases, while an overall
picture of deviations is presented in Table 11. As it can be
observed in these tables, the predicting model with optimum
H, gives average absolute relative deviation around 6.46%
and 23.27% of the data (619 of 2660 data) presents deviations
higher than 10%. Also, for only 1.05% of the data (28 of 2660
data) deviations are higher than 30%. There are three binary

Table 11 Overall deviations in

the prediction of surface tension Step Absolute deviation

Relative deviation Ranges of deviations

for binary mixtures using

different approaches to estimate deviations  Average Maximum Average Maximum Points with Points with
the pure component parameter H, absolute absolute relative relative %A, > 10 1%A0,,l >30
relative relative deviation, deviation,
deviation, deviation, YNG,, DA 1
|%AG,,| 1%AG 1l
H, by 6.46 34.55 3.79 34.55 619 (23.27%) 28 (1.05%)
regres-
sion
H; using 6.90 41.82 5.56 41.82 667 (25.08%) 39 (1.47%)
one o
value
H; using 8.08 37.64 0.63 37.64 780 (29.32%) 72 (2.71%)
M
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Fig. 6 Deviations in predicted the surface tension for mixtures: a Comparison between calculated vs experimental surface tension values using the EoS
model. b Relative deviation vs data number. These plots are done using H; by regression

mixtures (3 of 90 mixtures) whose deviation is around 20%
and are composed of [C4mim][BF4] + ethanol,
[C1mim][MSO4] + methanol and [mpy][BF4] + ethanol.
According to the authors who provide the experimental data
[22, 74], the modeling of this system produced errors that vary
between 1.52% and 18.72%, similar to those obtained in this
work. However, if one interaction parameter is estimated the
deviation gets down around 7.06%, similar to the mean devi-
ations of the other mixtures. In general, these results are sur-
prisingly accurate for an equation of state model that does not
use any mixture interaction parameter.

Figure 6 shows a graphical view of these results for selected
binary mixtures. For a model of this type, the figures show that
correlation between experimental data and correlated results is
acceptable. Of course, that there are some few outliers, but those
do not alter the general tendency presented in Fig. 7. More than
80% of the results are predicted with deviations lower than 10%.

Results for ternary liquid mixtures

A final and still more severe test for a general model as the one
proposed here is its extension to predict the surface tension of
ternary mixtures, without using any interaction parameters,
nor employing binary mixture information; just pure compo-
nent information. Table 12 presents detailed deviations for the
ternary mixtures considered in this work for the three cases,
while an overall picture of deviations is presented in Table 13.
As observed in the tables, the average absolute deviations are
similar for the three same cases studied, separated according
to the form in which the pure component parameter /, was
calculated: (i) by regression, (ii) by using one experimental

@ Springer

data of o for each component in the mixture (H; using one o
value), or (iii) according to the general equation in terms of the
molar mass (H; using M). Average absolute relative deviation
is below 12% for most cases, while the average mean relative
deviations are similar and below 3.93%. Only two of the 12
mixtures analyzed in this work give higher deviations: 2-
propanol + water + [C2mim][DEP] and 1-propanol + water
+ [C2mim][DEP] (data taken from NIST-ILs [51, 52] from
Ref. [75]). We could not find any explanation from the model-
ing point of view. It could happen that interactions are differ-
ent between the three components in the mixture, and for
better modeling, interaction parameters may be needed. If
one adjustable parameter is included, the deviations are simi-
lar to the other ternary mixtures (around 13%), so an interac-
tion parameter may be appropriate for mixtures in which de-
viations are not too high and more accurate results are needed.

Final discussion

Comparison of the results of the proposed model and others
presented in the literature is needed to properly evaluate the
goodness and usefulness of a model. The characteristics and
results of several models reported in the open literature are
presented in Table 14. All the models are of empirical nature
[19, 76-84], and few studies are done of models with several
ionic liquids and reasonable amounts of data [19]. In Table 14,
the second column indicates the model and their characteris-
tics (mathematical model, number of adjustable parameters).
Also, the third column shows the temperature ranges of the
data used. Column 5 shows literature results, column 6 results
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Fig. 7 Comparison between the experimental data (dots) and the surface tension model (lines). Experimental data taken from NIST-ILs database [51,
52]. These plots are done using H; by regression

using H, by regression, column 7 results using A, using one o
value, and column 8 results with H; using M. Also, in this

table, models 1 to 4 are for pure ionic liquid, models 6 to 8 are
for binary mixtures, and model 9 is for ternary mixtures. Most
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Table 12 Average deviations in calculating the surface tension of the ternary mixtures evaluated in this paper
No. Mixture H; by regression H using one o value Hj using M
Average Average [%Ao,ln.x Average Average [%A0,,ln.c Average average [%A0,[pax
%ANo,, 1%Ao I %ANo,, 1NAo,I %ANo,, 1%Ao,I
1 (1)acetone + (2)water + 7.15 1145 26.86 829 1135 27.54 11.68 11.96 29.51
(3)[C4mim][BF4]
2 (l)ethanol + (2)water + 1146 12.50 21.38 12.13  12.74 21.91 14.10 14.10 23.43
(3)[C4mim][BF4]
3 (l)acetone + (2)water + -244 633 12.89 -0.67 5.02 9.73 -6.04 9.40 20.67
(3)[C4mim][Cl]
4 (1)n-methyldiethanolamine + 058  2.19 9.38 5.43 5.43 11.37 —4.40 5.51 9.58
(2)water +
(3)[C1mim][DMPO4]
5 (l)n-methyldiethanolamine + 1.11 1.54 8.78 2.73 2.75 9.85 5.01 5.01 11.33
(2)water + (3)[C2mim][DEP]
6 (1)1-propanol + (2)water + 11.53  11.69 26.43 1725 17.25 33.56 5.68 7.67 19.32
(3)[C1mim][DMPO4]
7  (1)2-propanol + (2)water + .11 11.79 28.56 16.38 16.41 34.39 5.18 7.83 21.85
(3)[C1mim][DMPO4]
8  (1)2-propanol + (2)water + 2743 2743 38.10 29.19  29.19 39.66 3199 31.99 42.34
(3)[C2mim][DEP]
9 (1)1-propanol + (2)water + 2643 2643 41.50 2845 28.45 42.90 31.28 31.28 45.19
(3)[C2mim][DEP]
10 (1)n-methyldiethanolamine + -1121 11.21 19.77 -1033 1033 18.82 =7.77 7.81 16.05
(2)water + (3)[C4mim][BF4]
11 (1)diethanolamine + (2)water + -994 994 17.06 —-8.60  8.60 15.92 —4.62 5.46 12.55
(3)[C4mim][BF4]
12 (1)ethanol + (2)water + 134 640 13.47 3.93 5.98 13.48 -3.83 9.54 19.93
(3)[C4mim][Cl]

of these models require between 1 to 5 adjustable parameters
per mixture besides the experimental values of pure sub-
stances and other transport property estimations (such as vis-
cosity). Another characteristic of most literature models is that
they cannot be applied for temperatures other than those used
in developing the model.

For pure ionic liquids Table 14 shows that the model pro-
posed in this paper provides the lowest deviations in compar-
ison to other molecular theories (model 1) or group contribu-
tion method (model 2). Also, the empirical models 3 and 4 of
Table 14 provide lower deviations than the proposed model,
situation that can be explained by these two facts: (i) these
literature models require other properties such as viscosity
and melting point and (ii) these models are applied for

imidazolium-type ILs only. Our general model can be used
for any type of ILs and organic substances and does not need
any other property.

When the extension to mixtures is done with the model
proposed in this work, deviations increase as it can be expect-
ed from a predictive model. For instance, model 5 in Table 14,
which does not use any interaction parameter, gives an aver-
age absolute relative deviation of about 19% using an empir-
ical mixing rule that depends on the pure components, while
the present model deviations are below 10%. On the other
hand, model 6 of Table 14 produces deviations that are of
the same order as the present model. However, model 6 re-
quires the molar volume as an additional input parameter. As
mentioned above, the model developed in this work does not

Table 13 Overall deviations in

the prediction of surface tension Cases Average [%AClmax  Average  %Ac  Points with Points with
for ternary mixtures using [%A0,| %A, m,max |%Ac,|>10 |%A0,,|>30
different approaches to estimate
the pure Component parameter Hl Hl by regression 12.01 41.50 8.01 41.50 224 (4797%) 47 (]006%)
H, using one o value  14.07 42.90 11.00 42.90 242 (51.82%) 68 (14.56%)
HyusingM  12.79 45.19 8.10 45.19 187 (40.04%) 69 (14.78%)
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Table 14  Comparison of calculated surface tension for pure and their mixtures ILs using the proposed geometric similitude model and other models

presented in the literature

1 2 3 4
No. Model AT (K) ILs studied
1 bar

1 Quantitative structure—property
relationship correlation for
parachor with one adjustable
parameter.

293-343 [C3mim][bti]

293-343 [C5mim][bti]
287-353 [C4mim][PF6]

2 The parachor method is applied to
estimate the ionic liquids surface
tension based on modified group 336
contribution

278-338 [C2mim][BF4]

[C8mim][Br]

3 Empirical correlation depends on the 312-512 [C5mim][bti]
boiling and melting temperatures.
293-353 [C7mim][bti]

4 Empirical correlation with 3
adjustable parameters per IL that
depends on viscosity estimation.

303-363 [C6mim][BF4]

293313 [C8mim][PF6]

5 Empirical equation with no 298
interaction parameter

6  Empirical model based on E6tvos
equation that depends on the
critical temperature, molar volume
and 1 interaction parameter that
depends on the mixture.

7  Connors and Wright polynomial

+ water

equation [81] with two adjustable sulfoxide
parameters that depend on the
mixture and temperature

8 Phenomenological equation [83] with  298.15  [C2mim][C8SO4] +
4 adjustable parameters per ethanol

mixture

9  The Jouyban—Acree model represents 293-343 [C1mim][DMPO4] +
n-methyldiethanolamine

the surface tension of ternary

mixtures with 5 adjustable +water

parameters per mixture besides the 293-343 [C2mim][DEP] +
n-methyldiethanolamine

pure component
+ water

[CImim][DMPO4] + water

288-328 [C3Hmim][CH3CH2CO2]

293-313 [C4mim][bti] + dimethyl

5 6 7 8 9
Literature H, by Hy usingone H;using M  Ref.
results regression o value
|AU%|- |AJ%|- |AU%|- |AJ%|-
maxl Ao%l maxl Ao%l maxl Aa%l maxl Aa%l
2.52% 1.81% 4.06% 2.74% [19]
(7.53%) (3.62%) (8.26%) (5.93%)
4.54% 2.48% 2.48% 2.50%
(4.97%) (4.91%) (4.91%) (4.25%)
5.15% 2.44% 3.54% 2.96%
(9.71%) (4.81%) (7.88%) (7.15%)
2.45% 1.35% 1.43% 1.70% [76]
(2.45%) (2.71%) (3.54%) (4.14%)
21.05% 0.00% 0.00% 12.46%
(21.05%) (0.00%) (0.00%) (12.46%)
6.43% 2.48% 2.48% 2.50% [77]
(15.71%) (4.91%) (4.91%) (4.25%)
2.23% 3.42% 6.40% 3.90%
(4.33%) (6.15%) (13.02%) (8.45%)
0.64% 3.57% 5.35% 12.75% [78]
(1.32%) 9.79%) (14.04%) (22.92%)
0.09% 2.96% 5.59% 6.52%
(0.13%) (6.53%) (11.31%) (12.61%)
19.10% 5.22% 1.38% 10.16% [79]
(31.40%) (7.34%) (4.58%) (13.83%)
1.95% 1.50% 1.30% 1.52% [80]
(4.42%) (3.57%) (3.33%) (3.62%)
2.22% 1.38% 1.58% 1.46% [82]
(7.26%) (4.34%) (5.48%) (5.34%)
0.24% 2.09% 2.45% 1.59% [83]
(0.94%) (4.51%) (4.65%) (4.26%)
1.45% 2.19% 5.43% 5.51% [84]
(2.00%) (9.38%) (11.37%) (9.58%)
1.22% 1.54% 2.73% 5.01%
(1.53%) (8.78%) (9.85%) (11.33%)

require other physical and transport property estimation and
also does not require any interaction parameter for mixtures.
Model 7 of Table 14 is based on Connors and Wright’s poly-
nomial equation with two adjustable parameters giving devi-
ations of around 2.22% in comparison to the present model,
which produces deviations below 1.58%. The phenomenolog-
ical equation presented as model 8 in Table 14 employs four
adjustable parameters per mixture producing an average abso-
lute relative deviation of around 0.24%. Certainly, this devia-
tion is lower than that obtained in this work, in which no

interaction parameters are included. Finally, model 9 corre-
sponds to a model for ternary mixtures in which five param-
eters are included. Obviously, the deviation of this five-
parameter model (from 1 to 2%) is lower than 5.01% given
by the predictive model proposed in this work, which is also
acceptable for a totally predictive model.

To the best of the author’s knowledge, there are no models
in the literature that can be extended to mixtures in the simple
way presented in this work, that can give such low deviations
for mixtures using pure component data only, that can be
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applied to different types of mixtures, and that cover wide
ranges of temperature. These results verify the hypothesis
stated at the beginning of this work.

Conclusions

A generalized empirical model with only one adjustable pa-
rameter, determined from pure substance data, is proposed for
calculating the surface tension of pure ionic liquids and for
predicting the surface tension of binary and ternary mixtures
containing ionic liquids. Based on the study, the following
main conclusion may be drawn: (i) the model, based on the
geometric similitude concept, can correlate surface tension
data and can predict the surface tension of pure substances
with acceptable accuracy; (ii) the model can be extended to
predict surface tension of mixtures containing ionic liquids
using simple mixing rules; (iii) the extension to mixtures
shows the predictive capabilities of the model, since values
are determined using pure component data only; and (iv) in all
cases using a pure component parameter /, calculated from a
set of experimental data provides the best results. Deviations
increase a little if a value of the parameter H is obtained from
one experimental data, and higher deviations are found using
the generalized model for H;.
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