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Abstract−To predict the surface tension of binary liquid systems, an empirical model is proposed using the partial
least squares (PLS) based on the multivariate statistical analysis method. Required parameters for the PLS method to
predict the surface tension of binary systems are composed of the thermophysical properties of only pure substances
such as critical temperature, critical pressure, critical volume, molar volume, viscosity and vapor pressure for input
data block (X) and the reported experimental surface tension data for output data block (Y). The data set for the experi-
mental surface tension of binary liquid systems is divided into the training set for regression and the test set for pre-
dicting. An average relative error (%) results of regression and prediction indicate that the PLS method can be a useful
tool for predicting the surface tension of liquid binary systems.
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INTRODUCTION

Surface tension is one of the most useful thermophysical prop-
erties that has been widely used to characterize surfaces of liquids
in chemistry and chemical engineering areas such as the manufac-
turing of plastics, coatings, textiles and films. Surface tension is de-
fined as the energy needed in bringing a liquid molecule to the sur-
face for formation and maintaining the surface area in equilibrium,
which is represented by surface free energy per unit surface area in
thermodynamics [1,2]. Although there is a large data source of the
surface tension for pure components, it is difficult to find data for
the surface tension of binary systems due to the various composition
and temperature ranges of liquid mixtures and the extensive amount
of time needed for obtaining data by measurement using experimen-
tal devices.

The surface tension of binary systems has been predicted by us-
ing a corresponding states model proposed by Rolo et al. [4], which
is based on only pure component properties such as critical volumes,
critical temperatures, the acentric factors. Kahl, Wadewitz and Winkel-
mann have estimated surface tensions using the cubic polynomial
regression in the mole fractions of binary systems [5]. Ramirez-
Verduzco et al. have predicted the surface tension of binary sys-
tems as a function of concentration and temperature, which relates
the surface concentration of each component to the individual activ-
ity coefficients and to the molar surface area of each component [6].

The recent studies for the prediction of the surface tension of bi-
nary systems have used mathematical models, in which procedures
are more complicated than empirical models. The main objective
of this study is to establish a general empirical model for the pre-
diction of the surface tension of binary liquid systems through the
regression of the reported experimental data based on the partial
least squares (PLS) method. The PLS method, which was intro-
duced theoretically by Geladi and Kowalski [3], has been applied

to the prediction of the physical properties of the chemical sub-
stances such as the liquid viscosities of organic compounds by Suzuki
et al. [7]. The PLS method is one of the multivariate statistical anal-
ysis methods that are empirical modeling techniques to handle the
input data and the output data coincidently by using experimental
data.

In this paper, the empirical model using the PLS method to pre-
dict the surface tension of unknown binary liquid systems has been
developed by the correlation of thermophysical properties of only
pure components and the reported experimental surface tension data
of binary systems. The reported experimental data are divided into
the training set for the regression and the test set for the prediction.
It is illustrated that the PLS method is useful as a means of the re-
gression of the reported experimental surface tension data and as a tool
for the prediction of the surface tension of unknown binary systems.

THEORY

1. Multivariate Statistical Analysis Method
The multivariate statistical analysis method is a statistical tech-

nique by which the input-output data are analyzed simultaneously.
This method is efficient for analyzing multivariate data such as com-
plicated input-output data from industrial processes and parameters
related to complex chemical reactions. It is also useful for the pre-
diction of the product qualities and physical properties of pure com-
ponents and mixtures. Multiple linear regression, principal compo-
nent analysis (PCA), PLS and quadratic partial least squares (QPLS)
are the representative methods of multivariate statistical analysis.
The multivariate statistical analysis method is empirical modeling
that relies on actual experimental data from chemical processes.
The mathematical model involves various chemical reaction equa-
tions and parameters and it is difficult to make a prediction model,
while the empirical model has the advantage that a prediction mod-
el could be set up easily by using the actual experimental data. In
this study, the PLS method has been used in order to set up the pre-
diction model of the surface tension of unknown binary liquid sys-
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tems through the regression of the reported experimental data with
thermophysical properties of only pure substances.
2. Partial Least Squares (PLS) Method

The PLS method is a relatively new technique in multivariate
statistical analysis which adopts new latent variables (LVs) to repre-
sent score vectors from input (X)-output (Y) data matrix. The latent
variables are created among the input variables so as to be orthog-
onal with each other, highly correlated with the output variables.
The LVs used in the PLS method are linearly independent of each
other. There exists high correlation between the input LVs and out-
put LVs. A model based on the PLS method consists of a regres-
sion between the LVs of the input (X) and output (Y) variable data
blocks. The PLS method consists of outer relations for the input
(X) and output (Y) variables data blocks and an inner relation for
score vectors from the input LVs and output LVs. The input vari-
ables are adopted as latent variables in a high order of variance value.

The outer for the X and Y data blocks is, respectively,

(1)

(2)

The input (X) variable data block is indicated by multiplication of
the score vector th and loading vector ph. The output (Y) variable
data block is indicated by the multiplication of the score vector uh

and the loading vector qh.
The inner relation for score vectors is

uh=bhth+eh, (h=1, …, a) (3)

As shown in Eq. (3), the PLS method is based on a linear relation-
ship between the input data score vectors and the output data score
vectors. The PLS method is carried out in the nonlinear iterative
partial least squares (NIPALS) algorithm [3] in which the above
Eqs. (1)-(3) are used. The NIPALS algorithm lets the input and out-
put data blocks have each other’s scores, which gives a better inner
relation between them.

PREDICTION OF THE SURFACE TENSION
OF BINARY LIQUID SYSTEMS

To predict the surface tension of unknown binary liquid systems,

the experimental surface tension data of various binary systems in
the literature (Table 1) have been used. The reported experimental
surface tension data in a training set have been regressed by using
the PLS method. From the empirical model developed by the PLS
method, the surface tension of unknown binary systems in the test
set is predicted. In the empirical model, a total of 17 input variables
having strong influences on the surface tension have been selected
according to former researches [4-6]. The input data block (X) is
composed of only pure component properties such as critical tem-
perature, critical pressure, critical volume, molar volume, viscosity
and vapor pressure at the various concentrations and temperatures.
The reported experimental surface tension in the training set is used
in the output data (Y). The prediction model of the surface tension
of unknown binary liquid systems is developed while the input data
block (X) and the output data (Y) are being applied to the PLS meth-
od. If a new input data block in the test set (Table 3) is applied to
the prediction model, the surface tension values of unknown binary
systems are calculated. For the input data block (X), 14 LVs from
17 thermophysical data of pure components are adopted for the
PLS method by using cross-validation [12].

RESULTS AND DISCUSSION

To illustrate the accuracy of the PLS method, the results of the
regression and the prediction as against the experimental data were
compared using an average relative error (%). An average relative
error for the regression results of the reported surface tension of bi-
nary systems in the training set is shown in Table 2, and the pre-
diction results of unknown binary systems in the test set are shown
in Table 3. The experimental surface tension data with the regression
results of each point of binary systems are described in Figs. 1-3,
prediction results in Fig. 4, respectively. Figs. 1-4 show the com-
parison between experimental data and results of the regression and
prediction of the binary systems mentioned in Table 1. A tendency
of over-prediction of the PLS method shown in Fig. 4 is not ex-
plained by the PLS method itself, but due to influences of molecu-
lar structural interaction between the components of binary system.
Over-prediction or under-prediction generally occurs in the multi-
variate statistical analysis methods; it is recommended that the new
input variables to explain the molecular interactions between the
components of binary system should be introduced in further study.

X = thph
T

 + E
h=1

a

∑

Y = uhqh
T

 + F
h=1

a

∑

Table 1. The experimental surface tension data of binary systems

Systems Point Ref.
Training set Cyclohexane+heptane 45 [5]

Toluene+propanone 45
Heptane+decane 15 [4]
Heptane+hexadecane 15
Hexadecane+eicosane 22
Benzene+nitrobenzene 18 [6]
Pentane+butanenitrile 14
Iso-butanol+n-decanol 08

Test set Cyclohexane+propanone 36 [5]
Decane+hexadecane 15 [4]

Table 2. The regression results of the surface tension of binary
systems in the training set using the PLS method

Systems Point Average of relative error (%)
Cyclohexane+heptane 045 2.49
Toluene+propanone 045 1.64
Heptane+decane 015 2.35
Heptane+hexadecane 015 9.46
Hexadecane+eicosane 022 2.64
Benzene+nitrobenzene 018 1.35
Pentane+butanenitrile 014 7.25
Iso-butanol+n-decanol 008 4.37
Total 182 3.20
※ Relative errors (%) between the experiments and PLS regression
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Table 3. The prediction results of the surface tension of unknown binary systems in the test set using the PLS model

Systems (test set)
Concentration Temp.

(K)
Exp.

(mN/m)
PLS

(mN/m)
Relative
error (%)X1 X2

Cyclohexane+propanone 0.1002 0.8998 287.81 23.54 23.78 1.01
0.2001 0.7999 23.19 23.27 0.36
0.2993 0.7007 23.23 23.40 0.73
0.3979 0.6021 23.33 23.68 1.50
0.4964 0.5036 23.58 24.02 1.88
0.6000 0.4000 23.91 24.42 2.14
0.6975 0.3025 24.31 24.82 2.08
0.7993 0.2007 24.69 25.25 2.28
0.8994 0.1006 25.12 25.73 2.44
0.1002 0.8998 297.82 22.25 22.61 1.60
0.2001 0.7999 22.02 22.22 0.90
0.2993 0.7007 22.02 22.34 1.48
0.3979 0.6021 22.08 22.60 2.36
0.4964 0.5036 22.22 22.91 3.09
0.6000 0.4000 22.53 23.25 3.21
0.6975 0.3025 22.84 23.59 3.27
0.7993 0.2007 23.24 23.93 2.99
0.8994 0.1006 23.82 24.23 1.71
0.1002 0.8998 307.86 21.03 21.27 1.13
0.2001 0.7999 20.78 21.07 1.38
0.2993 0.7007 20.82 21.22 1.93
0.3979 0.6021 20.89 21.46 2.73
0.4964 0.5036 21.14 21.73 2.79
0.6000 0.4000 21.35 22.02 3.16
0.6975 0.3025 21.60 22.29 3.20
0.7993 0.2007 22.08 22.53 2.04
0.8994 0.1006 22.58 22.58 0.01
0.1002 0.8998 317.86 19.91 19.72 0.96
0.2001 0.7999 19.63 19.80 0.86
0.2993 0.7007 19.63 20.01 1.94
0.3979 0.6021 19.70 20.25 2.79
0.4964 0.5036 20.00 20.49 2.45
0.6000 0.4000 20.30 20.73 2.12
0.6975 0.3025 20.56 20.92 1.77
0.7993 0.2007 21.04 21.03 0.03
0.8994 0.1006 21.46 20.76 3.26

Average of relative error (%) 1.84
Decane+hexadecane 0.250 0.750 293.15 25.29 26.71 5.61

0.500 0.500 26.20 27.05 3.25
0.752 0.248 27.18 27.89 2.62
0.250 0.750 303.15 24.37 25.66 5.29
0.500 0.500 25.48 26.07 2.33
0.752 0.248 26.17 26.98 3.10
0.250 0.750 313.15 23.54 24.65 4.74
0.500 0.500 24.76 25.13 1.48
0.752 0.248 25.46 26.09 2.47
0.250 0.750 323.15 22.60 23.68 4.77
0.500 0.500 23.71 24.20 2.06
0.752 0.248 24.65 25.21 2.27
0.250 0.750 333.15 21.67 22.71 4.82
0.500 0.500 22.87 23.29 1.82
0.752 0.248 23.72 24.34 2.62

Average of relative error (%) 3.28
Total relative error: 2.33%
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Fig. 1. The results of the regression of the surface tension of binary
systems in the training set of Ref. [5].

Fig. 3. The results of the regression of the surface tension of binary
systems in the training set of Ref. [6].

Fig. 4. The results of the prediction of the surface tension of un-
known binary systems in the test set.

Fig. 2. The results of the regression of the surface tension of binary
systems in the training set of Ref. [4].
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As shown in Table 2, an average relative error of 3.20% was ob-
tained for the regression in 182 experimental points of a training
set. Using the PLS method developed by the regression in Table 2,
an average relative error of 2.33% was obtained for the prediction
in 51 experimental points of a test set in Table 3. From the above
results, the prediction of the surface tension of unknown binary sys-
tems using the PLS model produced outstanding results by the PLS
regression of the reported experimental data and only pure compo-
nent properties. The binary systems which include cyclohexane+
propanone and decane+hexadecane showed the relative errors (%) of
1.84% and 3.28%, respectively, in the prediction model. The math-
ematical model [4,5] based on the corresponding states model and
the cubic polynomial regression has indicated relative errors of 5%
for the specified mixtures. It is possible that the surface tension of
unknown binary systems composed of pure components not in the
training set can be predicted; however, the accuracy of the prediction
is unsatisfactory in this case. According to this study, unknown bi-
nary systems composed of pure components in the training set give
outstanding prediction results. As a result of the above consideration,
the prediction of the surface tension by the PLS method is superior
to the other mathematical models. To further improve this method,
we highly recommend that the information of the molecular struc-
ture and the other thermophysical properties of pure components
must be considered in the input data block (X) of the PLS model.

CONCLUSION

This paper has suggested the PLS method for the regression of
the reported surface tension of binary systems and the prediction of
the surface tension of unknown binary systems based on the reported
experimental data and only pure component properties such as cri-
tical temperature, critical pressure, critical volume, molar volume,
viscosity and vapor pressure. With the PLS method, the surface ten-
sion of unknown binary liquid systems can be predicted by the em-
pirical model derived from the regression of the reported binary
systems. The PLS method for the prediction of the surface tension
of binary systems is superior to the other mathematical models. It
is easy to use and the accuracy may be satisfactory for predicting the
surface tension of unknown binary liquid systems.

NOMENCLATURE

X : input data block

Y : output data block
th : score vector from X
uh : score vector from Y
ph

T : loading vector from X
qh

T : loading vector from Y
E : residual from 
F : residual from 
bh : the regression coefficients between the score vectors from

the X and Y
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