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Abstract

The surface tension in the homogeneous domain of the ternary liquid mixturespvadentyl acetater methanol
and water n-pentyl acetate- methanol as well as of the constituent binaries has been measured at 303.15K and
atmospheric pressure. The respective excess surface tension was correlated as a function of the compaosition using
empirical and thermodynamic-based relations. The liquid interfacial tension was measured in the liquid—liquid
equilibrium range at the same conditions of temperature and pressure.

A new equation is proposed to correlate the excess surface tension of binary mixtures. This equation can be
obtained from the Butler equation and correlates well the excess surface tension data.

The prediction of the surface tension of the binary and ternary systems has been made using the Sprow and
Prausnitz model. The Fu et al. and Li et al. models were also applied to predict that property in the ternary systems.

The liquid interfacial tension of the ternary systems was correlated and predicted using the relations proposed by
Li and Fu and Fu et al., respectively, with satisfactory results.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The surface and liquid interfacial tensions of liquid mixtures are fundamental properties in process
design since they play an important role in interphase heat and mass transfer. The experimental data of
these properties are required also to test the methods used in prediction and correlation. In particular, for
multicomponent systems, the data is scarce which justifies the importance of reliable prediction meth-
ods. A few empirical and thermodynamic-based equations are available to correlate the surface tension.
Their range of application is usually limited to the binary mixtures, although the thermodynamic-based
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models can correlate the data of multicomponent systems. Among the thermodynamic-based equations
the Butler equatiofil] is widely accepted and has been used extensively in different forms. Sonawane
and Kumar2] have developed a model from Butler equation to correlate the surface tension of binary
mixtures. Recently, Li et al3] proposed a surface tension thermodynamic model for liquid mixtures
which is based on the Wilson equation for the excess Gibbs energy. This model correlates very well
the experimental data of a large number of binary systems including agueous systems. Another surface
tension correlation was proposed by Fu et[4].which is based on the local composition model due

to Wilson[5]. Both methods can be applied to the prediction of the surface tension of multicomponent
mixtures provided that binary parameters are known.

For the prediction of the surface tension other thermodynamic-based methods are available. Among
them, the gradient theof] and the Sprow and Prausnitz mo@@l are commonly used. The former is
generally used for pure substances and binary liquid mixtures. The later is applied to binary and multicom-
ponent mixtures and was selected to be used in this work. The Sprow and Prausnitz modelis fully predictive
when the activity coefficients of the individual components at the surface and in the bulk liquid are known.

The correlation of liquid interfacial tension in ternary systems with the equilibrium phase compositions
is usually made with the method of Fleming et[&] and the model due to Li and H@]. The former
uses the scaling theory of critical phenomena and the later method is based on a diffuse interface mode
and is easier to use.

For the prediction of the liquid interfacial tension, several methods are avajledié 3] However,
most of them have limited reliable range of application. It will be very important in practical uses if
the interfacial tension of multicomponent systems can be predicted only from equilibrium compositions
without any adjustable parameters. Fu ef4dl developed a method which embodies this purpose and is
easy to apply.

In this work, we have tested the above referred thermodynamic-based equations to correlate the surfac
tension data with the composition in the watemethanol, water- ester and estef methanol sys-
tems. A simple equation was developed from the Butler one which has proved to be adequate for highly
non-symmetrical binary systems with large values of excess surface tension.

Some empirical methods have been applied. We have chosen the models of RedlicH1Kjsiad
Marsh[15] since they are widely used to correlate excess properties.

The methods of Sprow and Prausnitz, Fu et al. and Li et al. were used to predict the ternary surface
tension.

The liquid interfacial tension was correlated using the equation of Li afj#l]Flio predict this property
in the water+ ester+ methanol systems the experimental data found for the binary systems was used in
the application of the method proposed by Fu ef4l.

2. Experimental
2.1. Materials

Tridistilled water was used. Methanol (Fluka AG) was supplied with a purity >99.8 mass% (HPLC
grade). Then-butyl acetate (Riedel de Haen) was supplied with a purity >99.7%nfantyl acetate

(Acros), the reported purity was >99%. The pure component surface tensions measured in this work anc
the values from literature are gatheredable 1
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Table 1
Surface tension of the pure components at 303.15 K and interfacial tension of some immiscible binary aqueous mixtures
Component o (MNm™)

Experimental Literature
Water 71.40 71.4016]
n-Butyl acetate 23.60 23.4Ja7]
n-Pentyl acetate 24.62 24.686]
Methanol 21.59 21.7]16]
n-Heptane 19.16 19.1[26]
Component in the aqueous mixturg K) o’ (MNm™)

Experimental Literature
n-Hexane (293.15) 494 49[88]
Benzene (298.15) 33.8 3383]
n-Heptane (303.15) 49.1 49[B83]
Diethylether (298.15) 10.7 11[@3]

2.2. Measurements

Surface and interfacial tensions were measured using a PC controlled KSV Sigma 70 tension balance
which employs the Du Noly ring-detachment method. The platinum ring was thoroughly cleaned and
flamed before each measurement. The measurements were automatically corrected to the actual values b
means of the Huh and Mason compensation for interface distortion. To apply this correction, the density
was calculated using the experimental data taken from a previous[®@jtk-or the interfacial tension,
the density of each of the two liquid phases was measured in an Anton Paar DMA 60 digital vibrating
tube densimeter with a DMA 602 measuring cell with a precisiogd®° g cn3. Air and tridistilled
water were used for the calibration of the densimeter. A Pt resistance thermometer (calibrated against a
precision mercury standard, graduate in 0QJ1certified by NPL, UK) was placed inside the vibrating
tube densimeter. The temperature was maintained a13630.01 K.

The precision of the surface tension is indicated by the instruction manual of the tension balance to
be of the order of=0.01 mN nT1. Each experimental point results from a set of about 20 measurements.
After the first measurement, there is a tendency to a practically constant value.

The performance of the tension balance was checked by measuring the surface tension of standard pure
liquids: tridistilled water anah-heptane (LAB-SCAN with a purity >99%). As far as we know, there are
not standard mixtures for the calibration of the liquid interfacial tension. Anyway, we have compared our
results with those of some immiscible aqueous binary systems. The surface tension data of the binary
water+ methanol at 303.15 K was also included in the test. The average absolute deviations, %AAD for
M data points is given by

M

YAAD — 100 [Zuaexp - Ajio/amn} "
i=1

whereo oxp ando iy represent the surface tension values of this work and of the literature. These values are
0.3 and 0.4% for water angtheptane, respectively, in the range 202€0Comparing the experimental
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Fig. 1. Surface tensiom;, of the water (14 methanol (3) system at 303.15K and atmospheric pressure as a function of the
mole fraction: (0) Vasquez et a[20]; (+) Tamaura et al[21]; (®) this work.

surface tension values of these substances with those from the literature at 303.15 K, one finds the accurac
to be+0.01 mN nT? (seeTable 3. A comparison between the measured surface tension and previous
published data for water methanol at 303.15 K is madefiig. 1. As we can see, the agreement is good.

In Table 1 the measured liquid interfacial values of the immiscible aqueous solutions are compared
with those given by other authors. The mean absolute deviation is 0.2TAN®n the other hand, the

value of the accuracy presented in the literature@s1 mN nT!, when the same technique is ugél
Therefore, we have considered that the accuracidsl mNnt? for our liquid interfacial measure-
ments.

The temperature inside the surface tension measurement vessel was maintained and controlled &
30315 + 0.10K using a Julabo FP50 bath. To measure the surface and the interfacial tension we
have planned the distribution of the mixture compositions in the ternary diagram accordingly to the
liquid—liquid equilibrium data of Rao and R§22]. Mixtures were prepared by mass using a Mettler AT
200 balance with a precision ¢f10~° g. The precision of the mole fraction is estimated to be of the order
+10°3.

For the liquid interfacial tension measurements, the mixture with a known global composition was
kept at 303.15K in a thermostated vessel and shaken several times during a period of at least 24 h tc
reach the equilibrium. Samples of the organic and the aqueous phases were withdrawn to measure th
density and the liquid interfacial tension. The surface tension of each liquid phase was also measurec
separately.
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3. Equationsfor the surface and the interfacial tension
3.1. Surface tension

The composition dependence of the surface tension of mixtures can be represented in terms of the
excess surface tensiont, defined as

E=0— inal-* (2)

whereo is the surface tension of the mixture, antis the surface tension of thh component of mole
fractionx;.

The excess functions are usually represented by the well known Redlich—Kister (RK) polyriddiials
For the excess surface tension, it is

p
o= x,-ijBkzﬁ (3)
k=0

whereB; are adjustable coefficients angl = x; — x;. No more than three coefficientg (= 2) were
used.

A more flexible equation for representation of the binary excess data is a rational expression proposed
by Malanowsky and Marsh (MM]L5]. For the excess surface tension,

Zk OBkZu

E
= xjx—— 4)
/ 1 + Zl 1C[Z|J
whereB; andC; are fitted constants.
A thermodynamic-based equation was proposed by Sonawane and Kumg2}SK)
oF 1 1
Er = X,’)Cj (A_:‘ — A_j) ((Sp + (Smxj) (5)

where the adjustable parameters&andsy,, A* andA*; are the molar surface areas of pure components
i andj, respectivelyEq. (5)is obtained from Butler equatidi]:

RT ;

o =0+ —In (E) (=12, No (6)
A Xi

wherex; s andx; denote the mole fractions of the componientthe surface and bulk phases, respectively

andN; is the number of components.

Modifying the Hildebrand—Scott equatid@3] for ideal binary systems with the local composition
model proposed by Wilsopp], Fu et al. (FLW)[4] derived the following equation
xixjlo} — o’

N¢ Ne N
—~ ZZ g 7

GZZ
Z, =1 JfJ i=1j= 12 g=1% qqur 1% fir

where thd;; are the binary adjustable parameters. For a binary mixture, the above equation reduces to

il

X107 X0 x1x2|l0f — of
o = 1049 + 205 . 1 2| 1 2| (8)
x1+x2f12 xifor+x2 (X1 4+ x2f12) (X1 f21 + X2)
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From the Wilson equation of the excess Gibbs energy, Li et al. (LWBM)erived the equation

Y (04
——RTZ Z)Cj M _— (9)
N ( Uij—Uii)
i =exp|l — ),

] l'x]AU J
aAij _ AI] 8(Ulj - Uu)
RT dA )7 p. RT dA TP

In the preceding relationg]; — Uj is the difference in the interaction energy between molecularijpair
and the derivatived(U; — Uii)/dA] 1, p.. reflects the energy change with the increase in surface area. In a
binary system the adjustable parameters are foul/ie- Ui, U21 — Uzz, [0(U12 — U11)/9Alr p. @nd
[0(U21 — U2) /9 A] 7, p «. Li et al.[3] made the assumptidil; = (Ui + Uj)/2, reducing the number of
parameters to two, i.é/1o — Uyp and P(Ui2 — U11)/9 Al p.. FOr a binary systenkg. (9)is written as

A 1
oF = _RT— 22 ( 21) [1 — —] (10)
x1A2+x2 \ 0A Ao

With the parameters i&gs. (8) and (10pbtained from regression of binary surface tension data, the
prediction of this property in multicomponent systems can be obtained.

Sprow and Prausnitz (SPj] considered that the bulk and surface phases are in equilibrium and the
partial molar surface area of compongem;, is the same as the molar surface area of the corresponding
pure componentd?, concluding that

where

a:oi*+R—T|n<M> (i=12...,No (11)
ViXi
wherey; sandy; are the activity coefficients of componerm the surface and bulk phases, respectively.
They, s is related with the surface composition and theo the bulk liquid composition. The surface
tension and thé&\. values ofx; s are theN. + 1 unknowns which are calculated with thg (Eq. (11)
and the relatior)_ x; s = 1. Eq. (11)are used here to predict the surface tension of the binary and the
ternary mixtures. We have used the UNIFAC model due to Fredenslund2tjb calculate the activity
coefficientsy; s andy;.

All the models referred in this section are summarizeddhle 2

i

3.2. Interfacial tension

To correlate the liquid interfacial tension Li and Fu (B} proposed the use of the equation

X k
o' =0} (X_o) (12)
where
X = —In[xf + xf + x5 (13)

whereo’ is the interfacial tension between the two immiscible liquid phasesd $ in the ternary
system andy is the interfacial tension of the partially miscible binary pair which correspeges0 and
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X = Xoin Eq. (13) x{ is the mole fraction of component 1 in the liquid phasecher in component 2,

xf is the mole fraction of component 2 in the phase richer in component zgigithe mole fraction of

component 3 in the phase poor in it. Li and Fu considered the parakaden adjustable one lity. (12)
and they used a more general fofms ky + ko X [25].

Fu et al[4] developed a thermodynamic-based model to predict the liquid interfacial tension of ternary
systems from the mutual solubilities. The equation is

o =KX (14)
where
RTX
5 (15)

Awo €XP(X) (x2q1 + x5 g2 + x31q3)

andK is an adjustable parameter found from binary dat&dn(15)
X = —In[x{ + x’; + x3] (16)

wherex andxg have the same meaning has beforeHin (13), X3 is the mole fraction of component

3 in the bulk phase richer in 3,is the temperaturd, is the van der Waals area of a standard segment
(Awo = 2.5 x 10° cn? mol~1 [4]) andg; = Aw;/Awo iS the pure component area parameter of molecule
i. Whenxz = 0, Eq. (15)takes the form corresponding to binary systems.

4. Results and discussion
4.1. Surface tension

The measured surface tension and the corresponding excess surface tension as a function of the compo:
tion for the ternary systems watern-butyl acetate- methanol and water n-pentyl acetate- methanol
at 303.15 K and atmospheric pressure are showalites 3 and Aespectively. Results for the constituent
binaries water- methanol, estef methanol and water ester are also included. To correlate the excess
functions XE, with the mole fraction in binary systems, analytical models in which the dependent variable
is XE/x;x;, is often used (e.g. Redlich—Kister model).Aiy. 2, the quantityo E/xx; is represented as a
function ofz; for the binary systems watear methanol and ester methanol. A simple new equation to
describe the observed behavior is of the form

UE
— =A+B1-z)° (17)
XiXj
whereA, B andC are adjustable parametersHig. 2, the curves obtained froag. (17)are also plotted.
As can be seen frorig. 2, the new equation correlates well the surface tensions of these systems even
for the system watef methanol which is highly non-symmetrical with large valuegbf Eq. (17)can
be obtained from Butler equatiok&(. (6) (seeAppendix A).
The excess surface tension for the ternary mixturEs, have been fitted to the equation

Orps =015+ 013+ 05+ o7 (18)
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Table 3
Experimental surface tensios, and excess surface tensierf, for the system water (1) n-butyl acetate (2}~ methanol (3)
at 303.15 K and atmospheric pressure

X1 Xo o (MNm1) oF (MNm?) X1 Xo o (MNm1) oF (MNm?)
0.044 0.498 23.34 —1.44 0.451 0.049 25.89 —18.26
0.051 0.757 23.64 —-2.01 0.498 0.039 26.31 —20.16
0.054 0.736 23.63 —-2.13 0.507 0.079 24.86 —22.14
0.054 0.250 22.96 -1.82 0.551 0.049 25.50 —23.63
0.055 0.444 23.27 —-1.95 0.587 0.020 27.35 —23.52
0.055 0.845 23.77 —2.26 0.014 0.986 23.73 —-0.54
0.055 0.637 23.65 —-1.96 0.020 0.980 23.76 —0.80
0.056 0.548 23.43 —2.05 0.027 0.973 23.78 —-1.11
0.059 0.831 23.79 —-2.41 0.032 0.968 23.83 —-1.30
0.060 0.050 22.67 —-2.01 0.038 0.962 23.91 —-1.51
0.061 0.452 23.31 —-2.23 0.041 0.959 23.94 —-1.62
0.096 0.397 23.47 -3.70 0.046 0.954 23.95 —-1.85
0.099 0.300 23.47 —-3.65 0.052 0.948 24.03 —2.06
0.102 0.578 23.12 —-4.71 0.101 0 22.57 —4.05
0.103 0.686 23.86 —4.24 0.199 0 24.16 —7.34
0.112 0.746 23.94 —-4.73 0.300 0 25.61 —-10.92
0.131 0.618 23.97 —-5.39 0.403 0 27.60 —14.06
0.153 0.049 23.62 —5.69 0.491 0 29.28 —16.77
0.153 0.443 23.79 —-6.31 0.602 0 32.08 —19.50
0.154 0.393 23.66 —6.39 0.701 0 34.98 —21.53
0.156 0.148 23.53 —6.13 0.758 0 37.06 —22.29
0.172 0.498 23.92 —7.24 0.800 0 39.76 —21.68
0.175 0.550 23.93 —7.48 0.854 0 43.91 —20.22
0.192 0.302 23.85 —-7.91 0.915 0 50.09 —17.08
0.193 0.197 23.79 —-7.81 0.941 0 54.35 —-14.11
0.199 0.486 24.16 —-8.32 0.953 0 36.80 —12.18
0.209 0.359 23.73 —8.99 0 0.082 21.88 0.13
0.225 0.445 23.70 —-9.99 0 0.104 22.04 0.24
0.241 0.051 24.44 —9.26 0 0.155 22.21 0.31
0.273 0.353 24.15 —11.75 0 0.188 22.31 0.34
0.284 0.020 25.10 —10.68 0 0.242 22.44 0.36
0.297 0.101 24.87 —-11.72 0 0.353 22.70 0.40
0.300 0.196 24.33 —-12.60 0 0.394 22.81 0.43
0.309 0.292 23.93 —-13.64 0 0.510 23.06 0.44
0.333 0.203 24.44 —-14.14 0 0.662 23.37 0.45
0.334 0.240 24.46 —14.25 0 0.669 23.43 0.44
0.344 0.153 24.51 —14.52 0 0.748 23.46 0.37
0.395 0.101 25.07 —16.40 0 0.799 23.51 0.31
0.399 0.046 25.80 —15.76 0 0.927 23.55 0.10
0.402 0.178 24.58 —-17.39 0 0.960 23.58 0.06
0.442 0.043 26.12 —-17.57

0.449 0.101 24.83 —19.33

0.449 0.140 24.53 -19.71
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Table 4
Experimental surface tensiom, and excess surface tensiert, for the system water (1 n-pentyl acetate (2}- methanol (3)
at 303.15K and atmospheric pressure

X1 Xo o (MNm1) of (MNm?) X1 Xo o (MNm1) of (MNm?)
0.031 0.021 22.08 -1.12 0.403 0.100 25.72 —16.25
0.042 0.121 22.66 —-1.39 0.435 0.100 25.23 —18.33
0.062 0.498 23.12 —-3.07 0.461 0.040 26.78 —-17.89
0.065 0.339 22.88 —2.97 0.504 0.040 26.72 —20.10
0.065 0.586 23.38 -3.22 0.546 0.020 27.98 —20.87
0.084 0.059 22.88 —-3.07 0.016 0.984 24.65 —-0.72
0.101 0.399 24.10 -3.73 0.033 0.967 24.69 —1.47
0.103 0.296 23.72 —-3.90 0.047 0.953 24.72 —-2.10
0.124 0.041 23.31 —4.58 0.069 0.931 24.77 —3.08
0.127 0.119 23.54 —4.74 0.089 0.911 24.82 —3.96
0.144 0.422 23.48 —6.56 0.096 0.904 24.84 —-4.27
0.165 0.163 23.97 —6.33 0 0.900 24.08 —0.24
0.179 0.445 23.78 -8.07 0 0.799 23.65 —0.36
0.200 0.206 24.07 -8.11 0 0.693 23.31 —0.38
0.203 0.042 24.15 —7.68 0 0.602 23.03 —0.38
0.204 0.345 23.82 —8.98 0 0.500 22.74 —-0.37
0.266 0.288 24.59 —-11.12 0 0.407 22.52 —0.30
0.298 0.207 24.67 —12.39 0 0.352 22.34 —-0.32
0.309 0.100 24.68 —-12.60 0 0.280 22.21 —0.23
0.362 0.041 25.59 —-14.16 0 0.197 22.02 -0.17
0.377 0.161 24.91 —15.95 0 0.103 21.81 —0.09
(a) (b)
0 4
of — s oF O
Xj X3 PO T Xy Xy 2 O\QQ—@W o elOFa¥al
00O
-100 -
or
—B-—-
2
=200 —
4 -
\
-6
=300
8+
400 . 1 L | L | . 1 . 10 . I 1 I L | L
1 -0.6 -0.2 02 0.6 1 -1 0.6 02 02 0.6 1
23 223

Fig. 2. oB/xx; as function ofzj (= x; — x;). The symbols correspond to our experimental measurements and the curves
represeniqg. (17) (a) water (1)+ methanol (3); (b) ester (2} methanol (3): ©) n-butyl acetate+ methanol; (0) n-pentyl
acetate+ methanol.
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Table 5
Coefficients ofEgs. (17) and (19itted to the excess surface tensiefi,(mN m™1), for the binary and ternary systems
System A B C S(mN m1)
Water+ methanol 108.530 —178.258 —0.335 0.45
Water+ n-butyl acetate —41.606 0 0 0.02
n-Butyl acetatet methanol 1.879 0.005 7.598 0.03
Water+ n-pentyl acetate —48.458 0 0 0.06
n-Pentyl acetate- methanol 38.907 —40.357 —0.019 0.02
Dl D2 D3 D4 S(mN m’l)
Water+ n-butyl acetate+ methanol —60.213 —141.978 —95.357 —1.553 0.18
Water+ n-pentyl acetate- methanol —23.998 —156.136 —66.983 —1.567 0.26

The standard deviation of the fittin§, is defined byEq. (20)

where the ternary terna;F, is given by

E D1 + Da(x1 — x2) + D3(x2 — x3)
O = X1X2X3 (19)
1+ Da(x1 — x2)

andoi}E represents the excess surface tension for the binaries which is gitsn ty7) Eq. (19)is similar

to the one proposed by Pando et[a6] for representation of ternaiyF data and have also the form of
Eq. (4) For the water- ester binary, only one parameter was considered;since the components are
practically immiscible. The coefficients B, C (Eq. (17), D; (Eq. (19) and the standard deviatiorss,
obtained from the Levenberg—Marquardt method of fitting, are givélabie 5 The standard deviation
of the fitting is defined as

M _E E \27Y2
(Gexp - Ucalc)i
S = E— 20

|:i:l M—N 20

whereog,, andog, . are the experimental and calculated excess surface tensid iarttie number of
adjustable parameters. As we can see, the fittings of binary and ternary data are good.

The experimental values and the fitted curvE$or the binaries water methanol and ester methanol
as a function of the composition are plottedHig. 3. A three-dimensional surface efcalculated from
Eq. (18)for the system wate# n-butyl acetate+ methanol is plotted irFig. 4. For the system water
+ n-pentyl acetate- methanol, a similar plot is obtained. Small values @fre observed in a wide range
of composition, practically in the whole homogeneous region.

The equations given iBection 3were applied to the correlation of the surface tension of the binary
systems. For the application of the Sonawane and Kumar model, the molar surfacedfyedigure
components needed as input dat& (5)were calculated from the correlation proposed by Suarez et al.
[27]:

A; = 1.021 x 10°PvS/15y /% (21)

whereV, is the critical molar volume an¥l, is the bulk liquid molar volume. The values Wf were
taken from Sato et a[28], Goodwin[29], Steele et al[30] and Poling et al[31] for water, methanol,
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Fig. 3. Excess surface tensiarF, as a function of the composition. The symbols correspond to the experimental data and the

curves represerq. (17) (a) water (1)+ methanol (3); (b) ester (2} methanol (3): ©) n-butyl acetatet+ methanol; [J)
n-pentyl acetate- methanol.
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Fig. 4. Three-dimensional representatioroofmN m~1) for water+ n-butyl acetate+ methanol at 303.5K and atmospheric
pressure, calculated using parameterBaf(18)

n-butyl acetate and-pentyl acetate, respectively. The molar volume at 303.15K were calculated from
the density given in a previous wofk9].

In Table § the adjusted coefficients of the equations used to correlate the binary data are listed as
well as the respective standard deviations of the fittings. The average absolute deviation of the surface
tension is also indicated. As expected the highest values of the standard deviation are obtained for the
water+ methanol system which have higher values Bfand shows a markedly asymmetrical variation
of this property with the composition. With the exception of the SK model all the thermodynamic-based
equations correlate well the surface tension. The AAD is of the same order of magnitude in all the
models. The SK model does not give good results since it embodies a linear dependefbexafin
the composition.

It is interesting to note that the paramet&ks — U1, and p(U12 — U11) /9 Al p Of the Li et al. model
are negative for all the binary systems. For the system, wataethanol are similar to the ones reported
in [3].

Which concerns to the use of the empirical models (RK-3 and MM-2), we observe that the
MM-2 equation has a similar performance as the thermodynamic models with the same number of
adjustable parameters. The RK-3 equation give similar results to the other equationssWlgn
low.
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Table 6
Coefficients, standard deviatioB,and absolute average deviation, %AAD of the models used to correlate surface tension with
the composition for the binary systems

System (14 2) Model A B c S(MNm™1)  %AAD
Water+ methanol This work 108.530 —178.258 —-0.335 0.45 1.1
BSK? -18.117 19.055 - 3.58 8.0
LWwP 0.0947 —1.554x% 10°© - 0.21 0.5
LWwse —714.54 —497.46 - 0.21 0.5
FLwd 1.726 0.0818 - 0.27 0.6
RK-3® —63.844 —76.899 —94.277 1.82 3.9
MM-2° —68.395 -0.827 - 0.21 0.5
Water+ n-butyl acetate Thiswork  —41.606 0 0 0.02 0.1
LWwP 0.447 —1.303x 10°% - 0.02 0.1
LWwe —244.10 —883.68 - 0.02 0.1
FLwd 1.214 0.521 - 0.02 0.1
n-Butyl acetatet methanol This work 1.879 0.005 7.598 0.03 0.1
BSK? —0.2436 —0.0258 - 0.04 0.1
LWwP 1.1167 —7.761x 10°© - 0.04 0.1
LWwse¢ 33.47 —210.68 - 0.04 0.1
FLwd 0.8693 0.9625 - 0.04 0.1
RK-3® 1.8345 —0.0596 0.5426 0.03 0.1
MM-2° 1.932 0.0551 - 0.04 0.1
Water+ n-pentyl acetate Thiswork  —48.458 0 0 0.06 0.2
LWwP 0.0668 —1.272x 10°© - 0.00 0.0
LWwe —820.34 —-577.26 - 0.00 0.0
FLWd 2.923 0.270 - 0.00 0.0
n-Pentyl acetate- methanol This work 38.907 —40.357 —0.019 0.02 0.0
BSK? 0.2997 —0.2204 - 0.03 0.1
LWwP 0.28307 —1.456x 1077 - 0.01 0.0
LWwe¢ —382.59 —15.59 - 0.01 0.0
FLwd 1.393 0.634 - 0.05 0.2
RK-3¢ —1.443 —0.886 —0.562 0.02 0.1
MM-2f —1.4487 —0.5588 - 0.01 0.0

2The coefficientsh andB correspond té, ands,, respectively.

b The coefficientsA andB correspond tol; and (9 A21/9A)r p.x, respectively.

¢ The values given correspond, — Uy1/R (in K) and 1G x [d(Uyp — U11)/8 Al p.7../R (in Kmol~* m~2), respectively.
4 The coefficients correspond g andf,;, respectively.

€ The coefficients\, B andC correspond tdy, B; andB,, respectively.

f The coefficientsA andB correspond td8, andCy, respectively.

The surface tension of the ternary systems was predicted using the methods of Bgtaald Fu
et al.[4]. The binary coefficients needed to the calculations are listddlie 6 The predictive method
of Sprow and Prausnitz was applied to the binary and ternary systems. The results of the predictions
with the equations above mentioned are giveiiable 7 With the exception of the water methanol
system the fully predictive method of Sprow and Prausnitz allows good results as seen by the low AAD
values. Suarez et gR7] using the same method and a modified UNIFAC model obtained AAD values
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Table 7

Average absolute deviation, %AAD obtained for the models used to predict surface tension

System Model %AAD

Water+ methanol SP 6.0

n-Butyl acetatet methanol SP 0.5

n-Pentyl acetate- methanol SP 24

Water+ n-butyl acetate+ methanol SP 1.3
LWw 115
FLW 5.2

Water+ n-pentyl acetate- methanol SP 2.1
LWw 2.9
FLW 2.8

of 3% for a set of aqueous binary systems and 4% for aqueous ternary systems. For the model (LWW),
the difference in AAD for the ternary systems is probably due to the smaller immiscibility range for the
system wate# n-butyl acetate which makes difficult the determination of the model parameters for this
binary (seeTables 3 and ¥ As far as we know, the FLW and LWW models had been only applied to
ternary systems with complete miscibiliy,4]. It is important to stress that these models can also give
good predictions for systems with a large immiscibility range.

Table 8
Experimental liquid interfacial tension;, for the ternary systems water ()n-butyl acetate (2} methanol (3) and water (1)
+ n-pentyl acetate (2 methanol (3) at 303.15 K and atmospheric pressure

Overall composition Water layer Organic layer o’ (MNm?)

X1 X3 X1 X3 o (MNm™) X1 X3 o (MNm1)

Water (1)+ n-butyl acetate (2} methanol (3)

0.918 0 0.999 0 - 0.067 0 - 13.4

0.546 0.033 0.967 0.033 61.50 0.080 0.033 24.15 12.1
0.797 0.051 0.950 0.049 52.36 0.076 0.049 24.10 10.1
0.786 0.080 0.901 0.098 49.24 0.091 0.099 24.08 9.0
0.495 0.109 0.895 0.105 48.61 0.110 0.110 24.01 7.0
0.630 0.174 0.830 0.167 35.00 0.130 0.185 24.00 5.5
0.745 0.177 0.820 0.175 33.56 0.149 0.201 23.92 4.7
0.600 0.200 0.800 0.195 31.89 0.140 0.215 23.89 4.7
0.620 0.236 0.734 0.258 26.06 0.175 0.275 23.17 3.7
0.599 0.255 0.740 0.250 29.41 0.180 0.270 23.76 25

Water (1)+ n-pentyl acetate (23 methanol (3)

0.848 0 0.999 0 - 0.111 0 - 15.2

0.765 0.020 0.980 0.020 40.98 0.111 0.020 24.06 11.6
0.849 0.051 0.946 0.054 30.40 0.115 0.050 23.89 10.1
0.814 0.085 0.914 0.085 26.56 0.118 0.080 26.56 9.3
0.720 0.180 0.816 0.184 25.94 0.130 0.170 23.23 6.2

The surface tensiom;, and the compositions of the liquid phases at equilibrium are also listed.
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Table 9
Coefficients ofEq. (12)fitted to the liquid interfacial tensiow;” (mN m™1), for the ternary systems
Xo o (MNm™1) k S(mNm)
kl k2
Water (1)+ n-butyl acetate (2} methanol (3)
2.688 13.4 1.067 0 0.7
1.431 —0.278 0.6
Water (1)+ n-pentyl acetate (2} methanol (3)
2.192 15.2 1.724 0 1.2
0.049 1.145 1.0

4.2. Interfacial tension

The experimental liquid interfacial tension and the values of the surface tension of the agueous and
organic phases of the systems wateester+ methanol are listed ifable 8

The interfacial tension was fitted wittg. (12)using the interfacial tension of the binary wateester,
oy, as an input value. The paramekeas been calculated considering that k1 and that = k1 + k2 X.
The results of the fittings are listed Tiable 9and inFig. 5 we represent the liquid interfacial tensieri,
as a function oK. From this figure, we see that the liquid interfacial tension of the system watdvuty!
acetatet methanol is represented adequately by any of the models while for the-watpentyl acetate

(a) (b)

mN.m~

Fig. 5. Liquid interfacial tensiong’, as a function ofX for the ternary systems water n-butyl acetate+ methanol (a) and
water+ n-pentyl acetate+ methanol (b). The symbol®) and (©O) represent the experimental data of the binary and ternary
systems, respectively, and the lines the curves fitted with the Li et al. megg|¥2): (—) k= constantand (-- % = k; + k. X.
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+ methanol a more accurate representation’a$ possible taking into account the dependendeaf
the composition.

For the calculations witkq. (14) we have used the binary liquid interfacial tension dafaeported
by Fu et al.[4] for which o} is less than 20 mN mt since higher values show a different dependence
in the parametek. It is important to note that our ternary data have values in the range 2—16ThN m
From the above referred data, we obtained that

op = (0.717+£0.034 X (22)
Using only the values af for the binary systems of the type waterester the result is
oy = (0.806+ 0.08) X (23)

The liquid interfacial tension data of the binary and ternary systems as a function of the para&meter
is represented ifrig. 6. The predictions witlEgs. (22) and (23are plotted in the same figure. These
equations can predict the ternary liquid interfacial tension quite well since the deviation between the
experimental data and the calculated values fEum. (22) and (23&re low in most of the cases. The
AAD is about 8% for the two ternary systems wheq. (22)is applied. For the system watgrn-pentyl
acetatet+ methanol the AAD is only 3% usingg. (23) It is important to stress that the prediction of the
ternary liquid interfacial tension was made using only the data from the binary systems.

20

BT +
mN.m~! -

16 -
14
12

10

Fig. 6. Liquid interfacial tensiong’, as a function ofX: (+) data of binary systems given by Fu et |] including some
systems {) water+ ester; (—)EqQ. (14)with K = 0.717; (---)Eq. (14)with K = 0.806. Our ternary datac¥) water+ n-butyl
acetate+ methanol; [J) water+ n-pentyl acetate- methanol.
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5. Conclusions

For the system water n-butyl acetater methanol at 303.15 K, the excess surface tension is negative in
the whole composition range except for thbutyl acetatet methanol system. For the watern-pentyl
acetatet methanol mixtures all the values are negative. The surface tension in the ternary homogeneous
region of both systems lie in the range 21-27 mNm

For the binary systems with low surface tension, the performance of correlations either thermodynamic
or empirical is similar. Since the water methanol system presents an highly asymmetrical behavior of
oF versus composition, all the models give slightly worse results as can be seen by the higher standarc
deviation and the average absolute deviation values reporieabie 6

The equation proposed in this workq. (17) based in the Butler expression correlates the data as
well as the other models. One of the advantages of the new model is the analytical simplicity and
the possibility of correlation of the surface and bulk compositions, using the fitted parameters (see
Appendix A).

The ternary data was also well correlated using pair additivity and a ternary term which is a rational
function of the composition leading to standard deviations of about 0.2 miN m

Which concerns the prediction of the surface tension all the methods give satisfactory results in spite
of the large immiscibility gap exhibited by the ternaries. With few exceptions, the AAD values are less
than 3% for the systems studied.

The simple equation of Li and Fu correlates well the liquid ternary interfacial tension data. The standard
deviation of the fittings is usually less than 1 mNnThe prediction of this property with Li et al. method
is good, using only binary data for waterester systems.

List of symbols

A adjustable parameter &fg. (17)

At molar surface area of pure componéent
AAD average absolute deviation

B adjustable parameter &fg. (17)

B adjustable parameter &fgs. (3) and (4)
C adjustable parameter &f. (17)

C adjustable parameter &f. (4)

fij adjustable parameter &f. (7)

M number of experimental points

N number of parameters &q. (20)

Nc number of components

of area parameter of molectile

R universal gas constant

S standard deviation

T temperature

U interaction energy

\% molar volume

X; liquid mole fraction of theth component

X defined byEgs. (13) and (16)



B.M.S. Santos et al./Fluid Phase Equilibria 208 (2003) 1-21 19

Greek letters

y activity coefficient

8p, 6m  adjustable parameters Bfy. (5)
Ajj Wilson binary parameter

o surface tension

o’ liquid interfacial tension

X defined byEqg. (15)

Superscripts

E excess property
* pure component
Subscripts

b bulk phase

c critical point

calc calculated value
exp experimental value

i, J components

s surface phase
T ternary
Appendix A

The Butler equation correlates the surface tension of a binary mixtuvéth that of pure components,
oy andoy as

X1,s
= —| A.l
o = Gl + A* (Xl ) ( )
and
X2,
= —I A.2
o 02 + A* (xz > ( )

whereA? are the molar surface area of pure component Ixagpendx; denote the mole fractions of the
component 1 in the surface and bulk phases, respectively with similar definitions for component 2.
Multiplication of Egs. (A.1) and (A.2py X; andX,, respectively and adding them results

X1 X1,s X2s
ZRT[A—;'”(M)M—Z' ()] (A3)

whereo E is the excess surface tension. In order to obidifrom Eq. (A.3), some relationships between
X1s andx; and betweernx; s andx, are required. Considering like Sonawane and Kumar[2jdthe
dimensionless parametetsandsy, and that

X1.s = X1 + X1X28p + X1X5 8 (A.4)
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bearing in mind that; s + x2 s = 1, we obtain
X2.5 = X2 — X1X28p — X1X5 6m (A.5)

Whenc¢' = 2, this definition of surface mole fractions is the same as the one proposed by Sonawane and
Kumar[2]. FromEgs. (A.4) and (A.5)the ratios of the mole fractions in the surface and bulk phases can
be obtained:

In (’ls> = In (1 + x28p + x5 6m) (A.6)
X1
and
In (xis> = In(L — x18p — x1x5 8m) (A.7)
X2
These equations can be written as
1
and
X2,s -1
In (—) =In[1 — x1(8p + x5 "6m)] (A.9)
X2
Definings = ép + x;’—lam, and after substitution of this expressiordgs. (A.8) and (A.9)esults
In ()‘2) — (L + x28) (A.10)
X1
and
In (xis> — In(1 — x18) (A.11)
X2

Substitution ofEgs. (A.10) and (A.11in Eg. (A.3)yields to
oF = RT[E IN(L + x28) + ﬁln(l—xla)] (A.12)
Al A3

Since the productg,é andx;é are much less than unif], expansion of the logarithmic terms and
retrieving the first term yields

1 1
of = xlszT[(—* — —*) 5} (A.13)
Al A2
or
E 1 1 1 1 ,
7 RT(— - —> 8p + RT(— - —) S 2 (A.14)
X1X2 Ai Az Aak_ A;

Eq. (A.14)can be expressed &sg|. (17)if

A RT(l 1)8
= e K4
Al A
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B RT( 1 1 )8
=\ 7 T o+ m
20 \Ax A
cC=C -1
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