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INTERFACIAL TENSION ALONG THE BINODAL CURVE IN THE
BENZENE-ETHANOL-WATER AND n-HEXANE-ACETONE-WATER
TERNARY SYSTEMS AT 25 °C
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The surface tensions, interfacial tensions and densities of conjugate solutions of composition
in the miscibility gap were measured for two ternary systems, viz. benzene—ethanol-water and n-|
acetone—water, at 2%C.
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Interfacial and surface phenomena are of considerable importance in situations i
ing the transfer of matter across liquid—liquid and liquid—vapour interfaces — in ad
tion, diffusion, extraction, catalysis, etc. The effect of surface and interfacial tensic
such processes was often neglected, not because it was considered unimport
because tension data were unavailable. Although interfacial and surface tensio
exist in the literature for many two-component liquid-liquid systems, informatior
three-component systems is scarce and only few papers give interfacial and <
tension data for conjugate phases simultaneously.

In the present paper, interfacial and surface tension values as well as density
are reported for two three-component two-phase systems, viz. benzene—ethanol
(BEW) and n-hexane—acetone—water (HAW) at°25 with a view to enriching the
volume of experimental data in this field of interest.

EXPERIMENTAL

Chemicals

All the chemicals, i.e. benzene and acetone of analytical grade, and n-hexane, n-heptane, and
for UV spectroscopy, were supplied by Lachema Brno, Czech Republic. Prior to measureme
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substances were dried on a 4A molecular sieve and rectified on a 60-plate bubble cap columi
Germany). The water content was determined by the Karl Fischer method and was taken into
when calculating the equilibrium phase composition. The normal boiling points, refractive indic
20 °C and densities at 2% of all the substances were measured and compared with publishkd
Redistilled water was used in all measurements.

Preparation of Solutions

The compositions of the conjugate solutions at the end of the tie lines°& 26the two systems
were taken from reffor BEW and ref for HAW. All measurements were carried out at#28.05°C
in conditions of equilibrium solute distribution between the two phases. The equilibrium conc
was established as follows: known amounts of each component in the system were weigh
placed in a flask. The flask was shaken vigorously for a few minutes and the liquid mixture wa
stirred using a magnetic stirrer for about 4 h in a constant temperature bath0(25 °C). Sub-
sequently the system was allowed to separate for about 8 h.

Methods of Measurement

Densities of the conjugate phases were measured using a Paar DMA-45 Densimet& &mna%i-
mum deviation 1 . 1@ g cntd).

The measurements of the interfacial tension between two phases in equilibrium were perfort
the capillary rise methddand by the drop-volume method. The apparatus used in the latter cas
been described previously

A simple but precise capillary tensiometer based on the Czechoslovak®paterking on the
hanging level principle, was used to determine the surface tension of the organic equilibrium
For the equilibrium aqueous phase, the drop-volume mettasi found to suit better.

All the devices were calibrated by using published ‘datathe benzene—water and n-heptane—wa
systems for the interfacial tension determination, and the data for water, benzene, toluene, n-
cyclohexane, and methanol were employed in the surface tension measurements.

RESULTS

Phase diagrams for the two systems under study are shown in Figs 1 and 2, |
tively. The tie lines chosen for study are numbered in the diagrams; the tie line
located at the base of each diagram (i.e. no ethanol or acetone added). The cc
tions of the conjugate phases, their densities, surface tensions, and the interfac
sions between them are presented in Tables | and 1.

The plots of the following tensions: interfacial tensiwh surface tension of the
aqueous phase®’, and the surface tension of organic pha%8& denoted generallgX,
against the mole fraction of the solute (ethanol in the case of the BEW system, a
in case of the HAW system) as given by the compositions at the ends of the tie
through the points representing the total systems are shown in Figs 3 and 4, r
tively. All the plots are smooth curves. The results obtained in this work are com
with those already published. The agreement between the interfacial tensions
BEW system is very good, whereas the agreement with the HAW data reported it
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is rather poor. The values by Murphy et’are not included in Fig. 4 because t
composition of the conjugate phases is not given in the original paper.

Correlation of Surface and Interfacial Tensions

Various methods of plotting the surface and interfacial tensions were applied |
tempts to achieve a linear relation, but none of them was fully successful over the
concentration range.

Surface tensiorwas correlated with the mole fraction of solute (i.e. ethanol
acetone) along a line drawn from the apex of the three-component diagram throu

Fe. 1
Phase diagram for the benzene (B)-
ethanol (E)-water (W) system at 26
(ref?); O organic phases aqueous
phase;0d plait point; xg, mole fraction
of ethanol along the line drawn from _o0 — 10
the apex of the triangle through the 0 01 02 03 04 05 06 0.7 08 09y 10w
plait point Xep

Fic. 2

Phase diagram for the n-hexane (H)-—
acetone (A)-water (W) system at 256
(ref®); O organic phase® aqueous
phase;0 plait point; x5, mole fraction
of acetone along the line drawn from L =i . 10y
the apex of the triangle through the 0 01 02 03 04 05 06 0.7 08 09 1.0
plait point Xap X
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plait point (seeg,andx,,, Figs 1 and 2, respectively). The shapes of the depende
are very similar to those in Figs 3 and 4. The surface tension afrgfamic phases
changes very little wittx,. The dependence is linear in both cases:

TasLE |
Composition given as mole fractions of benzerg éand ethanolxg), density p), surface tensiow
and interfacial tensiong", in the benzene—ethanol-water system af@5superscripts agq and ore
refer to the aqueous and organic phase, respectively)

Aqueous phase Organic phase _

Tie line a" .

no. a or or mN m~
X’ X gzr:fa mlgarqn‘1 he o gpcr:i‘3 mz rjfl

0 0.00040 0.00000 0.9969 62.4 0.99700 0.00000 0.8734 28.17 34.
1 0.00044 0.01462 0.9908 56.3 0.99401 0.00253 0.8731 28.11 29.:
2 0.00051 0.02787 0.9849 51.8 0.98869 0.00657 0.8728  28.07 23.!
3 0.00057 0.04709 0.9779  46.3 0.98432 0.01009 0.8726  28.03 17.:
4 0.00068 0.07160 0.9704  40.5 0.96514 0.02855 0.8720 27.93 13.:
5 0.00139 0.10801 0.9612 34.2 0.95595 0.03742 0.8710 27.91 9.
6 0.00147 0.14424 0.9499 30.0 0.93715 0.05485 0.8696 27.74 6.
7 0.00284 0.17660 0.9388 27.6 0.91378 0.07435 0.8683 27.60 3.
8 0.01956 0.27832 0.8999 25.7 0.80395 0.15332 0.8634 26.93 1.
9 0.07493 0.37493 0.8752 26.1 0.69126 0.23252 0.8601 26.20 0.

Fic. 3

Dependence of the surface and interfacial te
sions in the benzene—ethanol-water system
the mole fraction of ethanol;] surface tension
of organic phaseg®, e surface tension of
aqueous phaser®® A interfacial tensiong", vs
the mole fraction of ethanol in organic phasg,
A interfacial tensiong", vs the mole fraction of
ethanol in aqueous phasg; O plait point;. ...
connecting lines{], m data of Patterson anc
Rosg? (full symbol — aqueous phase, open syr
bol — organic phase)], O data of Sada et at.
(full symbol — aqueous phase, open symbol — ¢
ganic phase)x data of Bartell and Davié(only
the aqueous phase composition is given)

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



Ternary Systems 493
BEW system
0°9=17.81+0.70xg, , @)
HAW system
0°19=28.24-6.19%,,, - 2
TasLE Il

Composition given as mole fractions of n-hexang @nd acetonexf), density p), surface tension
(0) and interfacial tensionol) in the n-hexane—acetone—water system at@%superscript aq and
org refers to the aqueous and organic phase, respectively

Aqueous phase Organic phase

Tie line ot
1
no. aq o2 org org mN m
q aq p rg rg p (o}
X A gen® mNm? X xR gecn® mN it
0 2.78 . 10° 0.00000 0.9970 70.76 0.99940 0.00000 0.6549 17.84 49
1 0 0.00200 0.9948 62.77 0.99090 0.00910 0.6550 17.89 36.
2 0 0.02400 0.9866 50.89 0.96590 0.03410 0.6558 17.90 28.
3 0.00090 0.05910 0.9721 41.18 0.90570 0.09200 0.6582 17.83 19
4 0.00040 0.10320 0.9588 35.00 0.86220 0.13180 0.6608 17.83 13
5 0.00220 0.17730 0.9312 31.29 0.72950 0.25680 0.6688 17.87 6.
6 0.00690 0.23860 0.9127 27.57 0.63500 0.36500 0.6766 17.93
7 0.00761 0.35556 0.8761 23.54 0.43000 0.52500 0.7005 18.21
80
o
mN m~t
Fic. 4 €0

Dependence of the surface and interfacial ten-
sions in the n-hexane—acetone—water system on
the mole fraction of acetone&] surface tension 40
of organic phaseg®9 e surface tension of
aqueous phaser®® A interfacial tensiono”, Vs
the mole fraction of acetone in organic phasg,
A interfacial tensiong", vs the mole fraction of
acetone in aqueous phasg; O plait point;. ...
connecting lines{], O data of Paul and de Cha-
zaf (full symbol — aqueous phase, open symbol — 0
organic phase)

20 &
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The surface tension of the organic phase in the HAW system increases slightly
increasing concentration of acetone, whereas in the BEW system it decreases
with increasing concentration of the third component, ethanol; the changes in th
face tension, however, are within the experimental error limits. Hence, neither ac
nor ethanol appears positively to be adsorbed in the solvent—air interface.

The surface tension of tlegjueous phasdecreases rapidly with solute concentrati
in both cases. Its plot againgtgave smooth curves for both ternary systems. No lin
dependence betweeivor its logarithm orx, was observed.

Inspired by the Szyszkowski equation, the correlation betweeo®f®g® ratio and
the Inx, value was testedg?refers to the surface tensions in the binary systems, w
— acetone or ethanol — is present). The plots are shown in Figs 5

no solute

1.2
o

k b4+ —o
O'O . - N
0.8}

(]
0.4} A
O [ ] . L
0 2
—In xg

1.2
o

k
5]

=In xp

FGc. 5
BEW system — correlation in the sense of tl
Szyszkowski equatione interfacial tensiono",
—— Eqg. @); A surface tensions of aqueous soll

tions 0®1, — Eq. @); O surface tensions of or-
ganic solutionss®®, — Eq. @)
Fic. 6

HAW system — correlation in the sense of tt
Szyszkowski equatior;] interfacial tensiong™,
—— Eq. (10); A surface tensions of agueou
solutionsg®l, — Eq. 6); O surface tensions of
organic solutions®®, — Eq. @)
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Extensive segments of the plots are linear and can be represented by the fol
relations:

BEW system
o aq ~1
073‘1: 0.0522-0.1886 Inxg, (0§57=62.4 mN n) , 3)
0% _ o org — =1
e 0.9774-4.435.10°InXg, (0§=28.17 mN n1) , 4
0
HAW system
o™ _
cigq =0.1898- 0.1491 Inx,, (0§%=70.76 mN mb) , )
g©r9
e 1.0018- 1.420.10%In Xap (009=17.84 mN mb) . 6)
0

The interfacial tensions lowered by the presence of the third component in k
cases. The logarithm of the interfacial tension can be expressed as a linear func
X, (see Fig. 7):

BEW system

In o' = 3.4317- 16.8751xg, , @)

FiG. 7
Correlation of the interfacial tensioui,t, with the
mole fraction of solutexp, (ethanol or acetone)
along the line drawn from the triangle apex \\
through the plait pointe BEW system,— Eq. \

(7); 0 HAW system,— Eq. @) o 01 02 03 04, 05
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HAW system

In o't = 3.6612- 8.3687xy, - )

The correlation in the sense of the Szyszkowski equation (see Figs 5 and 6)
pressed by the relations

BEW system

g:(;:—o.4216— 0.2600 Inxg,, (o8 =34.1mNm?) , ©)
HAW system

%:—0.1270— 0.1800 Inxy, (0% =49.7mNm?) . (10

0

Figures 5 through 7 show that the experimental data are very well fitted by the
equations over a relatively wide concentration range.

The correlation of the interfacial tension with the mutual solubility of the con
nents was also examined. The latter was expressed by the relative change in the
length, Al/l, = (Io— I)/l,, wherel is the length of the tie line in question alpds the
length of the tie line “0”. The plot of lo' againstAl/l, is linear for the HAW system
nearly over the full concentration range, whereas for the BEW system the linea
ment is limited (see Fig. 8). Nevertheless, the points departing from the straigh
pertain too" values near the plait point, which are in the order of experimental e
The following equations fit the relation betwee@handAl/l,;:

4 T T T T
In O'il %‘\
IS
3 N b
N
6\\
2 - B\ . .
N
s
1k }\ N i
S
\\\ o e
0 N\ b
\ Fic. 8 _
\ Correlation of the interfacial tensioa”, with the
I ) ) \ . L < relative change in the tie linAl/l,; ¢ BEW system,
0 0.1 0.2 0.3 0.4 A 05 —— Eq. 11); O HAW system,— Eq. (12
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BEW system

In o't = 3.4962- 15.547|ﬁI , a1
0

HAW system

In o't = 3.6173- 7.268# . 12
0

The ranges of applicability of equations are shown in Figs 5 through 8.

The approach proposed by Paul and de CRamlbased on a treatment of th
interfacial region as one of finite thickness. By assuming that the interface conc
tion gradient is a linear function of thickness, a correlation is obtained betwee
interfacial tension and the reciprocal solubility of two bulk phases in contact.
presence of a third solute raises the increasing of the interface thickness, loweri
interfacial tension. The interface thickness is expressed in terms of mutual solubil
follows:

BEW system
X+ G+ e 1
T in Gg g+ )
HAW system
J 4+ xOrd + xad— 1
BRCIAR Vi w

h_ )
In GG+ X7+ 39

Wherex}‘ is the mole fraction of componept(where H stands for n-hexane, W f
water, A for acetone, B for benzene) in phkg& = aq for the aqueous phase, org f
the organic phase). Authdfssuggest a linear relation betweendhand In (1h). A
linear plot of this type, however, was obtained neither for the HAW system nor fo
BEW system. Over a certain concentration range (uptic- ¥) the dependence oft
vs 1h can be represented by a straight line (Fig. 9), which is common to both c
systems under study, viz.

o' =-14.108+ 10.704% . 15)

The fact that the dependences of the interfacial tension on the interfacial layer thic
nearly coincide suggests that the mechanism of lowering the interfacial tensio
creases in the presence of the third component is very similar in the two sys
Nevertheless, comparison of the experimental values with those calculated frot

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



498 Cechova, Bartovska:

(15) (see Tables | and Il) demonstrates that this type of correlation fails to give re
values not only at low concentrations of the third component (E or A) but also il
vicinity of the plait point.

Since the interfacial as well as surface tension values of the conjugate phase
obtained, the possibility of using Antonoff’s rule to predict the interfacial tension ir
ternary systems was examined. According to AntdAofifie interfacial tension for twc

TasLE Il
Correlation of interfacial tensioa" of conjugate solutions in the benzene—ethanol-water system

ol mNnt

il it -1
Tie line no.  Ggy, MN M

Eq. () Eq. ©) Eq. D Eq. @5
0 34.1 30.9 34.1 33.0 (46.9)
1 29.4 27.5 29.7 27.2 29.4
2 23.5 23.8 22.6 23.3 23.6
3 17.2 20.1 18.2 19.2 19.0
4 13.2 13.9 12.7 13.6 15.4
5 9.1 9.2 9.0 9.4 12.0
6 6.1 5.7 6.1 6.1 9.6
7 3.9 3.9 4.2 3.7 7.8
8 1.2 0.8 - 0.4 3.4
9 0.4 0.2 - 0.0; 0.4
T T T
. 50 .
cy|l o // .
mN m //
/
40 |- / 4
/e
/e
30 + .;j _
/
/d
20 e
%
10 1 o ) Fic. 9 _
A Correlation of the interfacial tensioa”, with the
o N ) ) interfacial layer thicknesd); ¢ BEW system,]
0 2 4 6 yp 8 HAW system,— Eq. (15
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saturated liquids in equilibrium is equal to the difference in the surface tensions
two solutions against air. A comparison of the line obtained by applying Anton
rule with the experimental values is shown in Fig. 10. A very good applicabilit
Antonoff’s rule is only observed for the BEW system over a certain range, where:
the HAW system there is a difference between the Antonoff’s plot and the experin
values, amounting to 3—6 mNn

Tables 11l and IV summarize the results of correlations for interfacial tensior
comparison with the experimental values.

TaBLE IV
Correlation of interfacial tensioa" of conjugate solutions in the hexane—acetone—water system

ol mNnt

i it -1
Tie line no.  Ogyp MN M

Edg. @) Eg. (10 Eq. 12 Eqg. (15
0 49.7 38.9 49.7 37.2 (65.2)
1 36.9 37.1 39.5 35.9 (52.6)
2 28.4 30.3 25.0 29.9 26.8
3 19.0 20.8 17.0 21.6 17.6
4 13.0 14.9 13.0 15.2 13.0
5 6.9 7.5 8.2 7.8 7.7
6 4.4 4.0 5.3 4.1 55
7 1.3 1.3 1.7 1.2 2.1
60 T T T T T
84 _ 50’9 [ ]
mN m™*
[ ]
40 4
[ ]
[ ]
20 . e
L
[ ]
° (e}
Fic. 10 0 o . . . .
Antonoff’'s rule tes_ting;o BEW system, 0 10 20 30 40 60
HAW system,— o' = 29— g°' ot mNmt
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