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Interfacial Tensions of Two-Liquid-Phase Ternary Systems 

Buqlang LI and Jufu Fu' 
hying Institute of Chemical TechnoMy, Begins 700029, China 

Interfaclal tendons of seven aqueous ternary systems 
contakrlng proplonk acM, l-propanel, or 2gropanol as 
solute were m0awr.d at 25 "C with a DuNouy ring 
interfaclal tenrkmeter. A sbnple equation k glven for the 
estknatlon of the Interfacial tendons wlth equlllbrlum 
comporltlons from binary data alone. 

Introduction 

The experimental data of interfacial tenslon are required by 
chemical engineers for the design of Iiquld-liquid contactors as 
well as by researchers for testing thek methods used to predict 
or correlate interfacial tensions. The data for only 53 ternary 
systems were found in the literature (7-8). In  the set of data 
of Murphy et ai. ( 7 )  for 12 ternary systems containing acetic 
acid or acetone as solute, only the overall compositions of the 
whole liquid-liquid systems corresponding to the experimental 
interfaclal tension data were given, and in that of Masamoto and 
Nakahara (6) for 5 ternary systems containing acetic acid as 
solute, only the mole fractkns of solute kr the two ltquid phases 
were reported. For wldening the data coverage for conelation, 
in the present work the interfacial tensions of seven ternary 
liquld-liqukl aqueous systems are measured with a DuNouy ring 
tensiometer. We have given the compositions and densities of 
the two phases to more completely describe these seven ter- 
nary systems we have studied. 

Experknentai Section 

All the measurements of Interfacial tensbn were made at 25 
f 0.5 "C by use of a KNSS ring interfacial tensiometer with an 
accuacy of f 0.1 mN m-' and a resolution of f 0.05 mN m-'. 
The data so obtained were corrected to the actual values by 
means of the Zuldema and Waters compensation for interface 
distortion (9). 

The seven ternary systems studled are carbon tetrachloride + water + propionic acid, chloroform + water + propionic 
acid, benzene + water + proplonic acid, toluene + water + 
propionic acid, n-heptane + water + propionic acid, cyclo- 
hexane + water + 2-propanol, and cyclohexane + water + 

l-propanol. For all the systems, the points near the piaii points 
are excluded slnce the data may be less reliable and they are 
of less importance in chemical engineering calculations; for 
instance, in Uqu#-liquid extraction where the operatkn near the 
plait point is usuelly avolded for the difficulty in phase separa- 
tion. For the cyclohexane + water + 2-propanol system In the 
paper of Masamoto et el. (6),  there was a mistake. The 
equilibrium compositions used for preparing the mixtures within 
the two-phase region are found to be those for the system 
containing cyclohexene instead of cyclohexane. No interfacial 
tension data of the other six systems appeared In the literature. 
For aU the systems the component 1 and the component 2 are 
partially miscible, and the component 3 is completely soluble 
in both liquid phases. 
Benzene, chloroform, carbon tetrachbride, and cyclohexane 

of spectroscopic grade and nheptane, proplonic acid, and 
1-propanol of guaranteed purity (Tokyo Kasel Kogyo Co., Ltd., 
Japan) were used directly. Toluene and 2-propand of analytical 
pulty (Beijing Chemical Reagent Plant, China) were distilled in 
a laboratory column prior to use, retaining only the central 
portion of the distillate. The claimed minimum purlty for the 
compounds is 99.0% or 99.5% (see Table I). Water was 
double distilled. 

The densttles and refractive indices of all the organic re- 
agents at 20 "C were measured by using a pycnometer and 
an Abbe refractometer, respectively. The interfacial tensions 
of benzene, toluene, chloroform, carbon tetrachloride, nhep- 
tane, and cyclohexane with water at 25 "C were also mea- 
sured. A comparison between the measured values and those 
from the literatue for the physical properties was listed in Table 
I. 

The liquid-liquid equilibrium data for all the ternary systems 
were obtained from the literature (70). The three components 
forming the mixture with an overall composition within the 
two-phase region were weighed to an accuracy of about 0.1 
mg into a sealed bottle. The bottles were kept in a thermostat 
and shaken several times during the period of at least 24 h 
ailowed for equilibrium (5). 

When the interfacial tensions of the two aqueous systems 
containing chloroform or carbon tetrachloride as the organic 
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Table I. Properties of Pure Liquids and Interfacial Tensions of Organic Solvents with Water 
purity ~ ( 2 0  OC)/(g nD(20 "C) d 2 5  OC)/(mN m-l) 

compd min/% exptl lit. exptl lit. exptl lit. 
benzene 
toluene 
cyclohexane 
n-heptane 
chloroform 
carbon tetrachloride 
1-propanol 
2-propanol 
propionic acid 

99.5 
99.5 
99.0 
99.0 
99.0 
99.5 
99.5 
99.5 
99.0 

0.8792 
0.8652 
0.7754 
0.6815 
1.4812 
1.5895 
0.8021 
0.7874 
0.98810 

0.8792 (5) 
0.867 0 (19) 
0.77836 (20) 
0.682 9 (19) 
1.48911 (21) 
1.594 17 (21) 
0.803 75 (21) 
0.78545 (22) 
0.9879" (22) 

1.5009 1.5008 (18) 34.0 33.8 (6 
1.4972 1.4969 (19) 35.8 35.4 (8) 
1.4264 1.4261 (20) 50.0 50.0 (8)  
1.3880 1.3870 (19) 50.1 50.1 (8) 
1.4450 1.4459 (21) 31.1 30.8 (8) 
1.4603 1.4602 (21) 44.1 44.3 (8) 
1.3855 1.38556 (21) 
1.3775 1.37720 (21) 
1.3873 1.3865 (21) 

"At 25 OC. 
Table 11. Experimental and Calculated Results for Density p and Interfacial Tension at 25 OC 

a/(" m-l) 
water-rich Dhaae organic-rich Dhase calcd 

0.0003 
0.0003 
0.0008 
0.0010 
0.0013 
0.0029 
0.0073 
0.0121 
0.0325 

0.0013 
0.0013 
0.0015 
0.0016 
0.0016 
0.0039 

0.0005 
0.0008 
0.0014 
0.0021 
0.0066 
0.0172 

0.0002 
0.0005 
0.0013 
0.0023 
0.0094 
0.0293 

0.0002 
0.0006 
0.0010 
0.0036 
0.0086 
0.0126 

0.0004 
0.0012 
0.0005 
0.0025 
0.0084 
0.0299 

0.0002 
0.0012 
0.0015 
0.0020 
0.0018 
0.0020 

0.0196 
0.0334 
0.0584 
0.0743 
0.1078 
0.1414 
0.1887 
0.2193 
0.2852 

0.0141 
0.0229 
0.0319 
0.0437 
0.0548 
0.0839 

0.0158 
0.0273 
0.0531 
0.0863 
0.1328 
0.1813 

0.0361 
0.0631 
0.0964 
0.1488 
0.2005 
0.2649 

0.0453 
0.1856 
0.2628 
0.3191 
0.3937 
0.4365 

0.0136 
0.0520 
0.0950 
0.1278 
0.1814 
0.2729 

0.0181 
0.0464 
0.0601 
0.0674 
0.0734 
0.0781 

I 

X 1  x3 pl(g X 1  x3 pl(g exptl a t K = 2  fitted 
Carbon Tetrachloride (1) + Water (2) + ProDionic Acid (3) 

1.0031 
1.0082 
1.0150 
1.0146 
1.0195 
1.0238 
1.0279 
1.0364 
1.0445 

1.0018 
1.0048 
1.0080 
1.0104 
1.0137 
1.0182 

1.0020 
1.0058 
1.0099 
1.0154 
1.0165 
1.0117 

1.0092 
1.0124 
1.0173 
1.0168 
1.0137 
1.0041 

1.0108 
1.0185 
1.0183 
1.0153 
1.0096 
0.9996 

0.9898 
0.9747 
0.9578 
0.9417 
0.9141 
0.8739 

0.9877 
0.9766 
0.9693 
0.9662 
0.9612 
0.9601 

0.9578 0.0422 ' 1.5617 
0.9056 0.0944 1.5343 
0.7942 0.1982 1.4784 
0.7404 0.2322 1.4510 
0.6583 0.3277 1.4117 
0.5964 0.3836 1.3844 
0.3462 0.4280 1.3484 
0.3053 0.4573 1.3324 
0.4107 0.4829 1.2921 

Chloroform (1) + Water (2) + Propionic Acid (3) 
0.910s 0.0764 1.4362 
0.8284 0.1532 1.4011 
0.7420 0.2286 1.3644 
0.6373 0.3127 1.3189 
0.5560 0.3650 1.2854 
0.3951 0.4153 1.2220 

Benzene (1) + Water (2) + Propionic Acid (3) 
0.9624 0.0333 0.8774 
0.8994 0.0921 0.8819 
0.7690 0.2182 0.8949 
0.6473 0.3317 0.9094 
0.5447 0.4063 0.9219 
0.4612 0.4302 0.9324 

Toluene (1) + Water (2) + Propionic Acid (3) 
0.8675 0.1276 0.8739 
0.7476 0.2428 0.8863 
0.6495 0.3364 0.8988 
0.5678 0.4183 0.9083 
0.5138 0.4679 0.9164 
0.4191 0.4875 0.9267 

n-Heptane (1) + Water (2) + Propionic Acid (3) 
0.9219 0.0727 0.6890 
0.7884 0.2064 0.7109 
0.7040 0.2808 0.7246 
0.6653 0.3146 0.7330 
0.6180 0.3574 0.7458 
0.5348 0.4364 0.7626 

Cyclohexane (1) + Water (2) + 2-Propanol (3) 
1.0000 0.ooOOo 0.7756 
0.9773 0.0180 0.7737 
0.9108 0.0801 0.7723 
0.8382 0.1485 0.7720 
0.7399 0.2178 0.7724 
0.5920 0.2995 0.7763 

Cyclohexane (1) + Water (2) + 1-Propanol (3) 
0.9874 0.0126 0.7726 
0.9395 0.0605 0.7727 
0.8118 0.1577 0.7746 
0.6709 0.2599 0.7796 
0.3660 0.4124 0.7932 
0.2101 0.4421 0.8128 

. .  
16.3 
10.8 
7.3 
5.1 
3.0 
2.1 
1.4 
0.9 
0.4 

13.6 
9.9 
7.0 
4.5 
3.2 
1.3 

16.5 
11.4 
5.7 
2.6 
0.9 
0.3 

10.3 
5.7 
3.2 
1.6 
0.8 
0.3 

13.5 
5.3 
3.8 
3.0 
2.1 
1.3 

26.5 
11.4 
4.1 
2.0 
0.9 
0.3 

16.8 
5.9 
2.6 
1.5 
0.7 
0.4 

13.1 
9.7 
6.2 
5.3 
3.7 
2.8 
1.9 
1.5 
0.6 

16.4 
12.8 
9.9 
7.1 
5.2 
2.1 

15.9 
11.6 
7.7 
5.2 
2.9 
1.5 

10.2 
6.7 
4.8 
3.3 
2.2 
0.9 

8.5 
2.6 
1.6 
1.1 
0.8 
0.5 

29.5 
12.6 
5.3 
3.4 
1.9 
0.7 

17.2 
8.4 
5.1 
3.5 
1.3 
0.7 

14.0 
10.6 
6.9 
5.9 
4.3 
3.2 
2.3 
1.8 
0.8 

13.6 
9.9 
7.1 
4.6 
3.1 
1.0 

14.7 
10.3 
6.6 
4.3 
2.3 
1.1 

8.9 
5.7 
3.9 
2.5 
1.6 
0.6 

13.2 
5.5 
3.7 
2.9 
2.4 
1.6 

27.4 
10.4 
3.8 
2.3 
1.2 
0.4 

15.0 
6.7 
3.9 
2.5 
0.8 
0.4 

In calculation, the mole fraction of water in the cyclohexane phase of the cyclohexane-water binary system was used instead of the value 
of zero here, and the mole fraction of 2-propanol in the phase was obtained by the extrapolation of data. 
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solvent were measured, the equilibrium ternary mixture was 
poured into the sample dish, and immediately covered with a 
krcite sheet. The W e  in the dish was kept in the thennostat 
vessel for about 20 min to establish the equilibrium condition 
again. The Interfacial tension was measued by pushing the ring 
through the upper phase (water phase) to the lower phase 
(organic phase) because the aff inity of the water phase to the 
platinum irkllum ring Is higher than the affinity of the organic 
phase for the first two systems where the organic phase is the 
dense phase. For the other five systems, the measurement of 
interfacial tension was performed by moving the ring upward 
through the interface. Therefore, the cleaned ring was first put 
in selected place in the empty sample dish, and then the dish 
was tilled with the heavier phase to immerse the ring. Then the 
lighter phase was carefully plpetted in above. After the inter- 
facial tension was measured, the densities of the two phases 
were determined by means of a pycnometer. 

Correlation of Interfacial Tendons 

Three equations (7, 7 7 ,  72) each with two adjustable pa- 
rameters have been proposed for correlating the interfacial 
tensions of ternary systems with the liquid-liquid equilibrium 
compositions, and a few methods (73- 76) have also been 
established for predictlng the interfacial tensions from pure 
component or binary data alone. For the correlation of data, 
the equation of Li and Fu (7) is convenient to use and generally 
applicable, and for prediction purposes, a recent unpublished 
method of U and Fu ( 16) is satisfactory for the ternary systems 
when the interfacial tension of the partially miscible pair is less 
than 40 mN m-’. 

The simple correlation equation developed by Li and Fu (7) 
is also used to estimate the interfacial tensions of ternary 
systems from the interfacial tension of the partially miscible 
binary pair and their mutual solubilities. The equation is shown 
as follows: 

The experlmentai results are tabulated in Table 11. 

U = no($ 

where 
x = -[in ( x ” ~  + xt2 + xw)] (2) 

u is the interfacial tension of a ternary system. uo is the 
interfacial tenslon of the partially miscible binary pair in the 
temary system, and Xo is equal to Xat x g  = 0. xN,  ls the mole 
fractlon of sotvent 1 in the phase richer in solvent 2, x12 is that 
of solvent 2 in the phase richer in solvent 1, and xW is the mole 
fractlon of solute in the phase poor in it. K is an adjustable 
parameter for the correiation of interfacial tensions with mutual 
solubllities, and it can be also fixed as a constant for approx- 
imate estimation. In  our previous work (I) ,  the parameter K 

was modiffed as a linear function of X, Le., K = a + bX, where 
a and b are two adjustable parameters, and the overall average 
absolute deviation and relative deviation for 24 ternary systems 
found this way were 0.3 mN m-‘ and 4.8%, respectively. 

In  the calculation using the simple equation for 37 ternary 
systems (77), better predictkn results than other methods were 
obtained when the parameter K was taken to be 1.5 for the 
systems containing acetone or 2-butanone as solute or non- 
aqueous systems and 2 for all other systems. An overall av- 
erage deviation for the 314 data points of the 37 systems was 
found to be only 1.5 mN m-l. 

Using the above equation for the seven systems in this in- 
vestigation, the overall average deviation between the calcu- 
lated and experimental interfacial tension was 1.5 mN m-l with 
a constant K taken to be 2 and 0.7 mN m-‘ with the K’s ob- 
tained by fitting the data. The calculated results are also given 
In Table 11. The interfacial tensbns of binary systems included 
were found In the literature (8), and Xo was calculated with the 
mutual solubilities from the literature (10). 

108.884; n-C,H,,, 142-82-5; cyclohexane, 110-82-7; l-propanol, 71-23-8; 
2-propanol, 67-63-0. 
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