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Compositions of two- and three-phase liquid-liquid equilibria for the ternary system water + tetradecane
+ 2-(2-hexyloxyethoxy)ethanol at 293.15 K and 303.15 K at atmospheric pressure are presented in this
paper. The experimental data were used to correlate the UNIQUAC interaction parameters, and no
satisfactory results were obtained.

Introduction

Nonionic surfactants of the homologous series of poly-
oxyethylene alcohol CH3(CH2)i-1(OCH2CH2)jOH, abbrevi-
ated by CiEj hereafter, are widely used as emulsifying
agents and detergents. The potential use of CiEj compounds
for extracting and concentrating organic compounds in
aqueous systems has been under active study (Frankewich
and Hinze, 1994; Gullickson et al., 1989). Recently, non-
ionic surfactant CiEj has been successfully applied to
separate or concentrate proteins and other biological
materials using two-phase aqueous micellar systems (Liu
et al., 1995 and 1996). Therefore, experimental data of
liquid-liquid equilibria are necessary for the design of
liquid-liquid extractors and of decanters in distillation
systems. Experimental information of such systems is
scare. We have investigated the phase behavior of three
water + CiEj binary systems (Lai and Chen, 1999) and two
ternary systems water + 1-pentanol + C4E1 and water +
2-methyl-2-butanol + C4E1 (Pai and Chen, 1999).

Mixtures of the type water + oil + surfactant are used
in several industrial processes, for example, herbicides, the
production of drugs, and tertiary oil recovery. The phase
information of ternary mixtures of the type water + oil +
surfactant is important for the design of experiments and
interpretation of data on wetting transitions (Chen and
Yan, 1993; Chen et al., 1994; Chen et al., 1996) and phase
conductivity (Kahlweit et al., 1993). Kilpatrick et al. (1986)
have studied the phase behavior of the ternary mixture
water + n-alkane + C6E2 at 298.15 K for three different
n-alkanes: hexane, decane, and dodecane. Sassen et al.
(1992) have explored the effect of pressure and temperature
on the phase behavior of the ternary mixture water +
dodecane + C7E5. In addition, we have investigated the
phase behavior of the ternary mixture water + dodecane
+ C6E2 at 293.15 K and 303.15 K (Hu et al., 1999). In this
study, liquid-liquid equilibrium measurements were per-
formed for the ternary system water + tetradecane + C6E2

at 293.15 K and 303.15 K under atmospheric pressure.

Experimental Section

Materials. The tetradecane was obtained from Tokyo
Kasei Co. with a purity of 99% and was used without

further purification. The nonionic surfactant C6E2 was a
product of Aldrich Chemical Co. and had a purity of 98%.
It was fractionally distilled under reduced pressure until
a purity of >99.5% was attained, as determined by gas
chromatography. Water was purified by reverse osmosis
(Millipore, Milli-RO Plus 10) and a Barnstead NANOpure
II system with a resistivity >17.8 MΩ‚cm.

Procedure. The mixtures of the ternary system were
prepared by mass in a 1-cm-diameter test tube, and placed
in a computer-controlled water thermostat, whose temper-
ature stability was better than (0.004 K. These samples
were kept in the thermostat for at least 24 h and sometimes
up to 3 days, to allow the system to reach equilibrium.
Before and during the equilibration process, the samples
were shaken vigorously several times to ensure thorough
mixing. After equilibrium was reached, both liquid phases
were transparent with a sharp, mirror-like interface.
Following equilibration, both liquid phases were carefully
sampled by syringe and composition was determined by
gas chromatography for each liquid phase.

The chemical analysis of water, tetradecane, and C6E2

of equilibrium liquid phases was performed using a gas
chromatograph (Perkin-Elmer, AutoSystem) equipped with
a thermal conductivity detector and connected to an
integrator (Perkin-Elmer, model 1020 Plus). The compo-
nents were isothermally separated along a 2 m by 3.175
mm diameter stainless steel column packed with Poropak
P 80/100 mesh. The oven temperature was fixed at 508.15
K. The detector temperature was kept at 593.15 K, while
the injection-port temperature was held at 413.15 K. The
flow rate of the carrier gas, helium, was kept at 0.167 cm3

s-1. Each analysis took about 25 min. Samples of single
phase with known compositions were used to calibrate the
instrument in the composition range of interest. Replicate
measurements of a composition analysis indicated a preci-
sion of <1% deviation in mole fractions.

Results and Discussion

The experimental compositions of the equilibrium phases
are given in Tables 1 and 2 for the ternary system water
+ tetradecane + C6E2 at 293.15 K and 303.15 K, respec-
tively, at atmospheric pressure. All the data are expressed
in mole fractions. All the compositions were reproducible
within (0.0005. For the condition of very low water* Corresponding author. E-mail address: ljchen@ccms.ntu.edu.tw.
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contents, for example, the oil-rich phase of the two-liquid-
phase-coexisting envelope on the water-tetradecane side
of the triangle phase diagram, the Karl Fischer titration
method (MKC-210, Kyoto Electronics Co., Japan) was used
to further confirm the results of gas chromatography. Note
that the results of water + C6E2 binary systems at 293.15
K and at 303.15 K are in excellent agreement with our
previous measurements (Lai and Chen, 1999) resulting
from the Karl Fischer titration method.

As shown on the triangle phase diagrams in Figures 1
and 2 (concentrations expressed in mass fractions), this
system exhibits one three-liquid-phase-coexisting tie tri-
angle region and three two-liquid-phase-coexisting enve-
lopes. As temperature decreases, the composition of the
middle surfactant-rich phase approaches the composition
of the lower water-rich phase. If the temperature is further
decreased, the surfactant-rich phase and water-rich phase

would merge into one phase. That corresponds to a lower
critical solution point. On the other hand, if the tempera-
ture is further increased, the surfactant-rich phase and oil-
rich phase would merge into one phase. That corresponds
to an upper critical solution point. The upper and lower
critical solution temperatures of the system water +
tetradecane + C6E2 have been determined by a fish-shaped
phase diagram and found to be 307.80 K and 282.30 K,
respectively (Chen et al., 1994).

An attempt was made to correlate the experimental data
by use of the UNIQUAC model of Abrams and Prausnitz
(1975) as well as the algorithm of Negahban et al. (1986
and 1988). There are two UNIQUAC interaction param-
eters for a binary system and six UNIQUAC interaction
parameters for a ternary system. Although we were able
to determine the six interaction parameters of the system
water + tetradecane + C6E2 from regression of only three-
liquid-phase-coexisting data, the prediction of two-liquid-
phase-coexisting data was very poor. If all the equilibrium
data of the system water + tetradecane + C6E2 were used
to correlate the six interaction parameters, unfortunately,
no satisfactory result was obtained. Sassen et al. (1992)
pointed out that the UNIQUAC model is unable to predict
a three-liquid-phase-coexisting region. Currently, we are
in the process of further exploring systematically the
possibility of predicting the phase behavior of a water +
oil + CiEj system by using the UNIQUAC model.
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Figure 2. Ternary liquid-liquid equilibria for the system water
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experimental tie line; (solid line) binodal curve.
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