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Liquid-liquid equilibria measurements of the ternary system water + decane + diethylene glycol
monobutyl ether at 20.0, 30.0, and 40.0 °C were made at atmospheric pressure. The experimental data
were correlated well with the UNIQUAC model.

Introduction

Several industrial applications, for example, herbicides,
tertiary oil recovery, and the production of drugs,1,2 need
precise liquid-liquid equilibrium data of mixtures of the
type water + oil + surfactant. Nonionic surfactants of the
homologous series of polyoxyethylene alcohols CH3(CH2)i-1-
(OCH2CH2)jOH, abbreviated by CiEj, are widely used as
emulsifying agents and detergents. In addition, the phase
behavior of mixtures of the type water + oil + CiEj also
plays an important role in the fundamental research of
critical phenomena, phase conductivity, and wetting
transitions.3-7 In our laboratory, we have performed liquid-
liquid equilibrium measurements on water + CiEj binary
systems8 and four ternary systems: water + dodecane +
C4E1,9 water + octane + C4E2,10 water + dodecane + C6E2,11

and water + tetradecane + C6E2.12

In this study, liquid-liquid equilibrium measurements
of the ternary system water + decane +diethylene glycol
monobutyl ether (C4E2) were preformed at 20.0 °C, 30.0
°C, and 40.0 °C at atmospheric pressure. The experimental
data were further correlated with the universal quasi-
chemical (UNIQUAC) model13 to estimate six effective
binary interaction parameters at different temperatures.

Experimental Section

Decane was obtained from Merck with a purity of 99%.
The nonionic surfactant diethylene glycol monobutyl ether
was an Aldrich Chemical product with a purity of 99%.
These two chemicals were used as received without further
purification. Water was purified with a Millipore Milli-RO
PLUS 10 and Milli-Q system to a resistivity > 18.2 MΩ‚
cm.

All samples were prepared with known compositions and
sealed in test tubes with septa. These samples were placed
in a homemade, computer controlled thermostat,9 whose
temperature was controlled within (0.005 °C, and left for
at least 24 h for equilibration. After equilibrium was
reached, each phase was withdrawn with a Hamilton
syringe and was analyzed with a gas chromatograph
(China Chromatography 9800, Taiwan) equipped with a
thermal conductivity detector and connected to an integra-
tor (C-R6A, Chromatopac, Shimadzu Co., Japan). The
temperatures of the injector port and the thermal conduc-
tivity detector were held at 270 °C and 300 °C, respectively.
The flow rate of the carrier gas, helium, was maintained

at 60 mL‚min-1. The oven temperature was initially held
at 195 °C and then raised to a final temperature of 240 °C
at a speed of 10 °C‚min-1 after 2 min. The sample was
separated in a 2 m long × 3.175 mm diameter stainless
steel column packed with Poropak P 80/100 mesh. Each
analysis took about 10 min. Single-phase binary mixtures,
water + C4E2 and decane + C4E2, with known compositions
were used to calibrate the instrument in the composition
range of interest. The calibration results were further fitted
to a polynomial equation. The deviations of the calibration
curves from the actual values are tabulated in Table 1.

For each tie line, three samples were prepared at the
same mass fraction. After equilibration, at least three gas
chromatograph measurements were performed for each
phase in every sample. The reported value was an average
over three samples. The experimental uncertainty among
three samples was within (0.0008 mass fraction.

When the water content in the oil-rich phase was very
low, a Karl Fischer moisture titrator (MKC-210, Kyoto
Electronics Co., Japan) was used to determine the water
content in these phases. The experimental uncertainty of
the Karl Fischer moisture measurements was within
(0.00002 mass fraction for the water content.

Results and Discussion

For the ternary system water + decane + C4E2, there is
only one two-liquid-phase-coexisting region in the triangle
phase diagram of the system at 20 °C, 30 °C, and 40 °C, as
shown in Figures 1-3. Tables 2-4 give all the experimen-
tal data of the tie lines. In Figures 1-3, the symbol filled
triangle stands for the prescribed total composition of each
tie line. The fitting coefficient of a linear expression to each
tie line and its corresponding total composition data point
is always better than 0.999, indicating the consistency of
our experimental data.* Corresponding author. E-mail: ljchen@ccms.ntu.edu.tw.

Table 1. Average Deviations of Calibration Curves of the
Gas Chromatograph

binary system conca range of C4E2 avg errorb

water + C4E2 0.6940-1 0.0003
0-0.7951 0.0006

decane + C4E2 0.8501-1 0.0002
0-0.9096 0.0008

a Mass fraction. b Average error ) (1/N)∑i)1
N |wi

cal - wi
act|, where

N is the number of calibration points and w is the mass fraction
of C4E2. The superscript cal stands for the calculated value from
the calibration curve, and the superscript act refers to the actual
value.
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Note that the surfactant C4E2 mainly partitions into the
lower aqueous phase and the composition of C4E2 is
relatively small in the upper oil-rich phase. The body of
the two-liquid-phase-coexisting region slightly shrinks
along with an increase in temperature, as shown in Figure
4, consistent with previous work for the system water +
C4E2 + octane.10 Kilpatrick et al.14 pointed out that the
partitioning of C4E2 between aqueous and oil-rich phases
is fairly insensitive to alkane chain length. To be more
precise, the two-phase region of the mixture water + C4E2

+ alkane slightly enlarges along with an increase of oil
chain length, as demonstrated in Figure 4.14

The UNIQUAC model of Abrams and Prausnitz14 was
used to correlate the experimental data. In this study, the
relative van der Waals volume ri and van der Waals surface
area qi were adopted from the UNIFAC group contribution
of Hansen et al.,15 listed in Table 5. The effective binary
interaction parameter, aij, is defined by

where R is the gas constant and uij is the UNIQUAC
interaction parameter between molecules i and j.

Table 2. Experimental and Calculated Mass Fractions of Equilibrium Liquid Phases for the Ternary System Water (1) +
Decane (2) + C4E2 (3) at 20.0 °C

experimental data calculated results

oil-rich phase water-rich phase oil-rich phase water-rich phase

W1 W3 W1 W3 W1 W3 W1 W3

0.000 18 0.0129 0.8317 0.1683 0.000 17 0.0130 0.8270 0.1725
0.000 22 0.0134 0.7539 0.2461 0.000 22 0.0161 0.7477 0.2514
0.000 26 0.0165 0.6724 0.3252 0.000 26 0.0179 0.6748 0.3237
0.000 31 0.0183 0.5733 0.4211 0.000 29 0.0197 0.5767 0.4199
0.000 31 0.0198 0.4972 0.4932 0.000 32 0.0208 0.5017 0.4920
0.000 32 0.0221 0.3941 0.5882 0.000 37 0.0231 0.3980 0.5876
0.000 35 0.0236 0.3301 0.6444 0.000 42 0.0254 0.3315 0.6439
0.000 44 0.0270 0.2773 0.6874 0.000 46 0.0280 0.2795 0.6833
0.000 48 0.0330 0.2068 0.7346 0.000 60 0.0345 0.2035 0.7287
0.000 80 0.0458 0.1380 0.7621 0.000 83 0.0461 0.1353 0.7487
0.001 29 0.0600 0.1033 0.7538 0.001 00 0.0562 0.1003 0.7446
0.008 4 0.2000 0.0413 0.5958 0.001 39 0.0878 0.0490 0.7053

avg error: ∑i)1
N |Wi

exp - Wi
calc|/N.

The symbol N is the number of tie lines.
0.000 64 0.0107 0.0038 0.0131

Table 3. Experimental and Calculated Mass Fractions of Equilibrium Liquid Phases for the Ternary System Water (1) +
Decane (2) + C4E2 (3) at 30.0 °C

experimental data calculated results

oil-rich phase water-rich phase oil-rich phase water-rich phase

W1 W3 W1 W3 W1 W3 W1 W3

0.000 23 0.0195 0.8333 0.1667 0.000 12 0.0101 0.8250 0.1747
0.000 27 0.0212 0.7530 0.2470 0.000 18 0.0133 0.7455 0.2538
0.000 32 0.0228 0.6507 0.3454 0.000 24 0.0166 0.6443 0.3540
0.000 33 0.0241 0.5672 0.4257 0.000 29 0.0191 0.5656 0.4312
0.000 35 0.0263 0.4820 0.5055 0.000 36 0.0221 0.4835 0.5100
0.000 37 0.0278 0.4151 0.5659 0.000 42 0.0252 0.4183 0.5703
0.000 43 0.0315 0.3321 0.6384 0.000 55 0.0308 0.3328 0.6436
0.000 44 0.0333 0.2865 0.6740 0.000 62 0.0346 0.2883 0.6772
0.000 60 0.0382 0.2405 0.7059 0.000 79 0.0410 0.2382 0.7091
0.000 76 0.0471 0.1747 0.7422 0.001 09 0.0535 0.1723 0.7352
0.001 62 0.0679 0.1191 0.7457 0.001 54 0.0729 0.1160 0.7325
0.004 0 0.1199 0.0752 0.6976 0.003 0 0.1141 0.0756 0.7010

avg error: ∑i)1
N |Wi

exp - Wi
calc|/N.

The symbol N is the number of tie lines.
0.000 19 0.0048 0.0033 0.0061

Table 4. Experimental and Calculated Mass Fractions of Equilibrium Liquid Phases for the Ternary System Water (1) +
Decane (2) + C4E2 (3) at 40.0 °C

experimental data calculated results

oil-rich phase water-rich phase oil-rich phase water-rich phase

W1 W3 W1 W3 W1 W3 W1 W3

0.000 38 0.0276 0.8425 0.1575 0.000 13 0.0123 0.8261 0.1729
0.000 41 0.0303 0.7624 0.2376 0.000 19 0.0159 0.7476 0.2507
0.000 41 0.0311 0.6853 0.3109 0.000 23 0.0187 0.6743 0.3229
0.000 42 0.0321 0.6227 0.3704 0.000 27 0.0210 0.6110 0.3847
0.000 45 0.0334 0.5391 0.4492 0.000 33 0.0239 0.5332 0.4593
0.000 46 0.0351 0.4595 0.5228 0.000 40 0.0273 0.4585 0.5288
0.000 48 0.0375 0.4096 0.5668 0.000 45 0.0304 0.4047 0.5766
0.000 53 0.0401 0.3367 0.6300 0.000 57 0.0362 0.3339 0.6349
0.000 70 0.0440 0.2728 0.6780 0.000 74 0.0442 0.2692 0.6809
0.000 81 0.0478 0.2379 0.7010 0.000 86 0.0503 0.2333 0.7018
0.000 85 0.0551 0.1979 0.7229 0.001 08 0.0597 0.1942 0.7188
0.001 41 0.0659 0.1539 0.7362 0.001 42 0.0748 0.1504 0.7274
0.002 8 0.0999 0.1006 0.7189 0.002 1 0.1033 0.1021 0.7150

avg error: ∑i)1
N |Wi

exp - Wi
calc|/N.

The symbol N is the number of tie lines.
0.000 16 0.0078 0.0066 0.0082

aij )
uij - ujj

R
(1)
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There are two effective binary interaction parameters
for each pair of substances. Therefore, six effective binary
interaction parameters are required for a ternary system.
The six effective binary interactor parameters of the
ternary system water + decane + C4E2 were determined
by numerically minimizing the following objective func-
tion.16

where xijk
exp and xijk

calc are the experimental and calculated,
respectively, mole fractions of component i in phase j along
a tie line k. The liquid-liquid equilibrium flash calcula-
tion17 was applied to evaluate the compositions of both
liquid phases along each tie line by using the experimental
total compositions as input data. As one can see in Figures
1-3, the predicted binodal curve was in very good agree-
ment with the experimental results, except for the very first

tie line next to the C4E2/decane side in Figure 1. It is
believed that this tie line is very close to the plait point of
the system. It is well understood that the UNIQUAC model
is based on mean field theory, which is unable to precisely
describe any phase behavior near a critical point, such as
a plait point. As consequence, the UNIQUAC model
describes this tie line relatively poorly. One may also see
the calculated result listed in the bottom line of Table 2.

Figure 1. Ternary liquid-liquid equilibria (mass fraction) for the
system water (1) + decane (2) + C4E2 (3) at 20.0 °C: experimental
tie lines (b, solid line); calculated binodal curve (dotted curve) and
tie lines (O, dotted line); total compositions (2).

Figure 2. Ternary liquid-liquid equilibria (mass fraction) for the
system water (1) + decane (2) + C4E2 (3) at 30.0 °C: experimental
tie lines (b, solid line); calculated binodal curve (dotted curve) and
tie lines (O, dotted line); total compositions (2).

Fx ) ∑
k)1

∑
j)1

2

∑
i)1

3 (xijk
exp - xijk

calc

xijk
exp )2

(2)

Figure 3. Ternary liquid-liquid equilibria (mass fraction) for the
system water (1) + decane (2) + C4E2 (3) at 40.0 °C: experimental
tie lines (b, solid line); calculated binodal curve (dotted curve) and
tie lines (O, dotted line); total compositions (2).

Figure 4. Experimental binodal curves for the system water (1)
+ decane (2) + C4E2 (3) at 20.0 °C (O) and 40.0 °C (0) and for the
system water (1) + octane (2) + C4E2 (3) at 20.0 °C (9).

Table 5. Relative van der Waals Volume r and van der
Waals Surface Area q15

compound r q

water 0.9200 1.4000
decane 7.1974 6.0160
C4E2 6.1695 5.0760

Table 6. Effective UNIQUAC Interaction Parameters for
the System Water (1) + Decane (2) + C4E2 (3)

t/°C a12 a21 a13 a31 a23 a32

20.0 155.4 2451 44.12 -39.12 255.2 -94.81
30.0 177.8 2464 25.19 -58.68 251.2 -104.6
40.0 117.6 2432 -78.17 35.54 236.8 -105.2
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The subroutine DUMPOL of the IMSL library18 was used
to minimize the objective function Fx, eq 2. The regression
results of the UNIQUAC effective binary interaction pa-
rameters are shown in Table 6. The calculated results for
each tie line are given in Tables 2-4 to make a comparison
with experimental data. As one can see in Figures 1-3,
the phase behavior of the system water + decane + C4E2

is successfully described by the UNIQUAC model.
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