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The tie line of (water+ ethanol+ diisopropyl ether+ 2,2,4-trimethylpentane), (water+ 2-propanol+ diisopropyl
ether+ 2,2,4-trimethylpentane), and (water+ 2-propanol+ 2,2,4-trimethylpentane) have been measured at a
temperature of 298.15 K and ambient pressure. The experimental ternary and quaternary (liquid+ liquid) equilibria
were correlated with the modified UNIQUAC activity coefficient model including binary and multibody interaction
parameters.

Introduction
Presently, several fuel oxygenates such as methanol, ethanol,

methyl tert-butyl ether (MTBE), ethyltert-butyl ether (ETBE),
tert-amyl methyl ether (TAME), and diisopropyl ether (DIPE)
are added to gasoline to enhance the octane number and to
reduce air pollution. MTBE is used mostly because of its low
vapor pressure and the availability of the feedstock ethanol from
renewable resources. However, MTBE has the drawbacks of
dissolving easily in water, being difficult to remove from water,
and being resistant to microbial decomposition. These facts have
promoted research on the possible use of ethers of higher molar
mass that are environmentally friendly. DIPE is an ideal fuel
additive to replace MTBE because of its high octane number,
lower vapor pressure, and reducing automotive CO emissions.
The phase equilibria of mixtures containing oxygenated com-
pounds such as MTBE, TAME, and DIPE have been reported
in the literature.1-5

In this paper, we report the (liquid+ liquid) equilibrium
(LLE) data for (water+ 2-propanol+ TMP), (water+ DIPE
+ TMP + ethanol), and (water+ DIPE + TMP + 2-propanol)
at a temperature of 298.15 K and ambient pressure. The
experimental results are reproduced by the modified UNIQUAC
model,6 including ternary and quaternary parameters obtained
from the ternary and quaternary LLE data in addition to binary
ones from binary phase equilibria. For a reliable representation
of the quaternary LLE systems, the constituent ternary systems
of (water + ethanol+ DIPE),3 (water + ethanol+ TMP),7

(water+ DIPE + TMP),4 (water+ 2-propanol+ DIPE),1 and
(water+ 2-propanol+ TMP) are necessary to obtain the ternary
parameters. To obtain suitable ternary parameters, experimental
LLE data of (water+ 2-propanol+ TMP) were measured in
this work. Furthermore, the experimental and calculated results
are compared with those from the literature.8 (Vapor+ liquid)
equilibrium (VLE) data and mutual solubilities of the constituent
binary mixtures have been published.3,9-16

Experimental Section
Materials.TMP was supplied by the Tianjin Damao Chemical

Reagents Factory with nominal minimum mass fraction of 99.0

%. DIPE was provided by the Tianjin Kermel Chemical
Reagents Development Center, with a mass fraction purity of
99.5 %. Ethanol and 2-propanol were obtained from the Tianjin
Chemical Reagents Institute, both with nominal minimum mass
fractions of 99.7 %. The GC analysis gave mass fractions of
99.1 % for TMP, 99.7 % for DIPE, and 99.7 % for ethanol and
2-propanol. Water was distilled twice and had a mass fraction
of 99.9 %.

Apparatus and Procedure.The apparatus has been described
in a previous paper.2 Quaternary LLE measurements were
carried out atT ) (298.15( 0.01) K. The quaternary mixtures
were prepared by mixing stepwise (DIPE+ TMP) whose
compositions are M1, M2, and M3 with water and then ethanol
or 2-propanol to cover the two-phase region shown in Figure
1. The values of M1, M2, and M3 are approximate 0.25, 0.50,
and 0.75, respectively, indicating the mole fraction of DIPE in
(DIPE + TMP). About 70 cm3 of each mixture was loaded into
the equilibrium glass cell and placed in a thermostated water
bath. The mixture was then stirred vigorously with a magnetic
stirrer for 3 h and allowed to equilibriate for a further 3 h, which
was sufficient to separate into two liquid phases. Dry nitrogen
gas was used to prevent contamination with moisture in the
headspace of the equilibrium cell. Samples were withdrawn from
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Figure 1. Phase equilibria of (water+ ethanol+ DIPE+ TMP) and (water
+ 2-propanol+ DIPE+ TMP). M1, M2, and M3 denote quaternary section
planes.
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both upper and lower phases in the cell with a microsyringe
and each was analyzed by gas chromatograph equipped with a
thermal conductivity detector. Each component of the ternary
and quaternary mixtures was separated with a stainless steel
column (2 m long, 3 mm i.d.) packed with Porapak QS. The
temperatures of the injection and detector were set at (498.15
and 518.15) K, respectively. The initial temperature and final
temperature of the oven was 468.15 K. The hydrogen flow rates
for both the separation and reference columns were 1.1 cm3‚s-1.
The peak areas of the components, detected with a chromatopac,
were calibrated with gravimetrically prepared mixtures. The
mass of each component determined from the GC was deter-
mined from the calibration and converted to mole fraction. At
least three analyses were performed for each sample to obtain

a mean value with a reproducibility of better than 0.1 %. The
mole fraction uncertainty was estimated to be 0.001.

Figure 1 shows the LLE for (water+ ethanol+ DIPE +
TMP) and (water+ 2-propanol+ DIPE + TMP). Table 1 lists
the experimental ternary tie line results for (water+ 2-propanol
+ TMP) at T ) 298.15 K. Tables 2 and 3 list the results for
(water+ ethanol+ DIPE + TMP) and (water+ 2-propanol+
DIPE + TMP) at the same temperature.

Analysis of Experimental Data

Calculation Procedure.To represent the experimental qua-
ternary LLE data as well as the binary VLE and ternary LLE
data, we have recently proposed the modified UNIQUAC
model6 with binary and additional ternary and quaternary
parameters. The excess molar Gibbs free energy (GE) for
quaternary systems is expressed by two contributions of the
combinatorial and residual term;Gcomb

E andGres
E :

The combinatorial term is given by a modified form of
Gmehling et al.:17

where the coordination numberZ is set to 10. The segment
fraction (φ), the corrected segment fraction (φ′), and the surface
fraction (θ) are given by

Table 1. Equilibrium Phase Compositions in Mole Fraction (x) for
Ternary Mixtures of Water (1) + 2-Propanol (2) +
2,2,4-Trimethylpentane (3) atT ) 298.15 K

organic phase aqueous phase

x1 x2 x3 x1 x2 x3

0.0049 0.0023 0.9928 0.9847 0.0153 0.0000
0.0049 0.0077 0.9874 0.9674 0.0326 0.0000
0.0086 0.0202 0.9712 0.9482 0.0518 0.0000
0.0073 0.0383 0.9544 0.9336 0.0664 0.0000
0.0101 0.0605 0.9294 0.9205 0.0795 0.0000
0.0140 0.0805 0.9055 0.9063 0.0937 0.0000
0.0219 0.1010 0.8771 0.8916 0.1084 0.0000
0.0287 0.1067 0.8646 0.8794 0.1206 0.0000
0.0495 0.1294 0.8211 0.8609 0.1391 0.0000
0.0479 0.1433 0.8088 0.8481 0.1519 0.0000
0.0497 0.1530 0.7973 0.8383 0.1617 0.0000

Table 2. Equilibrium Phase Compositions in Mole Fraction (x) for
Quaternary Mixtures of Water (1) + Ethanol (2) + Diisopropyl
Ether (3) + 2,2,4-Trimethylpentane (4) Mixtures at T ) 298.15 K

organic phase aqueous phase

x1 x2 x3 x1 x2 x3

{(x1) Water+ (x2) Ethanol+ (x3) Diisopropyl Ether
+ (1 - x1 - x2 - x3) 2,2,4-Trimethylpentane}

M1 ) 0.25
0.0004 0.0065 0.2350 0.9596 0.0404 0.0000
0.0017 0.0178 0.2314 0.9203 0.0797 0.0000
0.0045 0.0405 0.2126 0.8493 0.1492 0.0015
0.0065 0.0449 0.2020 0.8299 0.1681 0.0020
0.0177 0.0582 0.1850 0.7887 0.2088 0.0025
0.0058 0.0630 0.1775 0.7621 0.2345 0.0034
0.0120 0.0668 0.1594 0.7323 0.2633 0.0044
0.0335 0.0803 0.1445 0.7102 0.2850 0.0048
0.0037 0.0616 0.1361 0.6950 0.2999 0.0051

M2 ) 0.50
0.0028 0.0079 0.4808 0.9802 0.0189 0.0009
0.0111 0.0195 0.4702 0.9560 0.0427 0.0013
0.0108 0.0315 0.4692 0.9385 0.0602 0.0013
0.0218 0.0445 0.4513 0.9150 0.0834 0.0016
0.0038 0.0630 0.4464 0.8783 0.1195 0.0022
0.0224 0.0942 0.4318 0.8514 0.1457 0.0029
0.0187 0.1161 0.4082 0.8227 0.1739 0.0034
0.0347 0.1362 0.3186 0.7220 0.2679 0.0101
0.0288 0.1344 0.3001 0.7023 0.2863 0.0114
0.0290 0.1290 0.2831 0.6884 0.2998 0.0118

M3 ) 0.75
0.0165 0.0154 0.7102 0.9650 0.0322 0.0028
0.0202 0.0472 0.6878 0.9402 0.0584 0.0014
0.0262 0.0676 0.6610 0.9212 0.0759 0.0029
0.0403 0.1108 0.6184 0.8885 0.1089 0.0026
0.0802 0.1590 0.5514 0.8552 0.1405 0.0043
0.0850 0.2051 0.5073 0.8214 0.1716 0.0070
0.1191 0.2545 0.4173 0.7638 0.2205 0.0157
0.1285 0.2620 0.3732 0.7892 0.1995 0.0113
0.1176 0.2425 0.3637 0.6764 0.2971 0.0220

Table 3. Equilibrium Phase Compositions in Mole Fraction (x) for
Quaternary Mixtures of Water (1) + 2-Propanol (2) + Diisopropyl
Ether (3) + 2,2,4-Trimethylpentane (4) Mixtures at T ) 298.15 K

organic phase aqueous phase

x1 x2 x3 x1 x2 x3

{(x1) Water+ (x2) 2-Propanol+ (x3) Diisopropyl Ether
+ (1 - x1 - x2 - x3) 2,2,4-Trimethylpentane}

M1 ) 0.25
0.0198 0.0105 0.2522 0.9815 0.0181 0.0004
0.0138 0.0543 0.2379 0.9464 0.0531 0.0005
0.0433 0.0273 0.2462 0.9608 0.0389 0.0004
0.0439 0.0937 0.2218 0.9319 0.0675 0.0006
0.0487 0.1780 0.1972 0.9038 0.0949 0.0013
0.1129 0.2370 0.1626 0.8756 0.1224 0.0020
0.1002 0.2687 0.1513 0.8570 0.1403 0.0028

M2 ) 0.50
0.0139 0.0184 0.4992 0.9816 0.0177 0.0007
0.0779 0.0457 0.4510 0.9640 0.0352 0.0007
0.0648 0.0868 0.4364 0.9496 0.0496 0.0008
0.1019 0.2379 0.3380 0.9202 0.0784 0.0014
0.1855 0.3059 0.2595 0.9020 0.0958 0.0021
0.2818 0.3767 0.1733 0.8675 0.1282 0.0043
0.3365 0.3841 0.1407 0.8451 0.1487 0.0061
0.3589 0.3936 0.1234 0.8259 0.1652 0.0079
0.4226 0.3832 0.0966 0.7899 0.1949 0.0123
0.4511 0.3804 0.0842 0.7613 0.2190 0.0151

M3 ) 0.75
0.0584 0.0227 0.6932 0.9838 0.0150 0.0011
0.0930 0.0633 0.6371 0.9670 0.0318 0.0012
0.0684 0.1193 0.6126 0.9531 0.0456 0.0013
0.1121 0.1722 0.5401 0.9451 0.0535 0.0014
0.1364 0.2152 0.4893 0.9380 0.0603 0.0017
0.2354 0.3220 0.3336 0.9218 0.0760 0.0022
0.3020 0.3510 0.2614 0.9093 0.0881 0.0026
0.3643 0.3598 0.2080 0.9003 0.0966 0.0031
0.4121 0.3628 0.1696 0.8874 0.1076 0.0050
0.4523 0.3611 0.1404 0.8767 0.1171 0.0062
0.5688 0.3237 0.0819 0.8378 0.1504 0.0109

GE ) Gcomb
E + Gres

E (1)

Gcomb
E

RT
) ∑

i

4

xi ln
φ′i
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-
Z

2
∑

i

4

qixi ln
φi

θi

(2)
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and the residual term is modified by introducing the third
parameterC to the residual term of the extended UNIQUAC
model18 and by including additional ternary and quaternary
parameters,τjki andτjkli:

The adjustable binary parameterτji of modified UNIQUAC
model is given as following equation:

whereaji is obtained from binary experimental phase equilibrium
data, andT is the Kelvin temperature. The third parameterC is
set equal to 0.65 in the modified UNIQUAC model. The binary
energy parametersaji for the miscible mixtures were obtained
from the VLE data reduction according to the following
thermodynamic equations by using a computer program de-
scribed by Prausnitz et al.:19

whereP, x, y, andγ are the total pressure, the liquid-phase mole
fraction, the vapor-phase mole fraction, and the activity coef-
ficient, respectively. The pure component vapor pressure (Ps)
was calculated by using the Antoine equation with coefficients
taken from the literature.20,21The liquid molar volume (VL) was
obtained by a modified Rackett equation.22 The fugacity
coefficient æ was calculated from eq 7. The pure and cross
second virial coefficientsB were estimated by the method of
Hayden and O’Connell.23 An optimum set of binary energy
parameters for the miscible mixtures was obtained by minimiz-
ing the following objective function:

where the superscripts cal and exp indicate, respectively, the
most probable calculated value corresponding to each measured
point and the experimental value. The standard deviations in
the experimental values19 used in eq 8 were taken asσP ) 1
mmHg for pressure,σT ) 0.05 K for temperature,σx ) 0.001

for liquid-phase mole fraction, andσy ) 0.003 for vapor-phase
mole fraction.

The binary energy parameters for the partially miscible
mixtures were obtained by solving the following equations
simultaneously:

For the ternary systems of type 1 having a plait point, the
two-parameter original UNIQUAC model predicts a generally
larger solubility envelope than the experimental one, and the
calculation results predicted with only binary parameters were
not always good. It is necessary to accurately correlate ternary
and quaternary LLE using ternary and quaternary parameters
in addition to binary ones. Ternary and quaternary LLE
calculations were also carried out using eqs 9 and 10. The
additional ternary parametersτ231, τ312, andτ123 were obtained
by fitting the two models to the ternary LLE data. Then the
quaternary parametersτ2341, τ1342, τ1243, andτ1234 were deter-
mined from the quaternary experimental LLE data using a
simplex method.24 The root-mean-square deviation between the
experimental and calculated values was evaluated by

wherei ) 1 to 3 for ternary mixtures ori ) 1 to 4 for quaternary
mixtures; j ) phases I and II;k ) 1, 2, ...,M (number of tie
lines); M ) 2ni; andx is the liquid-phase mole fraction.

Calculated Results.Table 4 shows the molecular structural
volume and area parameters,r and q. The value for DIPE is
taken from Arce et al.,1 and the others are from Prausnitz et
al.19 The interaction correction factorq′ was fixed to obtain a
good representation for all binary VLE systems and mutual
solubilities. The value ofq′ for self-associating components was
taken from the literature,6 while that for nonassociating com-
ponents was set toq′ ) q0.75 in the modified UNIQUAC model.
The third parameterC of eqs 4 and 5 was obtained to reproduce
the binary VLE and ternary LLE results as well as possible,
fixed empirically as 0.65 in previous work.6 Onceq andC were
set, an optimum set of the binary energy parameters was
obtained using eqs 6 to 10 by the method of maximum
likelihood principle.19 Table 5 lists the binary energy parameters
of the modified UNIQUAC model for the constituent binary
mixtures along with the root-mean-square deviations between
experimental and calculated values:σP for pressure,σT for
temperature,σx for liquid-phase mole fraction, andσy for vapor-
phase mole fraction. The standard deviations between experi-
mental results and those calculated by the model are less than
0.002 for liquid-phase mole fraction and less than 0.009 for
vapor-phase mole fraction. Good agreement between experi-
mental results and those calculated by the model was obtained.
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Table 4. Structural Parameters for Pure Components

component r q q′

water 0.92 1.40 1.28
ethanol 2.11 1.97 1.40
2-propanol 2.78 2.51 1.32
DIPE 4.74 4.09 q0.75

TMP 5.85 4.94 q0.75

(xiγi)
I ) (xiγi)

II (9)

∑
i

xi
I ) 1 and∑

i

xi
II ) 1 (I, II ) two liquid phases) (10)

â ) 102{ ∑
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∑
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(xijk
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Table 6 presents the ternary parameters obtained in fitting
the modified UNIQUAC model to the experimental ternary LLE
systems constituting the quaternary LLEs, together with the
absolute arithmetic mean deviation and root-mean-square devia-
tion between the experimental and calculated tie lines for the
ternary LLE systems. The calculated results of the (water+
2-propanol+ TMP) system measured in this work are much
better than those from the literature. The root-mean-square
deviation between the experimental and correlated results with
binary and ternary parameters is 1.03 %, and the root-mean-
square deviation between the literature and correlated results
with binary and ternary parameters is 2.37 % for the (water+
2-propanol + TMP) system. To represent accurately the
experimental quaternary LLEs, we employed the ternary
parameters obtaining by fitting the UNIQUAC model to the
experimental LLEs of the (water+ 2-propanol+ TMP) system
measured in this work. The correlated results obtained with the
model by using binary and ternary parameters are better than
the predicted ones with binary parameters alone. The model
can give an accurate representation for the ternary LLEs by
including the ternary parameters in addition to the binary ones.

Figure 1 shows the phase equilibria of (water+ ethanol+
DIPE + TMP) and (water+ 2-propanol+ DIPE + TMP). M1,
M2, and M3 denote quaternary sectional planes. Figure 2

compares the experimental LLEs of the (water+ 2-propanol
+ TMP) system measured in this work atT ) 298.15 K with
those taken from ref 8. Figure 3 compares the experimental
LLEs of the ternary mixtures making up the quaternary (water
+ ethanol+ DIPE + TMP) system atT ) 298.15 K with those
correlated by the modified UNIQUAC model. Figure 4 com-

Table 5. Calculated Results of Binary Phase Equilibrium Data Reduction

system (1+ 2) T/K no.a a12/K a21/K σ(P)/kPa σ(T)/K 103σ(x)103 σ(y) lit.

ethanol+ water 298.14 10 212.17 -46.98 0.6 0.0 1.5 6.0 9
ethanol+ DIPE 344.17 9 -24.30 701.41 0.8 0.0 1.6 2.9 10
ethanol+ TMP 298.15 10 75.50 1215.25 0.4 0.0 1.0 4.3 11
DIPE + 2-propanol 313.15 24 537.51 6.39 0.1 0.0 0.1 0.3 12
DIPE + TMP 340.85-364.55 10 110.01 -37.39 0.7 0.0 0.9 7.6 13
TMP + 2-propanol 348.15 19 903.01 57.38 1.8 0.0 2.0 8.4 14
water+ 2-propanol 303.15 16 -44.88 330.21 1.7 0.0 1.3 8.0 15
DIPE + water 298.15 MSb 1590.60 166.68 3
TMP + water 298.15 MS 3023.30 1145.60 16

a Number of data points.b Mutual solubilities.

Table 6. Calculated Results for Ternary (Liquid + Liquid) Equilibria at T ) 298.15 K

ternary parameters deviations

typea system (1+ 2 + 3) no.b τ231 τ132 τ123 Ic IId lit.

I water+ ethanol+ DIPE 8 -0.4224 1.4848 -1.7460
1.62e 1.78

3
1.30f 1.42

I water+ ethanol+ TMP 6 -0.2118 -0.2565 0.1161
3.90 4.28

7
0.98 1.00

II water + TMP + DIPE 13 -0.0022 0.1311 0.1204
0.22 0.30

4
0.22 0.29

I water+ 2-propanol+ DIPE 14 -0.4803 0.5168 0.4119
1.70 1.90

1
0.65 0.70

I water+ 2-propanol+ TMP 11 -0.2554 -0.0890 1.8992
1.99 2.53

this work
0.97 1.03

I water+ 2-propanol+ TMP 7 -0.0376 -2.5336 0.1653
5.85 7.61

8
2.23 2.37

a I, only one binary system shows phase separation; II, two binary systems show phase separation.b Number of tie lines.c Absolute arithmetic mean
deviation (mol %).d Root-mean-square deviation (mol %).e Predicted results using binary parameters alone.f Correlated results using binary and ternary
parameters.

Table 7. Calculated Results for Quaternary (Liquid + Liquid) Equilibria at T ) 298.15 K

quaternary parameters deviations

system (1+ 2 + 3 + 4) no.a τ2341 τ1342 τ1243 τ1234 Ib II c

water+ ethanol+ DIPE + TMP 28 0.8009 -6.3613 63.0301 -29.4679
0.56d 0.89
0.49e 0.74

water+ 2-propanol+ DIPE + TMP 28 0.8332 10.5604 -3.9815 -3.8407
1.45 2.00
1.44 1.95

a Number of tie lines.b Absolute arithmetic mean deviation (mol %).c Root-mean-square deviation (mol %).d Predicted results using binary and ternary
parameters alone.e Correlated results using binary, ternary and quaternary parameters.

Figure 2. Experimental LLE data of (water+ 2-propanol+ TMP) atT )
298.15 K: b, measured in this work;2, literature values taken from the
ref 8.
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pares the experimental LLEs of the ternary mixtures making
up the quaternary (water+ 2-propanol+ DIPE+ TMP) system
at T ) 298.15 K with those correlated by the modified
UNIQUAC model. Good agreement between the experimental
values and those correlated using the additional ternary param-
eters was obtained. The two quaternary systems that exhibit type
2 quaternary LLE behavior, which is composed of two ternary
LLEs for (water+ ethanol+ TMP) and (water+ ethanol+
DIPE) or (water+ 2-propanol+ TMP) and (water+ 2-propanol
+ DIPE), classified as type 1, and one ternary LLE (water+
DIPE + TMP), classified as type 2, are illustrated in Figures 3
and 4, respectively. The figures show good agreement between
ternary experiment LLE results and correlated results.

Table 7 summarizes the correlated results obtained in fitting
the modified UNIQUAC model with binary, ternary, and
quaternary parameters to the experimental quaternary LLE data
for the (water+ ethanol + DIPE + TMP) and (water+
2-propanol+ DIPE+ TMP), together with the predicted results
by the model with the binary and ternary parameters listed in
Tables 5 and 6 and the correlated ones predicted by the model
with additional quaternary parameters. The absolute arithmetic
mean deviations calculated by the modified UNIQUAC model
are slightly small as compared with the root-mean-square
deviations. Moreover, the correlated results obtained from the
model are better than the predicted ones in representing the
quaternary system measured in this work and are in good
agreement with the experimental quaternary LLE results. The
root-mean-square deviation between the experimental and
predicted results with only the binary and ternary parameters is
0.89 % and 2.00 % for (water+ ethanol+ DIPE +TMP) and
(water + 2-propanol+ DIPE + TMP) systems, respectively.
One between the experimental and correlated results with
additional quaternary parameters is 0.74 % and 1.95 % for (water
+ ethanol+ DIPE + TMP) and (water+ 2-propanol+ DIPE
+ TMP) systems, respectively.

Conclusions

(Liquid + liquid) equilibrium tie line data were measured
for (water + 2-propanol+ TMP), (water+ ethanol+ DIPE
+TMP), and (water+ 2-propanol+ DIPE + TMP) at T )
298.15 K. The experimental ternary and quaternary LLE data
were successfully represented by the modified UNIQUAC
model with binary and ternary parameters as well as quaternary
parameters. The quaternary LLE calculated results obtained by
the modified UNIQUAC model show a good agreement with
experimental results.
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