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LIQUID-LIQUID EQUILIBRIA OF
TERNARY AND QUATERNARY SYSTEMS
INCLUDING 2,2,4-TRIMETHYLPENTANE,

BENZENE, ETHANOL, AND WATER
AT 303.15K

Monica B. Gramajo de Doz, Carlos M. Bonatti,
Norma Barnes, and Horacio N. Solimo*

Departamento de Fisica, Facultad de Ciencias Exactas y
Tecnologia, Universidad Nacional de Tucuman, 4000
Tucuman, Argentina

ABSTRACT

Tie-line data for ternary systems including ethanol (C,HgO),
water (H,0), benzene (C¢Hg), and 2,2,4-trimethylpentane (CgH,g)
were investigated. Phase diagrams of {w;H,O+w,C,HsO +
(1_W1_W2)C6H6} and {W1H20+W2C2H6O+(1_W1_
w,)CgH, g} ternary systems were obtained at 303.15K, while
{wH,O +wo,CgH g+ (1 —w; —wp)CgHg} ternary system was
taken from literature. A quaternary system containing these
four compounds {w;C,HgO +w,CgHg+w3CgH g+ (1 —w; —
wo, —w3)H,0} was also studied at the same temperature. From
our experimental results, we can conclude that this quaternary
system presents a very low water tolerance. Small quantities of
water from ambient humidity or infiltration into storage tanks
could produce phase separation with a considerable loss of C;HgO
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drawn into the aqueous phase. On the other hand, the results also
show that the aqueous phase contains a higher concentration of
C¢Hg compared to CgH;g. The ternary experimental results were
correlated with the NRTL and UNIQUAC equations, and
predicted with the UNIFAC group contribution method. The
three models lead to accurate results according to the two overall
errors. In order to predict the equilibrium data for the quaternary
system the UNIFAC method was used. This method predicts the
binodal surface, satisfactorily although its prediction of the
ethanol distribution ratio is rather poor.

Key Words: Phase equilibria; Quaternary system; Ternary
systems; Gasohol; Ethanol

INTRODUCTION

There has been increasing demands for the use of oxygenates to produce
lead free gasolines in recent years. Ethers and alcohols are used as gasoline
additives to provide antiknock quality and to help reduce harmful combustion
emissions. Methyl tert-butyl ether (MTBE) is currently the primary oxygenated
compound being used in reformulated gasolines. However, over the past few
years there has been a growing concern about contamination of groundwater by
MTBE, due to leaking storage tanks and pipelines. Therefore, it is very important
to have some other oxygenates, in order to use them as alternative gasoline
additives (1).

Light alkanols such as methanol and ethanol are some of the promising
compounds that could produce lead free gasolines (2). However, the use of these
alkanols in gasoline blends can raise phase separation problems in the presence of
water (arising from ambient humidity and/or infiltration in storage tanks),
depending on the unfavorable distribution factor between the aqueous and the
hydrocarbon phases.

To determine the possibility of using ethanol as a gasoline additive, phase
diagrams studies need to be performed at room temperature and atmospheric
pressure to guarantee that there is no phase separation. In this work we used
ethanol, a synthetic gasoline (represented by a mixture of an aromatic and an
aliphatic hydrocarbon—benzene and 2,2,4-trimethyl pentane, respectively), and
water.

Liquid-liquid equilibrium (LLE) measurements were performed for a
quaternary system at 303.15 K and atmospheric pressure and its corresponding
ternary subsystems in similar conditions. Ternary and quaternary systems are
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Table 1. Ternary and Quaternary Systems, Including Their Treybal’s
Classification Type

No. Type System
1 1 w1H,O + W2C2H60 +(1—w, — W2)C6H6
1 W1H20+W2C2H60+(1 — W _W2)C8H18
3 1 W]CzHGO + WQCGH(, + W3C8H13 + (1 — W — Wy — W3)H20

w; being the mass fraction of component i.

shown in Table 1, where in their respective types in the Treybal’s (3)
classification are also included.

Additionally, the experimental results were compared with those estimated
by means of the UNIFAC group contribution method (4) using the LLE
interaction parameters reported by Magnussen et al. (5). They were also
correlated with the NRTL (6) and UNIQUAC (7) models fitted to the
experimental results for all ternary mixtures. For the quaternary mixture only the
UNIFAC method was used.

EXPERIMENTAL

Ethanol chromatographic quality (C,;HgO) and benzene p.a. (C¢Hg) were
supplied by Merck (Darmstadt, Germany), and 2,2,4-trimethylpentane (also
called isooctane) p.a. (CgH;g) by Fluka Chemie AG (Buchs, Switzerland). The
purity of the chemicals was verified chromatographically, their mass fractions
found always to be >0.998, and were used without further purification. Water
(H,0) was bidistilled in an all-glass apparatus.

Before obtaining the LLE results for the quaternary system, the two
partially miscible ternary systems included in Table 1 were studied, while the
{wH,O +w,yCgH g+ (1 — wy — w,)CgHg} ternary one was taken from literature
(8). On the other hand, the {W1C2H6O +woCgHg+ (1 —wy — W2)C6H6} ternary
system was found to be completely miscible. Ternary equilibrium data were
obtained by preparing mixtures of known overall mass composition within the
heterogeneous region, using a dual range Mettler Toledo (Switzerland) AG245
balance with a precision of *£0.1 mg/0.01 mg. All mixtures were prepared
simultaneously introducing each one in 16 mL screw sample vials (Agilent
Technologies Inc., USA, HP 5183-4535) equipped with cap, septa, and a Teflon
coated magnetic bar to provide an intense stirring for at least seven days. A water
bath thermostatized at (303.15 = 0.05)K was connected in series with a set of two
acrylic boxes having each six holes with O’ring seals where the sample vials were
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Figure 1. Line drawing of the experimental device. 1, Teflon coated magnetic bar; 2,
screw caps with PTFE/white silicone septa; 3, power switch; 4, speed controls; 5, 16 mL
screw sample vials (HP 5183-4535); 6, acrylic box (wall thickness: 10 mm); 7, O’ring
seals.

n

inserted. Uniformity of temperature within the vials was maintained by
continuous agitation of the mixture samples with a multipoint magnetically
coupled stirrer (SBS, model A-04, SBS Instruments S.A., Spain) placed under the
boxes. Figure 1 shows a line drawing of the experimental device. After phase-
equilibrium was reached, the magnetic stirrers were turned off and both liquid
phases were allowed to settle for 24 hr.

At the end of each experiment, samples were taken from both phases with
hypodermic syringes and analyzed by means of gas chromatography. In order to
prevent the contamination of the lower phase with the upper one during sampling,
the needle of the hypodermic syringe was introduced through the upper phase
while its piston was pushed gently. The same procedure was adopted to remove
the needle. The needle was dried with a soft paper tissue before the sample was
introduced into the 2 mL analysis vial (HP 5182-0714) containing the compound
used as the internal standard.

A Hewlett Packard 6890 gas chromatograph directly connected to a
ChemStation (Hewlett-Packard, USA, HP G2070AA) was used, and the internal
standard method was applied to obtain quantitative results. Acetone (C3HgO)
(Merck, p.a.) with a purity in mass fraction >0.999 (GC) was the standard
compound used for this purpose. Good separation of the four components was
obtained on a 30m X 0.25mm X 0.5 wm capillary column (INNOWax, cross-
linked polyethylene glycol, Agilent Technologies Inc., USA, HP 19091N-233).
The temperature program was as follows: initial temperature 343K for 2 min, ramp
15K min ~ ', and final temperature 373K for another two minutes. The nitrogen
carrier gas flow rate was electronically kept constant working with a split ratio 20:1
and the injector fitted at 453K. Detection was carried out by a thermal conductivity
detector at 523K. Three or four analyses were performed for each sample in order
to obtain a mean mass fraction value with a repeatability better than 1%.
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CgHig 4 5 CeHg
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Figure 2. Schematic representation of the {w;C,HgO+w,CsHg+w3CgHig+
(1 —w; —wy — w3)H,0} quaternary system at 303.15K. Py, P,, P3, and P, are sectional
planes for the determination of the binodal surface. Dashed region: binodal surface.

Only after all ternary equilibrium data were determined experimentally, the
quaternary binodal surface could be characterized fully. For this purpose, the
LLE were determined on four quaternary planes (named P;, P,, P53, and P,) as
can be seen in Fig. 2, which shows a schematic representation of the quaternary
system {w;C,HgO +w,CsHg+w3CgH g+ (1 — w; — w, — w3)H,0}. The equili-
brium data for this system were obtained with the same procedure used for the
ternary ones.

RESULTS AND DISCUSSION
Tables 2 and 3 list the equilibrium compositions for the ternary systems:

{wH,O +w,CoHO+ (1 —w; —wy)CeHg} and {wH,O +w,CoHgO + (1 — wy
—w,)CgHyg} at (303.15 = 0.05)K. Figures 3 and 4 show the corresponding
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Figure 3. Liquid-liquid equilibria of the {w;H,0 + w,Co,HgO + (1 — wy — wy)CgHg}
system at 303.15 K. —@—, Experimental; X, UNIQUAC equation; A, NRTL equation; O
UNIFAC prediction. PP, plait point.

LLE diagrams. Data predicted by the UNIFAC method and correlated by the
NRTL and UNIQUAC equations are also shown.

For the ternary systems (numbers 1 and 2, in Table 1), the tie-lines are
correlated satisfactorily by the method of Othmer and Tobias (9). The empirical
equation,

log{(1 — wi)/wii} =mXxXlog{(1 — ws3)/wsz} +b (D

can represent all the tie-line data with adequate precision. Here w;; and w33 are
the mass fractions of the components 1 and 3 in the raffinate (phase 1) and extract
(phase 2) phases, respectively, and m and b are parameters. The values of these
parameters together with the linear correlation coefficients are given as footnotes
in Tables 2 and 3.

The LLE data were fitted with the NRTL and UNIQUAC equations using a
computer program developed by Sgrensen (10). A penalty term was included in
both objective functions (in terms of activity and mole fraction) to reduce the risk
of multiple solutions associated with high parameter values. Table 4 shows the

ght © Marcel Dekker, Inc. All rights reserved.
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Figure 4. Liquid-liquid equilibria of the {w;H,O 4+ w,C,HgO + (1 — w; — w»)CgHg}
system at 303.15 K. —@—, Experimental; X, UNIQUAC equation; A, NRTL equation; O,
UNIFAC prediction. PP, plait point.

UNIQUAC structural parameters for the pure components taken from literature

(11), the optimized non-randomness parameter for the NRTL equation, «;;, and

the optimized binary interaction parameters for both models and for each system.
Goodness of fit, as measured by the rms deviation in mole fraction

1/2

F =100 ZZZ(XU‘k - 5Cijk)2/6M @)
T

and by the rms relative error in the solute distribution ratio

Am = IOOZ{[(mk - m,()/mk]z/M}l/2 3)
k

is also indicated in Table 4. Here x;;; is the experimental mole fraction of the ith
component in the jth phase on the kth tie-line and %;; is the corresponding

ght © Marcel Dekker, Inc. All rights reserved.
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calculated value. M is the number of tie-lines. my and 7y, are the experimental and
calculated solute distribution ratio, respectively.

The fit was fairly poor in terms of Am due to the large relative error
associated with the very low concentrations of some compounds in both phases,
particularly for the UNIQUAC equation applied to the {w;H,O 4 w,C,HsO +
(1 — w; — wy)CeHg} ternary system. On the other hand, the goodness of fit in
terms of F was satisfactory, as can be seen in Table 4.

The LLE data of the ternary systems were also predicted using the
UNIFAC group contribution method by means of a computer program named
LLECAL, using the group interaction parameters obtained by Magnussen et al. (5)
from LLE data, which are listed in Table 5. This method allows calculation of the
activity coefficients of the three components of both phases. Figures 3 and 4 show
that for the two ternary systems included in Table 1, the UNIFAC method
predicts an immiscible region similar to the experimentally observed, which is
close to those correlated with the NRTL and UNIQUAC equations.

On the other hand, the NRTL equation fitted to the experimental data using
an iterative computing program, was more accurate than UNIQUAC for the
{wiH0 +w,Co,HgO + (1 — wy — w,)CeHg} ternary system, but the opposite
occurred for the {w;H,O +w,C,HgO + (1 — wy — w,)CgH,g} ternary system (see
both overall errors: F and Am, listed in Table 4).

Table 6 lists equilibrium data for the {w;C,HcO +w,>CsHg+w3CgH; g+
(1 —=w; —wy — w3)H,O} quaternary system, concerning the planes P;={0.196
CgH,g+0.804 C6H6}, P,= {0400 CgH,g+0.600 C6H6}, P;= {0596
CgH;5+0.404 C¢Hg}, and P,={0.804 CgH;5+0.196 C¢Hg}, expressed in mass
fraction, which were used for the determination of the binodal surface. Since the
compositions of the four components were determined individually, the sum of
the mass fractions for each phase in Table 6 is not precisely equal to one. The
same consideration is applicable to Tables 2 and 3 for ternary systems. In this
work, the orientations of the Py, P,, P3, and P, planes were selected taking into
account that gasoline is represented by a mixture of aromatic and saturated
hydrocarbons, although this leads to tie-lines that are almost parallel to these
planes.

Table 5. UNIFAC Interaction Parameters

Main Group CH, ACH OH H,0O
1 CH, 0 —114.8 644.6 1300.0
3 ACH 156.5 0 703.9 859.4
5 OH 328.2 —-9.210 0 28.73
8 H,O 3424 372.8 —122.4 0
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Table 7. Residuals F and Am of the UNIFAC Equation for the
Quaternary: {w;C,H¢O 4+ wrCsHg + w3CsHig + (1 — wy —
wy — w3)H,O} System at 303.15 K*

Plane F (%)° Am (%)°
P, 2.99 10.5
P, 2.97 7.8
P, 2.83 5.4
P, 2.38 5.0

?The values of Am were calculated only for C,HgO. The
distribution coefficient for this compound is defined as m =
mass fraction of C,HgO in the organic phase/mass fraction of
C,HgO in the aqueous phase.

b Calculated with Egs. (2) and (3).

The water compositions in the organic phase represent the water tolerance for
this quaternary system. These values are very small, ranging from 0.0021 to 0.0262
for P1,0.0018 to 0.0149 for P,, 0.0024 to 0.0069 for P53, and 0.0026 to 0.0050 for P,,
always expressed in mass fraction (see Table 6). These values are higher than those
obtained for a similar quaternary system studied previously at the same temperature
(8), which included methanol instead of ethanol. This difference is very important
for a quaternary system used as a gasohol, because a higher water tolerance reduces
the possibility of a phase separation in the storage tanks.

The results also show that when a phase separation does occur, a large fraction
of C,HgO is drawn into the aqueous phase. On the other hand, the greater solubility
of C¢Hg as compared to CgH,g in the aqueous phase is evident due to the higher
solubility of C¢Hg in C,H¢O. A similar behavior was observed for methanol in the
{W]CH4O + W2C6H6 + W3C8H18 + (1 — W — Wy — w3)H20} quaternary system (8)

The quaternary equilibrium data was only predicted by the UNIFAC group
contribution method using the same computer program as for the ternary systems.
The UNIFAC method fitted very well to the binodal surface for the quaternary
system, but it was relatively poor for the prediction of the ethanol distribution
ratio, as can be seen in Table 7.

CONCLUSIONS

From our experimental results we can conclude that the quaternary system
{w1C,HgO + wo,CgHg + w3CgH g+ (1 — wy — wp — w3)H,0} presents a very low
water tolerance, but higher than that observed for a similar quaternary system

Copyright © Marcel Dekker, Inc. All rights reserved.
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including methanol. Small quantities of water from ambient humidity or
infiltration into storage tanks could produce phase separation with a considerable
loss of C,HgO drawn into the aqueous phase. This would leave gasoline with a
lower oxygen content than that required by the Environmental Protection Agency
(EPA) regulations (2.0 mass% of oxygen in reformulated gasolines) (12) if a
large quantity of water is available.

On the other hand, the UNIFAC group contribution method was adequate
for the prediction of the binodal surface of this quaternary system, but only led to
qualitative results for the equilibrium data. However, its predictions were
satisfactory for both ternary systems included in Table 1 (see Figs. 3 and 4).

From the analysis of these figures, and of Table 4, we conclude that the
UNIFAC, NRTL, and UNIQUAC methods can represent adequately the
equilibrium data of both ternary systems included in Table 1.
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