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Solubility,  critical  states  and  liquid–liquid  equilibrium  (LLE)  data  for the  quaternary  system  acetic
acid–ethanol–ethyl  acetate–water  and  for the  ternary  sub-systems  acetic  acid–ethyl  acetate–water  and
ethanol–ethyl  acetate–water  were  obtained  at 293.15  K  and  atmospheric  pressure.  Binodal  curves,  tie-
lines and compositions  of  critical  points  were  determined.  In  order  to construct  the  binodal  surface  and
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critical  curve  of  the  quaternary  system,  three  quaternary  sectional  planes  with  several  ratios  of  acetic  acid
and  ethanol  were  studied.  Experimental  LLE  data  were  compared  with  the  values  calculated  by UNIFAC
model  and  it  was  found  that  the  experimental  and  calculated  data  are  in a good  agreement.

© 2011 Elsevier B.V. All rights reserved.
ritical states

. Introduction

The investigation of phase transitions accompanied by chemical
eaction is of importance for design of energy- and resource-
aving chemical engineering processes. The completion of chemical
eaction is limited by chemical equilibrium between reactants
nd products, so industrially important chemical processes must
nclude following separation of equilibrium mixture and recycling
f the reactants. Also the limited miscibility in reacting mixture
ay  substantially influence on the run of chemical reaction and

omplicate industrial processes. Thereby coupled processes com-
ining phase transition and chemical reaction has been intensively
tudied in recent decades. These researches mostly concerned with
eactive distillation combining chemical reaction and vapor–liquid
hase transition (see, e.g. [1–7]).

Except for practical application the study of the phase equilibria
n chemical reactive systems makes a contribution to the develop-

ent of fundamental thermodynamic theory, it gives, for example,
ew data on structure and peculiarities of phase diagrams and
n critical states in multicomponent reacting systems. However
n spite of applied and fundamental significance of the systems
ombining phase transition and chemical reaction experimental

ata sets on these systems are relatively scarce. The most inves-
igated now are systems with ester synthesis reaction [8].  Because
f limited solubility of ester and water the phase diagrams of these
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systems usually has a miscibility gap. Liquid–liquid envelop should
significantly influence on the chemical reaction run and the study
of solubility is a necessary both for process design and basic con-
sideration. The description of phase diagrams should also include
the data on liquid–liquid equilibrium (LLE) and critical states: some
new experimental results for the system with n-propyl acetate syn-
thesis reaction and thermodynamic consideration of critical states
of LLE in reacting systems had been recently presented in our papers
[9,10].  Calculation of the disposition of critical points is discussed
in [11–14];  new experimental data on critical states in multicom-
ponent systems are reported in [15].

In presented work the system acetic acid–ethanol–ethyl
acetate–water, which is industrially important system (i.e. for
ethyl acetate synthesis), was chosen as an object of investiga-
tion of miscibility gap and critical states of LLE. There are a
number of theoretical and experimental researches that present
detailed data on vapor–liquid equilibrium in this system. Theo-
retical analysis of thermodynamic properties and description of
topological structure of the system are presented in [16], calcula-
tion was  carried out using UNIQUAC model (343–352 K, 101.3 kPa).
Vapor–liquid equilibrium was experimentally investigated at iso-
baric conditions (101.3 kPa) in [17]. In this work except for the
quaternary system in a state of chemical equilibrium (352–357 K),
vapor–liquid equilibrium was  studied in non-reactive binary sys-
tems ethyl acetate–ethanol (347–351 K), ethyl acetate–acetic acid
(351–389 K), water–acetic acid (373–387 K), data from [18–20]

were used for system ethanol–water. The correlation of binary
data was carried out on the base of the equations of Wilson,
NRTL and UNIQUAC. Experimental results are in a good agree-
ment with other data [21,22]. System with ethyl acetate synthesis

dx.doi.org/10.1016/j.fluid.2011.09.035
http://www.sciencedirect.com/science/journal/03783812
http://www.elsevier.com/locate/fluid
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eaction had been also considered in [23], but this work does not
ive a complete thermodynamics description, only binary systems
thanol–acetic acid and ethyl acetate–water were investigated
50 kPa and 101.3 kPa). Authors of [24] measured the chemi-
al equilibrium constant (348–373 K), the experimental data on
apor–liquid equilibria were correlated using UNIQUAC model,
alculations were found to be in a good agreement with the experi-
ental data (343 K, 101.3 kPa). Another research of vapor–liquid

quilibria (519–559 K, 101.3 kPa) is presented in [25]. Chemical
quilibrium surface in the system with ethyl acetate synthesis reac-
ion is presented in paper [1].  The study of liquid–liquid equilibria
n system acetic acid–ethanol–ethyl acetate–water (342 and 363 K;
01 kPa and 200 kPa, respectively) is reported at [26], calculation of

iquid–liquid equilibria was carried out by UNIFAC model; diagrams
f liquid–liquid equilibria are shown for 101.3 kPa and 200 kPa,
ata on vapor–liquid equilibria are presented for 101.3 kPa. Paper
27] represents new algorithms for calculation of simultaneous
hemical and phase equilibrium and phase diagrams for system
nder study; calculation was made on the base of UNIQUAC model;
uthors make reference to results of calculations in [28]. The ther-
odynamic consistency of experimental data for the system acetic

cid–ethanol–ethyl acetate–water is also discussed in [29], param-
ters of Wilson equation are calculated using different sets of
xperimental data. In paper [30] the results of the modeling of equi-
ibria in system acetic acid–ethanol–water–ethyl acetate using the
quations of Margules and Wilson is discussed. Modeling on the
ase of a group model is described in [31].

Literature data analysis shows that there are no experimental
ets of the data on liquid–liquid critical states in considered system.
ccordingly the problem of experimental determination or calcu-

ation of critical points in the system acetic acid–ethanol–ethyl
cetate–water has not been set up to the present day. This work
resents the results of our experimental study of solubility, LLE and
ritical states in system acetic acid–ethanol–ethyl acetate–water at
93.15 K.

. Experimental

.1. Materials

Acetic acid (“purified” grade) was purified by two  times rectifi-
ation, with the presence of 98% sulphuric acid. Ethanol (“reagent”
rade) and ethyl acetate (“purified” grade) were purified by distilla-
ion, water was bidistilled. The purity of chemicals (see Table 1) was
erified chromatographically and in terms of refraction indexes and
oiling points. All physico-chemical constants of pure substances
ere found to be in agreement with the literature data [32].

.2. Methods

The solubility and critical phenomena were studied by cloud-
oint technique method. Binary or ternary mixtures of known over-

ll composition within the homogeneous region were prepared by
ravimetric method in round-bottomed flask (100 ml)  using ana-
ytical balance Shinko VIBRA HT-120CE (Japan) with an accuracy
f 0.001 g. Initial compositions were chosen so that experimental

able 1
he purities of the chemicals.

Substance Purity, mole fractiona

Acetic acid 0.998
Ethanol 0.995
Ethyl acetate 0.998
Water 0.999

a The uncertainty is estimated to be ±0.002 mole fraction.
quilibria 313 (2012) 46– 51 47

points were placed on the same distance on the bimodal surface.
Titration was  performed in liquid thermostat (293.15 K) at con-
tinuous stirring by magnetic stir bar. Bidistilled water as a titrant
was added to initial mixtures using 2 ml  microburette. Accuracy of
titrant volume measurement was  estimated to be 0.05 ml.  Turbid-
ity of the solution to be titrated persisting during at least 2 min  was
considered to be a final point of titration. Taking into account a vol-
ume  of mixtures (20–50 ml)  and volume of titrant drop (0.02 ml)
accuracy of concentration determination was  estimated to be
0.001 mole percent. Taking into consideration another possible fac-
tors affecting on accuracy (such as purity of chemicals, thermostatic
control uncertainty and others) maximum error of an experimental
data was appreciable to be ±0.002 mole fraction of the component.

LLE was  investigated using gas chromatography. At first binary,
ternary and quaternary mixtures of known overall composition
within the heterogeneous region were prepared in glass ves-
sels (2–3 ml)  by gravimetric method. Stirred up sealed vessels
were placed in the liquid thermostat (293.15 K). It was consid-
ered that the phase equilibrium is reached when there was a full
distribution of the phases among themselves. After reaching of
phase equilibrium samples were taken from both phases with 1 �l
chromatographic syringe (“Hamilton”, USA) and analyze by gas
chromatography. Gas chromatograph “Chromatec Crystal 5000.2”
(Russia) with packed column Porapak R 1 m long and 3 mm i.d. was
used. Helium with flow rate equal to 30 ml/min was used as a car-
rier gas. Operating temperature of column measured up to 453 K.
Vaporizing injector was  maintaned at 503 K. Detection was carried
out by a thermal conductivity detector at 513 K. Method of inter-
nal normalization and relative calibration were used to calculate
compositions of equilibrium liquid phases. Ethanol was accepted
as linking component. Uncertainty of gas chromatographic analysis
averaged 0.005 mole fraction.

3. Results and discussion

In studies of solubility in ternary systems ethanol–ethyl
acetate–water and acetic acid–ethyl acetate–water mixtures of
ethanol + ethyl acetate and acetic acid + ethyl acetate were chosen
as initial solutions, respectively, and were titrated with bidistilled
water. Such binary systems are homogeneous (transparent solu-
tions) and its turbidity takes place during titration. Compositions
belonging to the solubility curve were fixed at a moment when
the solution became “cloudy”, i.e. genesis of the second phase took
place. There is a chemical reaction (reaction of ethyl acetate hydrol-
ysis) in ternary systems ethanol–ethyl acetate–water and acetic
acid–ethyl acetate–water, however it does not influence on the
composition of the experimental solutions because of ethanol (in
the first case) and acetic acid (in the second case), products of ethyl
acetate hydrolysis, are the components of systems under study and
the rate of reaction is very small, so concentration of ethanol (in
the first case) and acetic acid (in the second case) obtained in the
course of the reaction are less than 0.001 mole fraction. Thus data
presented in this paper refer to the state of partial equilibrium:
i.e. phase equilibrium, but not chemical equilibrium. Experimental
data on solubility of ternary systems ethanol–ethyl acetate–water
and acetic acid–ethyl acetate–water are listed in Tables 2 and 3
and its binodals are shown in Figs. 1 and 2. Solubility of quaternary
system acetic acid–ethanol–ethyl acetate–water was investigated
with account of further construction of binodal surface in the com-
position tetrahedron on the base of experimental data. Series of
solutions under study were prepared with keeping of certain con-
stant ratios of acetic acid and ethanol in mixture investigated (3:1,

1:1 and 1:3). The disposition of sections in concentration tetra-
hedron is shown in Fig. 3. Such a choice of sections can clearly
and convenient present the form of binodal surface. Investigation
of solubility was  carried out for points of composition belonging
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Table  2
The experimental data on solubility of ternary system ethanol–ethyl acetate–water
at  293.15 K.

Composition, mole fractiona

Ethanol Ethyl acetate Water

0.120 0.063 0.817
0.131 0.083 0.786
0.141 0.102 0.757
0.149 0.123 0.728
0.153 0.137 0.710
0.157 0.147 0.696
0.164 0.170 0.666
0.172 0.198 0.630
0.178 0.222 0.600
0.182 0.247 0.571
0.185 0.291 0.524
0.182 0.380 0.438

a The uncertainty is estimated to be ±0.002 mole fraction.

Table 3
The experimental data on solubility of ternary system acetic acid–ethyl
acetate–water at 293.15 K.

Composition, mole fractiona

Acetic acid Ethyl acetate Water

0.081 0.055 0.864
0.107 0.102 0.791
0.111 0.113 0.776
0.115 0.126 0.759
0.120 0.138 0.742
0.124 0.153 0.723
0.132 0.179 0.689
0.139 0.208 0.653
0.143 0.232 0.625
0.146 0.259 0.595
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Table 4
The experimental data on solubility of quaternary system acetic acid–ethanol–ethyl
acetate–water at 293.15 K.

The ratio of acetic
acid and ethanol
molar fractions

Composition, mole fractiona

Ethanol Acetic acid Ethyl acetate Water

3:1 0.028 0.064 0.058 0.850
0.036 0.081 0.103 0.780
0.039 0.089 0.130 0.742
0.042 0.096 0.156 0.706
0.044 0.102 0.185 0.669
0.048 0.112 0.251 0.589
0.050 0.113 0.309 0.528
0.049 0.111 0.353 0.487
0.047 0.108 0.393 0.452
0.046 0.104 0.424 0.426

1:1 0.057 0.044 0.059 0.840
0.073 0.055 0.105 0.767
0.079 0.060 0.131 0.730
0.085 0.065 0.159 0.691
0.090 0.069 0.188 0.653
0.097 0.075 0.253 0.575
0.099 0.076 0.310 0.515
0.094 0.073 0.390 0.443
0.091 0.070 0.423 0.416

1:3 0.089 0.023 0.062 0.826
0.108 0.028 0.105 0.759
0.116 0.030 0.129 0.725
0.119 0.031 0.140 0.710
0.132 0.034 0.184 0.650
0.143 0.037 0.248 0.572
0.145 0.038 0.302 0.515
0.145 0.038 0.331 0.486
0.140 0.036 0.389 0.435

tal investigation of binodal surface of quaternary system acetic
0.147 0.297 0.556

a The uncertainty is estimated to be ±0.002 mole fraction.

o the chosen sections. Results of experimental determination of
olubility in system acetic acid–ethanol–ethyl acetate–water are
resented in Table 4. Diagram of solubility constructed in concen-
ration triangle for several sections of composition tetrahedron are
hown in Fig. 4. Disposition of binodals completely features the
inodal surface shape of quaternary system as a whole. Binodal
urface constructed on the basis of experimental data of this work

s presented in Fig. 5. Region of splitting is a relatively small area of
he concentration tetrahedron, the overall concentration of acetic

ig. 1. The diagram of solubility in ternary system ethanol–ethyl acetate–water at
93.15 K (© – critical point).
0.135 0.037 0.422 0.406

a The uncertainty is estimated to be ±0.002 mole fraction.

acid and ethanol on the binodal surface does not exceed 0.2 mole
fraction.

In studies of LLE in ternary systems ethanol–ethyl acetate–water
and acetic acid–ethyl acetate–water compositions of initial solu-
tions were chosen so that experimental compositions of coexisting
phases (tie-lines) were ordered uniformly on binodal curve. Exper-
imental data on LLE for two  above mentioned systems are listed
in Tables 5 and 6. Binodal curves constructed on the base of
experimental data are presented in Figs. 1 and 2. Experimen-
acid–ethanol–ethyl acetate–water was carried out with account of
requirements for the choice of compositions of initial solutions.

Fig. 2. The diagram of solubility in ternary system acetic acid–ethyl acetate–water
at  293.15 K (© – critical point).
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Table  5
The experimental and calculated data values on LLE of ternary system ethanol–ethyl acetate–water at 293.15 K.

Compositions of coexisting phases, mole fraction

Experimentala UNIFAC

Water phase Organic phase Water phase Organic phase

Ethyl acetate Ethanol Ethyl acetate Ethanol Ethyl acetate Ethanol Ethyl acetate Ethanol

0.028 0.021 0.836 0.027 0.015 0.011 0.780 0.035
0.035  0.046 0.789 0.063 0.018 0.025 0.705 0.076
0.035  0.070 0.722 0.096 0.021 0.039 0.633 0.114
0.035  0.086 0.599 0.131 0.025 0.055 0.552 0.152
0.039  0.101 0.508 0.164 0.030 0.071 0.475 0.183
0.088  0.135 0.357 0.184 0.039 0.093 0.376 0.215

RMSD = 3.59%

a The uncertainty is estimated to be ±0.005 mole fraction.
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Fig. 4. The diagram of solubility in quaternary system acetic acid–ethanol–ethyl
acetate–water at 293.15 K for several ratios of acetic acid and ethanol in mixture

F
o

Fig. 3. Planes of composition tetrahedron for the study of solubility.

eries of quaternary solutions under study were prepared with
eeping of certain constant ratios of ethanol and acetic acid in mix-
ure for ordered and uniform disposition of experimental points on
inodal surface; compositions of initial solutions were belonged
o region of splitting (heterogeneous region). Experimental data on
LE for quaternary system acetic acid–ethanol–ethyl acetate–water

re listed in Table 7. Analysis of the experimental data shows that
ie-lines (compositions of coexisting phases) do not belong to the
lanes of sections of the concentration tetrahedron but intersect
hem. Thus the presentation of the experimental tie-lines on planes

ig. 5. The binodal surface of the system acetic acid–ethanol–ethyl acetate–water at 293
f  the binodal surface (A1A2 – critical curve of LLE).
(–�–  1:1; –�– 1:3; –�– 3:1; � – critical point for 1:1; � – critical point for 1:3; �  –
critical point for 3:1).

of sections is incorrectly; these data should be presented in the
space of concentration tetrahedron as in Fig. 6.

Analysis of disposition of critical points on the binodal curve
(in the case of ternary systems) and critical curve on the bin-
odal surface (in the case of quaternary system) is another object
of the experiment. The critical points composition for such sys-
tem could be also found by cloud-point technique method i.e. by
observation of blue opalescence at the moment of phase transi-
tion [15]. Ternary systems ethanol–ethyl acetate–water and acetic
acid–ethyl acetate–water have the only critical point. Quater-
nary system acetic acid–ethanol–ethyl acetate–water has a critical

curve, its run is presented in 3D concentration space (concentra-
tion tetrahedron) in Fig. 5 in a quality manner. Compositions of
critical points of ternary sub-systems and quaternary system are

.15 K: (a) the binodal surface in the concentration tetrahedron, (b) enlarged image
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Table  6
The experimental and calculated data values on LLE of ternary system acetic acid–ethyl acetate–water at 293.15 K.

Compositions of coexisting phases, mole fraction

Experimentala UNIFAC

Water phase Organic phase Water phase Organic phase

Ethyl acetate Acetic acid Ethyl acetate Acetic acid Ethyl acetate Acetic acid Ethyl acetate Acetic acid

0.028 0.004 0.847 0.012 0.014 0.004 0.817 0.011
0.030  0.016 0.788 0.030 0.015 0.012 0.773 0.033
0.030  0.033 0.706 0.054 0.017 0.022 0.710 0.065
0.039  0.045 0.629 0.085 0.019 0.032 0.642 0.097
0.045  0.064 0.533 0.111 0.022 0.045 0.563 0.132
0.057  0.088 0.401 0.136 0.027 0.062 0.466 0.171
0.073  0.095 0.351 0.142 0.028 0.068 0.438 0.181
0.092  0.104 0.275 0.148 0.031 0.077 0.396 0.194

RMSD = 3.07%

a The uncertainty is estimated to be ±0.005 mole fraction.

Table 7
The experimental and calculated data values on LLE of quaternary system acetic acid–ethanol–ethyl acetate–water at 293.15 K.

Ratio of acetic acid
and ethanol molar
fractions

Compositions of coexisting phases, mole fraction

Experimentala UNIFAC

Water phase Organic phase Water phase Organic phase

Acetic
acid

Ethanol Ethyl
acetate

Acetic
acid

Ethanol Ethyl
acetate

Acetic
acid

Ethanol Ethyl
acetate

Acetic
acid

Ethanol Ethyl
acetate

3:1 0.006 0.005 0.026 0.009 0.007 0.767 0.004 0.003 0.014 0.011 0.009 0.800
0.012  0.011 0.031 0.027 0.017 0.679 0.010 0.007 0.016 0.030 0.022 0.740
0.025  0.015 0.032 0.031 0.025 0.657 0.014 0.010 0.018 0.043 0.031 0.696
0.026  0.020 0.033 0.058 0.035 0.519 0.022 0.014 0.020 0.068 0.045 0.611
0.038  0.029 0.047 0.088 0.045 0.428 0.034 0.020 0.025 0.100 0.059 0.508
0.053  0.033 0.069 0.101 0.053 0.375 0.042 0.023 0.028 0.117 0.066 0.446

1:1 0.004  0.009 0.028 0.002 0.013 0.756 0.002 0.005 0.014 0.004 0.017 0.800
0.007  0.025 0.029 0.009 0.037 0.658 0.004 0.015 0.017 0.012 0.049 0.726
0.026  0.034 0.037 0.029 0.057 0.554 0.014 0.023 0.021 0.043 0.072 0.618
0.022  0.051 0.042 0.035 0.080 0.495 0.015 0.034 0.024 0.044 0.102 0.551
0.032  0.058 0.046 0.050 0.094 0.433 0.022 0.041 0.027 0.062 0.115 0.473
0.037  0.064 0.053 0.059 0.109 0.369 0.027 0.049 0.031 0.071 0.128 0.409
0.046  0.078 0.076 0.064 0.115 0.318 0.032 0.056 0.035 0.078 0.137 0.356

1:3 0.011  0.019 0.032 0.001 0.023 0.762 0.003 0.010 0.015 0.009 0.032 0.768
0.008  0.032 0.036 0.004 0.042 0.716 0.003 0.018 0.017 0.009 0.056 0.725
0.011  0.048 0.037 0.005 0.067 0.670 0.004 0.028 0.020 0.012 0.085 0.664
0.009  0.065 0.037 0.014 0.097 0.580 0.006 0.041 0.023 0.017 0.119 0.581
0.015  0.078 0.045 0.022 0.125 0.481 0.010 0.054 0.028 0.027 0.147 0.490

SD = 

l
c
a

t
U

T
T
h

0.016  0.096 0.055 0.028 0.153 

RM

a The uncertainty is estimated to be ±0.005 mole fraction.

isted in Table 8. Figs. 1 and 2 show the disposition of the criti-
al points of ternary sub-systems ethanol–ethyl acetate–water and
cetic acid–ethyl acetate–water.

The experimental data sets on both ternary and quaternary sys-

ems had been compared with the data calculated with the use of
NIFAC model. The calculation procedure was based on approach

able 8
he compositions of critical points belonging to critical curve in composition tetra-
edron of quaternary system at 293.15 K.

Composition, mole fractiona

Ethanol Acetic acid Ethyl acetate Water

0.000 0.115 0.126 0.759
0.153 0.000 0.137 0.710
0.039 0.089 0.130 0.742
0.079 0.060 0.131 0.730
0.116 0.030 0.129 0.725

a The uncertainty is estimated to be ±0.002 mole fraction.
0.404 0.012 0.069 0.034 0.031 0.174 0.403
2.24%

developed in work [33]. UNIFAC parameters presented in book [34]
had been used for the modeling.

The root-mean-square deviation (RMSD) was  a measure of the
agreement between the calculated values and experimental data:

RMSD (%) = 100
N

N∑
l=1

(
r∑

k=1

n−1∑
i=1

(
xexp

ikl
− xcalc

ikl

)
r(n − 1)

)1/2

,

where xexp
ikl

and xcalc
ikl

are experimental and calculated molar frac-
tions of component i in phase k on tie-line l; N is a number of
tie-lines. The calculated values and average RMSD are presented
in Tables 5–7 in comparison with experimental data. In general
the simulation on the base of UNIFAC model leads to results which
are in good agreement with experimental data. For quaternary sys-

tem and both ternary systems the RMSD does not exceed 3.6%. For
quaternary system the average RMSD value is smaller that indi-
cate the possibility of simulation of LLE in acetic acid–ethanol–ethyl
acetate–water system on the base of UNIFAC model.
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. Conclusion

Detailed experimental data on solubility and LLE were
btained for ternary systems ethanol–ethyl acetate–water and
cetic acid–ethyl acetate–water and quaternary system acetic
cid–ethanol–ethyl acetate–water at 293.15 K. Compositions of
ritical points of LLE were determined for systems investigating.
he set of new experimental data on solubility and LLE for quater-
ary system acetic acid–ethanol–ethyl acetate–water and ternary
ub-systems enables to present the binodal surface and run of the
ritical curve in concentration tetrahedron. The comparison of LLE
ata with the values calculated from UNIFAC model indicates that
he experimental and calculated data are in sufficient agreement.
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