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ABSTRACT: Liquid-liquid phase equilibrium (LLE) data have been measured for the ternary system 2-butanoneþ 2-butanolþ
water at (293.25, 313.15, 323.15, and 333.15) K. Experimental results show the extreme phase sensitivity of this system to
temperature. At (293.15 and 313.15) K the ternary system has two separate biphasic regions, while at (323.15 and 333.15) K the
system has only one region of immiscibility. The nonrandom two-liquid (NRTL) and universal quasichemical activity coefficient
(UNIQUAC) models were applied to correlate the ternary system at (323.15 and 333.15) K; the interaction parameters obtained
from both models successfully correlated the equilibrium compositions. Moreover, isobaric vapor-liquid-liquid equilibrium
(VLLE) is measured for this ternary mixture at 101.3 kPa. The experimental data were compared with the estimation from LLE
binary interaction parameters using NRTL and UNIQUAC models and with the prediction of universal functional activity
coefficient (UNIFAC) model.

’ INTRODUCTION

Separating the products obtained by chemical processes is
necessary for an appropriate design of separation equipment and,
therefore, experimental data of phase equilibrium (liquid-liquid
and vapor-liquid data). Multicomponent multiphase equilibri-
um data are of fundamental importance in the design and/or in
the optimal operation of chemical processes. Moreover, advance-
ment of technology and refinement of process design requires
high quality experimental data. However, because of the great
number of systems and design conditions of potential practical
interest, the amount of experimental data obtained will never
amount to more than a small fraction of that required. Therefore,
techniques for prediction of mixture properties have become
essential parts of industrial computer simulators. To efficiently
utilize this procedure, it is necessary to make predictions from a
minimum amount of experimental data.

Specifically, in the case of partially miscible ternary mixtures it
would be highly desirable to have experimental vapor-liquid-
liquid data, since in this case, the data available in the literature are
scarce and inmost cases there is no prior information. Furthermore,
estimation or simulation of the vapor-liquid-liquid equilibrium
(VLLE) with commercial simulation software is defective; obtaining
results that do not correspond with reality and therefore its use for
the design should be done with great caution.

The 2-butanoneþ 2-butanolþwater ternary system is a partially
miscible mixture which has great interest because 2-butanone is the
third most important ketone after acetone and cyclohexanone. It is
used as a solvent in paints, dyes, and pharmaceutical and refining
industries. 2-Butanone is used also as an important raw material for
organic synthesis industry, as an intermediate in the perfumery
industry, and for catalytic production.1,2

Currently, 2-butanone is commercially produced by dehydro-
genation of 2-butanol, and this, in turn, is obtained by hydration
of 2-butene.1 In this manufacturing process, the 2-butanone þ
2-butanol þ water ternary mixture is obtained, which is studied in
this work.

No references were found about VLLE data of this partially
miscible ternary system, and only two references about liquid-
liquid equilibrium (LLE) data at various temperatures3,4 were
found. However, the references of the constituent binary systems
of both vapor-liquid equilibrium (VLE) and LLE data are
relatively abundant. So, data were found in the literature for
the 2-butanol-water system,4-8 2-butanone-water system,9-15

and 2-butanol-2-butanone system.16-19

In a previous paper,20 we report a study of the VLLE data of
the di-n-propyl etherþ n-propyl alcoholþ water ternary system
which describes the problems associated with the experimental
determination and the theoretical estimation of such equilibrium
data based on parameters of thermodynamic models obtained
from VLE or LLE data.

This paper reports the results obtained for the ternary system
2-butanoneþ 2-butanolþ water, so the VLLE at 101.3 kPa and
the LLE at four different temperatures.

The results obtained have been analyzed by applying thermo-
dynamic models such as the nonrandom two-liquid (NRTL)21

and universal quasichemical activity coefficient (UNIQUAC)22

or the universal functional activity coefficient (UNIFAC)23

model to predict them.

’EXPERIMENTAL SECTION

Chemicals. 2-Butanone (w > 99.7 %, assay GC) was pur-
chased from Aldrich Ltd.; 2-butanol (w = 99.0 %, assay GC) was
supplied from Fluka, and water was bidistilled. The reagents were
used without further purification after chromatography failed to
show any significant impurities. The water content, determined
using a Karl Fischer volumetric automatic titrator (Metrohm,
701 KF Titrino), was small in all chemicals (w < 0.05 %). Before
measurements, the liquids were degassed and subsequently dried
over molecular sieves (Union Carbide, type 4 Å, 1/16 in. pellets).
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The refractive indices of the pure components were measured at
298.15 K using an Abbe refractometer Atago 3T, and the densi-
ties were measured at 298.15 K using an Anton Paar DMA 58
densimeter. Temperature was controlled to ( 0.01 K with a ther-
mostatted bath. The uncertainly in refractive index and density
measurements are( 0.0002 and( 0.01 kg 3m

-3, respectively. The
experimental values of these properties and the boiling points are
given in Table 1 together with those given in the literature.24,25

Appropriate precautions were taken when handling the reagents to
avoid hydration.
Apparatus and Procedure. LLE Data. The equipment used

and the procedure for the determination of liquid-liquid data
have been described in a previous work.26 The composition of
the sampled liquid phases was determined using a CE Instru-
ments GC 8000 Top gas chromatograph equipped with a
thermal conductivity detector (TCD), using a 30 m, 0.454 mm
inner diameter (i.d.) capillary column (DB-MTBE, J & Scien-
tific). The GC response peaks were treated with Chrom-Card
software for Windows. Column, injector, and detector tempera-
tures were (343, 473, and 373) K, respectively. Very good peak
separation was achieved under these conditions, and calibration
analyses were carried out to convert the peak area ratio to the
mass composition of the sample. To obtain homogeneous
mixtures of the standard, 0.5 mL of ethanol has been added to
the calibration vials.
Additionally, for this system, experimental points close to the

plate point or plate points have been determined (at low tempera-
tures there are two independent immiscibility zones) by the cloud-
point method.26 In this method, initially, known amounts of the
three components were weighted, with a global composition close
to the plate point, into a thermostatted equilibrium cell with sealed
heated vials. The temperature of the cell was fixed at 313.15 K at
which the mixture became homogeneous. Then, we slowly added
known quantities of adequate component (usually, 2-butanol or
water) until the mixture became slightly cloudy. So, the end point
was determining by observing the transition fromahomogeneous to
a heterogeneous solution. The phase changes were detected visually
using a direct oblique light.
The temperature in the equilibrium cell was controlled within (

0.01 K using a HC5 Julabo thermostat with water as thermostatting
liquid, and weighing was carried out with an uncertainty of 0.0001 g.
As it can be seen in Figure 2, the cloud-point corroborates the

existence of two independent immiscibility zones.
VLLEData.Todetermine theVLLEdata it hasbeenusedadynamic

recirculating still equipped with a Cottrell circulation pump manufac-
tured by Fischer Labor and Verfahrenstechnik (model Labodest VLE
602/D), whose detailed description can be found in a previous work,27

modified according to indications of Gomis et al.,11 by coupling an
ultrasonic homogenizer to the boiling flask that ensures a good
dispersion of partly miscible liquid phases. Detailed description of the
modified equipment and the experimental procedure, sampling and
analysis of both phases, can be found in previous references.20,27

The composition of the sampled liquid phases and vapor phase
were determined using a CE Instruments GC 8000 Top gas
chromatograph after calibration with gravimetrically prepared stan-
dard solutions. A thermal conductivity detector (TCD), using a 30m,
0.454 mm i. d. capillary column (DB-MTBE, J & Scientific), was
used to determine the compositions of the different phases. The
GC response peaks were treated with Chrom-Card forWindows.
The same gas chromatograph and conditions than LLE were
used to determine the composition of the sampled liquids and
vapor phases. Very good peak separation was achieved under
these conditions, and calibration analyses were used to convert
the peak area ratio to the mass composition of the sample. The
uncertainty in the mole fraction was usually less than 0.001.

’RESULTS AND DISCUSSION

Experimental LLE Data. To observe the influence of the tem-
perature on the mutual solubility of the ternary system 2-butanone
þ 2-butanol þ water, experimental measurements were made for
four different temperatures (293.25, 313.15, 323.15, and 333.15) K,
determining the composition of both phases in equilibrium (ends of
the tie lines). Table 2 shows the experimental data obtained, where
the subscript I represents the organic rich phase and II the aqueous
rich phase. All concentrations are expressed in mole fractions.
Figures 1 to 4 are the data of LLE of this system at different

temperatures. As it can be seen, temperature has a great influence
on the LLE of this system; the solubility clearly decreases with
increasing temperature (increasing the area of immiscibility).
Moreover, at (293.15 and 313.15) K there are two different areas
of immiscibility. At (323.15 and 333.15) K the system shows a
single immiscibility zone characterized by two partially miscible
binary systems (type II of Treybal classification28). In Figures 1,
2, and 4 the experimental data obtained by Altsybeeva3 at the
same temperatures have been included.
Moreover, it has been included a table (Table 3) where it is

compared the values of aqueous solubility for binary subsystems
with the literature data. As can be seen in Table 3, the experi-
mental data of the binary subsystems are in good agreement with
the literature data.
LLE Data Correlation. It has been attempted to correlate the

experimental data together with the literature data at the
same conditions, both binary5,6,14,15 and ternary data,3 using
the NRTL21 and UNIQUAC22 models (Appendix) for each of
the temperatures tested using the commercial program Chem-
Cad data processing, with uneven results. With the equilibrium
data corresponding to (293.15 and 313.15) K (Figures 1 and 2)
was not possible to obtain an acceptable correlation because the
program cannot correlate two independent immiscibility zones.
However, at (323.15 and 333.15) K good correlations were
obtained as shown in Table 4.
To fit the UNIQUAC interaction parameters, the structural

parameters (ri and qi) recommended by DECHEMA25 were
used for the pure components, and they are listed in Table 1.

Table 1. Density G, Refractive Index nD, and Normal Boiling Point Tb of Pure Components

component

F (298.15 K)/kg 3m
-3 nD (298.15 K) Tb (101.3 kPa)/K UNIQUAC parameters

exptl lit.a exptl lit.a exptl lit.a ri
b qi

b

2-butanone (1) 799.62 800.02 1.3761 1.3764 352.68 352.79 3.2479 2.8759

2-butanol (2) 802.35 802.60 1.3951 1.3949 372.56 372.70 3.4535 3.0480

water (3) 997.00 997.04 1.3332 1.3325 373.15 373.15 0.9200 1.3997
aRef 24. bRef 25.
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The nonrandomness parameter (Rij) of the NRTL equation was
fixed at values between 0.2 and 0.3 during the calculations, and
the best results, achieved with Rij = 0.3, are given in Table 4.
There are two effective binary interaction parameters for a

binary subsystem. Therefore, six effective binary interaction
parameters are required for a ternary system. The corresponding
sets of binary interaction parameters were determined by mini-
mizing the differences between the experimental and the calcu-
lated mole fraction for each of the components over all of the lie
lines. The objective function (OF) used is:

OF ¼ ∑
M

k¼ 1
∑
2

j¼ 1
∑
3

i¼1
ðxijk - x̂ijkÞ2 ð1Þ

whereM is the number of tie lines, x indicates the experimental mole
fraction, x̂ the calculated mole fraction, and subscripts i, j, and k
denote, respectively, the number of components, phases, and tie lines.

Table 2. LLE Data for the 2-Butanone (1)þ 2-Butanol (2)þ
Water (3) System at Different Temperatures

T/K

2-butanone-rich phase/xi
I water-rich phase/xi

II

x1 x2 x1 x2

293.15 0.649 0.000 0.082 0.000

0.538 0.026 0.090 0.003

0.482 0.036 0.091 0.006

0.409 0.051 0.095 0.012

0.315 0.053 0.108 0.019

0.303 0.052 0.110 0.020

0.014 0.236 0.005 0.066

0.000 0.298 0.000 0.056

313.15 0.633 0.000 0.061 0.000

0.545 0.029 0.064 0.002

0.505 0.041 0.063 0.004

0.462 0.055 0.062 0.008

0.409 0.068 0.063 0.010

0.404 0.071 0.062 0.011

0.329 0.087 0.062 0.016

0.264 0.096 0.062 0.022

0.209 0.096 0.064 0.028

0.164 0.096 0.069 0.039

0.063 0.167 0.025 0.058

0.059 0.180 0.021 0.056

0.048 0.221 0.013 0.050

0.040 0.243 0.010 0.048

0.017 0.296 0.003 0.044

0.000 0.335 0.000 0.042

323.15 0.612 0.000 0.056 0.000

0.549 0.028 0.054 0.002

0.512 0.040 0.059 0.005

0.469 0.054 0.053 0.007

0.416 0.071 0.053 0.009

0.412 0.075 0.054 0.010

0.345 0.088 0.052 0.013

0.290 0.104 0.050 0.017

0.245 0.112 0.050 0.021

0.204 0.120 0.047 0.026

0.146 0.134 0.041 0.034

0.128 0.141 0.039 0.038

0.096 0.167 0.027 0.042

0.074 0.198 0.019 0.041

0.070 0.209 0.017 0.042

0.053 0.235 0.012 0.041

0.042 0.255 0.008 0.041

0.018 0.300 0.003 0.039

0.000 0.336 0.000 0.042

333.15 0.623 0.000 0.050 0.000

0.541 0.029 0.051 0.003

0.505 0.039 0.050 0.004

0.420 0.070 0.048 0.008

0.413 0.073 0.049 0.008

0.355 0.092 0.046 0.012

0.306 0.110 0.044 0.016

0.263 0.121 0.043 0.018

Table 2. Continued

T/K

2-butanone-rich phase/xi
I water-rich phase/xi

II

x1 x2 x1 x2

0.227 0.133 0.040 0.022

0.169 0.154 0.035 0.028

0.147 0.162 0.031 0.030

0.109 0.186 0.023 0.035

0.080 0.214 0.017 0.037

0.074 0.222 0.015 0.037

0.056 0.249 0.011 0.038

0.045 0.265 0.008 0.037

0.019 0.305 0.003 0.037

0.000 0.335 0.000 0.037

Figure 1. LLE of the 2-butanone (1) þ 2-butanol (2) þ water (3)
system at 293.15 K. Experimental data: 2, 2-butanone rich phase; b,
aqueous rich phase; —, experimental tie lines. References: 4, 2-buta-
none rich phase from ref 3; O, aqueous rich phase from ref 3. Estimated
using the UNIFAC model: - 3 -, binodal curve.
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The root-mean-square deviation (rmsd) between the experi-
mental and the calculated data is also included in Table 4:

rmsd ¼ 100 3 ∑
M

k¼ 1
∑
2

j¼1
∑
3

i¼ 1

ðxijk - x̂ijkÞ2
6M

0
@

1
A

1=2

ð2Þ

In Table 4, it can be observed that both models were found to
properly correlate the data, but UNIQUAC model led to better

results. In Figures 3 and 4 the experimental data at (323.15 and
333.15) K together with the binodal curves calculated using the

Figure 3. LLE of the 2-butanone (1) þ 2-butanol (2) þ water (3)
system at 323.15 K. Experimental data: 2, 2-butanone rich phase; b,
aqueous rich phase; —, experimental tie lines. Estimated using the
UNIFAC model: - 3 -, binodal curve. Calculated using the UN-
IQUAC model: 3 3 3 , binodal curve.

Figure 4. LLE of the 2-butanone (1) þ 2-butanol (2) þ water (3)
system at 333.15 K. Experimental data: 2, 2-butanone rich phase; b,
aqueous rich phase; —, experimental tie lines. References: 4, 2-buta-
none rich phase from ref 3; O, aqueous rich phase from ref 3. Estimated
using the UNIFAC model: - 3 -, binodal curve. Calculated using the
UNIQUAC model: 3 3 3 , binodal curve.

Table 3. Comparison of the Binary Subsystems of LLE Data
for the 2-Butanone (1) þ 2-Butanol (2) þWater (3) System
at Different Temperatures

T/K

2-butanone-rich phase/xi
I water-rich phase/xi

II

x1 x2 x1 x2 ref

293.15 0.649 0.000 0.082 0.000 exptl.

0.661 0.000 0.093 0.000 9

0.000 0.298 0.000 0.056 exptl.

0.000 0.304 0.000 0.058 5

0.000 0.299 0.000 0.058 6

313.15 0.633 0.000 0.061 0.000 exptl.

0.636 0.000 0.059 0.000 3

0.000 0.335 0.000 0.042 exptl.

0.000 0.340 0.000 0.042 5

0.000 0.332 0.000 0.041 6

323.15 0.612 0.000 0.056 0.000 exptl.

0.628 0.000 0.061 0.000 14

0.000 0.336 0.000 0.042 exptl.

0.000 0.342 0.000 0.038 5

0.000 0.335 0.000 0.035 6

333.15 0.623 0.000 0.050 0.000 exptl.

0.645 0.000 0.046 0.000 15

0.000 0.335 0.000 0.037 exptl.

0.000 0.337 0.000 0.036 5

0.000 0.329 0.000 0.034 6

Figure 2. LLE of the 2-butanone (1)þ 2-butanol (2)þwater (3) system
at 313.15 K. Experimental data:2, 2-butanone rich phase;b, aqueous rich
phase;—, experimental tie lines; 9, experimental cloud point. References:
4, 2-butanone rich phase from ref 3; O, aqueous rich phase from ref 3.
Estimated using the UNIFAC model: - 3 -, binodal curve.
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UNIQUAC model have been plotted. As can be seen the result
is good.
LLE Data Prediction by UNIFAC.The experimental LLE data

were compared with those predicted by the UNIFAC23 group
contribution model. The interaction and structural parameters
required for the implementation of the prediction method were
taken from Hanse et al.,29 and they are summarized in Tables 5

and 6. The quality of the prediction can be observed in Figures 1
to 4 where it has been included the binodal curves predicted by
UNIFAC. As shown in Figures 1 to 4 the liquid compositions
predicted by the UNIFAC method cannot adequately fit the
experimental data.
Experimental VLLEData.Complete VLLE data of the ternary

system 2-butanoneþ 2-butanolþ water system at 101.3 kPa are
listed in Table 7. The experimental ternary VLLE data were
tested by the point-to-point L/W Wisniak30 consistency test
(consistent data ratio values 0.92 < L/W < 1.10) and were found
to be thermodynamically consistent. All L/W values are between
0.99 and 1.00. The test did not reveal any significant incon-
sistency in the data. The consistency of the ternary data was also
checked with the Wisniak and Tamir31 modification of the
McDermot-Ellis32 test (D < Dmax at all data points).
Figure 5 shows the ternary diagram of the VLLE equilibrium of

this system including the experimental tie lines, the binodal
curve, the vapor-phase composition of the experimental data, and
the binary azeotropes from the literature.33,34

Table 4. UNIQUAC and NRTL Binary Interaction Parameters for the System 2-Butanone (1) þ 2-Butanol (2) þ Water (3)

UNIQUAC parameters

rmsd

NRTL parameters

rmsdT/K i-j Aij/J 3mol
-1 Aji/J 3mol

-1 Rij Aij/J 3mol-1 Aji/J 3mol-1

323.15 1-2 -209.34 1826.96 0.45 0.3 -2006.64 5771.32 1.08

1-3 1875.69 679.33 0.3 1206.92 7628.50

2-3 -658.24 2625.88 0.3 -2014.44 11454.05

333.15 1-2 -49.82 1067.90 0.42 0.3 -2756.97 5539.99 1.18

1-3 2277.64 465.76 0.3 1231.35 7912.83

2-3 -804.23 2901.16 0.3 -2023.81 11691.92

Table 5. UNIFAC Rk and Qk Parameters29

subgroup (k) main group no. Rk Qk

CH3 1 0.9011 0.848

CH2 1 0.6744 0.540

CH3CO 10 1.6724 1.448

CH 11 0.4469 0.228

OH 5 1.0000 1.200

H2O 7 0.9200 1.400

Table 6. UNIFAC Group Interaction Parameters29

M N amn/K anm/K

CH3,CH2,CH CH3CO 476.4 26.76

CH3,CH2,CH OH 986.5 156.4

CH3,CH2,CH H2O 1318.0 300.0

CH3CO OH 164.5 84.0

CH3CO H2O 472.5 -195.4

OH H2O 353.5 -229.1

Table 7. Experimental VLLE Data of the System 2-Butanone
(1) þ 2-Butanol (2) þ Water (3) at 101. 3 kPa

organic-rich

phase, xi
I

aqueous-rich

phase, xi
II vapor phase, yi

x1 x2 x1 x2 y1 y2 T/K

1 0.000 0.324 0.000 0.037 0.000 0.388 360.46

2 0.029 0.273 0.006 0.038 0.098 0.332 358.81

3 0.053 0.244 0.010 0.037 0.184 0.281 357.31

4 0.064 0.224 0.012 0.035 0.224 0.255 356.39

5 0.080 0.204 0.016 0.034 0.265 0.229 355.66

6 0.127 0.176 0.024 0.030 0.375 0.167 353.44

7 0.183 0.147 0.032 0.023 0.443 0.128 352.02

8 0.228 0.132 0.039 0.021 0.502 0.094 350.80

9 0.341 0.093 0.042 0.011 0.555 0.062 349.24

10 0.415 0.066 0.045 0.007 0.597 0.035 348.16

11 0.493 0.044 0.049 0.003 0.621 0.020 347.52

BIN 0.617 0.000 0.054 0.000 0.649 0.000 346.68

Figure 5. Comparison of the VLLE data for the 2-butanone (1) þ
2-butanol (2) þ water (3) ternary system at 101.3 kPa. Experimental data:
b, the 2-butanone rich phase;O, the aqueous rich phase;4, the vapor phase;
—, experimental tie lines. Binary azeotropes references: f, 2-butanone-
water azeotropic data;33 2-butanol-water azeotropic data.34 Calculated data:
---, estimated with LLE parameters using UNIQUACmodel. Predicted
data:- 3 -, using UNIFAC prediction model.
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Actually, Figure 5 represents the projection on the ternary
composition diagram of the intersection of the single liquid-liquid
envelope with the VLE surface.35 As can be seen in this figure, the
water is partially miscible with 2-butanone and 2-butanol, which
are completely soluble each other. This behavior is the same that
observed for LLE data at temperatures above 323.15 K (Figures 3
and 4).
The vapor phase is outside the binodal curve which means that

the vapor forms a single liquid phase when once it is condensed. It
was proved the nonexistence of a ternary azeotrope using a
distillation column (Fischer SPALTROHR column HMS-500,
controlled by Fischer system D301-C with a high equivalent a
hundred theoretical trays). In all cases, it was obtained as overhead
product the 2-butanone-water binary azeotrope,34 which is the
lowest boiling point of the two binary azeotropes.33,34

Estimation of VLLE from LLE Binary Interaction Param-
eters. Beyond determining experimental VLLE data, one objective
of this work would be to study the possibility of using thermo-
dynamic models such as NRTL and UNIQUAC to predict the
VLLE using parameters obtained from simple LLE experiments.
The VLLE of this system has been estimated using the LLE

parameters obtained at 333.15 K (Table 3). The average absolute
deviations (AAD) between experimental and estimated values
are shown in Table 8.
In general, the estimation is pretty good, but as expected, the

largest deviations are obtained by estimating the vapor phase
because the parameters used come from LLE data. This behavior
can be seen in Figure 5, in which the experimental data together
with the data estimated with the best model, in this case the
UNIQUAC model, are represented.
VLLE Data Prediction by UNIFAC. The experimental VLLE

data of this system were predicted by the UNIFACmethod using
the Aspen Hysys v.2006 simulation software. The quality of the
prediction can be evaluated with AAD between experimental and
calculated values of the composition of both liquid phases and
vapor phase, which are shown in Table 8. Surprisingly, this model
predicts very well the boiling temperature and vapor composition
but fails in the prediction of the two liquid phases; especially the
phase rich in 2-butanone, as can also be seen in Figure 5.

’CONCLUSIONS

LLE data of the ternary system composed of 2-butanone þ
2-butanol þ water were measured at different temperatures of
(298.15 to 333.15) K. Temperature has a great effect on the size
of the immiscibility region for this ternary system. The LLE data
were correlated using the NRTL and UNIQUAC models. The
correlation with UNIQUAC equation gives the best results, but
also the NRTL equation with a value of the nonrandomness
parameter R = 0.3 fits the experimental data satisfactorily.

Isobaric VLLE data were also measured for this ternary system
at 101.3 kPa. Estimation of VLLE of partially miscible ternary
mixture was studied using UNIQUAC andNRTLmethods using

the parameters obtained in the LLE data correlation. The results
obtained did not always reproduce adequately the behavior of
both phases. It is well-known that it is difficult to find a set of
parameters which can simultaneously correlate both VLE and
LLE accurately. In conclusion, a good estimation of VLLE needs
parameters correlated from experimental VLLE data.

In general, the UNIFAC prediction model is not very suitable
to predict this type of system.

’APPENDIX

NRTL Equation and Related Parameters.

ln γi ¼
∑
N

j¼ 1
τjiGjixj

∑
N

k¼ 1
Gkixk

þ ∑
N

j¼1

xjGij

∑
N

k¼1
Gkjxk

τij -
∑
N

i¼1
xiτijGij

∑
N

k¼1
Gkjxk

0
BBBB@

1
CCCCA
ðA.1Þ

where:

τji ¼
gji-gii

RT
¼ Aji

RT
ðA.2Þ

Gji ¼ expð-RjiτjiÞ ðA.3Þ
UNIQUAC Equation and Related Parameters.

ln γi ¼ ln γCi þ ln γRi ðA.4Þ

ln γCi ¼ ln
Φi

xi
þ z
2
qi ln

θi
Φi

þ li -
Φi

xi
∑
N

j¼ 1
xjlj ðA.5Þ

ln γRi ¼ - qi ln ∑
N

j¼1
θjτji þ qi - qi ∑

N

j¼1

θjτij

∑
N

k¼1
θkτkj

ðA.6Þ

where:

li ¼ z
2
ðri - qiÞ- ðri - 1Þ ðA.7Þ

τij ¼ exp -
uji - uii
RT

� �
¼ exp

Aij

RT

� �
ðA.8Þ

θi ¼ qixi

∑
N

j¼ 1
qjxj

ðA.9Þ

Φi ¼ rixi

∑
N

j¼1
rjxj

ðA.10Þ

Table 8. Average Absolute Deviations Between Experimental and Calculated Values for Different GE Models for the 2-Butanone
(1) þ 2-Butanol (2) þ Water (3) System

aqueous phase organic phase vapor phase

AAD x1 AAD x2 AAD x1 AAD x2 AAD y1 AAD y2 AAD T

UNIQUACa/LLEb 0.013 0.012 0.008 0.005 0.012 0.027 1.66
NRTLa/LLEb 0.020 0.019 0.018 0.012 0.023 0.028 2.83
UNIFACa 0.006 0.005 0.042 0.060 0.0133 0.0076 0.20

a Estimated using Aspen HYSYS v2006. bWith parameters of LLE at 333.15 K determined in this work (Table 4).
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ri ¼ Vwi

1:517 3 10
-2 ðA.11Þ

qi ¼ Awi

2:5 3 10
8 ðA.12Þ
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