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A B S T R A C T

The experimental liquid–liquid equilibrium (LLE) data of the quaternary (acetic acid + water + p-

xylene + methyl acetate) system was investigated at 313.2 K and atmospheric pressure. This research is

aimed to examine the potential of the mixture of methyl acetate and p-xylene, which available as the

remaining substances in terephthalic acid production, to be prospective extracting solvent for the acetic

acid dehydration. LLE phase diagrams at different ratio of p-xylene to methyl acetate were presented for

this quaternary system. The results showed that an enlargement of the LLE two-phase region occurred

with increasing p-xylene to methyl acetate mass ratio in the initial solvent phase. The distribution

coefficient and selectivity for the extraction of acetic acid were also obtained to evaluate the capability of

solvent. LLE data were sufficiently correlated by Othmer-Tobias and Bachman equations. The

experimental results were used to obtain binary interaction parameters as correlated by the non-

random two liquid (NRTL) and universal quasi-chemical theory (UNIQUAC) equation models. The root

mean square deviations (RMSD) values as low as 0.0119 and 0.0128 were calculated for NRTL and

UNIQUAC, respectively; indicating excellent results for both models were suitable for the determination

of LLE data of this quaternary system.

� 2016 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.
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Introduction

Acetic acid (HAc) is a vital chemical material with a wide range
of applications in the production of acetic anhydride, terephthalic
acid, vinyl acetate, vitamins, and other chemicals [1–3]. In terms
of these applications, high purity HAc is essential. Thus, the
extraction of HAc from its aqueous mixtures is an important
project. The economics of the process are contingent on the
development of an effective recovery system. In particular, in the
industrial HAc dehydration system of a terephthalic acid (TPA)
plant, there is unreacted p-xylene (PX) and by-product methyl
acetate (MA) in the feed in addition to just HAc and water.
Consequently, this system contains four components, including
MA, PX, HAc, and water. The physical quaternary system is
complex because of its multi-boiling point, homogeneous
azeotropes and heterogeneous azeotropes, particularly its strong
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non-ideality of the vapor phase caused by the association of HAc
[4,5].

Furthermore, to solve the problem of HAc dehydration, this
study evaluates fundamental stage for the possibility of hybrid
liquid–liquid extraction and distillation as an effective method for
HAc extraction from an aqueous solution, containing water, HAc,
MA, and PX. A stringent analysis is crucial for choosing the
appropriate solvent in the extraction process. Isopropenyl acetate
[6], cyclohexanone [7], cyclohexane [8], ethyl heptanoate [9], and
2-ethyl hexyl acetate [10] have been suggested to extract HAc from
the water. On the other hand, MA, which previously occurred in the
system, is expected to be used as a mixed solvent with PX. An
evaluation of the mixed solvent for HAc extraction is essential
because of the simplicity of the subsequent separation process. In
TPA production plants, this mixed solvent can reduce the cost and
the complexity of the process by having no further separation of
HAc from the solvent. Therefore, the use of MA and PX produced in
an earlier process can take an important advantage for HAc
extraction from water than using other solvents.

In the quaternary system of the HAc dehydration process,
atmospheric pressure is applied. The isobaric binary vapor-liquid
hed by Elsevier B.V. All rights reserved.
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equilibrium (VLE) data at atmospheric pressure has been measured
by several authors, such as HAc + PX, MA + PX by Huang et al. [11],
HAc + Water by Vercher et al. and Toikka et al. [12,13], HAc + PX
by Marek [14], HAc + MA by Sawistowski and Pilavakis [15],
Water + MA by Perelygin [16], and Water + PX by Xiao et al.
[17]. Therefore, for distillation purposes using the VLE data of six
binary mixtures, the data currently available can be used to design
a distillation process.

Moreover, liquid–liquid equilibrium (LLE) investigations for
ternary and quaternary mixtures have been performed in
numerous industrial separation processes [18–25], particularly
for the liquid–liquid extraction process. Liquid–liquid phase
equilibrium investigations of this quaternary system have
attracted considerable interest because there is no report of LLE
data and binary parameters of this quaternary system. As this
study proposes four components mixed together as a quaternary
system, the LLE data obtained will be compatible with actual plant
conditions.

The design of an apparatus and determining the optimal
operating conditions of liquid–liquid extractor require knowledge
of the LLE data. The LLE binary parameters in the non-random two-
liquid (NRTL) and universal quasichemical activity coefficient
(UNIQUAC) models of this quaternary system are unavailable in
the commercial process simulator. These two activity coefficient
models were used to demonstrate their predictive capacities for
the resulting data behavior.

This study was carried out to provide essential LLE data and
model related to HAc dehydration at a pilot extractor. Therefore,
the experimental data of each quaternary system were obtained at
313.2 K and atmospheric pressure based on the real operating
condition. The experimental results on the composition of the
coexisting phases of a series of quaternary mixtures of the
components were acquired. Quantitative analysis was performed
by gas chromatography and the Karl Fischer titration method. The
resulting experimental data was regressed using both models to
obtain the binary parameters. The binary parameter data of this
quaternary system is essential in the simulation, design, and
optimization of this hybrid extraction and distillation process.

Experimental

Materials

Methyl acetate (>99.5%), acetic acid (>99.5%) and p-xylene
(>99%) were obtained from ACROS. The purity of the chemicals
was confirmed by gas chromatography, and all chemicals were
used as received. Table 1 lists the purity of the chemicals produced
by the company. In addition, HPLC grade water was purchased
from Duksan.

Apparatus and experimental procedure

The apparatus used to obtain the experimental tie-line data
consisted of a 50 ml glass round-bottomed flask (SIMAX) and a
separating funnel (LK Lab Korea 100 ml). Each component was
Table 1
Purity and UNIQUAC parameters of the chemicals used in this work.

Chemical Source Purity(%mass) UNIQUAC

parameters [26]

r q

Methyl acetate ACROS >99.5 2.80422 2.576

Acetic acid ACROS >99.5 2.19512 2.072

p-Xylene ACROS >99.0 4.65788 3.536

Water Duksan – 0.92 1.4
added to the vessel by mass at known ratios. The quaternary
mixtures samples were weighed on an analytical balance (AnD fx-
200i) with an estimated uncertainty of 0.001 g.

According to results from the preliminary tests, at a constant
temperature (313.2 K) and atmospheric pressure, the heteroge-
neous mixtures were stirred (1100 rpm) for at least 8 h with a
magnetic stirrer and allowed to settle for a minimum of 15 h in the
oven (WiseVen) at the same temperature to reach complete phase
separation. The stirring and settlement times were determined
when the composition of the solvent-rich phase and water-rich
phase remained largely unchanged. During the agitation process,
the temperature was measured with a mercury-in-glass ther-
mometer with the uncertainty of �0.1 K, and for the settlement, the
separatory funnel was remained inside of the oven to preserve a
constant temperature within �0.1 K.

In this study, quaternary mixtures were prepared by combining
mixtures of PX and MA as a mixed solvent, whose compositions
were R1, R2, R3, R4, and R5, with water followed by the addition of
HAc. The values of R1, R2, R3, R4, and R5 are approximately 4:1, 3:2,
1:1, 2:3, and 1:4 in PX to MA mass ratios. Fig. 1 presents an
illustration of the mass ratio used in this quaternary system.

Analytical methods

Samples from both layers were taken carefully and analyzed by
gas chromatography (GC, Agilent 6890 N) with a flame ionization
detector (FID). Chromatography separation of the mixture
constituents was achieved using a capillary column Agilent DB-
Wax with a 30 m � 0.25 mm. The inlet pressure of the carrier
nitrogen gas was set to 1.5 bar and the temperatures of both the
detector and injector were set to 553.2 K and 523.2 K, respective-
ly. In this mixture, the oven temperature was programmed as
follows: the initial temperature was set to 313.2 K for 4 min,
followed by a constant heating rate of 8 K/min until a final
temperature of 423.2 K. The final temperature was kept for
3.5 min and the cycle was repeated. The method of internal
normalization and relative calibration were used to calculate
compositions of equilibrium liquid phases. The standard uncer-
tainty for the component mass fractions is estimated as follows,
u(WHAc) = 0.0021, u(WPX) = 0.0017, and u(WMA) = 0.0015.

Water analysis was performed using a Karl Fischer coulometer
(Model-KF 831, Metrohm, Switzerland) with the uncertainty of
�0.01 g/kg. By using oven auto-sampler (Mettler Toledo), a small
amount of sample (0.01–0.1 g) was added to an isolated glass
chamber containing the Karl Fischer solvent HYDRANAL1 (Sigma-
Aldrich). Under the atmospheric pressure, the isolated glass chamber
was heated to 433.2 K to vaporize all the components. The high purity
air was supplied in that closed system at a flow rate 50 ml/min. The
Fig. 1. Quaternary diagram of acetic acid (HAc) + water + p-xylene (PX) + methyl

acetate (MA) illustrating the mass ratios used at 313.2 K for the tie-line

measurements.
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standard uncertainty for the water mass fractions measured was
estimated as u(WWA) = 0.0012. All GC and Karl Fischer measurements
were carried out in triplicate. Owing to the combination of analysis
equipment, mathematical manipulation was needed to calculate the
mass ratio of all components.

Data regression and correlation

The Aspen Plus physical parameter regression system has been
proven to be a powerful simulator to regress and correlate the
experimental data for obtaining binary parameters [27–34]. In this
study, Aspen Plus v8.4 simulator was used for mathematical
modeling to build up the regression parameter. This software was
used because of its flexibility in performing the simulation in
further steps. Six effective NRTL and UNIQUAC binary interaction
parameters are determined for a quaternary system at a constant
temperature. Fig. 2 shows a flow chart of data regression from the
LLE experiments to obtain the predicted data, and the reliability of
experimental and correlation data with numerous mathematical
equations.

Results and discussion

Experimental results

The extraction temperature of HAc extraction subsequent to
TPA production is desired at 313.2 K and atmospheric pressure.
This condition was selected because the aqueous solution fed to
the extractor column previously comes from the top product of a
distillation column in the upstream process, and its temperature
needs to maintain at 313.2 K to avoid the possible crystallization
of HAc during the process. Therefore, the experimental liquid–
liquid equilibrium data for the quaternary system involving
MA + PX + water + HAc at a desired temperature and pressure were
performed, as shown in Table 2. The data given in Table 2 were
shown as a mass fraction. The compositions of the feed mixtures for
examining the LLE were chosen so that the compositions of the
organic and aqueous phases (tie-lines) could be well-ordered
consistently on an LLE triangular diagram. To achieve the proper
analysis using a mixed solvent of PX and MA, the experimental data
were also displayed in a triangular diagram, as shown in Fig. 3. The
area sizes of immiscibility in the quaternary system increased while
the PX to MA mass ratio increased. Most of the water occurred in the
aqueous phase and PX was observed in the organic phase. This shows
that PX must be in excess compared to MA to achieve high separation
efficiency.

The distribution coefficient and selectivity equation were
used as preliminary data to evaluate PX+MA as a mixed solvent to
separate water from HAc, and the values are listed in
Table 2. These calculations are important parameters for
liquid–liquid extraction to emphasize the effects of the mixed
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Fig. 2. Flow chart of data regression from the LLE experiment to obtain the predicted

binary parameters.
PX to MA ratio on the phase distribution of HAc and water. The
respective equations are as follows:

D1 ¼
wo

1

wa
1

; D2 ¼
wo

2

wa
2

; S1;2 ¼
D1

D2
(1)

where D1 and D2 are the distribution coefficient of HAc and water,
respectively, wa

1 and wa
2 are the mass fraction of HAc and water in

the aqueous phase, respectively, wo
1 and wo

2 are the mass fraction of
HAc and water in the organic phase, respectively, and S1,2 is the
selectivity of HAc from the water. To indicate the separation effect
for different ratio of PX to MA more clearly, Fig. 4 shows the
dependence of selectivity on the water/HAc mass ratio in the initial
mixture for various ratios of PX to MA in the initial mixture. In
general, as the new mixed solvent proposed here, the value of its
selectivity is higher than other solvents that proposed earlier by
Demirel and Cehreli [9] and also from Ince and Lalikoglu [10]. These
results reveal the general capability of mixed solvent to extractHAc
from the aqueous phase at different feed composition. As
mentioned earlier, MA has been put up in this industrial
operation, since it was available as the byproduct of TPA
production. As can be seen in Fig. 4, a higher ratio of PX to MA
can produce higher selectivity of HAc against water. It showed the
positive influence of the high amounts of PX on the selectivity.
This is coherent with the idea that adding PX into MA as a mixed
solvent could lead to enhance the values of capacity of extraction
and selectivity of HAc against water. This result showed PX is
powerful enough to be considered as the feasible solvent when
mixed with MA. Likewise, the use of PX as solvent for the
particular application of the industrial TPA production is expected
to offer extra benefits since this substance already present in the
process as main reactant.

Reliable phase equilibrium data are the key to the design and
assessment of industrial unit operations in extraction processes.
Up to now, the reliability of the experimental data can be
determined by applying the well-known Othmer-Tobias [35]
and Bachman [36] correlations. The correlations are given by
Eqs. (2) and (3), respectively. Table 3 lists the parameters for
each plot correlation (a and b) together in those equations
and the regression coefficients (R2) which were taken as a means
to estimate the reliability of the experimental data are listed in
Table 2. The R2 values, which indicate the degree of consistency
of the measured LLE data, were �0.95. This highlights the good
consistency and high reliability of the experimental data.

Othmer-Tobias equation:

ln
1�WII

Water

WII
Water

  !
¼ a þ b ln

1�WI
HAc

WI
HAc

  !
(2)

Bachman equation:

WI
HAc

� �
¼ a þ b

WI
HAc

WII
Water

  !
(3)

where I: organic phase, II: aqueous phase.

Data regression and correlation

Reliable thermodynamic methods are extremely important for
process simulation and design of this extraction process. This LLE
experimental data was used to assess the LLE predictive capability
of some liquid-phase models. The mathematical models used in
this study were NRTL [37] and UNIQUAC [38]. Both models were
used as programmed into the Aspen Plus simulator. The adjustable
parameters of those two models are defined as follows:



Table 2
LLE experimental data (mass fraction), values of the distribution coefficients (D1 and D2), and selectivity S1;2

� �
for the quaternary system, HAc + PX + MA + Water, at 313.2 K

under atmospheric pressurea.

Set Organic phase Aqueous phase Calculation parameters

WWA WHAc WPX WMA WWA WHAc WPX WMA D1 D2 S1,2

R1 0.0003 0.001 0.9936 0.0051 0.8866 0.1054 0.0018 0.0062 0.0092 0.0004 23.1002

0.0009 0.0018 0.958 0.0393 0.8821 0.0992 0.0016 0.0171 0.0178 0.0011 16.6959

0.0009 0.0099 0.9818 0.0074 0.5848 0.3828 0.0091 0.0233 0.0258 0.0016 15.8469

0.0019 0.009 0.9601 0.0290 0.6884 0.2523 0.0050 0.0543 0.0357 0.0027 13.2521

0.0016 0.0148 0.9652 0.0184 0.5049 0.4167 0.0196 0.0588 0.0354 0.0032 10.9464

0.0030 0.0170 0.9476 0.0324 0.5018 0.3946 0.0217 0.0819 0.0430 0.0060 7.2079

0.0028 0.0258 0.9531 0.0183 0.3587 0.5343 0.0492 0.0578 0.0483 0.0078 6.1534

0.0045 0.0442 0.9166 0.0347 0.2675 0.5428 0.1029 0.0868 0.0814 0.0167 4.8836

0.0101 0.0236 0.8680 0.0983 0.5117 0.2893 0.0275 0.1715 0.0815 0.0198 4.1242

R2 0.0008 0.0117 0.9734 0.0141 0.5476 0.4008 0.0124 0.0392 0.0293 0.0014 20.9447

0.0009 0.0019 0.9690 0.0282 0.8475 0.1091 0.0017 0.0417 0.0170 0.0011 15.4777

0.0009 0.0038 0.9834 0.0119 0.7492 0.2205 0.0032 0.0271 0.0173 0.0013 13.7561

0.0020 0.0092 0.9514 0.0374 0.6731 0.2551 0.0068 0.0650 0.0363 0.0030 12.2486

0.0029 0.0293 0.9456 0.0222 0.3635 0.4825 0.0690 0.0850 0.0608 0.0078 7.7528

0.0035 0.0214 0.9415 0.0336 0.4668 0.4161 0.0327 0.0844 0.0514 0.0075 6.8164

0.0032 0.0284 0.9458 0.0226 0.3561 0.5355 0.0279 0.0805 0.0530 0.0091 5.8227

0.0049 0.0292 0.9262 0.0397 0.3519 0.4570 0.0698 0.1213 0.0639 0.0140 4.5533

0.0073 0.0305 0.9035 0.0587 0.3697 0.4058 0.0719 0.1526 0.0752 0.0196 3.8357

R3 0.0009 0.0048 0.9639 0.0304 0.7467 0.1983 0.0027 0.0523 0.0243 0.0012 20.7540

0.0011 0.0044 0.9708 0.0237 0.7416 0.2078 0.0028 0.0478 0.0213 0.0015 14.5981

0.0016 0.0123 0.9639 0.0222 0.5912 0.3399 0.0126 0.0563 0.0362 0.0026 13.7546

0.0018 0.0090 0.9495 0.0397 0.6570 0.2918 0.0057 0.0455 0.0310 0.0027 11.3180

0.0034 0.0162 0.9403 0.0401 0.5298 0.3509 0.0201 0.0992 0.0463 0.0064 7.2824

0.0033 0.0179 0.9398 0.0390 0.4959 0.4275 0.0206 0.0560 0.0418 0.0066 6.3066

0.0037 0.0247 0.9424 0.0292 0.3973 0.4682 0.0471 0.0874 0.0528 0.0092 5.7047

0.0052 0.0489 0.9253 0.0206 0.2441 0.5323 0.1463 0.0773 0.0917 0.0213 4.2978

0.0151 0.0349 0.8408 0.1092 0.3935 0.3164 0.0637 0.2264 0.1104 0.0384 2.8765

R4 0.0024 0.0036 0.9254 0.0686 0.8405 0.0882 0.0015 0.0698 0.0407 0.0029 14.0502

0.0030 0.0120 0.9361 0.0489 0.6138 0.2739 0.0089 0.1034 0.0439 0.0048 9.1389

0.0055 0.0103 0.8943 0.0899 0.7042 0.1985 0.0037 0.0936 0.0516 0.0079 6.5695

0.0180 0.0226 0.8004 0.1590 0.6953 0.1382 0.0070 0.1595 0.1634 0.0260 6.2938

0.0114 0.0245 0.8394 0.1247 0.4971 0.2019 0.0356 0.2654 0.1215 0.0230 5.2878

0.0051 0.0236 0.9311 0.0402 0.4277 0.4237 0.0211 0.1275 0.0557 0.0119 4.6722

0.0063 0.0266 0.9129 0.0542 0.4129 0.3961 0.0530 0.1380 0.0670 0.0154 4.3645

0.0063 0.0291 0.9201 0.0445 0.3726 0.4250 0.0548 0.1476 0.0683 0.0170 4.0197

0.0099 0.0737 0.8895 0.0269 0.1862 0.5159 0.2175 0.0804 0.1430 0.0529 2.7025

R5 0.0018 0.0015 0.9314 0.0653 0.8671 0.0634 0.0013 0.0682 0.0407 0.0029 14.0502

0.0085 0.0081 0.8320 0.1514 0.7410 0.1133 0.0028 0.1429 0.0230 0.0020 11.3771

0.0105 0.0127 0.8272 0.1496 0.7182 0.1395 0.0039 0.1384 0.0716 0.0114 6.2747

0.0043 0.0233 0.9278 0.0446 0.4065 0.4089 0.0474 0.1372 0.0906 0.0147 6.1837

0.0235 0.0329 0.7718 0.1718 0.6130 0.1709 0.0129 0.2032 0.0569 0.0106 5.3412

0.0084 0.022 0.8840 0.0856 0.5150 0.2928 0.0309 0.1613 0.1927 0.0383 5.0371

0.0161 0.0244 0.8172 0.1423 0.5534 0.2302 0.0199 0.1965 0.0751 0.0164 4.5870

0.0085 0.0531 0.9006 0.0378 0.2352 0.4574 0.1791 0.1283 0.1061 0.0290 3.6607

0.0124 0.0984 0.8640 0.0252 0.1488 0.4737 0.3014 0.0761 0.1161 0.0362 3.2035

a Standard uncertainties u are u(T) = 0.1 K, u(p) = 1 kPa, u(WWA) = 0.0012, u(WHAc) = 0.0021 u(WPX) = 0.0017, and u(WMA) = 0.0015.
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NRTL equation:

lng i ¼
P

jxjtjiGjiP
kxkGki

þ
X

j

xjGij

xkGkj
tij�

P
mxmtmjGmjP

kxkGkj

� �
(4)

Gij ¼ exp �aijtij

� �
(5)

tij ¼ aij þ
bij

T
(6)

tii ¼ 0 (7)

Gii ¼ 1 (8)

where x is the mole fraction, tij ( 6¼ tji) is the interaction
parameter, aij is the non-randomness parameter.
UNIQUAC equation:

lng i ¼ ln
Fi

xi
þ z

2
qiln

Fi

ui
�q0iln t0i�q0i

X
j

u0jtij (9)

t0j þ li þ q0i�
Fi

xi

X
j

xjlj (10)

ui ¼
qixi

qr

; qr ¼
X

k

qkxk (11)

u0i ¼
q0ixi

q0r
; q0r ¼

X
k

q0kxk (12)

Fi ¼
rixi

rr
; rr ¼

X
k

rkxk (13)



Fig. 3. LLE phase diagram for the system mixed solvent (PX + MA) + Water + HAc at 313.2 K (*—experimental, ~—NRTL model): (a) R1 = 4:1, (b) R2 = 3:2, (c) R3 = 1:1, (d)

R4 = 2:3, (e) R5 = 1:4. Standard uncertainties for the mass fraction of four components u are u(T) = 0.1 K, u(p) = 1 kPa, u(WWA) = 0.0012, u(WHAc) = 0.0021 u(WPX) = 0.0017, and

u(WMA) = 0.0015.
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Fig. 4. The selectivity of acetic acid against water S1;2

� �
vs water/acetic acid mass

ratio in the initial mixture phase for different ratio of PX to MA (R1 to R5) at 313.2 K

and under atmospheric pressure.

Table 4
Binary interaction parameters of NRTL and UNIQUAC models for the quaternary

system, water (WA), p-xylene (PX), methyl acetate (MA) and acetic acid (HAc), at

T = 313.2 K.

Parameter NRTL UNIQUAC

bij (K) bji (K) RMSD bij (K) bji (K) RMSD

WA-PX 2407.49 1342.42 0.0119 �247.879 �1277.5 0.0128

WA-MA 1791.94 �645.59 �560.579 153.644

WA-HAc 995.967 �745.776 �431.863 353.677

HAc-PX 441.245 35.4892 204.913 �666.678

HAc-MA 1548.05 �814.554 �140.625 92.8966

PX-MA �106.336 271.412 �395.41 119.613
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li ¼
z

2
ri�qið Þ þ 1�ri (14)

t0i ¼
X

k

u0ktki (15)

tij ¼ exp aij þ
bij

T
þ cijln T

� �
(16)

where K is the segment fraction; u is the area fraction; r and q are
the pure component relative volume and surface area parameters,
respectively; tij ( 6¼tji) is the interaction parameter; z is the number
of close interacting molecules around a central molecule and was
set to 10.

The binary interaction parameters of NRTL and UNIQUAC models
were obtained using the data regression of the Aspen Plus simulator.
Since the experiment was carried out at a single temperature point;
the aij parameter of those two models was set to zero in the process
of regression calculations. Particularly for UNIQUAC activity model,
the value of UNIQUAC structural parameters (r and q) of this
quaternary system can be seen in Table 1. These binary interaction
parameters were determined by minimizing the deviation between
the experimental data and model-calculated values. The minimiza-
tion process involves calculating the mass fraction for a given set of
parameters from which a new set of parameters will arise. The
computation is continued until the value of the objective function is
smaller than a prescribed tolerance. The following objective function
(OF) was used:

OF ¼
Xm
i¼1

X2

j¼1

Xn

k¼1

Texp
k �Tcal

k

� �2

s2
T

þ
wexp

ijk �wcal
ijk

� �2

s2
w

2
64

3
75 (17)
Table 3
Othmer-Tobias and Bachman correlation parameters of HAc + PX + MA + Water at

313.2 K for the different mass ratio of PX to MA (PX:MA).

PX:MA Othmer-Tobias Bachman

a b R2 a b R2

4:1 �0.8083 3.2967 0.9554 0.4012 0.0023 0.9665

3:2 �0.8203 3.3908 0.9785 0.3247 0.0034 0.9798

1:1 �0.8616 3.4863 0.9714 0.2965 0.0054 0.9772

2:3 �1.0286 4.0102 0.9776 0.3580 0.0049 0.9795

1:4 �1.1115 4.1697 0.9583 0.1923 0.0112 0.9574
where m and n are the number of components and the number of
tie-lines, respectively, wexp and Texp are the experimental mass
fraction and temperature, respectively, and wcal and Tcal are the
calculated mass fraction and temperature, respectively. The
subscripts i, j and k, denote the component, phase and tie-line,
respectively. sT and sw refer to the standard deviation of the
temperature and mass fraction, respectively.

Table 4lists the binary parameters retrieved from Aspen Plus,
resulting from the NRTL and UNIQUAC models, respectively. The
new Britt-Luecke[39] algorithm was used in Aspen Plus to obtain the
NRTL and UNIQUAC model parameters. The regression convergence
tolerance was set to 0.0001. In the NRTL model, the non-randomness
parameters, aij, were chosen to 0.3 as recommended commonly
while those for the liquid–liquid immiscible binaries such as water-
PX and water-MA were set to 0.2. The regression method used in the
Aspen Plus simulator is the generalized least-squares method based
on the maximum likelihood principle.

The quality of experimental LLE data and the calculated results
for each activity model was measured by root mean square
deviations (RMSD). The RMSD values were calculated from the
difference between the experimental and calculated mass
percentages. Therefore, to illustrate the accuracy of the models,
Table 4 lists RMSD values calculated using both models at
T = 313.2 K. The RMSD is defined as follows:

RMSD ¼
Xn

k¼1

X2

j¼1

X3

i¼1

wcal
ijk�wexp

ijk

� �2

8n

0
B@

1
CA

0
B@

1
CA

0:5

(18)

Low RMSD values indicate that both models accurately
correlated the experimental tie-line data and exhibits acceptable
agreement. Particularly the correlation of the NRTL model was
superior to that of the UNIQUAC model. Fig. 3 also presents the
comparison of the curves calculated from the NRTL model with
the experimental results for the quaternary system. In addition, the
low RMSD values for NRTL and UNIQUAC confirm the ability of
these models provide the LLE data in this work. The proper activity
coefficient model is extremely needed for the process simulation in
the future [40]. Furthermore, successful correlation using the
obtained binary interaction parameters by the simultaneous
correlations (NRTL and UNIQUAC) of all the experimental LLE
data of this quaternary system contributes to generating a reliable
conceptual design and process simulation and optimization of HAc
extraction from the water.

Conclusions

In this work, the LLE data of quaternary systems, HAc, water,
MA, and PX were investigated at 313.2 K and under atmospheric
pressure. The reliability of the LLE data of the quaternary system
was evaluated using the Othmer-Tobias and Bachman correla-
tions,and good consistency was achieved. The obtained equilibrium
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phase diagrams of a mixed solvent (MA and PX), HAc and water have
been shown. It was found that the immiscible area sizes in the
quaternary system increased once the PX to MA mass ratio
increased. The result showed this mixed solvent is powerful enough
to be considered as the feasible solvent for HAc extraction because it
also offers more benefits seeing its availability as the main reactant
and by-product in TPA production. Furthermore, the distribution
coefficient and selectivity of the solvent were calculated to assess the
ability of mixed solvent for HAc extraction from the aqueous phase.
Both the NRTL and UNIQUAC models were applied to correlate the
LLE data and the model parameters calculated. The calculated results
by both models showed a good match with the experimental data.
The results produced using the NRTL model was slightly better than
those from the UNIQUAC model. Both models showed a low RMSD
(0.0119 and 0.0128 for NRTL and UNIQUAC, respectively); indicating
the validity of a simulation of extraction process in this quaternary
system based on the NRTL and UNIQUAC models. Finally, the
relevant binary parameters of this work will be used as essential data
for the design of a multi-stage extractor column to extract HAc from
water in the hybrid extraction and distillation process involving this
quaternary system.
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