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ABSTRACT: The liquid−liquid equilibria (LLE) data for the
quaternary system, acetic acid, water, p-xylene, and ethyl
acetate, was obtained at 313.15 K under atmospheric pressure.
The composition distribution of each component on the
aqueous phase and organic phase were investigated. To
examine the effects of the solvent, the LLE phase diagrams at
different p-xylene to ethyl acetate ratios are presented for this
quaternary system. The reliability of the tie-line data of this
study was also confirmed using the Othmer−Tobias and Hand
equation. The distribution ratio and separation factors for the
extraction of acetic acid from the aqueous solutions were
obtained. Furthermore, the equilibrium data of this study was
analyzed using the quasichemical activity coefficient (UNI-
QUAC) and nonrandom two liquid (NRTL) models. The experimental data was correlated successfully with both the activity
coefficient models that were extended with each binary interaction parameter. To determine the accuracy of each activity model,
the root-mean-square deviations (RMSDs) and average absolute deviation (AAD) resulting from these models were also
calculated. The RMSDs and AAD of the NRTL models were 0.0196 and 0.0213, respectively, whereas those of the UNIQUAC
model were 0.0166 and 0.0114, respectively. These values showed that the UNIQUAC model is superior to the NRTL model.

■ INTRODUCTION

The recovery of acetic acid from aqueous solutions is industrially
and environmentally important. Acetic acid is an essential
chemical raw material that is used extensively in chemical
industries, such as vinyl acetate monomer production, solvent to
produce terephthalic acid, acetic anhydrate synthesis, and acetate
ester manufacture.1,2 On the other hand, acetic acid is difficult to
separate fromwater by conventional distillation because there is a
tangent pinch on the pure water end in their binary vapor−liquid
equilibrium (VLE) diagram under atmospheric pressure.3−6

Consequently, the separation of acetic acid from its mixture by
conventional distillation can be avoided because of its high
energy consumption.7

To identify a more effective process, the integration of
extraction and distillation can be considered as a comparatively
effective method because of its lower energy cost. The
paramount importance of this method is to obtain an appropriate
solvent that can be used as the extractant in the extraction
process. Applying a suitable extractant plays a significant role in
the extraction efficiency of the industrial separation process.8,9

This paper proposes the use of p-xylene and ethyl acetate as a
mixed solvent for the extraction of acetic acid from aqueous
solutions. The use of p-xylene as a solvent is proposed because of
its special application as the main reactant in the industrial
production of terephtalic acid. In addition, ethyl acetate is used
because this solvent is good for acetic acid extraction.10,11 Several
experimental studies of LLE ternary systems containing acetic

acid have been published.12−14 Furthermore, there are several
papers on LLE quaternary systems containing acetic acid and
water.15−17 To extract acetic acid from water, Cehreli and
Bilgin18 examined those components combined with propionic
acid and mixed solvent. Bilgin19 further studied this by
combining propionic acid with another mixed solvent. Toikka
et al.20 reported a quaternary system involving ethyl acetate and
ethanol. Wang et al.21,22 studied different solvents for the
extraction of acetic acid from water. The solvents used were amyl
acetate, 2-methyl ethyl acetate, 2-methyl propyl acetate, and
butyl acetate. These studies covered the LLE system, including
acetic acid and water with each solvent.
To the best of the authors’ knowledge, there is no LLE data of

quaternary systems, including the mixed solvent examined in this
study. Therefore, the present study focused on the phase
behavior of LLE for a quaternary system containing ethyl acetate,
p-xylene, water, and acetic acid. As mentioned earlier, this study
was carried out to solve real industrial problems related to acetic
acid dehydration. The aim of this study was to obtain LLE data
for the industrial design and process simulation of acetic acid
extraction using the mixed solvent of ethyl acetate and p-xylene at
313.15 K and atmospheric pressure. The temperature of 313.15
K was chosen because the aqueous solution fed to the extractor
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column originally comes from the top product of the distillation
column in the upstream process, and its temperature maintains at
313.15 K to avoid the possible crystallization of acetic acid during
the process. The experimental results for the composition of the
coexisting phases of a series of quaternary mixtures of the
components were obtained. This quantitative analysis was
performed by gas chromatography and Karl Fischer titration
method.
These phase equilibrium data are essential for gaining an

accurate understanding of solvent extraction processes, selection
of solvents, and the design of extractors, particularly a multistage
extractor, which will be designed by applying this result. The LLE
data was correlated by two activity coefficient models: the
nonrandom two-liquid (NRTL) and universal quasichemical
activity coefficient (UNIQUAC) models. Furthermore, the
binary interaction parameters of these models were determined
using the Aspen Plus v8.4 simulator.

■ EXPERIMENTAL SECTION

Materials. Ethyl acetate (>99.9% purity), acetic acid (>99.5%
purity), and p-xylene (>99% purity) were purchased from
ACROS. All organic chemicals were checked by gas chromatog-
raphy and no further purification was carried out. HPLC grade
water was obtained from Duksan. Table 1 lists the purity of the
chemicals comparing our GC analysis with the company
specification, as well as the density and refractive index of the
chemicals comparing the literature data and company specifica-
tion.
Apparatus and Procedure. The LLE measurements were

carried out using a 100 mL glass vessel (SIMAX) equipped with
thermostatic control to maintain a constant temperature. The
experimental pressure was set to atmospheric pressure (101.325
kPa) with an uncertainty of±0.1 kPa. The temperature was set to
313.15 K, which was measured with a mercury-in-glass
thermometer with an uncertainty of ±0.1 K. The mass of each
component was measured using an electronic balance (AnD fx-
200i) with an accuracy of 0.001 g. Approximately 50 g of the
quaternary mixture was added to the glass vessel, and agitated
vigorously with a magnetic stirrer for 8 h at 1100 rpm, and then
left to settle using a separatory funnel (LK Lab Korea 100 mL)
for at least 15 h (until phase equilibrium is reached). The
separatory funnel remained inside the oven (WiseVen) to
preserve a constant temperature at 313.15 K within ±0.1 K. The
stirring and settlement time mentioned earlier were considered
on the preliminary tests of LLE, which can be determined once
the compositions of the aqueous phase and organic phase remain
unchanged.
In this study, quaternary mixtures were prepared by mixing

mixtures of p-xylene and ethyl acetate (mixed solvent), whose
compositions were R1, R2, R3, R4, and R5, with water and acetic
acid. Figure 1 presents a schematic diagram of the method. The
R1, R2, R3, R4, and R5 values were approximately 4, 1.5, 1, 0.667,

and 0.25, respectively, in terms of the p-xylene to ethyl acetate
mass ratio.

Analysis Method. The composition of organic components
(p-xylene, acetic acid, and ethyl acetate) in both phases was
determined by gas chromatograph (GC, Agilent 6890 N), which
was equipped with a hydrogen flame ionization detector and a
capillary column (Agilent DB-Wax, Agilent Technologies, 0.25
mm × 30 m). The temperature of the oven, injection port, and
detector were held at 313.15, 523.15, and 553.15 K, respectively.
The oven temperature was increased at a constant heating rate of
8 K/min until a final temperature of 423.15 K was reached. The
injection volume was 0.1 μL. The inlet pressure of nitrogen as the
carrier gas was set to 150 kPa at a flow rate 45 cm3/s. The internal
standard method using n-methyl-2-pyrrolidone was applied to
obtain quantitative data for the organic substance in the GC
analysis because of its miscibility with both phases. The area was
converted to a mass fraction using calibration equations.
The content of water in both phases was determined using a

Karl Fischer coulometer (model-KF 831, Metrohm, Switzer-
land). Hydranal (Sigma-Aldrich) was used as the Karl Fischer
solvent in this method. The following parameters and conditions
were used: the pressure for analyzing water was set to 101.325
kPa. The mixture was vaporized at 433.15 K. Air gas was supplied
at a flow rate of 50 mL/min. All experimental mass compositions
for each component obtained for each phase were measured
three times and averaged.

■ RESULTS AND DISCUSSION
The experimental liquid−liquid equilibrium data for the
quaternary system consisting of ethyl acetate + p-xylene +
water + acetic acid at a desired temperature and pressure were
performed, as shown in Table 2. All concentrations are expressed
as mass fraction. The desired temperature of 313.15 K was
chosen based on the actual design temperature of the extractor.

Table 1. Purity, Density, Refractive Index, and UNIQUAC Parameters of the Chemicals

ρ (298.15 K) kg/m3 nD (293.15 K) UNIQUAC parameters

chemical GC analysis (% mass) min puritya (% mass) expa lit.b expa lit.b r23 q23

water 0.998 0.997 1.333 1.333 0.92 1.4
acetic acid 99.634 99.5 1.048 1.045 1.371 1.372 2.19512 2.072
p-xylene 99.451 99.0 0.866 0.857 1.495 1.496 4.65788 3.536
ethyl acetate 99.952 99.9 0.902 0.900c 1.370 1.372 3.47858 3.116

aStated by the supplier. bFrom ref 24. cAt 293.15 K.

Figure 1. Schematic diagram of acetic acid (aa) + water (wa) + ethyl
acetate (ea) + p-xylene (px) at 313.15 K. R1, R2, R3, R4, and R5 are the
quaternary sectional planes.
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To achieve proper analysis using a mixed p-xylene and ethyl
acetate solvent, the experimental data are also displayed in a
triangular diagram, as shown in Figure 2. The two-phase region
of the quaternary system investigated became smaller when the
p-xylene to ethyl acetate mass ratio was decreased. Most of the
water existed in the aqueous phase and p-xylene was observed in

the organic phase. This means that p-xylene must be in excess
compared to ethyl acetate to achieve high separation efficiency
for acetic acid liquid−liquid extraction from water.
The distribution ratio and separation factor equation were

used as preliminary data for evaluating p-xylene and ethyl acetate
as an extractant to separate water from acetic acid. These

Table 2. Experimental LLE Data (Mass Fraction) Acetic Acid (aa) + p-Xylene (px) + Ethyl Acetate (ea) + Water (wa) at 313.15 K
and 101.325 kPaa

organic phase aqueous phase

wwa waa wpx wea wwa waa wpx wea

R1 Set
0.0012 0.0021 0.9413 0.0554 0.8943 0.0853 0.0019 0.0185
0.0007 0.0038 0.9765 0.0190 0.8227 0.1661 0.0018 0.0094
0.0018 0.0094 0.9425 0.0463 0.6635 0.2936 0.0054 0.0375
0.0013 0.0125 0.9599 0.0263 0.6271 0.3382 0.0084 0.0263
0.0041 0.0186 0.9262 0.0511 0.5044 0.4145 0.0203 0.0608
0.0032 0.0298 0.9311 0.0359 0.3802 0.5029 0.0488 0.0681
0.0051 0.0463 0.9040 0.0446 0.2686 0.5329 0.1019 0.0966
0.0145 0.0839 0.8515 0.0501 0.1725 0.5214 0.2086 0.0975
0.0177 0.1147 0.8187 0.0489 0.1558 0.4608 0.2946 0.0888

R2 Set
0.0023 0.0033 0.9009 0.0935 0.8712 0.0938 0.0012 0.0338
0.0021 0.0079 0.9079 0.0821 0.7825 0.1766 0.0022 0.0387
0.0044 0.0155 0.8749 0.1052 0.6828 0.2481 0.0046 0.0645
0.0062 0.0239 0.8625 0.1074 0.5934 0.3097 0.0110 0.0859
0.0090 0.0301 0.8388 0.1221 0.5196 0.3519 0.0173 0.1112
0.0116 0.0351 0.8415 0.1118 0.5045 0.3490 0.0295 0.1170
0.0153 0.0438 0.8067 0.1342 0.4333 0.3827 0.0415 0.1425
0.0085 0.0374 0.8520 0.1021 0.4158 0.4044 0.0423 0.1375
0.0144 0.0498 0.8200 0.1158 0.3560 0.4214 0.0692 0.1534

R3 Set
0.0021 0.0030 0.9062 0.0887 0.8652 0.1002 0.0011 0.0335
0.0063 0.0126 0.8289 0.1522 0.7776 0.1637 0.0020 0.0567
0.0118 0.0236 0.7924 0.1722 0.6924 0.2229 0.0042 0.0805
0.0111 0.0306 0.8138 0.1445 0.5676 0.3133 0.0119 0.1072
0.0107 0.0403 0.7939 0.1551 0.4854 0.3442 0.0250 0.1454
0.0193 0.0460 0.7717 0.1630 0.4318 0.3667 0.0369 0.1646
0.0125 0.0482 0.8097 0.1296 0.3949 0.3817 0.0562 0.1672
0.0233 0.0631 0.7611 0.1525 0.3402 0.3795 0.0890 0.1913
0.0435 0.1043 0.6934 0.1588 0.2345 0.3452 0.2120 0.2083

R4 Set
0.0053 0.0063 0.8044 0.1840 0.8355 0.1035 0.0010 0.0600
0.0187 0.0240 0.6543 0.3030 0.7318 0.1673 0.0018 0.0991
0.0263 0.0389 0.6468 0.2880 0.7021 0.1989 0.0030 0.0960
0.0250 0.0449 0.7152 0.2149 0.5265 0.3072 0.0159 0.1504
0.0323 0.0595 0.6654 0.2428 0.5056 0.3165 0.0130 0.1649
0.0358 0.0656 0.6811 0.2175 0.4185 0.3408 0.0441 0.1966
0.0239 0.0634 0.7420 0.1707 0.3610 0.3799 0.0595 0.1996
0.0449 0.0917 0.6549 0.2085 0.2842 0.3584 0.1162 0.2412
0.0775 0.1602 0.5836 0.1787 0.1482 0.3114 0.3169 0.2235

R5 Set
0.0172 0.0091 0.4844 0.4893 0.8572 0.0490 0.0005 0.0933
0.0217 0.0171 0.5303 0.4309 0.8968 0.0515 0.0004 0.0513
0.0283 0.0273 0.5133 0.4311 0.8101 0.1056 0.0009 0.0834
0.0332 0.0403 0.5222 0.4043 0.7452 0.1526 0.0019 0.1003
0.0472 0.0554 0.4474 0.4500 0.7182 0.1700 0.0022 0.1096
0.0569 0.0672 0.4653 0.4106 0.6496 0.2094 0.0054 0.1356
0.0679 0.0842 0.4280 0.4199 0.6038 0.2305 0.0077 0.1580
0.0733 0.0957 0.4534 0.3776 0.5075 0.2703 0.0222 0.2000
0.0964 0.1133 0.4125 0.3778 0.4829 0.2695 0.0288 0.2188

aStandard uncertainties u are u(T) = 0.1 K, u(p) = 1 kPa, u(wwa) = 0.0011, u(waa) = 0.0023, u(wpx) = 0.0018, and u(wea) = 0.0012
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calculations are aimed to examine the influence of mixed p-xylene
and ethyl acetate on the phase distribution of acetic acid and
water. The equations are represented, respectively, as follows:

α= = =D
w
w

D
w
w

D
D

; ;1
1
u

1
l 2

2
u

2
l 2,1

1

2 (1)

where D1 and D2 are the distribution ratio of acetic acid and
water, respectively,w1

l andw2
l are the mass concentration of acetic

acid and water in the aqueous phase, respectively, w1
u and w2

u are
the mass concentration of acetic acid and water in the organic
phase, respectively, and α2,1 is the separation factor of acetic acid
from water. Table 3 lists the distribution ratio and separation

factor. Using the R1 set (mass ratio of p-xylene to ethyl acetate is
4), a higher separation factor was achieved, which shows the
positive influence of the large amounts of p-xylene on the
separation factor. These results reveal the general capability of
the mixed solvent to extract acetic acid from the aqueous phase at
different feed compositions. This shows that p-xylene enhances
the performance of ethyl acetate to extract acetic acid. The
important advantage of p-xylene as a reactant of terephthalic acid
production (industrial application of this research) makes it
more attractive solvent for acetic acid extraction.
Reliable phase equilibrium data are important for the design

and evaluation of industrial unit operations in the extraction
process. The reliability of the experimental data can be
determined by applying the Othmer−Tobias25 and Hand26

equations. The equations are given by eqs 2 and 3, respectively.
Table 4 lists the parameters of each correlation (a and b) together

with the regression coefficients (R2). Figures 3 and 4 present the
Othmer−Tobias and Hand plots, respectively. All the R2 values
were >0.95. This highlights the good consistency and high
reliability of the experimental data.
Othmer−Tobias equation:

−
= +

−⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

w
w

a b
w

w
ln

1
ln

1wa
a

wa
a

aa
o

aa
o

(2)

Hand equation:

Figure 2. LLE phase diagram for the systemmixed solvent (ethyl acetate
(ea) and p-xylene (px)) + water (wa) + acetic acid (aa) at 313.15 K (○,
experimental,▲, UNIQUAC/1−2 model): (a) R1 = 4, (b) R2 = 1.5, (c)
R3 = 1, (d) R4 = 0.667, (e) R5 = 0.25. The standard uncertainties, u, are
u(T) = 0.1 K, u(p) = 1 kPa, u(wwa) = 0.0011, u(waa) = 0.0023 u(wpx) =
0.0018, and u(wea) = 0.0012.

Table 3. Average Distribution Ratio and Separation Factor for
Each Data Set

set D1 D2 α1,2

R1 0.0797 0.0267 10.7553
R2 0.0812 0.0176 7.4469
R3 0.1321 0.0294 6.0828
R4 0.1693 0.0558 4.0457
R5 0.3141 0.0815 5.8584
total average 6.8378

Table 4. Othmer−Tobias and Hand Correlation Parameters
for Acetic Acid + p-Xylene + Ethyl Acetate +Water at 313.15 K
at Different p-Xylene to Ethyl Acetate Ratios

Othmer−Tobias Hand

set a b R2 a b R2

R1 −0.9593 3.7869 0.9962 0.8736 3.1700 0.9920
R2 −0.8669 2.9453 0.9823 0.8190 2.3516 0.9839
R3 −1.0517 3.4198 0.9769 0.9110 2.3671 0.9828
R4 −1.1425 3.4385 0.9580 0.9824 2.4936 0.9644
R5 −1.0508 2.1914 0.9881 0.8549 0.5181 0.9835

Journal of Chemical & Engineering Data Article

DOI: 10.1021/acs.jced.5b00550
J. Chem. Eng. Data 2016, 61, 780−787

783

http://dx.doi.org/10.1021/acs.jced.5b00550


= +
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟

w
w

a b
w
w

ln lnaa
a

wa
a

aa
o

px
o

(3)

where o denotes the organic phase, a denotes the aqueous phase,
wa denotes water, aa denotes acetic acid, and px denotes p-
xylene.
The experimental data was used to test the LLE predictive

capability of some liquid-phase models. The models used were
NRTL27 and UNIQUAC.28 All models were used as
programmed into the Aspen Plus v8.4 simulator. The Aspen
Plus physical parameter regression system was proven to be
powerful to regress and correlate the experimental data for
obtaining the binary parameters.29−34 The adjustable parameters
of those two models are defined as follows.

NRTL equation
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where x is the mole fraction; τij (≠ τji) is the interaction
parameter. For a binarymixture, the NRTLmodel contains seven
parameters.

UNIQUAC equation
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whereΦ is the segment fraction; θ is the area fraction; r and q are
the pure component relative volume and surface area parameters,
respectively; τij (≠ τji) is the interaction parameter.

Figure 3. Othmer−Tobias plots for acetic acid (aa) + p-xylene (px) +
ethyl acetate (ea) + water (wa) at 313.15 K at different p-xylene to ethyl
acetate ratios.

Figure 4.Hand plots for acetic acid (aa) + p-xylene (px) + ethyl acetate
(ea) + water (wa) at 313.15 K at different p-xylene to ethyl acetate ratios.

Table 5. Binary Interaction Parameters of the NRTLModels for a Quaternary System Including Water (wa), p-Xylene (px), Ethyl
Acetate (ea) and Acetic Acid (aa) at 313.15 K and 101.325 kPa

NRTL/1 NRTL/2 NRTL/1−2

parameter aij aji bij/K bji/K aij aji bij/K bji/K

wa−px 8.4468 3.7055 2620.86 1213.43 8.9534 −28.0448 −173.66 10000
wa−ea 5.7827 −1.2245 1994.48 −512.248 38.4660 0.9820 −10000 −853.577
wa−aa −1.2456 4.3603 −268.168 1077.2 0.9992 0.1401 −655.864 1233.90
aa−px −0.4631 2.7398 −164.504 1036.39 −2.3206 35.1029 565.092 −10000
aa−ea 0.6361 0.7243 555.168 252.907 4.2807 −5.4421 −744.888 1792.81
px−ea −0.0928 3.8880 434.148 4923.68 −0.2129 14.8036 475.442 547.33
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The parameters, aij and bij, in those equations were obtained
using the data regression of the Aspen Plus v8.4 simulator. These
binary interaction parameters were obtained by minimizing the
deviation between the experimental data and model calculated
values. The following objective function (OF) was used:

∑ ∑ ∑
σ σ

=
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+
−

= = =

⎡
⎣
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T T w w
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j k

n
k k ijk ijk

1 1

2
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exp cal 2

T
2

exp cal 2

w
2

(18)

wherem and n are the number of components and 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. Sub-
scripts, i, j, and k, denote the component, phase, and tie-line,
respectively. σT and σw refer to the standard deviation of the
temperature and the mass fraction, respectively.

Tables 5 and 6 present the binary parameters retrieved from
Aspen Plus v8.4, resulting from the NRTL and UNIQUAC
models, respectively. The new Britt-Luecke algorithm was used
in Aspen Plus v8.4 to obtain the NRTL/1, NRTL/2, NRTL/1−
2, UNIQUAC/1, UNIQUAC/2, and UNIQUAC/1−2 model
parameters. Using the data regression input in Aspen Plus v8.4,
parameter numbers 1, 2, and 1−2 refer to the resulting binary
parameters only aij, only bij, and both aij−bij, respectively. In
addition, the cij interaction value between the water−p-xylene
and water−ethyl acetate is 0.2 in NRTL. This is because of the
recommended cij values from the Aspen Plus v8.4 for systems
that exhibit liquid−liquid immiscibility. The regression method
used in the Aspen Plus v8.4 simulator is the generalized least-
squares method based on the maximum likelihood principles.
Alternately, because the limited feed composition has been

chosen, the experimental LLE data for the quaternary system
examined in this study was used to determine the components of

Table 6. Binary interaction parameters of the UNIQUAC models for quaternary system including water (wa), p-xylene (px), ethyl
acetate (ea) and acetic acid (aa) at 313.15 K and 101.325 kPa

UNIQUAC/1 UNIQUAC/2 UNIQUAC/1−2

parameter aij aji bij/K bji/K aij aji bij/K bji/K

wa−px −0.9371 −3.7805 −293.49 −1184.21 −0.5047 −1.6519 −135.34 −668.31
wa−ea −0.8016 −0.1600 −250.54 −50.4636 −0.3171 −0.0649 −152.777 −28.4265
wa−aa −2.6456 1.3985 −831.25 438.344 −0.1615 1.0030 −773.42 122.533
aa−px 0.6051 −1.9003 189.424 −594.943 0.1197 −0.2845 153.107 −509.159
aa−ea 1.1123 −1.6264 351.728 −523.558 0.5419 −0.5223 177.113 −343.329
px−ea −0.8444 0.4829 −264.394 151.123 −0.3593 0.2315 −151.562 78.4444

Table 7. RMSD and AAD in Mass Fraction As Obtained from the NRTL Models for the System

wa−aa−px−ea NRTL/1 NRTL/2 NRTL/1−2

phase compd RMSD AAD RMSD AAD RMSD AAD

organic wa 5.76 × 10−03 2.87 × 10−03 3.89 × 10−03 2.66 × 10−03 3.69 × 10−03 2.49 × 10−03

aa 1.77 × 10−02 8.47 × 10−03 1.49 × 10−02 8.58 × 10−03 1.21 × 10−02 7.35 × 10−03

px 3.95 × 10−02 2.70 × 10−02 2.55 × 10−02 1.89 × 10−02 2.76 × 10−02 1.90 × 10−02

ea 3.45 × 10−02 2.17 × 10−02 2.39 × 10−02 1.72 × 10−02 2.80 × 10−02 1.86 × 10−02

average 0.0243 0.0150 0.0171 0.0118 0.0179 0.0119
aqueous wa 2.69 × 10−02 2.19 × 10−02 2.66 × 10−02 2.08 × 10−01 2.53 × 10−02 1.97 × 10−02

aa 2.87 × 10−02 2.31 × 10−02 3.15 × 10−02 2.49 × 10−02 2.99 × 10−02 2.33 × 10−02

px 1.05 × 10−02 3.44 × 10−03 7.98 × 10−03 3.67 × 10−03 7.95 × 10−03 3.40 × 10−03

ea 1.63 × 10−02 9.51 × 10−03 1.52 × 10−02 1.06 × 10−02 7.11 × 10−03 4.74 × 10−03

average 0.0206 0.0145 0.0203 0.0619 0.0176 0.0128
average 0.0225 0.0148 0.0187 0.0369 0.0177 0.0123
total average RMSD 0.0196 AAD 0.0213

Table 8. RMSD and AAD in Mass Fraction As Obtained from the UNIQUAC Models for the System

wa−aa−px−ea UNIQUAC/1 UNIQUAC/2 UNIQUAC/1−2

phase compd RMSD AAD RMSD AAD RMSD AAD

organic wa 4.68 × 10−03 2.79 × 10−03 4.68 × 10−03 2.78 × 10−03 4.67 × 10−03 2.79 × 10−03

aa 1.22 × 10−02 7.85 × 10−03 1.22 × 10−02 7.84 × 10−03 1.22 × 10−02 7.84 × 10−03

px 2.90 × 10−02 2.06 × 10−02 2.90 × 10−02 2.06 × 10−02 2.90 × 10−02 2.06 × 10−02

ea 2.94 × 10−02 1.89 × 10−02 2.94 × 10−02 1.89 × 10−02 2.93 × 10−02 1.89 × 10−02

average 0.01882 0.01255 0.01882 0.01254 0.01881 0.01254
aqueous wa 1.79 × 10−02 1.35 × 10−02 1.79 × 10−02 1.35 × 10−02 1.79 × 10−02 1.35 × 10−02

aa 1.97 × 10−02 1.41 × 10−02 1.97 × 10−02 1.41 × 10−02 1.97 × 10−02 1.40 × 10−02

px 5.47 × 10−03 2.53 × 10−03 5.46 × 10−03 2.53 × 10−03 5.47 × 10−03 2.52 × 10−03

ea 1.46 × 10−02 1.11 × 10−02 1.46 × 10−02 1.11 × 10−02 1.45 × 10−02 1.11 × 10−02

average 0.01440 0.01031 0.01440 0.01031 0.01438 0.01028
average 0.01661 0.01143 0.01661 0.01142 0.01659 0.01141
total average RMSD 0.01660 AAD 0.01142
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limited solubility. Therefore, to determine the accuracy of each
activity model, Tables 7 and 8 list the root-mean-square
deviations (RMSD) and average absolute deviation (AAD) in
mass fraction obtained using those models at 313.15 K. The
RMSD and AAD are defined as follows:
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Furthermore, as shown in Tables 7 and 8, when both aij−bij
parameters characterizing the quaternary system are fitted from
the LLE data, the RMSD and AAD decrease for both NRTL and
UNIQUAC models. Finally, both models accurately correlated
the experimental tie-line data but the correlation of the
UNIQUAC model was superior to that of the NRTL model.
Therefore, Figure 2 shows the comparison between the
calculated curves from the UNIQUAC/1−2 model with the
experimental results for the quaternary system.
In addition, a predictive activity coefficient model, UNIF-LL

from the Aspen Plus v8.4 simulator, was compared with the
experimental and correlation data. The UNIF-LL model uses the
group-interaction parameters extracted from the UNIFAC-LLE
data bank.23 As shown in Figure 5, LLE correlations obtained by

the UNIF-LL method cannot adequately fit the experimental
LLE data. UNIF-LL showed poor performance for several points
on data set R1. This is because UNIF-LL uses the group-
interaction parameters only, which makes its predictive capability
worse than that of the UNIQUAC/1−2 parameters derived by
regressing the LLE experimental data of the four components
composed on the quaternary system.
Furthermore, the binary parameters from this regression will

be used as basic data for the design of an extractor column to
separate acetic acid from an aqueous solution in a hybrid
extraction and distillation process, which contains four
components of this quaternary system.

■ CONCLUSIONS
In this study, the LLE data of quaternary systems including water,
acetic acid, p-xylene, and ethyl acetate weremeasured at 313.15 K
under atmospheric pressure. The reliability of the LLE data of the

quaternary system was evaluated using the Othmer−Tobias and
Hand correlations, and good consistency was obtained. p-Xylene
enhanced the performance of ethyl acetate to extract acetic acid.
A higher separation factor was achieved by having a higher p-
xylene to ethyl acetate mass ratio. p-Xylene as a reactant of
terephthalic acid production makes it more attractive solvent for
acetic acid extraction. Both the NRTL and UNIQUAC models
were applied to correlate the LLE of the six quaternary binary
systems resulting after regression. This regression method was
performed using the Aspen Plus v8.4 simulator. The correlated
results from the NRTL and UNIQUAC models of this system
showed similar overall average deviations of temperature and
liquid composition in both phases. The results calculated using
the UNIQUAC model were slightly better than those from the
NRTL model for all methods of regression. The quaternary LLE
data can be correlated satisfactorily by utilizing both aij−bij
parameters in the Aspen Plus v8.4 simulator. This study will be
helpful in the design and simulation of the extraction process and
the recovery of acetic acid from aqueous solutions.
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