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Abstract—Liquid-liquid equilibrium data for the ternary systems of toluene+water+propionic acid, o-xylene+water
+propionic acid, methyl isobutyl ketone+water+propionic acid, ethyl acetate+water+propionic acid, and 1-butanol
+water+propionic acid were measured at 25 °C and atmospheric pressure. The reliability of the experimentd tie-line
data was ascertained by means of the Othmer-Tobias, Bachman-Brown, and Hand correlations. For the extraction effec-
tiveness of solvents, the distribution and sdectivity curves were plotted. In addition, these experimental tie-line data
were aso correlated with NRTL and UNIQUAC models.
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INTRODUCTION

With an increase in demand for environmentally friendly mete-
rid, the recovery of organic acids from dilute solutions resulting
from fermentation processes has become of interest. Economics of
the process, however, depends on the devdopment of an effective
recovery method for the organic acids from the broth [Roychoudhury
et d., 1995]. Solvent extraction processes as a promising recovery
technique have been propased as an dternative to the conventiona
precipitation process [Hartl and Marr, 1993], and many solvents
have been tried to improve such recovery [Dramur and Tatli, 1993;
Briones et d., 1994; Arce & d., 1995; Fahim and Al-Muhtaseb,
1996; Fahim & d., 1997]. Propionic acid is being used as a cdlu-
losic solvent in pharmaceutica industries and dso can be usad to
provide propionates, which are used as fungicides [Kirk and Oth-
mer, 1947]. It isdso usad in the dectroplating industry and to pre-
pare perfume esters. Multicomponent multiphase liquid-liquid equi-
librium data are of fundamental importance in the design and/or in
the optimal operation of chemica processes. However, in redity,
the reliable experimentad data themsdves are not sufficient to be
used for the complete requirements of process engineering [Kim et
a., 1996].

The purpose of thiswork isto determine LLE data of toluene+
water+propionic acid, o-xylenetwater+propionic acid, methyl iso-
butyl ketone+water+propionic acid, ethyl acetate+water+propionic
acid, and 1-butanol +water+propionic acid, and the LLE data for
the ternary systems were measured a 25 °C and amospheric pres-
sure. The sdlection of the optimum solvent to separate propionic adid
from agueous solution was investigated. In addition, The LLE daa
for these ternary systems were corrdated by UNIQUAC [Abrams
and Prausnitz, 1975] and NRTL [Renon and Prausnitz, 1968].

EXPERIMENTAL SECTION

1. Materials
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Toluene, o-xylene, methyl isobutyl ketone, ethyl aoetate, 1-butanol
and propionic acid usad in thiswork were supplied by Aldrich with
a darted purity of over 99.0%, and ordinary bididilled water wes
used. The purity of each of the components was checked by gas
chromatography. The GC andysis did not show any gpprecicble
pesks of impurities for al the components and determined >99.0
mass fraction purities for toluene, o-xylene, methyl isobutyl ketone,
ethyl acetate, 1-butanadl and propionic acid. They were used with-
out further purification.

2. Ternary Equilibrium Data Determination

According to Treybd's classfication [Sorensen and Arlt, 1980,
the dl ternary systems in this study were formed type 1 having a
plait point.

The mutua solubility (binodd curve) data were determined at
25°C and amospheric pressure by the doud-point method as des-
cribed by Othmer et d. [1941]. The mutud solubility data were de-
termined in an equilibrium cdl equipped with magnetic girrer and
isothermd fluid jacket. The cdll was kept in a congtant-temperature
bath maintained a (25+0.1) °C. The cell was filled with homoge-
neous water+propionic acid mixtures prepared by weighing. The
olvent was titrated into the cdl from a microburet with an uncer-
tainty of +0.01 cm®. The end point was determined by observing
the trandtion from a homogeneous to a heterogeneous mixture. This
pettern was convenient to provide the agueous-rich Sde of the curves.
The datafor organic-rich sSde of the curves were therefore obtained
by titrating homogeneous solvent-+propionic acid binaries with water
until the turbidity had gppeared.

For the tie-line measurement, an equilibrium cell wasimmersed
in athermogtat controlled at the desired temperature (0.1 °C). The
pure components were added, and the mixture was dirred for a
leest 1 h with amagnetic irrer. The two-phase mixture was dlowed
to sdttle for at least 24 h. Samples were taken by syringe from the
upper and lower mixtures.

The mixtures of aqueous and organic phase were anadyzed on
an HP 5890 Series | gas chromatograph, equipped with atherma
conductivity detector (TCD). A 6ftx1/8in. column packed with
Porgpak Q was used. The injector and detector temperatures were
maintained a 200 °C. The column temperature was programmed
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for aninitid temperature of 130°C and afind temperature of 250°C.
The heating rate was 50 °C/min, and the flow rate of heium carrier
gas was 30 mi/min. The uncertainty of the mass fraction messure-
ments for the overal composition determination was £0.002.

RESULTS AND DISCUSSION

The prdiminary experiment of Butyl acetate+Water+Acetic acid
system was compared with reference [Jang and Park, 2000] under
the same conditions in order to ascartain the rdiability of the gppara-
tus. The binodd curve and tieline of prdiminary experiments were
rddively agreed with those of the referenceand are shownin Hg. 1.

(3)

1) 100w, 2

Fig. 1. Liquid-liquid equilibrium data for butyl acetate (1)+water
(2)+acetic add (3) system at 25°C compared to the refer-
ence [Jang and Park, 2000]; @, Binodal curve Ref. Data,
1, Binodal curve Exp. Data, —, Tieline Ref. Data, -, Tie-
line Exp. Data.

LiquicHiquid eguilibrium datafor the ternary systems of toluenet+
water+propionic acid, o-xylenetwater+propionic acid, methyl iso-
butyl ketone+water+propionic acid, ethyl acetate+water+propionic
acid, and 1-butanol +water+propionic acid are shown in Tables1
and 2, and Fig. 2, regpectively. It is evident from Fg. 2 that the area
of heterogeneity increased for the systems studied in the order 1-
butanol, ethyl acetate, methyl isobutyl ketone, toluene, and o-xylene.
This is because of higher mutua solubilities of water and 1-butanal
when compared with those for water and ethyl acetate, water and
methyl isobutyl ketone, water and toluene, and water and o-xylene.

Othmer-Tobias [Othmer and Tobias, 1942], Hand [Hand, 1930,

(3)

1-butanol
EAc
MIBK
Toluene
o-Xylene

eomO»

1) 100w, : ®)

Fig. 2. Comparison of the binodal curvesfor theternary sysems
of 1-butanol (1)+water (2)+propionic acid (3), ethyl ace-
tate (1)+water (2)+propionic acid (3), methyl isobutyl ke-
tone (1)+water (2)+propionic acid (3), toluene (1)+water
(2)+propionic acid (3), and o-xylene (1)+water (2)+propi-
onic acid (3) at 25°C.

Table 1. Binodal curvedatafor ternary sysemsaf 1-butanal (1)+water (2)+propionicacid (3), ethyl acetate (1)+water (2)+propionic acid
(3), methyl isobutyl ketone (1)+water (2)+propionic acid (3), toluene (1)+water (2)+propionic acid (3), and o-xylene (1)+

water (2)+propionic acid (3)

1-Butanal (1)+Weater  Ethyl acetate (1)+Water  Methyl isobutyl ketone (1)+Weater  Toluene (1)+Water  o-Xylene (1)+Water
t°C (2+Propionicacid (3)  (2)+Propionic acid (3) (2)+Propionic acid (3) (2)+Propionic acid (3) (2)+Propionic acid (3)
100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w, 100w,
25 8259 1741 000 9643 357 0.00 98.41 159 000 940 060 000 9964 036 000
7465 1789 746 8475 678 847 87.40 3.86 874 8249 101 1650 8285 058 16.57
6708 1950 1342 7481 1023 14.96 7825 6.10 1565 7052 128 2820 7048 133 28.19
6002 2197 1801 66.76 1321 20.03 64.55 9.63 2582 6121 207 3672 5361 350 42.89
5290 2594 2116 59.88 16.17 2395 54.16 1335 3249 4723 554 4773 4235 6.84 5081
4575 3138 2287 4802 2317 2881 4593 17.32 3675 3756 986 5258 3139 1211 56.50
3891 3771 2338 3701 3265 3034 39.00 22.00 39.00 2811 1568 56.21 26.63 14.80 5857
3344 4379 2277 2785 4399 2816 20.88 2097 40.15 1808 24.09 5783 1326 2551 6123
2806 5066 21.28 2415 4925 26.60 19.48 43.29 37.23 978 3470 5552 981 30.06 60.13
2162 5938 1900 1579 6478 1943 10.09 50.94 2997 420 4790 4790 380 4373 5247
1459 7117 1424 118 7343 1468 543 72.75 21.82 221 6112 3667 110 6181 37.09
940 8162 898 830 8336 834 240 88.73 887 127 8.75 898 105 7068 2827
374 9626 000 366 9634 000 154 98.46 0.00 087 9913 000 042 9958 0.0
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Table 2. Liquid-Liquid Equilibrium Compogtionsfor theternary
systems of 1-butanol (1)+water (2)+propionic acid (3),
ethyl acetate (1)+water (2)+propionic acid (3), methyl iso-
butyl ketone (1)+water (2)+propionic acid (3), toluene (1)
+water (2)+propionic acid (3), and o-xylene (1)+water

(2)+propionic acid (3)
1-Butanol (1) +Water (2)+Propionic acid (3)
t°C Organic phase Aqueous phase

100x, 100x, 100x,  100x, 100x, 100x,

25 4875 47.03 4.22 135 9787 078
4286 49.35 7.79 194 9643 163
3560 5371 10.69 274 9460 266
2579 6257 1164 424 9156 420

Ethyl acetate (1) +Water (2)+Propionic acid (3)
t/°C Organic phase Aqueous phase
100x, 100x,  100x, 100x, 100x,  100x,

25 7046 23083 6.51 121 9788 0091
56.63 3209 11.28 163 9662 175
4450 40.61 14.89 212 9515 273
3495 4780 1725 272 9335 393
2543 5689 17.68 385 9039 576

Methyl isobutyl ketone (1)+Water (2)+Propionic acid (3)
t°C Organic phase Aqueous phase
100x, 100x,  100x, 100x, 100x,  100x,

25 7542 1583 8.75 036 9912 0.52
61.15 2380 15.05 038 9854 108
4984 3034 19.82 039 978 176
4057 3611 2332 045 9715 240
3225 4238 2537 061 9633 3.06
2508 4893 2599 074 9531 395
1822 5714 2464 086 9421 493

Toluene (1) +Water (2)+Propionic acid (3)
t°C Organic phase Aqueous phase
100x, 100x,  100x, 100x, 100x, 100x,
25 90.77 4.35 4.88 021 9827 1.52
80.12 477 1511 038  94.86 4.76
69.80 498 2522 047  91.07 8.46
58.85 6.74 3441 071 859 1334
4594 1247 4159 145 7886 19.69
o-Xylene (1) +Water (2)+Propionic acid (3)
t/°C Organic phase Aqueous phase
100x, 100x,  100x, 100x, 100x,  100x,
25 8867 247 8.86 018 96.14 3.68
76.13 296 2091 021  92.63 7.16
64.07 505 3088 024 8837 11.39

50.75 984 3941 052 8268 16.80
36.72 1695 46.33 145 7461 2394

and Bachman-Brown [Brown, 1948] correlations were used to es-
certain the rdiability of the experimentd results for each system.
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Fig. 3. Othmer-Tobias correation for solvents (1)+water (2)+pro-
pionic add (3) sysemsat 25°C; O, 1-butanadl; @, ethyl ac-
etate, M, methyl isobutyl ketone, [1; toluene, A, o-xylene.

The corrdations are given in Figs. 3-5, and the condtants of the cor-
relaions are do given in Table 3. The Othmer-Tobias corrdation
is

{100 ~Wu)_ (Waf ],
IogD w. O Mlogﬂrvzﬂ N (@]

The Hand corrdaionis

|OQ%ZM|OQ%+N 2

The Bachman-Brown corrdationis

a =Mwy N ©)
22

The plait-point data determined by Treybd’s method [Treybd et
d., 1946] on Hand's coordinates, are summarized in Teble4 and
the plait-point of o-xylene (1)+water (2)+propionic acid (3) sys
tem isrepresentatively shownin Fg. 6.

As the mogt important in liquid-liquid extraction is the sdlectiv-
ity of solvent, the solvents having higher distribution and sdlectiv-
ity for solute should be sdlected after consideration for recovery,
chemicad gability, bailing and freezing point, corroson and den-
sty, and so on. In this property, the most importance is digribution
and Hectivity. They are shown in the following equations.

_propionic acid mol % in solvent layer _Xa

propionic acid mol % in water layer  Xg, @)
_propionic acid mol % in solvent —free solvent layer
propionic acid mol % in water —free solvent layer
— Xav/(Xa1 +Xo1) )

X3/ (Xg2 X22)

Compodtions are expressad in mole fraction X, where the firg
index refers to the component (2=water, 3=propionic acid) and the
second to the phase (1=upper layer, 2=lower layer).

The didribution and sdlectivity curves were plotted in Figs 12
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Fig. 4. Hand correation for solvents (1)+water (2)+propionic acid
(3) sysemsat 25°C; @, ethyl acetate; M, methyl isobutyl
ketone, [1; toluene, A, o-xylene.

and 13 to ascertain which of the solvents as extractant are better.
As seen from the digtribution curves and sdlectivity curves, propi-
onic adid prefers solvent phase in dl sysems. With regard to the
digtribution curves and sdectivity curves the order of solvents sud-
ied is o-xylene, toluene, methyl isobutyl ketone, ethyl acetate, and
1-butanal. o-Xylene can be used for the extraction of propionic acid
because it is more available and a a chegper rate when compared
to the other solvents
1. Data Correlation

NRTL and UNIQUAC modds were usad to correate and pre-
dict the LLE datain the present work.
1-1. NRTL Modd

The ectivity coefficient of the ith component in a multicompo-
nent system is expressed asfollows:

N

GE N JZXJTJngI

o =3 X ®
l szlgll

1.4

w11/woo

08|

0.6 [

0.4 L L 1 L . 1 L
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Fig. 5. Bachman-Brown corrdation for solvents (1)+water (2)+
propionic acid (3) sysemsat 25°C; @, ethyl acetate; H,
methyl isobutyl ketone, [1; toluene, A, o-xylene.

; 1 $enof
XiTiGik X Tj 0y
= X: Oi £
|nd=] N +J: Njgkj %ki_ N E (7)
;Xlglk IZlX|g|JH ;Xlgu B

where

T =g—1—'RTg" 9=9; ®
and

g=exp(- o, T;) a=a ©)

1-2. UNIQUAC Modd
The equationsfor UNIQUAC modd are given below:

Iny=InyC+Iny? (10

N
Iny,=ln%+§q.ln% +, —% x|

i]=

Table 3. Corréation of LLE equilibrium datafor theternary sysemsof 1-butanol (1)+water (2)+propionic acid (3), ethyl acetate (1)+
water (2)+propionic acid (3), methyl isobutyl ketone (1)+water (2)+propionic acid (3), toluene (1)+water (2)+propionic acid
(3), and o-xylene (1)+water (2)+propionic acid (3) at 25°C

Corrdlation Solvent 1-butanol EAC MIBK Toluene o-Xylene
Othmer-Tobias = 0.8436 1.2164 1.3436 0.9931 1.0871
= 0.3678 0.4197 0.9639 -0.1468 -0.1759

r= 0.9954 0.9962 0.9995 0.9997 0.9997

Hand = 0.9602 1.0182 1.0652 1.0087 1.0827
= 0.3768 0.3626 0.6980 -0.1352 -0.1771

r= 0.9978 0.9967 0.9992 0.9994 0.9998

Bachman-Brown = 0.0058 0.0061 0.0086 -0.0045 -0.0036
= 0.3866 0.4214 0.1638 1.4339 1.4183

= 0.9965 0.9989 0.9997 -0.9918 -0.9889

Korean J. Chem. Eng.(Val. 22, No. 2)
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Table 4. Egimated plait point data for theternary sysemsof 1-
butanol (1)+water (2)+propionic acid (3), ethyl acetate
(D)+water (2)+propionic acid (3), methyl isobutyl ketone
(D)+water (2)+propionic acid (3), toluene (1)+water (2)
+propionic acid (3), and o-xylene (1)+water (2)+propio-

nicacid (3) at 25°C
Hand corrélation
Solvent
100w, 100w, 100w,
1-Butanol 21.62 59.55 18.83
Ethyl acetate 22.93 51.34 25.73
Methyl isobutyl ketone 11.92 56.38 31.70
Toluene 24.16 18.54 57.30
o-Xylene 23.19 17.19 59.61
N
N *D JZIQJ Tji
*| 173 70~ F— (W
3 0 zlakrkj
£
where
_2
li _E(ri —-q) —(r—1) z=10 (12
I’iXi
= (13
Z(rm)
6= 14
Z(QIXI)
- i ~Uii
Tji =expEEFE (15

r and q are structurd Sze parameters and dructurd area parame-
ters and are cited from Prausnitz et d. [1980)].
The objective function, F, was used to minimize the difference
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Fig. 6. Determination of plait point for o-xylene (1)+water (2)+pro-
pionic acid (3) sysem at 25°C; A, Tieline data, [1; Bin-
odal curve data.

F=3 3 3 D0 > (0 (16)
x&2(i) is the experimental mole fraction, (i) is the calculated
molefraction, and nisthe number of the experimentd tie-lines The
vaues of the parameters thet minimized this objective function were
sought, using both NRTL and UNIQUAC modds. Applying the
method of Varhegyi and Eon [1977], the vdue of U,, was st, and the
vaues of the five parametersfor UNIQUAC modd were caculated.

17

The vaues of g,, were s, and the vaues of the eight parameters
for NRTL modd for the ternary liquid-liquid system were cacu
lated by usng Hooke and Jeeves direct search method [Hooke and
Jeeves, 1961].

Uzz: U33, U121 U].37 U23 (‘J'md_l)

between the experimental and calculated mole fraction: G2r Gy Ghz Ghss Gy Oy Oy O (I MOI™Y) (18

Table5. The NRTL Parameters (g;) and Root-M ean-Square-Deviation (RM SD) Valuesfor the solventsat 25°C
&)l Vent gll 922 g33 ng gl3 gZS alZ alS aZ3 RM SD
1-Butanal 1000.0 1184.9 33514 3321.3 1122.3 1995.4 0.396 0.891 0.001 0.2465
EAc 1000.0 2160.4 3032.5 3263.5 13745 2456.4 0.373 0.983 0.139 0.3555
MIBK 1000.0 3030.6 3978.6 4289.0 1865.2 3261.5 0.328 0.942 0.019 0.1820
Toluene 1000.0 1698.8 22116 4008.0 1826.7 2607.1 0.365 0.598 0.570 0.6612
o-Xylene 1000.0 2104.4 2279.6 4841.0 1665.1 2563.0 0.294 0.385 0.639 0.6380

Table 6. The UNIQUAC Parameters (U;) and Root-M ean-Squar e-Deviation (RM SD) Values for the solventsat 25°C

Solvent Uy Uy, Us, Uy, Us Uss RMSD
1-butanol 1000.0 217.9 2853.2 3854.2 2087.3 2468.0 0.9071
EAC 1000.0 2289.0 3583.4 4995.3 1130.4 637.31 0.9954
MIBK 1000.0 2145.8 4749.9 3211.2 1987.4 -916.8 0.5922
Toluene 1000.0 -1258.3 432.6 14925 786.7 —422 0.7470
o-Xylene 1000.0 1401.4 3590.6 4998.3 754.7 1002.6 1.0880

March, 2005
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Fig. 7. Comparison of the experimental data and values calculated
by NRTL and UNIQUAC modedsfor 1-butanol (1)+water
(2)+propionic acid (3) system at 25 °C.
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| =l ]
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Fig. 8. Comparison of the experimental data and values calculated
by NRTL and UNIQUAC moddsfor ethyl acetate (1)+wa-
ter (2)+propionic acid (3) system at 25 °C.

The parameters cdculated in thisway are shown in Tables5 and 6.
Alsoinduded in the tablesis the root-mean-square-deviation (RMSD)
defined as

1/2

RMSD, =100 iéé(xfip(i) =x2())7(6N) 19

The RMSD is ameasurement of the agresment between the experi-

mental and calculated values. The cdculated vaues using both UNI-

QUAC and NRTL moddsfor the sysemsare presented in Fgs 7-11.
CONCLUSION

Liquid-liquid equilibrium data were determined for the ternary

3

Exp.data
NRTL
UNIQUAC

[ J
a
A

(O] ’ 100x, v: @

Fig. 9. Comparison of the experimental data and values calculated
by NRTL and UNIQUAC modes for methyl isobutyl ke-
tone (1)+water (2)+propionic acid (3) system at 25 °C.

3

Exp.data
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UNIQUAC

| =l ]

(O] 100x, : L ©

Fig. 10. Comparison of the experimental data and values calcu-
lated by NRTL and UNIQUAC modds for toluene (1)+
water (2)+propionic acid (3) system at 25°C.

sysgemsof toluenetwater+propionic acid, o-xylenetwater+propionic
acid, methyl isobutyl ketone+water+propionic acid, ethyl acetate+
water+propionic acid, and 1-butanol+water+propionic acid a 25°C
and amospheric pressure.

Thetieline datafor dl systems were satisfactorily correlated by
the methods of Othmer-Tobias, Hand, Bachman-Brown.

Andyzing the didribution and selectivity curves, we condluded
thet o-xylene gopeared to be a better solvent for extraction purposes
than the other when propionic acid needs to be extracted from its
aqueous solution.

Findly, the cdculaions based on both UNIQUAC and NRTL
modds gave a good representation of the tieline deta for the sys-
tems of toluene+water+propionic acid, o-xylene+water+propionic
acid, methyl isobutyl ketone+water-+propionic acid, ethyl acetatetwa

Korean J. Chem. Eng.(Val. 22, No. 2)



262 J-K. Kim and D.-W. Park

©)

Exp.data
NRTL
UNIQUAC

[ ]
[m]
A

() 100x, (@)
Fig. 11. Comparison of the experimental data and values calcu-

lated by NRTL and UNIQUAC modesfor o-xylene (1)+
water (2)+propionic acid (3) system at 25°C.
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Fig. 12. Digribution of propionic acid between agueous phase and
organic phaseat 25°C.

ter+propionic acid, and 1-butanol+water+propionic acid. How-
ever, the NRTL modd, fitted to the experimentd data, was more
accurate than the UNIQUAC modd,, as can be seen fromthe RMSD
in Tables5and 6.

NOMENCLATURE

g; :NRTL parameters between j-i components[cal/g-mol]
I : pure-component congtant defined in Eq. (10) [dimendon-

less]

U, : UNIQUAC parametersbetween j-i components|cal/g-mol]

g :molecular surface areaparameter, for component i [dimen-
sonless|

r; : molecular volume parameter, for component i [dimengon-
less]
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Fig. 13. Sdectivity of propionic acid between aqueous phase and

organic phaseat 25°C.
X :molefraction for component i [%0]
w; :weight fraction for component i [%6]
z : lattice coordination number [dimensionless]
Greek Letters
a; :nonrandomness parameter in NRTL modd [dimensionless]
y  :activity coefficient for component i [dimensionless)
y©  : activity coefficient, combinatoria part [dimensionless]
Yy activity coefficient, residual part [dimensionless]
8 :surfaceareafraction [dimensionless]
6, :surfaceareafraction, local for aroundj [dimensionless]
@ volumefraction for component i in mixture [dimensonless
T;  : NRTL parameter between j-i components[dimensionless]
T; : UNIQUAC parameter betweenj-i components[dimenson-

lesy
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