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25 °CellA] 2-propanol-water-binary solventZ ¢]S0)z] 441 AN FEA 2] Aol dhsle] AFsledc). MIBK-butyl
acetate?} ethyl acetate-toluene-8- E 8ol 2 Alg-519] 0nf, Sgof o T ug) 2-propanol-& F&3Hdl] glojA EgL9) A}
42 E3E wasr] sl 7 a2 Aol gt L ETA, tieine, ol o} el e 2 24} w3t AR o3
tie-line d|°J€]-F UNIFAC Z@4]¢]| 23] 4&% 3153} u)asied oo, UNIFAC 2uAlo] E Ao AL 44358 A4
H3ted 3.16 mole %2 HF RMSD M9 tlollA] tie-line®] ol &o] 7F5dhe o 4 9J%c).

Abstract— We studied on the phase equilibria of quaternary liquid-liquid extraction system composed 2-propanol-water-
binary solvent at 25 °C. MIBK-butyl acetate and ethyl acetate-toluene were used as binary solvents. Binodal curve, tie-line,
distribution and selectivity for each quaternary system have been determined in order to investigate the effect of using bi-
nary solvent in extracting 2-propanol from aqueous solution. And these experimental tie-line data were also compared with
the values predicted by UNIFAC model. It was shown that UNIFAC model is capable of predicting the tie-line in these
quaternary systems within an average RMSD of 3.16 mole %.
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Table 2. Physical properties of chemicals used

. b.p. Density Solubility(wt.%) Purity
Chemicals M.W. o) (g/cmg) —_—__in wq aqin Source @)
2-Propanol 60.097 8226 0.78126 infinite Aldrich 99.5
Ethylacetate  88.107 77.114 0.8946 8.08 294 Junsei 995
Butylacetate 116.161 126.114 0.8764 0.43 1.86  Junsei 995
Methyl iso- 100.162 116.500 1.3993 1.70 190 Junsei 99.5

butyl ketone
Toluene 92.142 110.625 0.8623 0.0515 0.0334 Junsei 99.5
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Table 1. The UNIFAC group volume(R,), surface area(Q,) and interaction parameters(a,,.)

CH, CH, CH ACH ACCH;, P2 H,0 CH,CO coocC R, Q
CH, 0 0 0 -114.8 -115.7 310.7 13000 472.6 972.4 0.9011 0.848
CH, 0 0 0 -114.8 -1157 310.7 1300.0 472.6 972.4 0.6744 0.540
CH 0 0 0 —114.8 -115.7 310.7 1300.0 472.6 9724 0.4469 0.228
ACH 156.5 156.5 156.5 0 167.0 5773 859.4 593.7 6.0 0.5313 0.400
ACCH, 104.4 104.4 104.4 -146.8 - 0 906.8 5695.0 916.7 5688.0 1.2663 0.963
P2 -131.9 -131.9 -1319 -252.0 -273.6 0 5.89 353.8 487.1 3.2491 3.124
H;0 3424 342.4 3424 3728 203.7 104.9 0 -171.8 -6.32 0.9200 1.400
CH,CO 66.56 66.56 66.56 -78.31 -7387 -127.6 634.8 0 258.7 1.4457 1.180
CO0C -320.1 —-320.1 —-320.1 114.8 -170.0 -152.8 385.9 58.84 0 1.9031 1.728
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Fig. 1. Comparison of binodal curves for solvent(1)-water(2)-2-pro-
panol(3) systems at 25 ‘C(wt.%).
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Fig. 2. Representation of binodal curves for BAc(l)-water(Z)-Z-pro-
panol(3)-MIBK4) quaternary system at 25 ‘C(wt.%).
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Fig. 3. Experimental binodal and tie-line data for 3 ternary systems,

respectively.
A toluene(1)-water(2)-2-propanlo(3), (B) toluene(1)-water(2)-EAc
(3), (C) EAc-water(2)-2-propanol(3) at 25 °C(mole %).
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Table 3. Binodal curve data for ternary systems at 25 ‘C(mole %)

Xy X2 X3 X1 X2 X3 Xy X2 X3
BAc-water-2-propanol ) MIBK-water-2-propanol BAc-water-MIBK
88.32 11.68 0.00 88.84 11.16 0.00 88.32 11.68 0.00
81.74 1091 7.35 80.03 12.99 6.98 81.57 8.09 10.34
69.37 14.39 16.24 65.70 19.54 14.76 66.66 8.65 . 24.69
54.73 21.83 2343 52.70 27.02 20.28 55.36 9.06 35.58
42.77 28.42 28.81 40.89 3431 24.80 43.78 8.44 47.78
32.37 36.18 31.46 30.66 42.30 27.04 31.88 9.07 59.05
24.29 43.79 3191 21.50 52.15 26.35 21.52 9.48 69.00
16.65 53.11 30.23 11.40 66.23 22.37 = - -
10.15 63.62 26.23 5.98 77.66 16.36 0.08 99.92 0.00
~3.49 79.71 16.80 1.09 91.61 7.30 0.00 99.35 0.65
toluene-water-2-propanol EAc-water-2-propanol toluene-water-EAc
99.83 0.17 0.00 87.10 12.90 0.00 87.78 12.22 0.00
72.47 5.97 21.56 70.28 2249 7.23 75.37 5.70 18.93
50.90 15.30 33.80 55.76 31.03 13.21 58.20 2.81 38.99
37.06 23.76 39.18 41.20 4191 16.89 39.32 - 138 59.30
23.28 36.12 40.60 28.30 53.64 18.06 19.78 0.63 79.59
13.54 50.74 35.72 20.35 63.16 16.49 0.00 0.24 99.76
9.48 58.83 31.69 16.33 68.63 15.04 - - -
6.95 64.40 28.65 11.40 76.12 12.48 0.01 99.94 0.05
2.59 76.04 21.37 7.01 83.24 9.75 0.02 99.87 0.11
0.51 90.22 9.27 1.77 98.73 0.00 0.02 99.80 0.18
374mole %, toluene(1)-water(2)-2-propanol(3)-EAc(4) 4332 el o} A, 3 kA, vl 2w, YA et 55 e F
A& 2.58 mole % o7} glet HFHLZ 3.16mole % 5 Wl £ dg FulEst AAEst Z AL AYsiof gt ol
A 43 2A | tig Y2 dFel 7FedE & & AWt AR % 713 8% AL SO AREE)RA A (13F (14)
o 22} vrehugie.
4-3. 2= X MEx D= 2—propanol wt.% in solvent layer _ Xz (13)
. h2E ZAA 7P F2% AL Sule] Mo, 34 2-propanol wt.% in water layer X

Table 4. Binodal curve data for BAc(1)-water(2)-2-propanol(3)-MIBK(4) quaternary systems at 25 ‘C(mole %)

Xy X2 X3 X4 Xy X3 X3 X4 X, X2 X3 X4
(1):(4)=75:25 (1):(4)=50:50 (1):(4)=25:75
64.54 10.51 0.00 24.95 41.90 9.51 0.00 48.59 20.44 8.45 0.00 71.11
54.18 13.94 10.94 20.94 33.20 16.12 12.17 38.51 18.03 13.24 5.99 62.74
32.94 28.88 25.45 12.73 18.30 34.12 26.36 21.22 15.43 18.20 12.71 53.67
13.07 53.12 28.76 5.05 11.64 46.43 28.42 13.51 11.72 26.80 20.71 40.77
7.35 64.19 25.62 2.84 7.25 57.17 27.16 8.41 8.26 37.05 25.96 28.73
5.34 69.73 22.86 2.07 435 66.92 23.69 5.04 3.28 59.34 25.98 11.40
431 73.39 20.63 1.67 2.01 79.01 16.65 233 1.40 74.88 18.87 4.85
322 77.40 18.13 1.25 0.37 90.79 841 0.43 0.56 85.19 12.31 1.94
1.61 84.00 13.77 0.62 0.18 '94.91 470 0.22 0.16 92.76 6.54 0.54
0.73 88.61 10.38 0.28 0.15 99.67 0.00 0.18 0.10 97.18 2.39 0.33

Table 5. Binodal curve data for toluene(1)-water(2)-2-propanol(3)-EAc(4) quaternary systems at 25 °C(mole %)

X; X, X3 X4 X X, X3 X4 X, X, X3 X,
(1) 1(4)=75:25 (1):(4)=50:50 (1):(4)=25:75

71.39 3.73 0.00 24.88 45.51 6.89 0.00 47.60 21.74 10.06 0.00 68.20
58.12 8.11 13.51 20.26 33.12 14.55 17.68 34.65 15.14 20.96 16.37 47.51
47.94 13.25 22.09 16.72 21.79 26.33 29.08 22.80 10.87 31.53 23.50 34.10
38.93 18.92 28.58 13.57 13.21 41.25 31.72 13.82 7.88 41.84 25.56 24.72
31.07 24.92 33.18 10.83 8.34 53.99 28.94 8.73 5.01 54.86 24 .40 15.73
24.56 30.80 36.07 8.57 453 67.08 23.65 4.74 2.87 67.55 20.57 9.01
19.49 37.27 36.45 6.79 2.14 77.49 18.14 223 1.58 77.20 16.27 4.95
14.90 44.36 35.55 5.19 0.74 86.35 12.13 0.78 0.97 82.81 13.20 3.02
11.36 51.31 33.37 3.96 0.25 93.93 5.55 0.27 0.49 89.36 8.62 153

8.48 57.99 30.57 2.96 0.42 99.14 0.00 0.44 0.30 94.00 4.76 0.94
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Table 6. Experimental and calculated tie-line data for BAc(l)-water(2)-2-propanol(3)fMlBK(4) quaternary systems at 25 °C(mole %)

Solvent layer ' Water layer
Xu X1 X3 Xat X Xn X3 Xa

1):(4)=75:25
Experimental 61.06 10.42 495 23.57 0.09 98.54 1.26 0.11
Calculated 58.53 13.98 4.89 22.60 0.04 98.75 1.16 0.05
Experimental 54.21 13.94 10.94 20.91 0.10 97.20 2.58 0.12
Calculated 49.97 20.46 10.29 19.28 0.06 97.37 2.50 0.07
Experimental 42.58 21.27 19.74 16.41 0.08 95.85 3.89 0.08
Calculated 37.77 30.34 17.33 14.56 0.12 95.19 4.58 0.11
Experimental 25.44 28.88 25.44 12.74 0.17 94.43 526 0.14
Calculated 28.47 38.48 22.08 10.97 0.19 93.15 6.51 0.15

(1):(4)=50:50
Experimental 37.62 12.28 6.50 43.60 0.09 98.40 1.27 0.24
Calculated 35.51 16.88 6.45 41.16 0.03 98.89 1.00 0.08
Experimental 33.23 16.12 12.17 38.48 0.10 97.07 2.59 0.24
Calculated 29.89 23.94 11.56 34.62 0.04 97.98 1.88 0.10
Experimental 25.82 22.60 19.26 3232 0.08 95.68 3.96 0.28
Calculated 21.88 33.07 17.66 27.39 0.04 96.63 3.17 0.14
Experimental 18.32 34.12 26.36 21.20 0.14 94.36 522 0.28
Calculated 15.67 42.95 23.25 18.13 0.10 94.40 5.29 0.21

(1):(4)=25:75
Experimental 18.04 13.24 5.98 62.74 0.04 98.22 1.32 042
Calculated 17.44 15.82 6.27 60.57 0.01 99.23 0.65 0.11
Experimental 15.24 18.20 12.70 53.86 - 0.06 96.89 2.68 0.37
Calculated 13.85 24.85 12.36 48.94 0.02 98.43 1.42 0.13
Experimental 11.72 26.80 20.73 40.75 0.07 95.64 3.90 0.39
Calculated 10.04 35.68 19.37 34.91 0.03 96.98 2.81 0.18
Experimental 8.39 37.05 25.96 28.60 0.09 9426 . 521 0.44
Calculated 7.29 44.06 23.81 24.84 0.05 95.26 4.44 0.25

Table 7. Experimental and calculated tie-line data for toluene(1)-water(2)-2-propanol(3)-EAc(4) quaternary systems at 25 ‘C(mole %)

Solvent layer : Water layer
Xiy X2y ) X31 Xa1 X2 X2 X3 Xa2
1):(4)=75:25
Experimental 58.40 6.42 9.23 25.95 0.42 95.43 4.13 0.02
Calculated . 51.98 12.62 12.30 ' 23.10 0.81 95.27 3.89 0.03
Experimental 47.64 10.25 17.77 2434 0.48 92.76 6.73 0.03
Calculated 41.86 18.45 18.30 21.39 1.25 91.99 6.68 0.08
Experimental 3311 18.37 27.84 20.68 0.55 90.67 8.72 0.06
Calculated 33.53 22.88 22.65 20.94 1.76 88.55 9.51 0.18
Experimental 19.62 28.87 35.21 16.30 0.66 88.27 10.96 0.11
Calculated 26.21 25.78 26.23 21.78 2.31 84.46 12.83 0.40
1):(4)=50:50
Experimental 42.66 8.59 4.03 44.72 0.62 97.68 1.66 0.04
Calculated 44.99 343 4.42 47.16 0.33 98.52 113 0.02
Experimental 39.12 10.38 9.34 41.16 - 0.51 95.95 351 0.03
Calculated 40.94 6.04 9.94 43.08 046 96.67 2.84 0.03
Experimental 32.67 14.86 17.68 34.79 0.25 94.32 5.19 0.26
Calculated 34.30 11.48 17.69 36.53 0.08 93.05 6.09 0.08
Experimental 24.42 21.75 26.66 27.17 0.54 92.72 6.65 0.09
Calculated 26.97 18.68 24.35 30.00 1.42 88.01 10.32 0.25
1):(4)=25:75
Experimental 19.53 12.79 6.60 61.08 0.01 97.72 1.63 0.64
Calculated 20.21 9.73 6.85 63.21 0.01 97.38 2.00 0.61
Experimental 16.47 18.82 13.40 51.31 0.03 96.00 312 0.85
Calculated 17.06 16.46 13.35 53.13 0.03 94.60 4.39 0.98
Experimental 12.63 28.19 20.92 38.26 0.05 94.10 4.77 1.08
Calculated 13.62 25.76 19.37 41.25 0.08 90.96 7.35 1.61
Experimental 8.78 39.62 25.52 26.08 0.11 91.99 6.53 1.37
Calculated 9.38 38.74 24.03 27.85 0.21 86.17 10.98 2.64
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Fig. 4. Distribution of 2-propanol between water layer and solvent
layer at 25 °C.
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Table 8. RMSD between experimental and calculated values(mole %)

System RMSD
BAc-water-2-propanol 424
MIBK-water-2-propanol 234
BAc-water-MIBK 1.07
Toluene-water-2-propanol 1.49
EAc-water-2-propanol 1.47
Toluene-water-EAc 0.87
BAc-water-2-propanol-MIBK (75:25) 411
BAc-water-2-propanol-MIBK (50:50) 3.73
BAc-water-2-propanol-MIBK (25:75) 3.37
Toluene-water-2-propanol-EAc (75:25) 2.54
Toluene-water-2-propanol-EAc (50:50) 2.82
Toluene-water-2-propanol-EAc (25:75) 2.40

9
3| BAc : MIBK
o [100: O
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3 a | 0100 {
X o4
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2 . .
«—— plait point
1
0.0" 1 1 1
0.0 1 .2 3 4 5
9
gk toluene : EAc
o ;100: O
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~ 6t o | 50: 50
X m | 2575
+ S5 A 0:100 |
X 4
o3
2 <«—— plait point
1
0.0 1 1 A
0.0 1 2 3 4 5
Xy 1 (X5 + X )
Fig. 5. Selectivity of 2-propanol between water layer and solvent lay-
er at 25 °C.

2 Jehgr}. Toluene(l)-water(2)-2-propanol(3)-EAc(4) 443 37| ol A1
el T 7} e EAcel toluene-d E3HE 7-9- toluene?] 37}kl ]
dlste] FEA5o] FAE T S-S & F 3l BAc(l)-water(2)-
2-propanol(3)-EAc(4) 43 EAlol dfAE A eg Falxe 4 A
957} & MIBKell &3 BAco| el vlellsle] 25450 ¥
Ags 4 5 Uk

54 B

25 °Col|A] toluene(1)-water(2)-2-propanol(3)-EAc(4)} BAc(1)-water(2)
-2-propanol(3)-EAc(4) 43 E-Aldl| &t &8 =415} tie-lineS 73}

o0} UNIFAC 292102 AAE tie-line zt3}2] RMSDE- A4k
3] Table 89l viehllxich. 2 Ayl AR 34 EA F Type 12
o] £ A= HF 0.97 mole %, Type 29 73-$-= HF 2.39 mole%
2] #ag Jehiiglen A EAE FF 3.16mole %2] 22t W4
oA AFe] 7Fs3E & & et =3 7 40§e] 2-propanolel]
3 Fuls 2 AEEE 2Ase FELuEAL A5 v 28]
Qoo AgA o 2 toluene-EAc 31877} BAc-MIBK E3}-8-fjol]
H)3to] FE:Ad50] st 74 A EA ol dej e Belzet A
57} Y& MIBKe] BAcE H7}8l2, EAcel toluened 3713t
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met £l mAH o2 2450 PP & 4 A%k
AIB71Z

o; :interaction parameter for i-j interaction
I, : pure-component constant defined in Eq. (4)
Q, :surface area parameter, for group j
q: : molecular surface area parameter, for component i
R, :volume parameter, for group k
Y, :molecular volume parameter, for component i
T  :absolute temperature
X; - : mole percent for component i
: lattice coordination number

a2|0|a 2xt
T, :residual group activity coefficient for group k

Y. :activity coefficient for component i

Y :activity coefficient, combinatorial part

Y : activity coefficient, residual part

6, :surface area fraction

6, :surface area fraction, local for around j

@, :volume fraction for component i in mixture

Vi : number of groups k present in molecule i
W, : UNIFAC parameter defined in Eq. (10)
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