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Table IV. V,%and K,° of 1-1 Type Electrolytes Dissolved in Water-Acetone System at 298.15 K
V;®/cm?® mol™ K.?/cm?® mol™ bar™!
0 10¢° 15° 20¢ 30¢ 40° 504 0 10 15° 20° 30° 40° 50°
NaCl 16.7 16.7 16.8 16.8 16.3 16.7 -50.9 -458 -41.1 -35.0 -31.5 -250
KCl 26.5 26.1 26.0 26.5 27.5 27.0 -449 -40.5 -36.8 -32.5 -27.8 -23.2
CsCl 38.1 37.5 37.5 37.8 38.0 378 =371 -34.1 -31.0 -27.7 -239 -20.1
NaBr 23.4 23.1 23.8 23.7 23.5 23.8 -421 -37.8 -33.6 -30.0 -27.3 -24.5
KBr 33.5 33.0 32.5 33.1 33.7 325 -369 -329 -29.1 -25.7 -25.1 -23.1
[PhP]C1 312.2 3143 314.7 311.2 3100 309.2 -18.0 19.0 66.5 72.0 60.0 47.0
Na[PhB] 277.2 279.3 285.0 294.6 300.1 299.9 300.1 -55.0 240 1200 191.0 257,56 252.0 230.0
3 Weight percent of acetone.
Glossary Registry No. NaCl, 7647-14-5; KCI, 7447-40-7; CsCl, 7647-17-8; NaBr,
7647-15-6; KBr, 7758-02-3; [Ph,P]Cl, 2001-45-8; Na[Ph,B], 143-66-8;
acetone, 67-64-1.
d density of solution g cm™2
d, density of solvent, g cm™® Lierature Cited
m molaiity, mol kg™ solvent () N H.; Koda, S.; Kimura, M. Paper presented at The 1984 Inter
. -1 omura, H.; , S, , M. -
u ultrasonic velocity, m s national Chemical Congress of Pacific Basin Societies; O3H16.
Kes apparent molar adiabatic compressibility of solute, (2) Kawaizumi, F.; Matsumoto, K.; Nomura, H. J. Phys. Chem. 1983, 87,
3 har\-?! 3161,
0 cr:n (mol bar). | e (3) Kawaizumi, F.; Nakao, F.; Nomura, H. J. Solution Chem. 1885, 14,
K, partial molar adiabatic compressibility of solute at 687.
infinite dilution, cm?® (mol-bar)‘1 (4) Kawaizumi, F.; Nomura, H.; Nakao, F. J. Solutlon Chem. 1987, 16,
: o 133,
M 2 molar mass of solute, 9 mol (5) Kawaizuml, F.; Suzuki, H.; Nomura, H.; Miyahara, Y. Bull. Chem. Soc.
Ve apparent molar volume of solute, cm® mol™’ Jpn. 1882, 55, 2771.
vy partial molar volume of solute at infinite dilution, cm?® ) :‘gg;“’g;' K peawaizmi, F.; Miyahara, H. Chem. Eng. Commun.
mol™’ (7) Woidan, M. J. Chem. Eng. Data 1987, 32, 177.
B adiabatic compressibility of solution, given as 100/
(u?d), bar™ Recelved f lew September 2, 1987. Accepted J 31, 1988. Part
B 1 adiabatic compressibility of solvent, given as 100/ ecelved for review Sepiember 2, 1557. fecepied January 1, 1oee. T8

(u3d), bar™’

of this paper was presented at the 1987 Fall Meeting of The Electrochemical
Soclety, Inc., held in Honolulu, Hawaii.

Liquid-Liquid Equilibria for the Quaternary System
Water—Phosphoric Acid-1-Hexanol-Cyclohexanone at 25 °C

José M. Marco,” Marla 1. Galan, and José Costa

Departamento de Ingenieria Quimica, Universidad de Barcelona, Martl | Franqués, 1, 08028 Barcelona, Spain

Mutual solubllity and tie-line data at 25 °C and
atmospheric pressure were obtained for the quaternary
system water-phosphoric acld-1-hexanol-cyclohexanone,
using an analytical method. In the liquid-liquid extraction
of wet process phosphoric acld, no advantage Is observed
Iin the use of the mixed solvent, 1-hexanol and
cyclohexanone, as an extractant solvent Instead of the
pure solvents.

Introduction

Solvent extraction of phosphoric acld from aqueous solutions
has been widely studies in recent years, mainly with alcohols,
ethers, ketones, and amines, and a very complete review was
done by Blumberg (7). Other solvents used were trialkyl
phosphates (2) and trialkylphosphine oxides (3).

The present work reports experimental equilibrium data for
the system water—phosphoric acid-1-hexanol-cyclohexanone
at 25 °C and atmospheric pressure. The system contains two
pairs of partly miscible compounds, water-1-hexanol and
water-cyclohexanone; two type 1 systems in the Treybal's
classification (4), water—phosphoric acid-1-hexanol and
water—phosphoric acid—cyclohexanone; one type 2 ternary

system in the same classification, 1-hexanol-water—cyclo-
hexanone; and one ternary system with complete miscibility,
1-hexanol-phosphoric acid—cyclohexanone.

Experimental Section

Chemicals. All chemicals were supplied by Merck. Organic
solvents (Analytical Reagent Grade) contained less than 0.5%
of volatile impurities, confirmed by chromatographic analysis,
and the phosphoric acid (CP Grade) content was 85 wt % and
less than 0.1% of impurities. Deionized water was used with
subsequent treatment in Millipore filters to remove organic re-
siduals and to reduce conductivity. Chromatographic analysis
of water did not show any presence of detectable impurities.

Ternary Equilibriurn Data Determination. Binodal curves and
tie-line data were obtained simultaneously by means of an
analytical method (§) in ternary systems. Heterogeneous
mixtures of known overall composition were stirred for 12 h in
a thermostated bath at 25 £ 0.1 °C, and they seitled for at
least 12 h before proceeding to the analysis of each component
in each of the equilibrium phases.

Water and organic solvents were determined by chromato-
graphic analysis, using a Hewlett-Packard 5840-A chromato-
graph equipped with electronic integrator. A good separation

0021-9568/88/1733-0211$01.50/0 © 1988 American Chemical Society
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Figure 1. Experimental plan to obtain the quaternary solubllity surface
of the system water (W)-phosphoric acid (P)-1-hexanol (H)-cyclo-
hexanone (K).

Table I. Ternary Solubility and Tie-Line Data (weight
percent) for Water (W)-Phosphoric Acid (P)-1-Hexanol (H)
at 25 °C

Initial Mixture

Xw Xp Xn Xw Xp Xu
49.77 0.00 50.23 33.60 39.82 26.58
46.17 8.31 45.52 29,42 47.03 23.55
43.21 16.05 40.74 26.09 55.51 18.40
39.84 24.02 36.14 22.83 64.20 12.97
36.45 30.93 32.62 18.04 74,33 7.63

Solubility Curve and Tie-Line Data
organic phase aqueous phase
Xw Xp Xy Xw Xp Xn
7.55 0.00 92.45 99.08 0.00 0.92
7.86 0.82 91.32 84.01 15.39 0.60
8.28 2.47 89.25 72.15 27.45 0.40
7.82 5.80 86.38 62.66 36.98 0.36
9.21 10.98 79.81 55.34 44.35 0.31
10.33 20.08 69.59 46.86 52.84 0.30
12.63 28.27 59.10 40.46 59.19 0.35
14.79 38.27 46.94 33.77 65.94 0.29
15.38 49.50 35.12 26.86 72.81 0.33
15.86 62.73 21.41 18.36 78.64 3.00

was obtained on a 2m X '/, in. column, packed with Porapak
P 50/80. The column temperature was 190 °C, with helium
as gas carrier at a flow rate of 25 mL/min, and the detection
was carried out by thermal conductivity with a detector current
of 100 mA.

The analysis of phosphoric acid contents was done by po-
tentiometric titration of weighted samples with NaOH, in a Ra-
diometer PHM62-Titrator TTT60 pH meter, using a glass elec-
trode and a calomel saturated of KCI as reference electrode,
until the first pH jump in the value 4.8, obtaining the concen-
tration of phosphoric acid. The relative ratios of water and
organic solvents obtained by chromatographic analysis and the
material balance enabled us to find the compositions of phases.

Quaternary Solubliity Surface Determination. The study of
quaternary solubility surface and tie-line data was carried out
for systems made up of water, phosphoric acid, and mixtures
of 1-hexanol and cyclchexanone in the ratios 4/1, 3/2, 2/3, and
1/4 (pseudoternary systems) with the same analytical method
used for ternary equilibrium; Figure 1 shows the method sche-
matically, where R is the ratio of the solvents.

Rellability Test. Three tie lines per ternary or pseudoternary
system were repeated as a reproducibility test, which was found
to be 0.5% for each component.

Results and Discussion

Mutual solubility and tie-line data for the two ternary and four
pseudoternary type 1 systems measured in this research are

w

Figure 2. Phase equilibria for the system water (W)-phosphoric acid
(P}-1-hexanol (H) at 25 °C.

w
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Figure 3. Phase equilibria for the system water (W)-phosphoric acid
(P)-cyclohexanone (K) at 25 °C.
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Figure 4. Distribution of phosphoric acid between solvents and water.
Solvents: (a) 1-hexanol, (b) 1-hexanol/cyclohexanone (4/1), (c) 1-
hexanol/cyclohsxanone (3/2), (d) 1-hexanol/cyclohexanone (2/3), (e}
1-hexanol/cyclohexanone (1/4), (f} cyclohexanone.
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Table II. Quaternary Solubility and Tie-Line Data (weight Table III. Quaternary Solubility and Tie-Line Data
percent) for Water (W)-Phosphoric Acid (P)-1-Hexanol (weight percent) for Water (W)-Phosphoric Acid
(H)-Cyclohexanone (K) at 25 °C (Ratio of Solvents 4/1) (P)-1-Hexanol (H)-Cyclohexanone (K) at 25 °C (Ratio of
Initial Mixture Solvents 3/2)
xw XP XH/XK (4/1) XW XP XH/XK (4/1) Initial Mixture
50.80  0.00  49.20 36.53 8200  31.47 Xw _ Xp Xu/Xy(3/2) Xw  Xp Xu/Xxk(3/2)
48.05 4.97 46.98 35.06 35.28 29.66 50.45 0.00 49.55 34.80 36.14 29.06
45.13 9.71 45.16 33.11 40.08 26.86 47.52 6.41 46.07 33.95 3797 28.08
4430 13.89 41.81 3044 46.71 22.85 44,17 13.95 41.88 32.24 41.80 25.96
42,18 19.02 38.80 27.99 52,12 19.89 4169 19.32 38.99 2999 47.26 22,75
39.71  24.33 35.96 2542 57.89 16.69 39.55 25.06 35.39 28,78 51.32 19.90
38.65 27.60 33.75 2421 61.05 14.74 37.88 29.01 33.11 27.11  53.27 19.62
37.61 29.38 33.01 22,70  64.56 12,74 3593 33.19 30.88
Solubility Curve and Tie-Line Data Solubility Curve and Tie-Line Data
organic phase aqueous phase organic phase aqueous phase
Xw XP XH X]( XW XP XH X]( Xw Xp XH XK Xw Xp XH XK
8.17 0.00 73,50 18.33 97.09 0.00 081 210 8.35 0.00 55,02 36.63 95.39 0.00 0.69 3.92
7.18 0.53 7522 17.07 89.04 914 081 1l.01 8.24 0.80 5566 3530 8395 11.87 105 3.13
713 1.21 7486 16.80 81.22 17.23 046 1.09 8.18 2.70 54.85 3427 73.88 2332 0.46 2.35
7.52 2,32 7376 1640 7489 2381 0.39 091 8.49 5.26 53.87 3238 67.16 3025 039 220
7.84 431 7201 1584 6845 3058 0.33 0.64 9.29 9.08 51.32 30.31 61.07 36.16 0.52 225
8.47 747 6890 1516 6217 36.62 0.32 0.89 10.41 13.53 48.05 28.01 56,58 41.07 0.33 2.02
8.91 9.77 66.53 14.79 58.83 3995 031 091 11.87 17.39 4495 2579 52.84 4460 0.34 2.22
9.32 12.07 6468 13.93 5699 41.83 0.32 0.86 13.00 20.65 42.27 24.08 50.24 47.19 033 2.24
1046 14.04 62.08 13.42 54.23 4461 032 084 13.79 2292 40.45 22.84 4867 4871 035 2.27
1042 16.80 5995 1283 5143 4742 0.39 0.76 16,29 28.08 36.10 19.53 44.44 5282 038 2.36
11.84 2268 53.39 12.09 46.81 51.80 044 095 18.48 36.17 29.64 1571 3996 57.38 042 224
13.78 30.44 4595 9.83 4147 57.39 035 0.79 19.62 4084 2570 13.84 37.33 59.71 0.57 2.39
15,51 38.39 38.29 7.81 3614 6244 0.36 1.06 21.55 47.60 20.03 10.82 33.90 6259 080 271

16.51 45,77 31.56 6.16 3177 66.87 0.36 1.00

17.59 50.29 26.99 513 2949 6914 045 092 s soTs
1750 57.00 2166 384 9788 17134 053 075 Table IV. Quaternary Solubility and Tie-Line Data

(weight percent) for Water (W)-Phosphoric Acid
(P)-1-Hexanol (H)-Cyclohexanone (K) at 25 °C (Ratio of
Solvents 2/3)

‘Initial Mixture

Z e =
3 x Xw Xp Xu/Xy (2/3) Xw Xp  Xu/Xu(2/3)
s < 50.38 0.00 49.62 38.86 26.45 34.69
» ! 47.62 5.95 46.43 36.74 3212 31.14
Jos a) Jos b} 45.68 11.27 43.05 3544 35.96 28.60
< = 4441 1584 39.75 33.25 39.71 27.04
» ! 40.93 22,17 36.90 31.78 43.30 24.92
R o Solubility Curve and Tie-Line Data
.ooJo o8 ”roz ) 'o,o T N organic phase aqueous phase
_ X817 (%1 ex, 1) _ Xp /(X e X 1) Xw Xp Xy Xk Xw Xp Xy Xx
Z 0 Z . 810 000 3673 5517 9414 0.00 062 5.24
< < 1005 094 3743 5158 84.72 1149 0.30 3.49
2 = 995 205 3753 5047 76.76 1950 0.31 3.42
‘;2. :{‘ 10.16 3.94 36.77 49.13 70.87 25,57 0.26 3.31
Z ¢) Zos d) 10.73 851 3452 46.24 63.13 33.13 0.27 3.47
>0 = 12.65 1212 3269 42.54 5879 37.09 0.30 3.82
:2, :2‘ 14.78 1871 29.30 37.21 5290 4279 033 3.98
; 16.87 22,54 27.26 33.33 50.16 4520 0.38 4.2
19.88 29.49 23.11 27.52 45.31 49.28 0.51 490
6.0 0.0 21.36 33.85 20.56 24.23 41.50 51.61 290 3.99
o0 0.8 1lo .0 0.8 1.0 .
Xﬁ(l)/(xﬁ(i),xlﬂ)) X‘!(Z)/(XZ(Z)’XI(Z))
= = w
S e S_te
< x
: 2
s s
Jos o) :\' 0.8 t)
Iy Iy
0.0 0.0
0.5 1.0 0.0 0.9 1.0
Xﬁ(l)/(xﬁ(!).xl(l)) XI(Z)/(XZ(Z),X‘(Z))
Figure 5. Selectivity diagrams for the system water (W)-phosphoric
acld (P)-solvents. Soivents: (a) 1-hexanol, (b) 1-hexanol/cyclo- Ny AR — N
hexanone (4/1), (c¢) 1-hexanol/cyclohexanone (3/2), (d) 1-hexanol/
cyclohexanone (2/3), (e) 1-hexanol/cyciohexanone (1/4), (f) cyclo- Figure 8. Phase equilibria for the system 1-hexanol (H)-water (W)~

hexanone. cyclohexanone (K) at 25 °C.
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Table V. Quaternary Solubility and Tie-Line Data (weight
percent) for Water (W)-Phosphoric Acid (P)-1-Hexanol
(H)-Cyclohexanone (K) at 25 °C (Ratio of Solvents 1/4)

Initial Mixture

Table VII. Ternary Solubility and Tie-Line Data (weight
percent) for 1-Hexanol (H)-Water (W)-Cyclohexanone (K)
at 25 °C

Initial Mixture

Xw Xp Xu/Xk (1/4) Xw Xp Xy/Xg (1/4) Xu Xw Xx Xy Xw Xx
50.27 0.00 49.73 40.33 23.02 36.65 50.23 49,77 0.00 18.18 50.59 31.23
47.60 5.83 46.57 38.71 26.63 34.66 43.76 49.86 6.38 13.02 49.76 37.22
45.41 11.45 43.14 37.40 29.46 33.14 36.74 50.64 12.62 6.17 50.00 43.83
43.34 16.07 40.59 36.98 31.12 31.90 32.44 49.37 18.19 0.00 50.37 49.63
41.65 19.79 38.56 36.00 33.26 30.74 25.17 49.68 25.15

Solubility Curve and Tie-Line Data

Solubility Curve and Tie-Line Data

organic phase aqueous phase
Xw Xp Xn Xx Xw Xp Xy Xg

organic phase aqueous phase
Xy Xw Xk Xy Xw Xx

7,72 000 1849 7379 9196 0.00 038 7.66
822 0.62 1991 7125 8271 1061 0.55 6.13
8.73 1.89 19.79 69.59 75.05 19.25 0.27 5.43
9.50 4.14 19.13 6723 6898 2519 025 5.58
10.30 6.80 18.62 64.28 6542 2941 023 4.94
12,10 991 17.77 6022 6148 3273 024 5.5
15.03 14.29 16.33 5435 5791 3612 027 5.70
18.18 18.71 14.69 4842 5432 3876 035 6.62
20.12 21.51 13.79 44.58 52.88 40.18 037 6.57
22.26 24.86 12.55 40.33 50.02 41.72 0.53 17.73

Table VI. Ternary Solubility and Tie-Line Data (weight
percent) for Water (W)-Phosphoric Acid
(P)-Cyclohexanone (K) at 25 °C

Initial Mixture

XW XP XK Xw Xp XK
50.37 0.00 49.63 42.86 16.33 40.81
47.93 4.33 47.74 41.38 20.63 37.99
46.51 8.44 45.05 39.37 24.14 36.49
44.02 12.99 42.99 37.69 27.23 35.08

Solubility Curve and Tie-Line Data
organic phase aqueous phase
Xw Xp Xx Xw Xp Xk

5.45 0.00 94.55 90.34 0.00 9.66
7.58 0.22 92.20 83.58 8.08 8.34
7.4 0.58 91.68 77.18 14.65 8.17
7.87 1.60 90.83 70.36 21.59 8.05
8.38 2.99 88.63 66.18 25.39 8.43
10.65 6.61 82.74 60.83 29.61 9.56
15.23 12.77 72.00 55.66 32.28 12.06
24.60 20.85 54.55 47.77 32.94 19.29

presented in Tables I-VI. Figures 2 and 3 show the triangular
ternary diagrams for the two type 1 systems; figures for
pseudoternary systems are similar. Distribution and selectivity
curves for ternary and pseudoternary type 1 systems are shown
in Figures 4 and 5. Table VII and Figure 6 stand for the type
2 ternary system.

Both solvents and their mixtures show distribution coefficients
less than unity for any concentration of phosphoric acid.
Likewise, selectivity diagrams for the two solvents and their
mixtures show inversion of selectivity from values less than
unity, for low and middle phosphoric acid concentrations, to

92.45 7.55 0.00 0.92 99.08 0.00
81.04 8.03 10.93 0.86 98.21 0.93
69.47 8.20 22.33 0.76 97.16 2.08
60.03 8.17 31.80 0.71 96.27 3.02
47.14 8.45 44.41 0.64 95.08 4.28
35.32 8.18 56.50 0.56 94.00 5.44
25.25 7.66 67.09 0.45 92.98 6.57
12.50 6.75 80.75 0.30 91.84 7.87

0.00 5.45 94.55 0.00 90.34 9.66

values higher than unity for elevated concentrations of phos-
phoric acid in the ternary diagram.

The variation of selectivity with mixtures of both solvents is
of little significance, with 1-hexanol appearing as the better
extractant solvent on account of the wide heterogeneous zone
in the solubility diagram. The use of mixed solvents to improve
the extraction of phosphoric acid will only be advisable when
both solvents show some favorable properties, such as distri-
bution coefficient and/or selectivity, in order to take advantage
of the synergistic effect of the mixture.

Glossary

H 1-hexanol

K cyclohexanone

P phosphoric acid

water

XM welght percentage of component i in the aqueous
phase

X®@ weight percentage of component i in the organic
phase

Registry No. H;PO,, 7664-38-2; 1-hexanol, 111-27-3; cyclohexanone,
108-94-1.
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