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Liquid—Liquid Equilibria of the System Water/Phosphoric Acid/
Diisopropyl Ether at (273.15, 283.15, and 293.15) K

Carlos H. Harrison™ and Pedro Roquero*

Facultad de Quimica, Universidad Nacional Autbnoma de México, C. P. 04510, México D.F.

Liquid—Iliquid equilibrium for the ternary system water/phosphoric acid/diisopropyl ether was studied
at the temperatures (273.15, 283.15, and 293.15) K. The concentration of each phase was determined by
acidimetric titration, the Karl Fisher technique, and nuclear magnetic resonance. Phase diagrams with
tie lines and plait points are reported; the latter are calculated by Hand's method. The behavior of the
three-phase zone was also studied; results show that the size of this zone decreased as the temperature

decreased.

Introduction

The production of wet phosphoric acid (WPA) from the
phosphate rock is accompanied by the dissolving of most
of the organic and inorganic impurities contained in the
rock.® The liquid—liquid extraction technique has been used
to obtain a highly purified phosphoric acid (PA). For this
purpose diisopropyl ether (DIPE) and other solvents2-7
have been used as extractant.

The Prayon process® and the process reported by Raz®
are described using DIPE as extractant. However, these
papers provide technical data of the process; information
regarding the water/PA/DIPE phase equilibrium was not
revealed, and the available information about the thermo-
dynamics of this system is limited.10

Phase equilibria of the ternary system water/PA/DIPE
have been studied before, 34 at (293.15, 298.15, and 313.15)
K. These previous works report somewhat different results,
with regard to the organic phase composition in the two-
phase regions and to the mutual solubility of water and
DIPE.

The objective of this work was to carry out a systematic
study of the behavior of DIPE with temperature, allowing
the characterization of the ternary phase diagram water/
PA/DIPE at (273.15, 283.15, and 293.15) K.

Experimental Section

Chemicals. PA was supplied by Merck (Catalog No.
100564) with the nominal purity of 89 mass % H3;PO,; the
purity was found to be 88.53% through acidimetric titration
with 1 N NaOH. DIPE with minimum purity 99.9 mass %
was supplied by Merck (Catalog No. 100867). The content
of water was found to be 0.008 mass % by the Karl Fisher
method.

Bidistilled water was used throughout the experiment.
The chemicals were used without further purification.

Apparatus. All weighing was carried out in a top pan
balance accurate to £0.01 g. Water content was measured
with Orion F8 Karl Fisher equipment, and DIPE content
was measured through nuclear magnetic resonance (NMR)
at 300 MHz.11.12
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Procedure. Tie lines were determined using the analysis
method.13 Samples were about 1 kg. The uncertainty of the
technique in determining the composition of the tie lines
was within +0.01 mass fraction. The solubility curves were
not obtained.

The conjugated phases were obtained by preparing
mixtures whose compositions are in the immiscible region.
The mixtures were stirred with a propeller mixer for at
least 30 min in jacked cells with septum outlets. The
mixtures were stirred for an additional 30 min to ensure
the equilibrium of the system. The system was left without
agitation for 2 h in order to obtain two or three transparent
phases. A thermostat was used to control the temperature
and to reach the temperature of study. Finally, one sample
of each phase was withdrawn and the compositions were
measured. Two syringes, placed in the cell during the
period without agitation, were used to withdraw the
samples of both organic phases in the three-phase zone.
Concentration analyses of water and PA were carried out
for the organic phase, and concentration analyses of DIPE
and PA were carried out for the aqueous phase. The third
component was calculated using eq 1:

w,tw, +w,=1 1)

where w; is the mass fraction of water, w, is the mass
fraction of diisopropyl ether, and ws is the mass fraction
of phosphoric acid.

Results

Tables 1—3 show liquid—liquid equilibrium data for the
system at (273.15, 283.15, and 293.15) K, respectively,
where K. is the distribution coefficient. Table 4 shows plait
point compositions calculated by Hand's method.'3 Figures
1-3 show the tie lines and plait points for the system at
(273.15, 283.15, and 293.15) K, respectively.

A three-phase zone was found at the three different
temperatures. In Figure 4, compositions for the three
phases at equilibrium in this zone are shown, together with
the results of Lozano et al.# at 293.15 K and with those of
Ruiz et al.® at (298.15 and 313.15) K.

Discussion

Figures 1—3 reveal three two-phase zones and one three-
phase zone. These ternary diagrams satisfy Schreinemak-
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Table 1. Experimental Compositions of the System
Water (1)/Diisopropyl Ether (2)/Phosphoric Acid (3) Tie
Lines at 273.15 K

aqueous phase organic phase
100w; 100w,  100ws  100w; 100w,  100ws K

99.25 0.745 0.00 0.56 99.44 0.00

70.82 0.60 28.58 0.25 99.36 0.39 0.0136
47.82 0.74 51.44 0.31 98.93 0.76 0.0148
31.85 1.53 67.02 6.57 53.74 39.69 0.5922
30.75 1.06 68.19 8.43 49.05 42.52 0.6236
28.93 1.82 69.25 8.60 45.92 45.48 0.6568
25.55 2.76 71.69 8.90 40.76 50.34 0.7022
22.08 4.10 73.82 8.95 37.23 53.82 0.7291
21.00 4.26 74.74 9.68 34.74 55.58 0.7436
19.04 5.13 75.83 9.42 32.28 58.30 0.7688

Three-Phase Zone

aqueous phase light organic phase
100w; 100w, 100ws 100w; 100w, 100ws 100w; 100w, 100ws
32.17 113 66.70 6.69 6178 3153 1.60 8887 9.53
Lateral Two-Phase Zone
100w, 100w, 100ws; 100w, 100w, 100ws3
4.99 61.49 33.52 1.33 91.96 6.71

heavy organic phase

Table 2. Experimental Compositions of the System
Water (1)/Diisopropyl Ether (2)/Phosphoric Acid (3) Tie
Lines at 283.15 K

aqueous phase organic phase
100w; 100w,  100ws;  100w; 100w,  100ws Ke

99.21 0.793 0.00 0.58 99.42 0.00

71.65 0.67 27.68 0.27 99.34 0.33 0.0119
40.08 1.08 58.84 0.36 98.88 0.45 0.0076
28.83 1.86 69.31 7.98 48.66 43.36 0.6256
26.20 2.27 71.53 8.84 42.16 49.00 0.6850
25.17 2.73 72.10 9.41 38.92 51.67 0.7166
19.85 5.15 75.00 9.89 35.26 54.85 0.7313
18.90 5.51 75.59 10.40 31.87 57.73 0.7637

Three-Phase Zone

aqueous phase light organic phase
100w; 100w, 100ws; 100w; 100w, 100ws; 100w; 100w, 100ws
30.17 1.20 68.63 745 57.08 3547 101 9164 7.35
Lateral Two-Phase Zone
100 wy 100 w, 100 ws 100 wq 100 w, 100 w3
4.85 58.88 36.27 0.91 94.26 4.83

heavy organic phase

Table 3. Experimental Compositions of the System
Water (1)/Diisopropyl Ether (2)/Phosphoric Acid (3) Tie
Lines at 293.15 K

aqueous phase

organic phase

100w; 100w,  100ws 100wy 100w, 100ws3 Ke
99.13 0.872 0.00 0.821 99.18 0.00
71.98 0.42 27.6 0.69 99.08 0.23 0.0083

39.62 0.35 60.03 0.87 98.71 0.42 0.0070
28.21 1.80 69.99 0.93 97.94 3.1 0.0443
24.74 2.88 72.38 8.75 42.85 48.40 0.6687
22.71 4.17 73.12 9.69 38.58 51.73 0.7075
20.88 5.14 73.98 10.14 36.76 53.1 0.7178
18.84 6.32 74.84 10.20 33.51 56.29 0.7521

Three-Phase Zone

Table 4. Plait Points of the System Water (1)/Diisopropyl
Ether (2)/Phosphoric Acid (3)

aqueous phase light organic phase
100w; 100w, 100wz 100w; 100w, 100ws; 100w; 100w, 100ws

heavy organic phase

26.89 255 7061 7.18 51.72 4110 096 9350 554
Lateral Two-Phase Zone

100 W1 100 W2 100 W3 100 W1 100 W>o 100 W3

4.41 55.75 39.84 0.94 95.09 3.97

ers’ rule.’* There are no degrees of freedom inside the three-
phase zone, as indicated by the phase rule.®

The source of the lateral two-phase zone is a second
binodal curve, and the tie line on this lateral zone is
approximately parallel to the tie line joining the composi-

273.15 10.69 19.64 69.67
283.15 11.89 21.54 66.57
293.15 12.79 23.84 63.37

Water DIPE

100 wy

Figure 1. Tie lines of the system water (1)/diisopropyl ether (2)/
phosphoric acid (3) at 273.15 K.

Water

100 w,

Figure 2. Tie lines of the system water (1)/diisopropyl ether (2)/
phosphoric acid (3) at 283.15 K.

tions of the heavy organic phase and the light organic
phase, in the three-phase zone. Hence, recovery of PA in
the lateral two-phase zone is very low.

In the three-phase zone and in the lateral two-phase
zone, the compositions of the organic phases approach each
other as the temperature decreases. A correlation of the
three-phase zone compositions versus temperature shows
that the temperature where both compositions would be
the same (where the three-phase zone disappears)' is
243.15 K.

The surface area of the upper two-phase zone (above the
three-phase zone in Figures 1—3) decreases as temperature
increases, showing that mutual solubility increases with
temperature in this zone.

The compositions of the three-phase zone are shown in
Figure 4. The results at 293.15 K (Lozano et al.* and this
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Figure 3. Tie lines of the system water (1)/diisopropyl ether (2)/
phosphoric acid (3) at 293.15 K.
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Figure 4. Equilibrium compositions in the three-phase zone: O,
Lozano et al.* at 293.25 K; @, Ruiz et al.3 at 298.15 K; A, Ruiz et
al.3 at 313.15 K; A, this work at 273.15; O, this work at 283.15; H,
this work at 293.15 K.

work) present the most important difference for the DIPE
concentration in the heavy organic phase, corresponding
to an uncertainty of 5.7%. Comparison of results at the
extreme temperatures (Ruiz et al.® at 313.15 K and this
work at 273.15 K) reveals that the concentration of PA in
the light organic phase decreases by 5.83 mass %, as
temperature increases from 273.15 K to 313.15 K, while
the PA concentration in the heavy organic phase increases
by 14.87 mass % as temperature increases in the same
interval.

DIPE has a disadvantage as extractant in the lowest two-
phase zone (below the three-phase zone in Figures 1—3):
the extraction of PA is low, and the distribution coefficients

are less than 0.15. Therefore, the minimum content of
phosphoric acid in a feed stream should be 67 mass %, so
as to ensure a good extraction of PA and to have distribu-
tion coefficients higher than 0.59.

Conclusions

Liquid—liquid equilibrium data of the system water/PA/
DIPE were experimentally determined at (273.15, 283.15,
and 293.15) K. Three two-phase zones and one three-phase
zone were found at the three temperatures. Data obtained
at 293.15 K are within an error of 5.7% when compared
with those of Lozano et al.*

DIPE shows good extraction performance at high PA
concentrations (more than 67%). The size of the three-
phase zone decreases with temperature and is expected to
disappear at 243.15 K.

Literature Cited

(1) Becker, P. Phosphates and phosphoric acid, raw materials,
technology and economics of the wet process, 2nd ed.; Marcel
Dekker Inc.: New York, 1989.

(2) Ruiz, F.; Marcilla, A.; Ancheta, A. M.; Rico, C. Liquid- Liquid

equilibrium of the system water-phosphoric acid-di-N-propyl ether

at 25 and 40 °C, influence of the isomer propyl- isopropyl ether
on the appearance of three liquid phases at equilibrium. Solvent

Extr. lon Exch. 1986, 4 (4), 771—-787.

Ruiz, F.; Marcilla, A.; Ancheta, A. M.; Rico, C. Liquid—Liquid

Equilibrium of the three liquid phases at Equilibrium system

Water — Phosphoric Acid — Diisopropyl Ether at 25 and 40 °C.

Solvent Extr. lon Exch. 1986, 4 (4), 789—802.

(4) Lozano, F. J.; Garfias, F. J. Phase Equilibrium for the system

phosphoric acid—water-diisopropyl ether at 20 °C. Rev. Soc. Quim.

Mex. 1978, 22 (6), 436—437.

Marcilla, A.; Ruiz, F.; Martinez-Pons, D. Liquid—Liquid equilib-

rium of the water-phosphoric acid-3-pentanone system at 25 °C.

A comparative study of the extraction power of different solvents.

Solvent Extr. lon Exch. 1993, 11 (3), 469—485.

(6) Feki, M.; Fourati, M.; Chaabouni, M. M.; Ayedi, H. F. Purification
of wet process phosphoric acid by solvent extraction liquid — liquid
equilibrium at 25 and 40 °C of the system water — phosphoric
acid — methylisobutyl ketone. Can. J. Chem. Eng. 1994, 72
(October), 939—944.

(7) Gomez, A.; Ruiz, F.; Fernandez, J. Purification of phosphoric acid
by extraction with 2-ethyl-1-hexanol: Equilibrium data and mass
transfer. Ind. Eng. Chem. Res. 2001, 40 (3), 892—897.

(8) Dauvister, A.; Peeterbroeck, M. The PRAYON process for wet acid
purification. Chem. Eng. Prog. 1982, 78 (3), 35—39.

(9) Raz, I. Solvent extraction upgrades wet- process phosphoric acid.

Chem. Eng. 1974, 81 (12), 52—53.

Jiang, C. Thermodynamics of aqueous phosphoric acid at 25 °C.

Chem. Eng. Sci. 1996, 51 (5), 689—693.

(11) Rabek, J. F. Experimental methods in polymer chemistry, physical
principles and applications; John Wiley and Sons: Avon, U.K.,
1980.

(12) Pochert, C. J. The Aldrich Library of NMR Spectra, 2nd ed.;
Aldrich Chemical Co., Inc.: U.S.A., 1983; Vol. 1.

(13) Alders, L. Liquid—Liquid extraction theory and laboratory prac-
tice; Elsevier Publishing Company: Amsterdam, The Nether-
lands, 1959.

(14) Francis, A. W. Liquid—Liquid equilibriums; Interscience Publish-
ers and John Wiley and Sons: New York, 1963.

(15) Findlay, A. The phase rule and its applications, 9th ed.; Dover
Publications, Inc.: New York, 1951.

(16) Harrison, C. H. Equilibrio liquido-liquido del sistema agua-acido
fosforico-éter diisopropilico. MSc Thesis, Universidad Nacional
Autdnoma de México, 2001.

3

~

—~
)
—~

(10

N

Received for review March 24, 2003. Accepted November 3, 2003.
The authors wish to thank the National Council of Science and
Technology (CONACYT), México, for financial support provided for
this research.

JE030158+



