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Extraction of Sulphuric Acid by Methyl Diphenyl Phosphate and Tributyl
Phosphate

By Alexander Apelblat, Atomic Energy Commission, Nuclear Research Centre—Negev, P.0.B. 9001, Beer-Sheva,
Israel

The extraction equilibria in the sulphuric acid-methyl diphenyl phosphate—water and sulphuric acid—tributy!
phosphate—water systems were investigated. The activities of methyl dipheny! phosphate and tributyl phosphate
were calculated in the range of aqueous 0—10M-H,SO,, with the aid of the Gibbs—Duhem relationship. The
experimental data found are consistent with the formation of the [H(H,0)3(MePhyPO,),*1[HSO ] complex with
the equilibrium constant K = 2 x 10-% (mol/kg MePh,P0,)-1. At higher acid concentrations complete miscibility
of MePh,PO, and H,SO, is observed. Atlow concentrations of H,SO,, the acid is extracted by tributyl phosphate
in the form of HyS04(H,0)6(BusP0,)s with K = 20 (mol/kg BugPO,)-3. Some summarizing remarks on the
extraction of HNO;, HCI, and H,SO, by MePh,PO, and BusPO, are also given.

Tais work is a continuation of our investigations 12 on  those previously published ! are given. Sulphuric acid,
extraction equilibria in the systems containing mineral the phosphates, water, and complexes in the organic
acids and neutral organophosphates. The present paper phase are denoted by the subscripts H, S, W, and C,
deals mainly with extraction of sulphuric acid by methyl

diphenyl phosphate (MePh,PO,). In order to calculate » 4. Apelblat, J. Chem. Soc. (4), 1970, 1271. ,

the activities of tributyl ph osph ate (Bu3P04) in the A. Apelblat, in ‘ Solvent Extraction Research,” ed. A. S.

Kertes and Y. Marcus, Wiley, New York, 1969, p. 101.

H,S0,~BuyPO,-H,0O system, supplementary data to 3 A. Apelblat, J. Chem. Soc. (4), 1971, 3459.
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respectively. The quantities of the organic phase are
marked with the bar.

Materials and experimental techniques were de-
scribed.1-2

RESULTS AND DISCUSSION

MePh,PO,~H,SO,~H,0.—The equilibrium distribu-
tion of sulphuric acid between the aqueous phase and
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F1Gure 1 Solubility of 1, sulphuric acid; 2, total water; and
3, water dissolved in MePh,PO, as a function of sulphuric acid
concentration in the aqueous phase

methyl diphenyl phosphate, and the water content in
the organic phase, are shown in Figure 1 (curves 1 and 2).
The dissolved (unbonded) water, [F,0]4, was calcu-
lated.! The phase diagrams (Figure 2) of the MePh,PO -
H,S0,~H,0 (1) and the Bu,PO,~H,S0,-H,0 (2) systems

H,S0,

Bu3F04 e , -
MsPh,PO, 2

Ficure 2 Phase diagrams of the 1, MePh,PO,~-H,S0,~-H,0
and 2, BuyPO,-H,S0,~H,0 systems (in mol fraction units)

differ from the corresponding diagrams involving HNO,
and HCL3 In the former, complete miscibility is rela-
tively easily obtained at high concentrations of H,SO,.
The progressive disappearance of the two-phase region is
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clearly seen on the extraction isotherm (Figure 1) where
the solubility of the acid in the organic phase at ca.
15—16M-H,S0, increases steeply. Some of the tie-lines
in Figure 2 are omitted for clarity.

Figure 3 includes the organic phase densities of the
H,S0,, HNO;, HCI-H,O-MePh,PO,, and Bu,PO, sys-
tems. With the aid of these density data and equili-
brium concentrations in both phases, the activities of
methyl diphenyl phosphate were calculated from the
Gibbs-Duhem relationship by assuming the aqueous
phase to be a two-component (acid + water) system 1 (1)

In aglas® = f "F dax
0
F M s [M-fiwﬂlﬂ . 7}-13] (1)

= 1000ay | 5551

where Mg denotes the molecular weight of the phosphate
and s; and #%; denote the molalities of the component ¢
in the aqueous and the organic phases, respectively.
The activities of the water-saturated phosphates are
ag® = 0-80 for MePh,PO,, and as® = 0-515 for Bu,PO,.
The integrand F was calculated with the aid of Gazith's 4
values for the activities of aqueous solutions of H,SO,,
an = 4(mmy.)3. The integral (1) was evaluated graphic-
ally in the range aqueous 0—10M-H,SO,. The smoothed
activities of methyl diphenyl phosphate referring to pure
anhydrous MePh,PO, as the standard state are presented
in the Table. Up to aqueous ca. 5-6M-H,SO, the organic
phase is practically a two-component system; therefore,
according to the Gibbs-Duhem relationship with
(0aw/0CH)r negative, (dag/0Cg)r must be positive, .., ag
increases with increasing Cr ([H,0] ~ [HyOlaws de-
creases; Figure 1, curve 3). At higher concentrations
of sulphuric acid, the acid in the MePh,PO, phase cannot
be neglected and ag decreases sharply with Cx.

As in the HCI-MePh,PO,~H,0 system,? analysis of the
partition data of the HySO,~MePh,PO~H,0 system leads
to the conclusion that the sulphuric acid complex is
partly dissociated (2) in the organic phase. The solva-

I, K
H,SO, + #H,0 + ¢MePh,PO, ===
H+(H,0),(MePh,P0,), + HS0,~ (2)

tion number ¢ = 4 was found from the dilution experi-
ments with benzene as diluent. The hydration number
= 3 was obtained from the slope 3 d[H,0lpons/dCx = &.
The equilibrium constant for the complexation reaction
(2) is (3).

_ (my.)?

= asavian ®

The values of K/7.2 as a function of #mg were plotted
from equation (3), and the value of K = (2 4 0-5) X

1073 (mol/1000 g MePh,PO,)! was estimated from the
extrapolation to zero mg (ym —» 1 when #ig —»0).

¢ M. Gazith, Israel Atomic Energy Commission Reports,
TA-1004, 1964, IA-1009, 1965.
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By use of this value of K, the activity coefficients of the
complex 7. were calculated (Table). The very slight

Activities of methyl diphenyl phosphate and tributyl
phosphate, and activity coefficients of the complex in
the H,50,~H,0-MePh,PO, and in the H,50,~H,0-
Bu,PO, systems at 25 °C (the activities of pure phos-
phates are unity)

Aqueous molar MePh,PO, Bu,PO,
concn. of H;SO, as Vi ag Ve

0-0 0-800 1-00 0-515 1-00
01 0-800 1-00 0-516 1-03
0-2 0-801 1-00 0-518 1-07
0-3 0-802 1-00 0-519 117
0-5 0-804 1-00 0-523 121
07 0-806 1-00 0-526 1-29
1-0 0-809 1-00 0-531 1.57
1-5 0-814 1-02 0-538 210
2-0 0-820 1-04 0-545 2-66
2:5 0-829 1-06 0-550 3-07
3-0 0-838 1-10 0-548 3:35
35 0-850 1-14 0-529 3:23
4-0 0-861 1-18 0-495 2.83
4-5 0-872 1-27 0-453 2-41
5-0 0-888 1-38 0-406 2-01
b5-b 0-882 1-64 0-352 1-51
6-0 0-875 2-00 0-298 0-86
7-0 0-821 35 0-195 0-20
8-0 0-659 6-8 0-116

9-0 0-544 13:5 0-0616

10-0 0-334 44-0 0-0284

concentration-dependence of ., especially in the con-
centration region up to aqueous ca. 5-5M-H,S0, supports
the suggested mechanism of the extraction.

Bu,POH,50,~H,0.—The extraction of sulphuric
acid by tributyl phosphate alone or diluted has been
widely studied.5® Hansen and Patell® pointed out
that in the low concentration region, hydrated trisolvate
H,yS04{(H,0);,5(BusPO,); is the predominant species
and when the acidity increases BuyPO(H,S0,),(H,0).95
is formed. As can be seen, the ratio between Bu,PO,
and H,SO, in the complexes decreases as acidity in-
ereases.

Partition data for the Buy,PO,~H,S0,~H,0 system
have been published.! Additional and more ac-
curate data (Figures 2—4) permit a thermodynamic
analysis of the system. These data agree well with
those in the literature for partition of acid 1% and water.8
The activities of BugPO, were calculated according to
equation (1) (Table).

The formation of trisolvate at low acid concentrations
is generally accepted.®® However, analysis of the
water partition data is difficult, because [H,Olbona de-
creases continuously with Cg and the limit of A{H,O]yona/
dCx = % when Cg —» 0 cannot be determined accur-
ately. Our results confirm the formation of hexa-
hydrate, which was suggested previously by Brauer and
Hogfeldt.? From the complex stoicheiometry and the
fact that the solubility of water in BuyPO, can be
formally considered as formation of a weak BuyPO,~H,0

5 E. Hesford and H. A. C. McKay, J. Inorg. Nuclear Chem.,
1960, 13, 156.

¢ K. Naito and T. Suzuki, J. Phys. Chem., 1962, 66, 983.

0 * E. Brauer and E. Hogfeldt, J. Inorg. Nuclear Chem., 1961,
, 115.

J.C.S. Dalton

complex, the extraction equilibrium in the low concen-
tration region can be written as (4) and (5) where re-
action (6) has the equilibrium constant Kw = 1-751 mol™.

T 1T rrrrr1rnTT

T 11

rTr1 1T rrr1r

[y

o
~

FicurRe 3 Densities of the organic phase in 1, MePh,PO,-
H,S0,-H,0; 2, MePh,POHNO-H,0O; 3, MePh,PO,
HCI-H,0; 4, Bu,PO-H,SO,~H,0; and 5, Bu,PO~HCl-
H,O0 systems
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FiGUre 4 Solubility of 1, sulphuric acid; 2, total water; and
3, water dissolved in Bu,PO, as a function of sulphuric acid
concentration in the aqueous phase

¢ P. Biddle, A. Coe, H. A. C. McKay, J. H. Miles, and M. J.
Waterman, J. Inorg. Nuclear Chem., 1967, 29, 2615.

9 S. Nishimura, R. Mitamura, Y. Kondo, and N. C. Li,
J. Inovg. Nuclear Chem., 1968, 30, 3033.

10 C. Hansen and A. N. Patel, J. Appl. Chem., 1969, 18, 20,
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The degree of ionization of sulphuric acid at low con-
centration in Bu,PO, does not exceed ca. 0-05, as esti-
mated from measurements of electrical conductivity

P — K
3Bu,P0,— 1,0 + H,S0, + 6H,0 ===
BuPO,),H (H,0);H50,~ + 3H,0 (4)

. Ma ’)70

" Kwawbagdan (5)
- Rw
Bu,PO, + H;0 === Bu,PO, H,0 (6)

and viscosity,? so that to a first approximation the dissoci-
ation of the trisolvate can be neglected. From the
plot KKw/%. as a function of Cx the value of K = 20 4- 1
(mol/1000 g BuyPO,)® was derived (§.—1 when
Cu or Cg—>»0). The standard free energy change
AG®° = —RT In K = —1-8 kcal mol-! is negative, so the
direct reaction in equation (4) is preferred. The
activity coefficients of the trisolvate %, were calculated
by use of K (Table). The weak concentration depend-
ence of ¥, in the low concentration region indicates that
the trisolvate is formed predominantly in this region.
Mineral Acid-Organophosphate Extraction Equilibrium.
—Extraction of HCl, HNO,, and H,SO, by MePhy,PO,
and Bu,PO, was analysed ! in terms of the mass
action law (7). The activity of the phosphate, ag, can

dc = Kﬂgawhasq (7)

be evaluated from equation (1) where ag® is obtained
from vapour pressure or solubility data.® The activity
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FiGUure 6 Activity of water, aw as a function of the acid con-
centration in the organic phase: 1, MePh,PO-~H,SO0~H,0;
2, MePh,PO,~HCI-H,0; 3, Bu;PO,~H,50,-H,0; 4, BuyPO,~
HCI-H,O; 5, MePh,PO,~HNO4~H,0; and 6, Bu,PO,~HNO4—
H,0

of the acid ag = vy vs(my.)” (v + v =), and the
activity of water are known.? The hydration number is
obtainable from 3 4 = d[H;O]yona/dCx and the solvation
number ¢ from careful analysis of dilution experiments.
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The extraction isotherm given by equation (7) can be
simplified in the low concentration region (Cx < 0-1m)
because [H,Olpona is usually negligible and [H,0] ~
[H,0]ais, Where the concentration of dissolved water,3
[F,0]ais: decreases slowly with decreasing aw. In this

1-0;
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FIiGUuRE 6 Activity of phosphate, ag, as a function of the acid
(water) concentration in the organic phase: 1, MePhg PO,
HNO4H,0; 2, MePh,PO~H,50,~H,0; 3, MePh,PO,~HCl-
H,0; 4, Bu,PO,~HNO,H,0; 5, Bu,PO,HCI-H,0; 86,
Bu,PO,~H,SO,~H,0; and 7, BuyPO~H;O

0
10°°

region the water activity plays an important role only
for highly hydrated complexes (HCl and H,SO, com-
plexes of MePh,PO,; Figure 5) and the activity of the
phosphate is almost constant: ag =~ ag® (Figure 6).
Equation (7) becomes 4.~ ag or 4.~ amaw® (or fre-
quently even Cg ~ ag, i.e., Cq is proportional to mg?).

In the Bu,PO,~H,0 ! and in the Bu,PO,~HNO4;-H,01.2
systems the dissolved water plays a dominant role in the
high concentration region (Figure 6). Here the activity
of the phosphate ag can be correlated linearly with
Cx; ag~as® — BCy, where the constant B changes
from one system to another. The value B = 0-25 gives
a good approximation for all the systems considered
except for Bu;PO,~H,0 and BuyPO,~HCI-H,0 where B
is smaller (B =0-16). A similar relationship was
observed for the water activity; aw ~ 1 — B'Cg. B’is
not common to all systems.

The functional form of the equilibrium relations in the
mineral acid-MePh,PO, and -Bu;PO, systems is typical
of many non-electrolyte—electrolyte systems. This was
observed in the Th(NO,),~C¢H;,0H-H,0,12 Th(NO,)~
C.H,;;OH-H,0,  UO,(NO;);-MePh,PO,H,0, and
Th(NO;);~MePh,PO,~H,0 systems.®
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