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Table IV. Maximum Errors in Density for the 
Cross-Square Mixtures Obtained by Using the Equations of 
Wood and Reilly (I1 ) 

1066p, g cm-3 
mix ture  w i thout  AV,,, w i t h  AVm 

N a C l  + K2S04 238 72 
K C l  + Na2S04 171 90 

in the presence of the common anion X and the anions X + 
Y in the presence of the common cation M. This equation 
attempts to account for cation-cation and anion-anion inter- 
actions and neglects higher order triplicate interactions ( 1 I). 

A summary of the maximum errors in density obtained by 
using the estimate 9, (eq 8) and 

are given in Table I V  (M = CEiMi is the mean equivalent 
weight of the mixture). The use of the volume of mixing term 
reduces the maximum errors by 2-3 times compared to use 
of Young's ( 72) simple addiiie rule (the first term in eq 8). The 
maximum errors (90 X lo-' g ~ m - ~ )  are still higher than the 
maximum errors (1 2 X lo-' g ~ m - ~ )  obtained for the original 
solutions and the full AV,  equation but demonstrate the utility 

of the equation of Wood and Reilly ( 7 7 ) for solutions of known 
composition formed by unknown natural processes. 

Reglstry No. KCI, 7447-40-7; NaCi, 7647-14-5; K,SO,, 7778-80-5; 
Na,SO,, 7757-82-6. 
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H,O-H,PO, media (1-14 moi/L) are characterized by 
means of the R,(H) acidity function and the R,(H2P04-), 
R,(HPO,'-), and R,( PO:-) functions whlch represent their 
ability to give up the proton and the H2P04-, HPOt-, and 
PO:- particles, respectively. Their solvation properties 
are characterized by means of the soivatlon-transfer 
activity coefficients of the solutes which are calculated 
from the normal potential values of the corresponding 
redox systems or from soiubUlty product values. The 
significance of the parameter water activity Is underlined. 

I ntroductlon 

Phosphoric acid solutions produced in the industrial pro- 
cessing of phosphate ores are about 5.5 and 11.5 mol/L (30% 
and 50% P,O,). They contain valuable species such as ura- 
nium in the presence of iron, sulfate, and fluoride (hexafluoro- 
silicate essentially) at fairly high concentrations (I) and others 
such as cadmium and arsenic which must be eliminated. 

Provisions for improving the successive stages in the indus- 
trial processes are possible from a thermodynamical point of 
view by using such data as acidity level, phosphate anion ac- 
tivities, water activity, and solvation properties. The data con- 
cerning concentrated phosphoric media existing in the literature 
nevertheless do not allow us to describe thoroughly their 
properties: studies dealing with a limited acid concentration 
range or carried out under peculiar conditions (e.g., in the 
presence of sulfate) give unreliable results because of incom- 
pletely defined reference systems. We present in this paper 
the results of a study by electrochemical methods of H20-H3- 

PO4 media (1-14 mol/L) giving the R,(H) acidity function (2) ,  
and the R0(H2P04-), R,(HPO?-), and Ro(PO4*) functions (3 ,  4 )  
characterizing phosphate anion activities and solvation transfer 
coefficients of solutes ( 2 - 4 )  especially those which are sig- 
nificant in the hydrometallurgy field. Along with water activities 
they allow us to explain the changes with acid concentration 
of oxidation-reduction, precipitation reactions, and extraction 
processes. 

Results 

7 .  R , (H)  Acldity Functlon. The R,(H) acidity function 
( 2 - 4 )  is determined from the variation with the acid concen- 
tration of the H+/H2 (hydrogen electrode) and the 1,Cbenzo- 
quinone/hydroquinone (Q/QH2) redox system potentials (Ea,+/, 
and Eaas/w2s, respectively) referred to the ferrocenium/fer- 
rocene (Fc+/Fc) comparison system (Table I) according to the 
relations 

R&H) ( E O W H + / H 2  - Ea,+,,2)/o.058 with E,WH+ln2 = 
-0.400 V vs. Fc+/Fc (1) 

ROW) = ( E W a s i ~ ~ 2 s  - Eaas/aH2s)/0.058 with EWOs/w*s - - 
i-0.316 V vs. Fc+/Fc (2) 

(The Superscript a corresponds to the acidic medium and the 
superscript w to water.) 

2.  H 2 P O 4 - p  HP042-, and P043- Anlon Actlvltles. By 
analogy with the R,(H) acidity function, H2P04-, HP0,2-, PO:- 
anion activities are characterized by the R,(H2P04-), R,(HPO?-), 
and R0(P043-) functions. R,(HP042-) = -log aHp0,2- and R,- 
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Table I. Normal Potentials" ( A 5  mV) of Redox Systems in M"+/M("-'")+ system log f w + / f ~ n - m ) +  = 
Phosphoric Media (2-14 mol/L) 

H,P04, mol/L; H3P04, %; P206, % 
2.0; 5.5; 8.0; 11.5; 14.0; 
18.0; 42.5; 56.9; 72.5; 83.0; 
13.0 30.8 40.9 52.7 60.0 

Fc+/Fc +50 -40 -115 
-337 -330 -320 

-1050 -1040 -1045 
v3+/v2+ -700 
Cd2+/Cd -650 -640 -645 
Sn2+/Sn -500 -490 -480 
Pb2+/Pb -430 -460 -470 
&I/ Ag -420 -480 -530 
AgBr/ Ag -320 -330 -360 
AgCl/ Ag -70 -120 -160 

cu2+/cu -20 -40 -50 
Fe3+/Fe2+ +170 +lo9 +75 
UO?+/U4+ +140 +194 +242 
vo2+ / v3+ +120 +180 +230 
HgzHPO4*/Hg, +300 +290 +290 
Q/Q& +378 +360 +345 
QdQHzs +370 +380 +385 

+490 +455 +435 
K$;02+ +750 +800 +815 
Fe(CN),"/Fe(CN)," +380 +460 +535 

"In mV vs. SCE in 0.1 mol/L H3P04 (3). 

H+/H2 
Zn2+/Zn 

BiPO,/Bi -110 -110 -120 

-265 
-305 

-1050 
-865 

-450 
-500 
-600 
-380 
-235 
-130 
-65 
+29 

+351 
+320 
+260 
+345 

. +390 
+415 
+855 
+665 

-650 

-380 
-260 

-1030 

-630 
-430 
-510 
-680 
-420 
-275 
-160 
-80 
-20 

+326 
+420 
+240 
+340 
+400 
+395 
+goo 
+850 

AX,,/A, system log f,- = (EoW - EOa)/0.058 (9) 

EoW represents the normal potential of the considered redox 
system in water, Eoa its value (referred to Fc+/Fc) in a phos- 
phoric medium characterized by its acidity level Ro(H) and its 
water activity a H20. 

MX compound pK2 - pK,W = log fM+  log fx- (10) 

pKsa represents the solubility product of the MX compound in 
the phosphoric medium and pKsW its value in water. 

XHPO, phosphate log f X z +  = 
R,(HPO?-) - pKsW - log [X2'] (11) 

R,(HPO?-) characterizes the ability of the phosphoric medium 
to give HP042- species and pKSW represents XHPO, solubility 
product in water. The results are given in the Table 111. 

Normal potential values of the considered redox systems 
were determined directly by means of classical electrochemical 

try, and (c) voltamperometry at rotating disk electrodes 

= -log a PO," are determined from the variations with 

HgZHPo4S/HgS and Bipo4S/BiS systems involving HP0,2- and 
pot-, 

methods (3), (a) dc polarography, (b) zero-current potentioms acid concentration Of the E' and redox potentials Of 

(smoothed platinum, vitreous carbon). (a) I n  the case of rapid 
system, normal potentials and half-wave potentials are con- as the Only soluble 'pecies (Table I )  
sidered as eaual while the diffusion coefficients of cations in cording to the relations 

R,(HP042-) = 2(E" - E'W)/0.058 with EtW = 
-0.024 V vs. Fc+/Fc (3) 

-0.593 V vs. Fc+/Fc (4) 
R,(PO:-) = 3(E1" - E"W)/0.058 with = 

R,(H,P04-) is calculated according to the relation 

pK2 = 7.2 = R,(H) + R,(HPO?-) - R,(H2P04-) (5) 

The results are given in Table 11. 
3. Varlatlons of Solute Solvation. They are characterized 

by means of their solvation-transfer activity coefficients. The 
f coefficients are calculated from normal potential values of the 
corresponding redox systems (Table I) according to the rela- 
tions 6-9 or from solubility product values according to the 
relations 10 and 11. 

M"+IM, system log fMn+ = n ( ~ , ~  - EoW)/0.058 (6) 

solution and 'in amalgam are the same. I n  concentrated 
phosphoric media, diffusion coefficient variations were deter- 
mined and the correction calculated which is significant in 
phosphoric media more concentrated than 8 mol/L. (b) Normal 
potentials were determined from Nernst law verification. (c) In  
the case of uranium, normal potential values were calculated 
from equilibrium constants of the reactions 

U(V1) + 2Fe(II) e U(1V) + 2Fe(III) 

in phosphoric media less concentrated than 6 mol/L and 

U(V1) + 2Ag(0) F? U(1V) + 2Ag(I) 

in concentrated phosphoric media. These equilibrium constants 
were calculated from vis-spectrophotometric and/or potentio- 
metric measurements. I n  all cases, potential values were 
measured at 20 O C  in comparison with the following reference 
electrode: aqueous SCE in a separate compartment containing 
0.1 mol/L H3P04. 

Table 11. R,(H), R,(H*POc), R,(HPO?-), R,(P043-) (*O.l), log ~ H ~ O  (23,24),  and log aH#ol (23, 24) 
%Pod7 ROW) 
mol/L H+/H2 Q/QHz R,(H,PO4-) R,(HPO?-) R,(P043-) log aH2O log aH3PO~ 

1 +0.2 +0.4 +1.7 +8.4 +20.8 -0.009 0 
2 -0.2 -0.1 +2.2 +9.4 +22.4 -0.021 +0.43 
3 -0.7 -0.5 +2.5 +10.1 +23.7 -0.036 +0.72 
4 -1.1 -1.0 +2.8 +11.0 +25.0 -0.057 +1.0 
5 -1.7 -1.5 +2.9 +11.8 +26.0 -0.084 +1.25 
5.5 -1.9 -1.8 +3.3 +12.2 +26.8 -0.100 +1.38 
6 -2.1 -2.0 +3.5 +12.7 +27.3 -0.119 +1.50 
7 -2.7 -2.7 +3.8 +13.7 +28.8 -0.162 +1.76 
8 -3.2 -3.2 +4.3 +14.8 +30.4 -0.217 +2.05 
9 -3.9 -4.0 +4.7 +15.9 +32.2 -0.285 +2.30 

10 -4.7 -4.7 +5.0 +17.0 +34.3 -0.371 +2.58 
11 -5.6 -5.4 +5.3 +18.2 +36.3 -0.47 +2.80 
11.5 -6.1 -5.9 +5.6 +18.9 +37.6 -0.52 +2.93 
12 -6.7 -6.3 +5.6 +19.4 +38.4 -0.595 +3.04 
13 -7.7 -7.0 +5.8 +20.8 +40.2 -0.75 +3.26 
14 -8.9 -8.0 +6.0 +22.2 +42.0 -0.92 +3.47 
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T a b l e  111. So lva t ion-Transfer  A c t i v i t y  Coeff ic ients in 
Phosphoric A c i d  Media (2-14 mol/L) 

H3P04, mol/L 
2.0 5.5 8.0 11.5 14.0 

+0.7 +1.6 +2.6 
0.0 +2.2 +4.0 

+1.3 +3.4 +5.8 
-0.3 +2.0 +4.5 
-0.7 +2.7 +5.9 
+3.4 +6.9 +9.3 
+2.0 +5.5 +7.9 
-4.3 -3.8 -3.1 
-1.6 
f6 .4  +9.3 +11.9 
+4.0 +2.5 +1.3 
+1.3 +0.2 -0.9 
+1.9 +1.0 +0.5 
+2.0 -1.4 -3.9 
-1.0 -1.6 -2.1 
+0.7 -0.5 -1.5 
-1.4 -1.9 -2.4 
-3.4 -5.0 -6.1 
-3.3 -6.0 -8.5 
-8.1 -12.7 
-1.7 -3.3 
-3.3 -4.0 -5.5 

+4.8 
c7.3 
+8.7 
+8.3 

+10.7 
+13.1 
+11.8 

-1.3 
+0.9 

+16.7 
-1.9 
-3.8 
-1.8 

-3.6 
-3.4 
-3.5 
-8.9 

-11.5 

+6.4 
+11.0 
+12.7 
+11.6 
+16.5 
+18.2 
+16.8 

-0.2 

+21.9 
-10.8 

-7.0 
-3.8 

-4.9 
-4.8 
-4.3 

-15.6 

Dlscusslon 

The R,(H) values calculated from the H+/H2 and the Q/QH2 
potential values are very close in the case of concen- 
trations less than 11 mol/L. For higher concentrations we 
considered only the R,(H) values resulting from H+/H2 potential 
values because of a visible transformation of the 1,Cbenzo- 
quinone species. The acidity level in 1-14 mol/L phosphoric 
acid media ranges over nine units (4-0.2 to -8.9); the gap be- 
tween the ackii i level in the 5.5 and 11.5 mol/L industrial medii 
is about four units. These values are very close to those 
corresponding to the H, (5, 6) and H'* (7, 8) acidity functions 
but clearly different from those of the H, acidity function (9, 
70). That could justify afterward the use of the glass electrode 
as the H+ indicating electrode in the concentrated phosphoric 
media and would show that aniline Hammett indicators would 
be more sensitive to solvation than carbinol indicators leading 
to H', acidity function whose behavior is similar to that of 
ferrocene. 

Bell and Bascombe ( 7 7 )  and Wyatt ( 72) showed that for an 
equal water activity value, strong acid media had an equal H, 
acidity level and that this property did not hold in the case of 
weak acids especially HF and H3PO4, proving that acid anions 
do not interefere in the solvation variation of Hammett indicators 
but that water and undissociated acid molecules which are 
present in weak acid medii do. The same comparison carried 
out using the R,(H) acidity function in H20-H,S04 (73, 74), 
H20-HCI (75), H20-HF (76, 77), and H20-H3P04 (2, 3) leads 

to the conclusion that for the same value of water activity 
(78-24), strong and weak acids are characterized by the same 
R,(H) acidity level, indicating that the nature of the anion and/or 
the presence of undissociated acid molecules do not interfere. 

As in H20-H2S04, H20-HCI, and H,O-HF media, cations in 
H20-H3P04 medii are characterized by positive and increasing 
with acid concentration log f values. They are thus less sol- 
vated and more reactive in the more concentrated phosphoric 
media. At the same acidity level, log f values increase with the 
number of cationic charges. At the same acidity level and for 
the same number of charges, the less stable the corresponding 
phosphate in water, the higher the log f value. Anions are 
characterized by negative and decreasing log f values with 
increasing acidity. They are then more solvated in the more 
concentrated phosphoric media. For a given acidity level, the 
higher the number of anion charges and the stronger its basic 
properties the higher (absolute value) the log f value. 

Registry No. H,PO,, 7664-38-2. 
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