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The dicitrlbution of cobalt between varlous concentratlons 
of dE2-ethylhexylphosphorlc acld (DEHPA) and an 
aqueous phase has been studled. The concentratlons of 
DEHPA (= H.R.) range from 5 to 20% v/v. The 
temperature was 25 f 1 OC. A thermodynamic analysis 
of the equlltbrla Is reported. The average log K value Is 
-3.96 f 0.13. Actlvlty coeffklents are reported, and an 
Improved method for the calculation of Y ~ , ~ , ~ / Y ~ ~  In the 
organlc phase Is given. 

I ntroductlon 

Since 1970 the methods of calculation of the activity coef- 
ficients of the aqueous electrolytes in high ionic strength medii 
involving the mul&o"nt system have been much improved 
due to the work done by Pltzer (7-7). 

The application of thermodynamics to equilibria in practical 
hydrometallurgical operations involving the aqueous phase is 
now possible. For the modelling of a practical liquid-liquid 
extraction equilibrium where a metal is distributed between an 
aqueous and organic phase it is also necessary to know the 
a c t i i  of species in the organic phase: such data are generally 
not available . 

Only a few papers on the thermodynamic modelling of the 
equilibrium distribution of metals with DEHPA have been pub- 
lished. ~ a e s  et ai. (6) reported on the extraction of uoZ2+ from 
the acidic perchlorate solutlon to n-hexane containing DEHPA. 
Information concerning the activity coefficients of the extractant 
was given. 

Brisk (7) studied the distribution of metals (Me2+ = Co2+, 
Ni2+, Cu2+) bewteen aqueous sulfate solution and a kerosene 
solution of DEHPA. The method of calculation of activity 
coefficients of the metals in the aqueous phase was based on 
the Guntelberg's modified Debye-Huckel equation. Therefore 
only the total ionic strength of the aqueous phase was con- 
sidered in the calculation. The slope of the plot of (pH + log 
a,z+(,,,) against the log D was found to be <2, and this was 
attributed to the hydrolysis of metal In the aqueous phase. In 
fact, the stability constant of the ion pair formed between Me2+ 
(Co2+) and SO:- is several orders of magnitude higher than the 
stability constant of the metal-hydroxide complex (8 ) .  Also 
these workers assumed that the activity coefficient of the 
metal-organic complex at the tracer concentration in the or- 
ganic phase was unity. This last assumption is questionable 
because of the strong interaction between the extractant and 
the metal-organic complex. 

The present paper presents a new thorough approach to the 
thermodynamic model for the distribution of cobalt in the im- 
portant commercial system where DEHPA is the extractant and 
the cobalt is present in the aqueous phase of medium ionic 
strength. 

Experlmental Section 

Mateflak. The cobalt sulfate solutions were made from 
Analytical Reagent grade salts dissolved in distilled water. 

Extractant solutions were prepared by dissolved DEHPA in 
n-heptane. The n-heptane used for dilution was BDH Labora- 
tory Reagent grade. 

DEHPA was a BDH product. Part of the DEHPA was purified 
by using the Cu-precipitation method. However, when the re- 
sults from the purified samples were compared with those from 
DEHPA without purification no difference was found in the UV 
spectra and in the pH titration curves. Eventually, a simple 
vacuum distillation method was used for purification. The tem- 
perature for distillation was 90 O C  (vacuum ca. 1-2 mm Hg). 
After such a distillation the acid content increased from 96% 

Proce&re. Glass conical flasks (100 mL) were charged with 
the aqueous sulfate solution and the DEHPA solutions; initially 
the aqueous phase was about 5 mL less than the organic 
phase. Then sodium hydroxide solution was added dropwise 
to the solutions which were vigorously stirred. Finally water was 
added after the alkali addition so as to keep the total volume 
of aqueous phase constant and in a ratio of 1:i  to the organic. 
The mixtures were then shaken for at least 6 h at 25 f 1 OC. 
The concentrations of NaOH used for adjustment of pH were 
not higher than 0.5 M, e.g., 0.1, 0.2, 0.5 M depending on the 
concentration of Co in the aqueous phase and the concentra- 
tion of DEHPA in the organic phase. Thus care was taken to 
avoid hydrolysis of Co2+ in the aqueous phase. 

Special attention was paid to pH measurements. Before 
measuring the samples, standard pH buffers, namely 3, 4, 5 or 
2, 3, 4, were used for calibration and a linear dependence was 
established between these three pH standards. The Orion 
Research Model 701 was used. The errors in pH measurement 
were estimated f0.03 pH units. The H+ activity is calculated 
from pH values. The molalities of species in the aqueous or 
organic phase, m,, were used. Molalities for the organic phase 
were calculated by using the density data of the organic phase 
determined in our laboratory, the molalities of the aqueous 
phase were assumed to be equal to the molarities due to the 
low concentrations used in the experiments. 

Activity coefficients of species, yI, refer to infinite dilute 
standard states. In the case of DEHPA the activity coefficients 
refer to the dimer since it is the most stable state in the organic 
phase under the experimental conditions of this study. 

Results and Calculations 

to 97-98%. 

The results of experiments are listed in Tables I-V. 
Actlvlty Coefflclents of Co 2+ In the Aqueous Phase. The 

calculation of activity coefficients of Co2+ was based mainly on 
Pitzer's theory ( 1-5) but with a slight improvement. 

There are two approaches in the calculation of activity 
coefficients. One is the so-called "stoichiometric activity 
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Table I. Distribution of Co between the Organic and the Aqueous Phasesa 
equilibrium, m01/dm-~ 

aqueous phase organic phase 
no. init aq mcoz+ X 10’ (aq) pH mcoz+ X lo2 mNa+ x lo3 (added) C H ~ R ~  CCo(0r) x IO3 Db 
1-1 0.6855 3.11 0.508 2.0 0.0693 1.827 0.47 
1-2 3.26 0.429 4.0 0.0679 2.549 0.63 
1-3 3.54 0.239 8.0 0.0641 4.444 1.86 
1-4 4.27 0.01 10.0 0.0627 5.127 51.22 
2-1 1.155 2.91 1.04 0.0 0.0707 1.169 0.11 
2-2 3.03 0.909 2.0 0.0691 1.950 0.20 
2-3 3.17 0.877 4.0 0.0674 2.786 0.32 
2-4 3.37 0.690 8.0 0.0636 4.680 0.68 
3- 1 1.450 2.89 1.313 0.0 0.0705 1.247 0.10 
3-2 3.02 1.236 2.0 0.0688 2.101 0.17 
3-3 3.14 1.137 4.0 0.0667 3.154 0.28 
3-4 3.30 0.985 8.0 0.0638 4.602 0.65 
4-1 1.752 2.87 1.620 0.0 0.0704 1.303 0.08 
4-2 3.00 1.531 2.0 0.0690 1.995 0.13 
4-3 3.10 1.445 4.0 0.0669 3.075 0.21 
4-4 3.20 1.373 6.0 0.0651 3.943 0.29 

Initial concentration of the extractant DEHPA 5% v/v. *Distribution coefficient. 

Table 11. Distribution of Co between the Organic and the Aqueous Phasesa 
equilibrium, mol dm-3 

aqueous phase organic phase 
no. init aq mcoz+ x 102 PH mcoz+ X lo2 mNa+ X lo2 (added) C H ~ R ~  CCo(or) x IO3 Db 
1-1 1.102 2.80 0.907 0.0 0.1128 1.577 0.18 
1-2 3.24 0.499 1.0 0.1041 5.934 1.19 
1-3 3.85 0.065 2.0 0.0956 10.30 15.74 
2-1 1.658 2.77 1.435 0.0 0.1125 1.852 0.13 
2-2 3.16 1.05 1.0 0.1039 6.146 0.58 
2-3 3.53 0.529 2.1 0.0937 12.22 2.12 
2-4 3.93 0.134 3.0 0.0843 15.93 11.43 
3-1 1.386 2.77 1.378 0.0 0.1127 1.746 0.13 
3-2 3.18 0.789 1.0 0.1042 5.793 0.76 
3-3 3.57 0.318 2.0 0.0950 10.62 3.34 
3-4 3.88 0.102 2.5 0.0905 12.83 12.64 
4- 1 2.192 2.74 2.002 0.0 0.1122 1.984 0.10 
4-2 3.11 1.581 1.0 0.1037 6.238 0.40 
4-3 3.36 1.115 2.0 0.0945 10.87 0.97 
4-4 3.49 0.888 2.5 0.0898 13.18 1.48 

Initial concentration of the extractant DEHPA: 8% v/v. *Distribution coefficient. 

Table 111. Distribution of Co between the Organic and the Aqueous Phasesa 
equilibrium, mol dm-3 

aqueous phase organic phase 
no. init aq mcoz+ X lo2 (as) pH mcoz+ X lo2 mNa+ X lo2 (added) C H ~ R ~  CCo(0r) x lo3 Db 
1-1 1.447 3.00 0.921 0.80 0.1359 5.425 0.59 
1-2 3.36 0.392 1.89 0.1257 10.51 2.68 
1-3 3.57 0.207 2.4 0.1221 12.30 5.9 
1-4 4.49 0.117 3.20 0.1182 14.24 121.56 
2-1 1.741 2.97 1.19 0.80 0.1355 5.588 0.47 
2-2 3.20 0.807 1.60 0.1282 9.232 1.14 
2-3 3.79 0.149 3.20 0.1149 15.89 10.67 
3-1 2.902 2.65 2.630 0.0 0.1413 2.70 0.10 
3-2 2.88 2.322 0.80 0.1350 5.829 0.25 
3-3 3.26 1.591 2.4 0.1208 12.97 0.82 
3-4 3.57 0.873 4.0 0.1062 20.27 2.32 
4-1 4.254 2.66 3.226 0.0 0.1409 2.888 0.09 
4-2 2.87 2.893 0.80 0.1348 5.958 0.21 
4-3 3.05 2.537 1.6 0.1276 9.542 0.38 
4-4 3.31 1.795 3.2 0.1134 16.64 0.93 

a Initial concentration of the extractant DEHPA: 10% v/v. Distribution coefficient. 

coefficients” in which the ion-pair formation is neglected. An 
example of this method is given in the original reference in the 
calculation of the y,.,,~+ for the bivalent sulfates including Co2+ 
(4 ) .  A second method is called “the free activity coefficient 
method“ as applled to the example of suMKlc acid. In this case 
Pitzer suggested that all species be considered so that for 
sulfuric acid both free IT and SO2- together with the HS04- are 
considered. We note that the stability constants of HSO; and 

CoSO, at zero ionic strength are similar (for CoSO,, log k = 
2.14, for HSO;, log k = 1.96) (8). We have tried both methods 
for the calculation of ycOz+ in the aqueous phase: that is, the 
method involving “stoichiometric activity coefficients” and the 
method which considers the ion-pair formation of CoSO,, i.e., 
“the free activity coefficients”. The latter gives more consistent 
results. 

Thus, for the single electrolyte CoSO,, we have mean stoi- 
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Table IV. Distribution of Co between the Organic and the Aqueous Phases" 
equilibrium, mol dm-3 

aqueous phase organic phase 
no. init aq mcoi+ X lo2 (as) pH mCoi+ x IO2 mNa+ X lo2 (added) C H ~ R ~  CCo(0r) x lo2 Db 
1-1 3.665 2.79 2.748 1.333 0.1867 0.917 0.33 
1-2 3.01 2.111 2.670 0.1739 1.554 0.74 
1-3 3.21 1.514 4.00 0.1620 2.151 1.42 
1-4 3.43 0.835 5.330 0.1492 2.799 3.35 
2-1 4.863 2.59 4.255 0.667 0.1921 0.643 0.15 
2-2 2.90 3.395 2.670 0.1749 1.503 0.44 
2-3 3.17 2.425 4.667 0.1543 2.534 1.05 
2-4 3.35 1.743 6.000 0.1419 3.155 1.81 
3- 1 6.046 2.43 5.641 0.0 0.1969 0.405 0.07 
3-2 2.88 4.491 2.67 0.1743 1.533 0.34 
3-3 3.12 3.556 4.67 0.1550 2.501 0.70 
3-4 3.33 2.483 6.67 0.1344 3.533 1.42 
4- 1 7.821 2.42 7.379 0.0 0.1962 0.441 0.06 
4-2 2.75 6.577 2.0 0.1801 1.244 0.19 
4-3 2.98 5.615 4.0 0.1609 2.206 0.39 
4-4 3.21 4.270 6.67 0.1335 2.574 0.84 

a Initial concentration of the extractant DEHPA: 14% v/v. Distribution coefficient. 

Table V. Distribution of Co between the Organic and the Aqueous Phases 
equilibrium, mol dm-3 

aqueous phase 
no. init aq mCoi+ X lo2 (as) pH mcoi+ x lo2 mNa+ x lo2 (added) 
1-1 5.052 2.38 4.514 0.0 
1-2 2.60 3.877 1.667 
1-3 2.87 3.105 3.333 
1-4 3.02 2.328 5.00 
2-1 7.832 2.31 7.205 0.0 
2-2 3.01 4.856 6.667 
2-3 3.36 2.718 10.00 
2-4 3.643 1.426 13.30 

Initial concentration of the extractant DEHPa: 20% v/v. *Distribution coefficient. 

chiometric activity coefficients T ~ ,  and mean free activity 
coefficients yAcl,, and 

m waqpotelm S04total~f2 = m Co(a4)tr-m so,rw~+($2 (1) 

The additional conditions are 

(iii) - 
mso4,, - ms0,free + "so4 

Here mcoso4 = molality of ion pair of CoSO,, and mwaqrotal, 
mwT mW,?; and mW,tne are the total and free molalities 
of Co and SO4 respectively; K,' Is the stability constant of 
the ion-pair CoSO, = 204. 

Note that for this system, mwaqWl - mso4m, and mwaqmw 
- ms0,,& then (I) becomes 

- 
- 

mwaqNotalY* = mwaqmwY*(l) (1) 

The additional conditions 

(3) 

From eq 1-3 the values of Y + ( ~ )  and mwaqww can now be 
calculated, since the values of T~ for different mwaqrotal are 
available from literature. The resuits are listed in Table VI. 

organic phase 

C H ~ R ~  CCO(O*) x lo2 
0.2867 0.5379 
0.2740 1.174 
0.2586 1.946 
0.2430 2.724 
0.2850 0.6271 
0.2380 2.977 
0.1952 5.115 
0.1694 6.406 

Db 
0.12 
0.30 
0.63 
1.17 
0.09 
0.61 
1.88 
4.49 

Table VI. Stoichiometric and Free Activity Coefficients of 
Cobalt 

0.001 0.7170 0.90 0.8010 
0.005 0.5060 3.69 0.6849 
0.01 0.4090 6.59 0.6209 
0.02 0.3200 11.64 0.5496 
0.05 0.2180 25.76 0.4231 
0.1 0.1570 49.72 0.3156 

The Pwametet Esthaibn W the Free AcaMYy CXwIlchh 
of the Single Elbclrolye CoS04. According to Pitzer (5) the 
equations for calculation of single 2-2 valent electrolytes are 

f' = -AXZ'/2/(1 + b1112) 4- (2/b) In (1 + bZ112)) (5) 

& = 2 B +  
(28&/al21)(1 - (1 + a1I1I2 - )!,1al2) exp(-a1l1I2)) + 

(2B(&,,/a22ZM1 - (1  + a21112 - 1/,Za2,) e~p(-a,l"~)) (6) 

%x = X &  
where I is ionic strength; Z = 4mwaqWw. 

The values of the parameters are those given by Pitzer: A, 
= 0.391, b = 1.2, cy1 = 1.4, and a, = 12. Parameters B& 
B&, $, GX were estimated by using a slm le linear regres- 

were obtained. Both sets bf parameters were used in the 
calculation of the free activity coeficients; results showed a 
difference of less than 1 ob. 

sion program. TWO sets of parameters, &, O P  a, &, a, 
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F = -A,(Z1I2/(1 + bZ1/’) + (2/b) In (1 + bZ112)) + 
m5m1B&,-lr + m5m2BC-2’ + 2m4m1BNa-1‘ + 

2m4m26~~4’ + mom28,4’ + mom#+,‘ (21) 

Similarly we can calculate the value of yH+, yso,z-, and yHso4- 
and YH+YSO,~-/YHSO,-. 

In (YH+Y~O,~-/YHSO;) = 4F + 2BWl(m1 - + 
28H-2(m2 + + 2m5(BC,2 - BC&l) + 

4m4(B~a-~ - 6b-1) (22) 

F = -Af(11/2/(l + bZ1I2) + (2/b) In (1 + b1‘”)) + 
m@18&-1‘ + m,m@,,’ + mOmlBH-1‘ + 

m o m @ ~ - 2 ’  + 2m4m1Bp.&ir + 2 m 4 m z B m - 2 ’  (23) 

In  this calculation the parameter C, was omitted because 
of the low concentrations of mo, m,, and m2 and because the 
value of yH+ym,2-/yHM4- does not participate in the general eq 
1. 

The subscripts 1 and 2 here represent HS04- and SO:-, 
respectively; i.8. 8H-2 = 6H-so4, BH-2r = B H - s O ~ r  6c0-1 - 

Since the parameters for HS04- are not available in literature, 

The following equations apply: 

- 
8Co-HS04g BCa-l’ = BCo-HSO:v etc. 

the values for C104- were used, as it was done in ref 3. 

aH+ = OYH+ (24) 

(25) 

(26) 

(27) 

1 / ~ i ’  = ( m o m 2 y H + y s o , 2 - ) / ( m  iYHso,-) 

1 / K 2 r  = (m5m2y*&S0,2 ) / (m3  - m 5 )  

m2 = m + m5 + m4 - m ,  

Here VK,’ and 1 / K i  are the dissociation constants for the 
ion pairs HS04 and CoSO,, e.g. K,’ = 95.24, K,’ = 204. 
These values are slightly different from the values of dissocia- 
tion constants of these complexes (8). 

From eq 24-27 four unknown variables, namely, m5, m2, 
m,, mo, and the activity coefficient of CohW can be calculated 
by using a simple iteration procedure. The iteration procedure 
was accomplished with the aid of a HP-85 computer. The 
results of the calculation are listed in Tables VII-XI. 

The correcfness of the calculation is checked as follows. For 
each initial concentration of extractant four different aqueous 
feeds corresponding to different pH values were adopted. Then 
several equilibrium organic Co2+ concentrations were selected 
for each series of aqueous feeds by interpolation of experi- 
mental data. In  this way, sets of values of pH, aqueous cobalt, 
sodium sulfate and sulfuric acid concentrations, which were in 
equilibrium with a constant concentration of cobalt in the or- 
ganic phase, were obtained. Then the value of 

1 = (a H+)2/a Co2+ = Ka H2R,2/a C@M) (28) 

would be constant, since both the mw0) and the m H 2 ~ * ( 0 )  are 
constant (and assuming that the composition of the organic 
phase is not changed due to changes in the aqueous phase). 
I t  was also proved that the sodium is not extracted and water 
is extracted but only in an insignificant amount. Therefore K, 
takes a fixed value. The results are listed in Tables XII-XIV. 
Kin  eq 28 is the extraction constant. 

From the data in Tables XII-XIV fairly constant values of 
K, were observed for constant Co concentrations in the organic 
phase with the fixed initial extractant concentrations (H2R2). 
Although’a slight scatter is evident throughout, it can be at- 
tributed to the errors in pH measurements, because f0.03 units 
of error can cause about f10% error in the value of K,. 

The calculated values of cobalt activity coefficients can be 
compared with values taken from the literature (stoichiometric 
actlvky coefficients) and confirms the correctness of our cai- 
culation method. In  those experiments, where the SO4’- 
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Table VII. Results of Calculation of Aqueous Activity Coefficients of Coat(free)" 
Y W k )  K, x 104 PH mCo(t&d) lo' lo3 mHBo4 x io3 mcock) x lo2 

3.11 0.508 1.0 8.27 0.347 0.696 2.50 
3.26 0.429 2.0 5.49 0.293 0.705 1.43 
3.54 0.239 4.0 4.44 0.157 0.731 0.736 
2.91 1.040 0.0 11.69 0.668 0.626 3.68 
3.03 0.909 1.0 9.50 0.574 0.642 2.34 
3.17 0.877 2.0 7.86 0.543 0.644 1.24 
3.37 0.690 4.0 6.80 0.417 0.663 0.664 
3.02 1.236 1.0 10.1 0.754 0.608 2.015 
3.14 1.137 2.0 11.54 0.677 0.620 1.284 
3.30 0.985 4.0 6.03 0.577 0.629 0.710 
2.87 1.620 0.0 13.01 0.978 0.573 3.296 
3.00 1.531 1.0 9.95 0.912 0.581 1.875 
3.10 1.445 2.0 10.75 0.842 0.590 1.265 

"The initial concentration of DEHPA in the organic phase is 5% v/v. 

Table VIII. Results of Calculations of Aaueous Activity Coefficients of Co2+(free)" 
PH mCo(total) lo' mNa2S04 lo' mnBq x 10' mco(f1es) x 10' YCO(f1ee) K, x 104 
2.80 0.907 0.0 1.677 0.589 0.641 6.77 
3.24 0.499 0.5 0.934 
3.85 0.065 1.0 0.300 
2.77 1.473 0.0 1.851 
3.16 1.054 0.5 1.46 
3.53 0.529 1.05 0.72 
3.93 0.093 1.5 0.93 
2.77 1.371 0.0 1.746 
3.18 0.789 0.5 0.973 
3.57 0.318 1.0 0.622 
3.88 0.102 1.25 0.40 
2.75 2.002 0.0 1.984 
3.11 1.581 0.5 1.238 
3.36 1.115 1.0 0.874 
3.49 0.888 1.25 0.680 

"The initial concentration of DEHPA in the organic phase is 8% v/v. 

0.303 
0.367 
0.896 
0.596 
0.284 
0.067 
0.843 
0.460 
0.175 
0.053 
1.154 
0.861 
0.583 
0.457 

0.683 
0.722 
0.585 
0.621 
0.658 
0.682 
0.594 
0.648 
0.685 
0.700 
0.548 
0.577 
0.603 
0.614 

1.58 
0.75 
5.48 
5.96 
0.47 
3.06 
5.51 
1.50 
0.61 
0.48 
4.91 
4.91 
0.547 
0.365 

Table IX. Results of Calculations of Aqueous Activity Coefficients of CoZt(free)" 
PH mcO(t0tsl) x lo2 mNa1S04 lo' mH2904 lo3 mCo(free) lo' YCO(f1ee) x 10 K~ x 104 
3.00 0.921 0.4 
3.36 0.392 0.945 
3.57 0.207 1.20 
2.97 1.185 0.4 
3.20 0.807 0.8 
3.79 0.149 1.57 
2.65 2.630 0.0 
2.88 2.322 0.40 
3.26 1.591 1.20 
3.57 0.873 2.00 
2.66 3.226 0.0 
2.87 2.893 0.4 
3.05 2.537 0.8 
3.31 1.795 1.60 

The initial concentration of DEHPA in the organic phase: 

1.425 
1.060 
0.40 
1.588 
1.232 
0.190 
2.703 
1.829 
0.970 
0.270 
2.888 
1.956 
1.543 
0.64 

10% v/v. 

0.536 
0.215 
0.101 
0.672 
0.441 
0.075 
1.460 
1.253 
0.802 
0.416 
1.745 
1.529 
1.285 
0.872 

0.635 
0.670 
0.707 
0.610 
0.637 
0.673 
0.511 
0.527 
0.562 
0.588 
0.483 
0.493 
0.514 
0.540 

2.95 
1.30 
1.07 
2.76 
1.42 
0.53 
6.83 
2.60 
0.67 
0.29 
5.77 
2.36 
1.19 
0.51 

Table X. Results of Calculation of Aqueous Activity Coefficients of Co2+(free)" 
YCo(frsS) K~ x 104 PH mcO(tOtd) lo' "02804 nLHm4 x io3 mco(fm) x lo2 

2.79 2.748 0.667 2.57 1.403 0.503 3.81 
3.01 2.111 1.334 2.20 1.031 0.529 1.77 
3.21 1.514 2.0 1.51 0.712 0.547 0.97 
3.42 0.835 2.67 1.32 0.372 0.568 0.66 
2.59 4.225 0.333 3.09 2.208 0.438 6.71 
2.90 3.395 1.333 1.69 1.647 0.466 2.06 
3.17 2.425 2.333 2.01 1.111 0.495 0.83 
3.35 1.743 3.00 1.55 0.771 0.510 0.52 
2.43 5.641 0.0 4.05 2.951 0.395 11.81 
2.88 4.491 1.333 2.20 2.156 0.429 1.87 
3.12 3.559 2.333 1.68 1.639 0.449 0.78 
3.33 2.483 3.333 0.99 1.098 0.470 0.42 
2.41 7.379 0.0 4.41 3.820 0.355 10.60 
2.75 6.577 1.0 2.44 3.210 0.373 2.69 
2.98 5.615 2.0 2.06 2.624 0.392 1.09 
3.21 4.270 3.33 2.41 1.910 0.414 0.41 

"The initial concentration of DEHPA in the organic phase: 14% v/v. 
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Table XI. Results of Calculation of Aqueous Activity Coefficients of Co2+(free)" 
~LHBO, X lo3 mco(free) X 10' Yco(free) K~ x 104 PH mCo(total) 10' x 102 

2.38 4.514 0.0 5.38 2.390 0.429 16.91 
2.60 3.877 0.833 3.41 1.960 0.448 7.10 
2.87 3.105 1.66 2.795 1.470 0.475 2.61 
3.02 2.379 2.50 2.24 1.067 0.493 1.71 
2.31 7.205 0.0 6.27 3.721 0.358 18.40 
3.01 4.855 3.33 3.56 2.186 0.398 10.83 
3.36 2.718 5.00 1.15 1.149 0.432 3.79 
3.64 1.426 6.40 0.002 0.578 0.442 2.03 

"The initial concentration of DEHPA in the organic phase: 20% v/v. 

Table XII. Check on the Correctness of Calculated Activity Coefficients of Co*+(free)" 
aqueous phase 

mC!o (total) mNap801 mH2S04 mCo (free) organic phase 
mH2Rz (init) mH2R2 (free) mco X lo3 pH x 103 x 103 x 104 x io3 yco (free) K ,  x io5 
0.113 0.107 3.00 3.20 4.94 1.163 7.75 3.365 0.699 1.680 

3.04 9.45 0.95 9.45 5.937 0.638 2.235 
2.99 12.5 0.766 10.06 7.685 0.605 2.247 
2.98 15.51 0.794 11.10 9.244 0.580 2.089 

0.1049 4.00 3.27 4.28 2.048 5.380 2.917 0.704 1.394 
3.14 8.84 1.681 8.180 5.511 0.644 1.517 
3.09 11.86 1.528 11.60 7.070 0.615 1.532 
3.62 14.92 1.507 10.19 8.794 0.585 1.458 

0.1029 5.00 3.38 3.620 2.826 4.070 2.435 0.713 0.981 
3.22 8.236 2.412 0.728 5.089 0.650 1.100 
3.17 11.23 2.290 1.054 6.645 0.620 1.138 
3.13 14.33 2.220 0.973 8.255 0.592 1.119 

0.1009 6.00 3.48 2.96 3.500 3.800 1.966 0.722 0.789 
3.30 7.628 3.143 6.800 4.667 0.656 0.849 
3.23 10.60 3.052 8.840 6.240 0.624 0.900 
3.19 13.74 2.933 9.750 7.852 0.597 0.910 

"The initial concentration of DEHPA in the organic phase: 5% v/v. 

Table XIII. Check on the Correctness of Calculated Activity Coefficients of Coz+(free)" 
aqueous phase 

mco (total) mNa2SO4 ~ H ~ S O ~  mco (free) organic phase 
mHzR2 (init) mHzR2 (free) mco X lo3 pH x 103 x 103 x 103 X lo3 yco (free) K1 X lo4 
0.1851 0.1791 3.0 2.84 8.899 0.261 1.640 5.740 0.644 5.700 

2.78 14.46 0.245 1.845 8.789 0.588 5.260 
2.79 13.21 0.249 1.699 8.120 0.598 5.423 
2.74 20.13 0.120 1.600 11.68 0.545 5.286 

0.1731 6.0 3.03 7.06 2.44 1.305 4.381 0.665 2.941 
2.93 12.63 2.157 1.509 7.441 0.604 3.029 
2.93 11.06 2.358 1.369 6.548 0.619 3.145 
2.90 18.26 2.082 1.581 5.591 0.559 2.701 

0.1651 10.0 3.29 4.612 5.439 0.893 2.775 0.687 1.395 
3.14 10.18 4.910 1.109 5.790 0.624 1.468 
3.18 8.20 5.170 0.995 4.745 0.644 1.463 
3.10 15.76 4.874 1.189 8.605 0.577 1.299 

0.1531 16.0 3.82 0.943 9.710 0.347 0.528 0.719 0.611 
3.46 6.506 8.314 0.689 3.620 0.655 0.520 
3.55 3.910 9.380 0.579 2.162 0.679 0.543 
3.33 12.01 9.610 0.751 6.312 0.596 0.571 

"The initial concentration of DEHPA in the organic phase: 8% v/v. 

concentrations are low, the difference between m,ywtree) and 
m , ~ ~  is small. When the concentrations of SO:- are high, 
these differences are increased but all differences are within 
a reasonable range. 

Cafcu/aflon of the Thermodynamic Constant, K ,  of the 

ond derivative of this function (eq 29), gives the log K value. 
In  order to extend the validity of this method Rurarac sug- 

gested that the "chemical equivalent" instead of the molalities 
be used to express extraction equilibria; eq 29 becomes 

iWmcfd Equllkkm. PetkovrC and Rwarac's method (9, 70) 
has been used to calculate K. From eq 28 we obtain 

tog (a H+'/a waq)) = log K + log (a ng;/a war)) (29) 

log (4+/aEo(aqJ = '/2 log K + log (aEfiz/aEo(or)) (30) 

Here superscript E implies the equivalent scale, i.e., a:, = 
(a co)"2, a,!,+ = a ,,+, and BEaz = a HZR2. I t  is aiso obvious that 
eq 30 will be reduced at the inflection point to log 
= log K when ahorb= a,!,p,. We now plot the value of log 
(&+/abaq,) E '/* log (aH+/a weq)) against m ngz for five sets of 
experiments with different initial extractant concentrations in the 
organic phase; this plot is shown in Figure 1. A nearly constant 
inflection point at log (aE+/a:w,q,) = -2 was observed (see 
Table XV and Figure 1. (Note: A mathematical approach was 

I t  is obvious that when a,,&: = ac0 then 

log (aH+'/aCo) = log K 

I f  log (a,+'/aww)) is plotted against a HPz or mHgZ for a fixed 
initial concentration of the extractant, then the coordinate at the 
inflection point, which corresponds to a zero value of the sec- 
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Table XIV. Check on the Correctness of Calculated Activity Coefficients of Co2+(free)" 
aqueous phase 

mCo mNa$30, mHfiO, mco (free) organic phase 
mHZR2 (init) mHzh (free) mco X lo3 pH x 103 x 103 x 103 x io3 -yCa (free) K, x io4 

5.703 0.637 2.970 0.2389 0.223 8.0 2.99 9.739 3.453 
2.94 12.48 3.175 
2.83 24.09 2.748 
2.80 30.12 2.563 

0.2189 10.0 3.03 8.465 4.765 
3.01 11.25 4.573 
2.89 22.86 4.136 
2.88 28.84 3.981 

0.2069 16.0 3.30 4.643 8.701 
3.25 7.550 8.767 
3.11 19.17 8.300 
3.07 25.03 8.235 

0.1949 22.0 3.77 0.821 12.64 
3.56 3.854 12.96 
3.30 15.48 12.46 
3.22 21.21 12.49 

"The initial concentration of DEHPA in the organic phase: 10% v/v. 

Table XV. Determination of the Inflection Point and the 
Eauilibrium Constant 

initial log 
DEHPA, % v/v mHIR: (aE+/aCJaq)" log K 

5 0.102 -2.002 -4.005 
8 0.104 -1.935 -3.869 

10 0.209 -1.917 -3.834 
14 0.275 -1.997 -3.994 
20 0.391 -2.047 -4.094 

A t  the inflection point. 

-21  , 
I 

03 cl2 0.3 0.L 0.5 
mH2R2 Or free 

Figure 1. Determlnatlon of the inflection point and the equilibrlum 
constant. 

used to obtain the inflection points since all the c w s  in Figwe 
1 can be fitted by third-order polynomial equations.) 

7he Cakultttbn of the Ofgadc lbese A c W  CoMdent. 
The chemistry of the DEHPA-metal system in the organic phase 
is complex. There are interactions between extractant and 
solvate, aggregation of the extractant and the organic metal 
complex, and interaction between the extractant and diluent, 
etc. Thus it is difficult to describe the equliria in the organic 
phase in term of detailed activii coefflclents. A more realistic 
approach is to neglect individual equilibria and attribute the 
overall effects to activity coefficients of the most important 
species. From eq 28 we obtain 

K 1  = YHfi:/YCO(W) = (i )(aH+z /awa~)xm~w) /mH~~)  = 

(K / K X m  W W ) / ~  H2R:) (3l) 

At a constant concentration of extractant, K 1  should be a 
function of either mww) or mHpl, or the ratio mww)/mHp:, 
but it was found that these functions were very complicated. 
This difficulty Is due not only to the complexity of the chemistry 
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Flgure 2. Dependence of K," on mwW)/mHflz at different initial 
concentrations of the extractant. 

in the organic phase but also because the numerator and de- 
nominator in the ratio (eq 31) are raised to different powers. 
In  order to reduce the problem, the chemical equivalent scale 
was used to describe the organic activity. Hogfeidt ( 7 7 ) has 
used this approach to describe soiid/llquid ion-exchange equi- 
libria. The extraction equilibrium can thus be expressed in the 
form: 

2(j/2C0~+)~~ + 2H,R, = 2('/CoR,j/,H,R,),, + 2H+ (32) 

The equilibria constant K is glven by 

K = (ah-) +/&aq) a b z  1' (33) 

Klll = %p,/&@r) = K-l'z(mCo(w)/mHfiJ(a H+2/a co(aq))1'2 

(34) 

In  Figure 2, K," is plotted against the ratio (mw(,,lmHfi ) for 
each initial extractant concentration. The function of K I A  vs. 
(mww)/mHpJ can be expressed in terms of a second-order 
polynomial. 

Kill = a + b(mCo(w)/mHzFIz) + ~ ( ~ C ~ ( o r ) / ~ H f i ~ ) ~  (35) 




