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ABSTRACT

This paper reports a study of the extraction of copper from ammonia/
ammonium sulfate medium with LIX 54, a B-diketone. The extraction
of copper is very sensitive to the equilibrium pH. The highest extraction
efficiency is attained in the range of pH 8—-9.5. Above pH 10, the percen-
tage of metal ion extracted decreases sharply. The extraction of copper by
LIX 54 can be described by the following equation:

Cu(NH3)}%, + 2HRory == CuRy,org + 2NHs o + 2NH

The thermodynamic equilibrium constant was evaluated in terms of
the aqueous phase and was found to be 10%39+099M? at 298 K. The
nonideality of the aqueous phase was taken into account by applying
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the Pitzer model and the extended Debye-Hiickel equation. The isotherms
of extraction for the system copper/ammonia/ammonium sulfate /LIX 54
revealed that the increase in the salt concentration from 0.2 to 1 M makes
the extraction process difficult.

Key Words: LIX 54; Copper; Ammonia; Ammonium sulfate; Extrac-
tion; Waste treatment.

INTRODUCTION

Liquid-liquid extraction has become an important technique for recover-
ing and separating metallic species in hydrometallurgical processes and is
broadening its application field to wastewater treatment. In fact, this technique
is very efficient in the treatment of both concentrated and dilute solutions. This
is a great advantage of the solvent extraction over other separating processes,
since a considerable number of leach liquors are dilute solutions (1-4 kgm ™)
arising from the treatment of dump or heap lower-grade materials. It is worth
emphasizing that the high efficiency imposed on separating processes is
related not only to economic demands but also to concerns over environmental
issues that impose a minimum for the concentration of pollutants in treated
effluents.

The copper recovery from leach liquors by solvent extraction processes is
already a well-implemented process in several industrial plants."! = The
reagents used in these processes are mainly B-hydroxyoximes (ketoximes
and salicylaldoximes) and B-diketones. The hydroxyoximes are particularly
useful in the extraction of copper from acid media.”*~"" These extractants
also present a high affinity for copper in ammoniacal solutions.®~'!
However, they are not the most suitable extractants to be used in such con-
ditions due to their tendency to co-extract ammonia. Thus, B-hydroxyoximes
have been superseded by (-diketones in the extraction of copper from ammo-
niacal media because diketones, unlike oximes, do not transfer ammonia./"!'!!

LIX 54 is a B-diketone produced by Cognis Corp. that has been widely
applied in the treatment of ammoniacal solutions.'"! Kyuchoukov et al."'?!
carried out some studies on copper extraction with LIX 54. The results
obtained showed that it is possible to extract copper from an aqueous feed con-
taining 134kgm > of Cu®*, ~4.8 M Cl~, and 8 M NH; with a 1.26 M LIX 54
organic solution. The loaded organic solution can be completely stripped with
1.58 M H,SO,.

Alguacil and Alonso' ' also carried out studies on the system copper/
ammonium sulfate/LIX 54 and they noted that copper is extracted only at
pH above 3 and the highest extraction efficiency is obtained in the range of

[13]



10: 00 25 January 2011

Downl oaded At:

Extraction Equilibrium of Copper 3861

pH 7-9. They also reported that an organic phase containing 0.15 M LIX 54
efficiently extracts copper from an aqueous phase containing 2kgm > Cu,
0.15M (NH4),SO4 at pH 8.5. The loaded LIX 54 (0.15M) organic phase
that contains 4.8 kgm > Cu is easily stripped with a typical spent electrolyte
solution (H,SO4 = 170kgm ™ %; Cu = 30kgm *).

The results presented by Kyuchoukov et al.'?! and Alguacil and
Alonso!"?! showed the excellent possibilities on using LIX 54 to recover
copper from ammoniacal solutions. In these studies, concentration-based equi-
librium models were applied, which restrict the use of the concentration equi-
librium constant to a limited range of experimental conditions. The purpose of
the present paper is to study the equilibrium of copper extraction in the
ammonia/ammonium sulfate /LIX 54 systems in order to establish the stoi-
chiometry of the extraction process and the corresponding thermodynamic
equilibrium constant. This involves taking into account the nonideal behavior
of the aqueous phase. The calculation of the activity coefficients of aqueous
species was carried out by the extended Debye-Hiickel equation and by the
Pitzer model.''*! This useful model has been used for ionic strengths as
high as 7M and its application to liquid-liquid extraction data is well docu-
mented elsewhere.!'> 2!

Theory

The extraction equilibrium of copper from ammoniacal solutions by
[-diketones and oximes extractants can be described by the following equili-

brium;:**!
Cu(NH;3)2%, + 2HR oy < CuRy org + 2NH; 4q + 2NH (1)
2 2
0 _ CCuR,ANH, ay;m; 2
Acu(NH;)2 CHR

K¢y, represents the thermodynamic equilibrium constant in terms of the
aqueous phase while ¢ is the concentration of species and a is the activity
of species. In Eq. (2) HR stands for the extractant molecule. The distribution
ratio (D) of copper between aqueous and organic phase is defined as
the quotient between the concentration of copper in the organic phase and
the concentration of copper in the aqueous phase. If the nonideality of the
aqueous phase is taken into account, a modified distribution ratio (D’) can
be defined as:

C
D/ _ CuRz,ozgi (3)
ACu(NH;, )4, aq
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Equation (2) can be therefore written as:
log D’ aIZ\IH3 aé”} =logKY, + 2log cur 4)

Thus, in plotting the first term of Eq. (4) against log cyg, one must obtain a
straight line with an intercept equal to log K¢y, and a slope of 2. The calculation
of the ionic aqueous species activities, which appear in Eqs. (2) to (4), requires
a complete characterization of the aqueous solution.

Speciation in the CuSO,/NH;/(NH,4),SO,4 Aqueous System

The description of the present system implies the specification of the
various species and components in the solution. In the aqueous solution of
CuSO,/NH;3/(NH4),SO,, if a complete dissociation of (NH4),SO4 and
CuSO, is assumed, the following equilibria and equilibria relationships
remain:

H,0 < H" + OH™  K° = my- mow- Yir+ You- ®)

My MOH™  YNH YOH™
X

NH; + H,0 = NH;{r + OH™ KI(\)IH; = - »
’ NH; 'NH;

(6)

Mey(NHy)2 o You(NH; )P

Cu’* 4+ iNH; = Cu(NH;)*" K° b = . .
3)i Cu(NH3); mCuz+mi\IH3 ’yCuH’YIl\IH;

(7

where i varies from 1 to 4, K° denotes the thermodynamic equilibrium con-
stant, m the molality of each species, and <y the activity coefficient. The
activity coefficients for the ionic species HT, OH ™, NHZ, SO3, and NH;
were calculated by applying the Pitzer model. This model was originally for-
mulated to describe the behavior of strong electrolytes.!'*#!*?! It was readily
combined with explicit treatment of association equilibrial®®! and was
extended to include neutral solutes.!'>?***! The Pitzer ion interaction model
is based upon an expression for the excess Gibbs energy of the solution in
terms of an extended Debye-Hiickel function and virial coefficients corre-
sponding to short-range forces among the dissolved species. The Pitzer
equation for the activity coefficients of cations (C) and anions (A) is similar.



10: 00 25 January 2011

Downl oaded At:

Extraction Equilibrium of Copper 3863

An example of a cation expression is given below:

In ’YC = Z%‘fy + Z my {ZBCa + (2 chZc> ch}
a ¢
+ ch <2®CC + Zma(//&:a) + Z chma(Z%‘Bi-a + |ZC|CCLI)
+ % ; ; maMmey l/jCaa’ +2 ; myAcy +3 Z ; m;m; Kcij

®)

The Pitzer equation for neutral species is the following:

Iy =22 mdyn +2) medye 2 madng

! J

In the expressions (8) and (9), ¢, a, and n signify, respectively, cations, anions
and neutral species; whereas i, j, and k cover all species. The f expresses the
long-range electrostatic forces. It depends on temperature, solvent properties,
and ionic strength and can be obtained by the equation:

. VI
7= A"’[Hbﬁ

Ay is 0.3914 (molkg )1/2 at 298 K. The parameter b has a constant value of
1.2 (298 K) for 1—1 and 1-2 electrolytes.!"*! Theoretically, this is the product
of B a; Bis 0.3288 (mol kg_l)l/2 and 4, the hard core ion diameter, is fixed at
3.65 A. Thus in the Pitzer equation, differences on the effective size of ions in
solution are not explicitly accounted for. However, the interaction coefficient
terms of Eq. (8) effectively compensate for this. In Eq. (10) / denotes the ionic
strength that was calculated by the following expression:

1 2
I:EZmizi (1)

where z; represents the ion charge. Short-range interactions of ionic species
produce B, terms for binary interactions and C,., terms for ternary inter-
actions. The parameter ® is the mixing coefficient for two ions of the same
charge while ¢ is the mixing coefficient for three ions. The expressions for
all the functions are given elsewhere.' #2261 The Ajj and ;. are the virial
coefficients for binary and ternary interactions. The activity coefficients of

+ gln(l + bﬁ)} (10)
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copper species were calculated from the extended Debye-Hiickel equation
because there is a lack of literature data concerning Pitzer parameters. The
extended Debye-Hiickel equation is:

A2V
1+ BaI

where d is a parameter that corresponds roughly to the effective size of the
hydrated ion*”! and A, is 0.5097 (mol kgfl)l/ 2 at 298K. In the strictest
sense, the extended Debye-Hiickel equation for activity coefficients is valid
only at low ionic strengths.!'***! However, several authors*®—>" found that
the extended Debye-Hiickel equation can give reasonable predictions for the
activity coefficients of species at ionic strengths far higher (up to 3—4 M)
than those for which use of such equation is recommended (<0.1 m).l27J

If ones intent to characterize the copper ammoniacal solution, i.e., to
define the concentration of Cu’", Cu(NH3)*", Cu(NH;)3", Cu(NH;3)3™,
Cu(NH5)7", NH;, NHS, OH ™, and H' species, nine equations will be neces-
sary. So, besides the equilibria relationships [Egs. (5), (6), (7) (i = 1-4)], two
mass balances and the charge balance are necessary. These are written as
follows:

logy. = (12)

mass balance to copper ion

M(CuSO) gy = Meu+ T Moyn, >+ + Meunn, )2 1)
+ Moy, 2+ T Meynn,)2
mass balance to ammonia:
MNH; + Mgt + Moy, + 2’”Cu(NH3)§+ + 3mCu(NH;)§+ (14)
+ 4mCu(NH3)§+ = (mnm, + Zm(NHA)ZSOA)lOIHI
charge balance:
my+ + 2me v + My + 2mey w2+ + 2mCu(NH3)§+ 5

+ 2’,”(:11(1‘“'13)2+ + 2mCu(NH3)§+ = moy- + zmSOf

The system of equations obtained was solved by an iterative procedure. First,
assuming a complete dissociation of (NH4),SO,4 and CuSQOy, the ionic strength
of the solution is calculated [Eq. (11)]. The activity coefficients of overall
species are then calculated by using the Pitzer model and the extended
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Debye-Hiickel equation. The Pitzer and Debye-Hiickel parameters are pub-
lished elsewhere.!'*!%172427-281 Finally  using the “Solver” of Microsoft
Excel, the system of equations obtained is solved and the concentrations of
the different species in solution are calculated. The calculation is repeated
until convergence of result is attained. Some of the results were also tested
by using the “DNEQNIJ” routine of the commercial software package “Micro-
soft Fortran PowerStation 4.0.” It is worth mentioning that KXy, K?;H(Nﬂg)”,
K%u(NH3)§+, K%u(NH3)§+, and K(()Ju(NH3)421+ assume the values 1.778 x 10>,
1.10 x 10% 2.95 x 107, 1.86 x 10", and 5.62 x 10", respectively.!?>-*!

EXPERIMENTAL
Reagents

Analytical grade reagents (NH4),SO,4, NH;3, and CuSO, were used to
prepare aqueous solutions. The extractant LIX 54, a B-diketone, was kindly
supplied by Cognis (Ireland) as a kerosene solution and used without
further purification. The organic phases were prepared by diluting the extrac-
tant in ShellSol T (Shell Chemical Ltd.), a commercial diluent (n-paraffins
>99.5%) similar to kerosene. The prepared organic solutions were washed
with deionised water to remove the soluble impurities.

Procedure

A stock solution of 4—5M NH; was prepared and the concentration
of ammonia determined by the phenol-hypochlorite method."**! The stock
solution was used to prepare the CuSO4/NH3/(NH,4),SO,4 aqueous solutions.

In the equilibrium experiments the aqueous and the organic phases were
put into contact in an orbital shaker with temperature control (298 K) during
at least 4h. Usually an aqueous/organic volumetric ratio of 2/1 was used,
the exception was in the isotherm extraction experiments. In these experi-
ments several volumetric ratios (A/O: 10/1; 5/1; 3/1; 2/1; 1/1; 1/2; 3/1;
5/1; 10/1) were used. After phase separation, the equilibrium pH was
measured using a Metrohm pH meter. Copper in both phases was deter-
mined by atomic absorption spectrophotometry (Perkin-Elmer 3100:
aqueous phase and Perkin-Elmer 373: organic phase). All the extraction
tests were carried out in duplicate and the results agree within 5%. The
densities of aqueous phases were measured to convert the molarity to the
molality scale.



10: 00 25 January 2011

Downl oaded At:

3866 Ismael et al.
RESULTS AND DISCUSSION
Speciation in the CuSO4/NH;/(NH,),SO, Aqueous System

Table 1 shows the thermodynamic results for several solutions of CuSOy,,
NH;, and (NH4),SO4. These results were obtained by applying the Pitzer
model and the extended Debye-Hiickel equation as stated earlier. The com-
parison of the experimental data with the calculated pH values is also provided
in Table 1.

The results of speciation of copper ammoniacal solutions containing low
concentration of Cu (0.00826 m, 0.0338 m) in relation to NH; concentrations
(from 0.300 m to 1.239 m) revealed that the Cu(NH_g)ﬁ+ complexes predomi-
nate over all others copper species in solution. The predominance of
Cu(NH3); " species was expected because of its high formation equilibrium
constant over other ammine complexes.

Concerning the pH values, the agreement between calculated and experi-
mental pHs is considered satisfactory (relative error <2%). The discrepancies
can be attributed in part to experimental errors. It is worth mentioning that the
buffers usually available to the calibration of electrodes are dilute solutions
while the solutions used in this work contain a considerable amount of salt
products. Other authors, namely Gardner et al.,"**! Filippou et al.,"**! Rodil
et al.,B% referred the less accurate pH measurements in solutions with a
high ionic strength. Finally, it is worth emphasizing that the calculation of
the activity coefficients for copper and copper ammine complexes was
carried out by the extended Debye-Hiickel equation above its recommendable
limit of applicability (I = 0.1m). Other authors'*’>"! had already applied
the Debye-Hiickel equation at high ionic strength (3—4 M) with reasonable
success. Concerning the Pitzer equations, some simplifications have been
made. Namely, the terms stemming from copper ammine complexes were
neglected due to the lack of literature data. Despite these drawbacks, the
acceptable deviation between experimental and calculated pH values allow
validation of the model proposed to the speciation of CuSO,, NHj, and
(NH4),SO,4 aqueous solutions.

Loading Capacities Experiments

Cognis supplied LIX 54 diluted in kerosene. The concentration of active
extractant in this organic solution was determined by loading experiments.
Thus, several organic solutions were prepared by diluting the Cognis solution
in ShellSol T. The loading capacity of solvent was achieved after two contacts
of the organic phase with fresh aqueous solution (2—12kgm > Cu”"; pH
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9.11-9.50) at A/O volumetric phase ratio of 3/1. The results obtained are
listed in Table 2.

According to Eq. (1), copper exists in loaded organic phase as the
complex CuR,. So, the Cognis solution LIX 54 has 0.00305 mol of active
extractant per g solution.

Influence of pH on the Extraction Efficiency

The effect of pH on the extraction of copper was determined using several
solutions containing 7.86 x 10 >M copper sulfate and 0.2M ammonium
sulfate in the range of pH 2-11. The experimental results are shown in
Fig. 1. The results indicate that copper is poorly extracted from H,SO,/
(NH4)>SOy solutions (pH.q = 2—-3) with LIX 54. This points to the possibility
of using sulfuric acid as a stripping agent for the LIX 54-loaded organic phase.
In fact, the stripping test carried out with the LIX 54-loaded organic solution
containing, 26.1kgm > of copper, showed that copper is easily stripped
(~99%) with a 150kgm > sulfuric acid solution when an A/O phase
ratio = 3/1 is used.

From Fig. 1, it is also noticeable that the extraction of copper increases
significantly as the aqueous medium changes from H,SO,/(NH4),SO,
(pH = 2-3) to NH3/(NH,4),SO, (pH > 8). In the intermediary region of pH
4.5-7.5, copper precipitated from the aqueous phase as copper hydroxide.
According to Fig. 1, the best extraction results were attained in the range of
pH 8-10. Above this pH, there is a sharp decrease in the percentage of
copper extracted with LIX 54. This can be related to the fact that the increase
of pH was achieved through the addition of NH5. According to Eq. (1), the
increase in the ammonia concentration will decrease the efficiency of
extraction.

Determination of K2y

Some experiments on copper extraction were carried out with organic
phases containing different concentrations of LIX 54 to determine the

Table 2. Loading capacity of LIX 54 solutions.

LIX 54 in ShellSol T~ 18.69 37.3 463 576 73.0
(kgm ™)
Cligry (M) 00284 00565  0.0708 00888  0.1112

LIX 54 solution as received from Cognis.
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Figure 1. Influence of equilibrium pH on the percentage of copper extracted. Initial
aqueous phase: CuSO4 = 7.86 x 1073M; (NH4),SO4 = 0.2 M; H,SO,4 or NH;. Initial
organic phase: LIX 54 in ShellSol T.

equilibrium constant. The experimental results are shown in Fig. 2. The use of
a loading ratio of LIX 54, defined as the ratio of copper in the organic phase to
the total extractant molecules, was as low as possible. However, in some
experiments that ratio attained a value of 0.13. Thus, the concentrations of
free LIX 54 (cyg in Fig. 2) were determined from the total concentration of
extractant by subtracting the extractant loaded with copper, in agreement
with Eq. (1).

Figure 2 shows the inﬂuence of the concentration of extractant on
D cNHI cNH and D/ aNHi aNH Stra1ght lmes with a slope of ~2. 0 are obtamed
for the representation of log D CNHI CNH2 as well as log D/ aNH;f aNH3 vs.
log cyr. This confirms the stoichiometry of reaction 1 and shows that the
assumption of constant ionic strength seems to be applicable. The equilibrium
constant for copper extraction with LIX 54 can be obtained from the intercepts
of the straight lines shown in Fig. 2. The results obtained show that the con-
centration-based equilibrium constant is dependent on the ionic strength, as
was expected. When the concentration of ammonium sulfate is 0.2 M, the con-
centration-based equilibrium constant (K.y,) is 1038 £009 M2 The increase
in the concentration of ammonium sulfate to 0.6 M decreases the concen-
tration-based equilibrium constant to 10%**%°?' M2 The thermodynamic

equilibrium constant for copper extraction with LIX 54 was found to be
10(2-89+0.03) ) 12
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1.8 - 1.8
) y = (2.02+0.03)x + (2.89+0.03) 1
z R’ = 1.00 E:
e y = (2.00£0.06)x+(2.38+0.05){ =
ERE R* = 1.00 T1 8
= 2
Q - Q
2 g
= (2.04£0.07)x+(2.23%0.07)
02 + Y : 0.2
R =1.00
0.6 e b L 06
-1.6 -1.2 -0.8 -0.4 0

|0g CHR

Figure 2. Equilibrium results for the extraction of copper from ammoniacal solution
with LIX 54. Initial aqueous phase: CuSO,=7.86 x 10 °M; NH; = 1.07 M;
(NH4),SO4 = 0.2M (@), 0.6 M (O)).

The literature data concerning the equilibrium constants for the system
copper/LIX 54 is scarce. Alguacil et al.”! assumed the following equilibrium
to the extraction of copper by LIX 54:

Cuzt + 2HR oy == CuRyor + 2H;, (16)

2
CCuRz,orch::1

Kext = (17)

2
CCui;' CHR,org

and K., was found to be 7 x 10~’. The authors used 0.15M of ammonium
sulfate aqueous phases with pH varying from 3-9. Equation (17) is useful
to predict the extraction of copper with LIX 54 in the range of pH 3-9,
where an increase of pH increases the efficiency of the process. However,
Eq. (17) does not allow previewing the negative effect of the high pH
values on the extraction of copper from ammonia/ammonium sulfate
medium with LIX 54, as shown in Fig. 2.

The influence of pH and salt concentration on the extraction of copper
from ammonia/ammonium sulfate solutions can be quantified if the
thermodynamic equilibrium constant [Eq. (2)] corresponding to equilibrium
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stoichiometry [Eq. (1)] is known. It is worth noting that, in the system NH3/
(NH4),SO,, the increase in pH is associated with the increase in NHj
concentrations.

Figure 3 shows the equilibrium results for the extraction of copper from
(NH,4),SO,/NHj; aqueous solutions with LIX 54. In Fig. 3, the experimental
data (marks) are compared with the simulated values (solid lines). The simu-
lated values were obtained by using the speciation model stated previously,
the stoichiometry proposed by Eq. (1), and the respective equilibrium constant
102891099 M2 A5 one may observe, the isotherms of extraction presented in
Fig. 3 are well predicted.

The results presented in Fig. 3 also allow analyzing the influence of
ammonium sulfate concentration on the extraction of copper. In Fig. 3, a
decreasing trend in metal extraction along with an increase in the salt concen-
tration from 0.2 to 1M is perceptible. The isotherms obtained for 0.2M
(NH,4),S0O, are very steep, consequently the concentration of copper in the
organic phase is high whereas the concentration of metal ion in the raffinate
is low, as is desirable. So, it is possible to conclude that under these conditions
the extraction of copper is an efficient process. Concerning the isotherm
obtained for 1 M (NH,4),SO,, it denotes a less favourable shape. In fact, this
isotherm shows that the concentration in the extract increases slowly for

0.12
_0.08
2
é NH3 (NH4)2SO
3 4)2804
0.04 ® (030M 02M
H 0.70M 02M
A (045M 1.OM
0 : - i - . : l
0 0.01 0.02 0.03
Cuaq (M)

Figure 3. Isotherms of equilibrium for copper extraction with LIX 54. Initial aque-
ous phase: CuSO4 = 3.15 x 1072 M; (NH,4),SOy4; NHj;. Initial organic phase: LIX
54 = 0.222 M in ShellSol T.
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lower copper concentration in the raffinate. The use of low concentrations of
ammonium salt in aqueous solutions is, therefore, recommended. Several
authors”®’ " have already reported the depressing effect of ammonium
sulfate, nitrate, chloride, and carbonate on the extraction of metals with hydro-
xyoximes and S-diketones.

CONCLUSIONS

The extraction of copper from ammoniacal solutions with LIX 54 is
very dependent on the equilibrium pH. The highest extraction efficiency
was obtained in the range of pH 8-9.5. The increase of pH to values
higher than 10 decreases sharply the extraction of copper. The reaction
for copper extraction with LIX 54 can be described by the overall
stoichiometry:

Cu(NH3);%, 4+ 2HRory <= CuRy oy + 2NHj o + 2NH]

The thermodynamic equilibrium constant was found to be 1082909 M2,
at 298K, by applying the Pitzer model and the extended Debye-Hiickel
equation to take into account the nonideality of the aqueous phase. The
use of this value allowed the satisfactory prediction of isotherms for
copper extraction from NH;/(NH,),SO, aqueous solutions with LIX 54.

APPENDIX A

The parameter B¢, and B¢, in the Pitzer equation (8) can be obtained by
the following expressions:

Bey = By + BLuf (/1) (A.1)
Be, = L“ﬁ([alﬁ) (A2)

ay is 2 (kg molfl)]/ 2for1:1and1-2 electrolytes, f(x) and f'(x) are expressed
by the equations:

2(1 = (1 +x)e™)
2

fx) = (A.3)

X
2(1 — (1 +x+ 0.5x%)e™™)
2

fl) =—

(A.4)

X
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Table A.1. Interaction Pitzer’s parameters (298 K).
B° B Ref. A Ref.
H-OH™ 0.208 0.6545 [28] NH;-NH; 0.01472  [25]
H"-S03~ 0.0642 0.2259 [14] NH;-OH™ 0.107 [25]
H'-NH; 0.015 — [28] NH;-NH; —0.002 [25]
NH; -S0;~ 0.039 0.6638 [14] NH;-SO;~ 0.137 [25]
NH{-OH™ 0.06 0.2016  [28]
c? Ref. w Ref.
(NHy),SO,  —1.872 [14] NH;-NH;-NH{ =175 [25]
x 1073 x 1074
NH;-NHf-SO;~ —1.53 [25]
x 107%
The parameters Cc, and C2, are related by:
c?
Cog=—-54 (A.5)
T2y |zczal

being z; the ion charge. Table A.1 the interaction Pitzer’s parameters at 298 K
used to determine the activity coefficients for the ionic species H', OH ™,
NH, SO7 ", and NHs.

a activity

A, constant at extended Debye-Hiickel equation

a constant at extended Debye-Hiickel equation

B second virial coefficient of Pitzer model, kg mol !

c concentration in the molarity scale, mol L ™! M)

C third virial coefficient of Pitzer model, kg*mol 2

D distribution ratio

D’ modified distribution ratio (Eq. 3)

HR general designation of extractant

1 ionic strength, molkg ™"

K° thermodynamic equilibrium constant

K. thermodynamic extraction constant in terms of
aqueous phase (Eq. (2), M*

K.\ concentration-based extraction constant, M>

m molality, molkg ™' of solvent

NOTATION
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Greek Letters

B constant at extended Debye-Hiickel equation

Vi activity coefficient of species i (molality scale)

0 second virial coefficient of mixing for the Pitzer model
11/ third virial coefficient of mixing for the Pitzer model

Ajj virial coefficients for binary interaction
Mk virial coefficients for ternary interaction

Subscripts

a,a denotes anions in the mixture

C,c, ¢’ denotes cations in the mixture

aq denotes aqueous phase

calc denotes a calculated value

exp denotes a measured value

org denotes organic phase
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