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ABSTRACT

This research in hydrometallurgical solvent extraction is to devé]op a
fundamental means to predict sé]ectivity during simultaneous solvent extrac-
tion o%“hultip]é metal ions when the kinetic rates and thermodynamic equili-
bria both do ﬁot favor the desired metal. To this end the chemical kinetics
and thermodynamic chemical equilibria models for the system copper-iron-acid
sulfate solutions extracted by B-alkenyl-8-hydroxy quinoline in xylene are
studied. These models can be employed with appropriate design equations to

predict selectivity factors for two phase contactors.

- In the first two years, a thermodynamic equilibrium mode] was developed to
describe the distribution of copper metal ions between the aqueous and organic
phases. The model includes the aquebus phase ionic equilibria, is temperature
dependént, and accounts for impurities in the extractant. The enthalpy of the
reaction and the entropy change are -1275 cal/g-mol and 3.46 cal/g-mol, °K
respectively.

A kinetic model was also obtained for the copper-sulfate-8-alkeny]-8-
hydroxy quinoline-xylene system by analysis of rate data obtained from the
liquid jet recycle reactor. . The flux of copper is not mass transfer limited
but either reaction controlled or mass transfer and reaction controlled. A
‘four parameter kinetic model is determined for the forward‘rate. The mechan-
ism which supports the mode]’is based on an fnterfacia] reaction where the ad-
sorbed organic chelation acid is undissociated and the rate limiting step is

the formation of CuR+.

The work completed and in progress during the first half of the third
funding period is on'chemical'equilibria studies for the iron-acid-sulfate-B-

alkenyl-8-hydroxy quinoline-xylene system. An aqueous phase jonic equilibrium



’

model is available which can be used to calculate concentration of various

Fe(III) ionic species present. Iron extraction data were obtained using both

the AKUFVE, a high intensity stirrer with an in line centrifugal separator,

-and a shaker bath apparatus. Analysis of the data to determine a thermodynamic-

quilibrium model is in progress.



INTRODUCTION

. The purpdse of the researéh in hydrometallurgical solvent extraction is to
develop a fundamental means to predict selectivity during simultaneous sé]vent
extraction of multiple metal ions. The approach is to understand the inter-
play between mass transfer with interfacial chemical reaction and chemical
equilibria for multiple metal systems. The results will provide a rational
appraoch for the design of multiple solvent extraction processes [1].

A four point program is in progress with the fo]]owinngbjecthes:
« Select a model system ‘
- QObtain distribution data for proposed thermodynamic models
« Conduct chemical reaction experiments and analyze to obtain
kinetic models |
o Compare predictions of selectivity with experimental results
for single stage contactors and conduct an analysis for multi-

ple stage operation

The program ié in the middle of the third year. This final report is
given now as the principal investigation has accepted a position with Syracuse
University during tﬁis funding period and it is necessary to establish a con-
'tract with Syracuse University. The original objectives of the program are
not fulfilled but substantial progress has been made. The report is divided
into two sections to emphasize the results completed in the first two years
and that during the first half of the third period. Neverthe]ess,oneflap
exists both ways. It is noted that some loss time occurred this summer.and
fall as equipment had to be transferred and setup from I1linois Institute of

Technology to Syracuse University.



~ PROGRESS DURING JUNE, 1979 to'MAY, 1981

A. - Selection of Model System .

The model system selected should exhibit the interplay between kinetics
and chemical equilibria in determining the se]ectivfty of a metal ion.in a
competitive extraction or stripping reactions.” The system of copper, iron
acid sulfate solutions extracted by B-alkenyl-8-hydroxy quino]iné (Kelex 100)
in xylene is interesting as the kinetics favor the extraction of copper but
the chemical equilibria favor the iron complex. A reversal of flux occurs
when the organic acid is 1imiting the total extraction for the multiple metal
~ system. At 30° - 50° C, the maximum extraction of copper occufs 1nq1ess than
five minutes [2]. Xylene is selected as the so]ventfbecéUse'iglgigvents sul-
furic acid extraction by Kelex and aggregation of extractant molecules is

suppressed.

B. Chemical Equilibrium Studies for Cu(II)-Sulfuric Acid-Kelex 100 Xylene
System
Thermodynamic models have been proposedv[1] to pfedict the distribution
of copper and iron at edui]ibrium between the two phases. Also, the separation
factor of these two metals éan a]sb be detefmined by appropriate analysis of
~equilibrium data. Work is completed on the copper system and the results are

-discussed below. Work is in progress for the iron system.

A thermodynamic equilibrium model for the Cu(Ii)-Su]furic Acid-Kelex 100
Xylene system wad developed as previous work did not appropriately account for
the aqueous phase equilibria and impurities contained in the Kelex 100, [3,4,5,
6]. |

Copper extraction by Kelex 100 may be expressed as



cutt + BR —~ TR+ NH' ‘ (1)
~ n

where HR and Eﬁﬁh represent the chelation acid and metal complex in the organ-

i¢c phase. The thermodynamic equilibrium constant can be expressed as
n == arytn n
aggr. ayt [GRIHD v@gr vyt
K = n _ n

eq aCu++ agﬁ' [Cu++][H§]n

. (2)
where a, the brackets, and y represent the activity, concentration and activi-
ty coefficients, respectfully. By assuming the organic phase species have

unity activity, the above can be written the form

Do
n 0 =B + B] J__ - l_\l.;. Sz]n __.LH_B]__ (3)

Yeut? 0 T T [H'] Y+
= ASO - -A—H-o— = - A_Ho.. - T 3
where the parameters are 50 = R T B] R 82 n, and T is the

reference temperature. Here D is the metal distribution ratio between the
organic and aqueous phases and.a ~is the inverse of the degree of formation.

Values of D, [H+], Gy [HR], Yeutt and Yyt can be calculated from experimental

data and known correlations. Nonlinear regression of equilibrium data permits
hest. estimates of the parameters BU, B], and 82 from which AS®, AH® and n are
evaluated.

The compositions of the ionic species are obtained by modelling bisulfate
dissociation and copper sulfate dissociation by the method prpposed by Freeman
and Tavlarides [7].

Extraction experiments were conducted in an Eberback 6250 Shakerbath and
analysis of copper is by atomic absorption spectroscopy. Composition and
temperature changes studied are Cu [0.005-0.02M], Kelex 100 t0.02—0.06M], 504=

[0.05-0.2M], and T [20°,25° and 30°C].



A modified nonlinear regression method of data analysis yields the best
correlation to be
e :
In (——94) = 3.83 + 642 {%-- 3%5) + 2.0 1In —léi:L———x ' (4)
Cu \ [H'] YH+}
from which AS® and AH® are evaluated to be 3.46 cal/g-mol and -1275 cal/g mole
respectively.

Further details of the work can be found in the manuscript [8] given in

Appendix A.

C. Kinetic Studies for Cu(II)-Sulfuric Acid-Kelex 100 Xylene System

The third phase of the pfogram is to conduct chemical kinetic studies on
the éopper system, iron system, and the system for both méta]s reacting simul-
taneously. Kinetic models are'to be developed which are based on realistic
mechanistic pathways. A kinetic model has been deve]dped for the copper system
and fhe results follow.

Kinetic studies were conducted on the copper, ;u]fate-Ké]ex 100, xylene
system using the Liquid Jet Recycle Reactor [1,9]. The LJRR is shown to be
an excellent tool to obtain kinetic rate data as the surface area between the
phases is precisely known, the effects of mass transfer can be quantified,
short contact times exist, and surfactant accumulation at the interface can
be controlled.

To anq]yze the data appropriately it must be determined whether (a) mass
transfer controls, (b) reaction controls, or (c) both mass,trénsfer<and reac-
tion are both important in controlling the extraction rate.

Analysis of a mass transfer controlled system is accomplished by employ-
ing a-penetration theory model to analyze copper flux across the jet inter--

face [1,9]. The analysis yiclds a cubic algebraic equation for the molar rate



of transfer of copper, w,

3 2 -
agw +A§2w tagwta 0 (5)

‘‘‘‘‘ ———— -
- —

Here the constants a.(j= 0,1,2,3) are known functions of the jet parameters,

J
bulk concentrations, diffusivities, and the thermodynamic equi1ibrium coeffi-
cient determined in the previous section [10,11]. When the surface reaction is
rapid and ‘at equilibrium, the above ho]ds,w'fpr a given set of conditions, w
can be calculated from eqn. (5), ahd}COmﬁaréd'@ith known experimental values.

- If the results talley, then mass transfer controls the rate.

For the cases when reaction is slow or of the same order as the mass
transfer, then kinetic models based on appropriate mechanistic pathways are
postulated and compared with experimental data. A number of models were post-
ulated by considering the pathways of surface adsorption of reactants,
surface reaction, and surface desorption of products.

The analysis for slow reactions, again is based on the penetration
theory. Here the surface concentrations do not change appreciably down the
length of the jel. Thus

W=R (E;) Areq' ' (6)

— ' —% '
Cj) is the rate of surface reaction, and Cj is the vector of average

where R(
- surface concentrations. The surface concentrations can be approximated with
an algebraic expression for the case of\constant interfacial concentration as
discussed eariier [9].
Expeﬁiments were conducted on the ]iquidvjet apparatus which consists of
an aqueous liquid jet passing downward through a cocurrent, coaxially flowing
stream of a less dense organic fluid, ~The range of experimental conditions

were; total copper in the aqueous [0.005-0.02M], total sulfur [0.005-
0.06M], Kelex 100 [0.02-0.06M], and temperature levels of [25,35,50°C].



A comparison was made of the ca]cu]ated copper molar transfer rate with
the experimental results assuming mass transfer controls using eqn, (5)[10,
11]. These results indicate that other resistances exist as the ratio of ex-
perimental to calculated fjuxes range from 1/15 to 1/50.

Kinetic models were postulated based on various mechaniétic pathways to
compare with the data using tinear and nonlinear regression techniques.
Screening of twenty-four plausible kinetic rate laws with the use of eqn. (6)
was done [10,11].

The results of the study indicates that the extraction rate is not con-
trolled by mass transfer and fhe regression analysis shows that the rate ex-

pressfon to describe the initial chelation rate is

9.42 X 10°[Cu][HR]
{1 + 90[Cu] + 14[AR] + 38[H']}?

(7)

This kinetic rate law is supported by a mechanism which assumes equilibyium
adsorption of all species at the interface. Surface reactionlis through an
undissociative reaction (the HR does not dissociate at the surface) with form-

ation of CuR' intermediate as the rate determining step.

PROGRESS DURING 6/1/81 - 1/4/82

‘A.  Chemical Equf]ibrium Model for Iron Sulfuric Acid Kelex 100 Xylene System

The preliminary studies conducted with this system in the first funding
period indicate more than one iron species are extracted as organic bhase com-
plex. U.V. - visible spectroscopic scans of the iron complex formed in the or-
gan1c phase at equilibrium support existence of more than one species. Thus
a simplified model of the iron extraction equilibrium does not seem poss1b1e
To resolye this problem, it is decided to develop g detailed model of the

aqueous phase equilibria for iron sulfate solutions, This model can then be



used in conjunction with tﬁe chemical equilibria mode]é for estimating the dis- -
tribution of species between the aqueous and orgahic phases. A similar ap- |
ﬁroach to that given for the copper system is adapted for the iron-sulfate
equilibrium studies.

* and FeOH+2are pre-

Models for the‘equ11ibr1um extraction of Fe+3 or Fe*

" sented elsewhere [10] and will not be repeated here. |
The work comb]eted during the first hé1f of this last funding period con-

sists of experiments on the two phase equilibria and analysis of the coupled

ionic equilibria for the aqueous phase.

Analysis

The pertinent equilibrium reactions for this ferric sulfate system are
represented by the following nine equations:

K

a +3 =
Fe,(S0,); —=— 2Fe’ + 330, | | (8)
Ky 4 _
HSO; —== H' + 0, (9)
+3 = Kc
Fe™ + 50, —=— FeSO (10)
-~
+3 Kd +2
Fe'~ + HSO, ——~ FeHSO (11)
4 —— 4
Fet? + 2507 N Fe(S0,); (12)
€ 4 —— el |
K
+3 f +2 +
. Fe | + H20 e Fe(OH) + H (13)
" |
2Fre(oH)Y? —9 Fe(OH)ZFeH (14)
~

+3 K
Fe' + 2H20 —> Fe(0H)
pv—

K

H0 —> K+ OH | (16)

+ +
S+ 2H - (15)



These equations can be combined with the total iron balance [Fe]T =

5 .
z [MS]i’ the equation of species elec-

[FeX], total sulfur balance [s); =
n=1

1

™M~

1
froneutfali&y,”gnd7the ionic stréngth relationship to obtain four nonlinear
a]gebraic-equatiohs;:.Thé;ﬁdﬁic;§trénéth dependency of the stability constants
.ié:iﬁéfﬁdgd_in“thfs férmUdSEiBﬁ.;:%ﬁé independent variables are [H'], LSOZ],
[Fe+++] and the ionic strength. These four equations are solved by the secant
method [12]. Figures 1 and 2 are plots of the percent dissociation of Fe'’
and FeOH+2 versus total aqueous phase iron at various total sulfur levels. It
is noted that fhe ratfo of total afomic iron to sulfur must be less than 2/3
for meaningful results. Table I lists various aqueous phase species concen-
trations at extractioﬁ conditions performed in the laboratory. The following
resu]fs are obtained: (a) FeSOZ is the predominate species, being one order of
magnitude greater than Fe+é; (b) Figure 1 shbw§”tﬁat at any total sulfur lev-
el, per ceht Fe+3 formation by dissociation is approximately constant; except
near the 2/3 ratio, where the per cent formed decreases. At lower total sul-
fur (dilute solutions) gréater amounts of Fe'  are formed; (c) Figure 2 shows
that per cent FeOH+2 formed by dissociation varies slightly with total iron,

4 'eXCEpt near the 2/3 ratio, where the formation of this species increases
rapidly. At lower total sulfur, greater amounts of Feoll*? are formed.

These results clearly show the highly nonlinear dependency of the per

3 +2 .
and Fe(OH versus total iron. One cannot assume

cent dissociation of Fe'
3
Fe+ and/or FeOH+2 are proportional to [Fe]T in"analysis of equilibrium or

kinetic data, particularly in the regions of interest (near the 2/3 ratio).

Experiments

Extraction equilibrium data were generated for this ferric sulfate-Kelex
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100-xylene sysfem employing either the AKUFVE [13] system or the Eberbach
shaker bath. The former instrument is a high intensity stirrer with a high
speed centrifuge which separates both phases instantaneously and proyides addi-
tional mixing. Equal volumes of solutions are used and previously developed
experimental methods and treatment of the chemical afelemployed [12]. Analy-
sis for iron is by A. A. spectroscopy. Experimental conditions under investi-

gation are [Fe]Zq . (0.005-0.1M), [s]g . (0.0075-0.15M), FR (0.01-0.08M). Part

of the experimental results are shown in Table I.

Equilibrium Distribution Studies

The equilibrium experiments are in progress at this writing. A statistis-
tical nonlinear regression analysis of the results will be performed with var-
ious two phase equilibrium models [10] proposed earlier to obtain an expression

for the iron species distribution.
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Table I. Some'of Chemical Equilibria dafa for Iron-Sulfate-Kelex 100-Xylene System
Run(a) (oc)' Agueous phase concentration (M) Organic phase (M). ,
B L [ e N S T Tl W e
A009 25 '.0.15 8.093 [ 3.738 2.72 [6.024 | 3.54. 3.5251 1.907 | 0.04 .0.24
AO11 25 6.03 0.615 | 0.354 0.40 {0.500 ] 1.118 2.970} 1.385 } 0.06 | 2.25
A012 25 10.03 1.364 | 0.764 1.91 |1.132 | 1.060 1.386f 0.636 | 0.02 | 0.466
A013 25 10.015 0.217 | 0.137 0.29 10,184 | 0.726 1.794 0.783 0.04 | 3.608
AQ14 25 10.015 0.605 } 0.385 1.60 10.508 | 0.639 0.930§ 0.395 0.0i 0.653

A015 25 .015 0.0454| 0.0079 | 0.04 :0.038 | 0.3367f 0.816} 0.955 1 0.08 }21.04
8015 25 10.078 3.95 1.95) 2.32 13.116 }{'2.163 2.449y 1.22 0.02 j 0.31
B018 25 10.0735] 4.00 1.953 | 3.25 }3.163 | 2.047 1.780% 0.90 | 0.06 | 0.225
B020 '25 0.0102} 0.048 } 0.0323 } 0.09 {0.041 { 0.571 1.4951 0.632 § 0.06 {13.17
B027 25 |0.075 0.74 0.4058 | 0.13 10.572 § 2.404 8.484% 0.360 | 0.04 | 0.49
B029 35 10.0%4 { 0.36 0.2317 | 0.67 }0.3046} 0.654 1.334}) 0.60 0.04 | 1.67 -
BO2¢SB 35 10.0048}1 0.054 | 0.044 0.29 0.045 ¢ 0.310 0.68 0.266 } 0.04 4;93

(a) A, experiments run by Shaker Bath unit; B, experiments run by AKUFVE unit;

(b) Initial Kelex 100 concentration;

(c) Results are based on aqueous phase analysis
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ABSTRACT

A thermodynamic equilibrium model is developed for the distribution of

- copper between the'phasés for the system copper-sulfuric acid-xylene-g-alkeny]l
8-hydroxyquiroline. Chemical equilibrium data were obtained for the rénge of
experimental parameters of [Cui;]§0-005-0.02 M), [S]T (0.05-0.2 M), che]étion

acid (0.02-0.06 M), and temperature (20-50°C). The nonlinear regression

analysis best fit model is

/Dx / ‘ [ \
Inl—2 | =3.83+642 (1. 1), 2 Inl [HR]
You] \T ~ 308) [ e |

The analysis of the data considers the aqueous phase ionic equilibrija and a
technique to estimate the impurities present in the reagent. The results indi-
cate that the enthalpy of the reaction and the entropy change are -1275 cal/g-mol
and 3.46 cal/g-mol, °K respectively. Also, the stoichiometric coefficient of
two, determined for the extractanf with cupkic ion is in agreement with other

investigators.



A.2

Solvent extraction processes are becoming more attractive in hydrometal-
lurgical processing of ores because of potentially low energy costs and mini-
mization of air pollutants. Typically, selective extraction of metal ions
from multiple metal aqueous acidic (1,2) or ammoniéta] (3,4) leach solutions
is required in order to obtain high purity solutions suitable for electrowin-
ing techniques. In these selective extraction processes; the interplay of
the chemical equilibria between the two phases and the kinetics of interphase
determine the selectivity of a given metal ion. It is shown by Fleming (1),
that in the extraction of Cu(II) and Fe(III) from acidic solutions by Kelex
100 ( a highly branched B-alkenyl-8-hydroxyquinoline) in xylene, the extract-
tion kinetics of copper-is more rapid than those of iron. Howevér, the chemi-
cal equilibria. favors the iron complex. To propose optional design of such
systems it is necessary to have a fundamental understanding of the chemical
equilibria . and the mass transfer-chemical reaction steps.

In regards to the chemical equilibria of the copper system, fundamental
studies are reported (5-8). Spink and Okuhava (5) investigated the extraction
of copper into Kelex 100/120 as well as L1X63/65N/64N (an oxime-based acid
chelating reagent). They compared the equilibrium data and cdnc]uded that the
Kelex system effectively extracts copper at a lower pH than LIX; furthermore,
the rate of extraction with Kelex is considerably faster than with LIX system.
Bauer and Chapman (8) investigated the equilibria of copper by Kelex 100
They used a statistical modelling procedure to correlate experimehta] data for
the extraction of copper from acid sulfate solution by Kelex 100 in xylene.

In the model developed they éssume that formation of bisulfate and copper sul-
fate ion pairs should be nearly complete. Accordingly, the ionic strength
should probably be calculated on the basis of H' and HSO; as the predominant

4
jons. Recently, Hoh and Bautistia (7) developed a chemically based model to
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predict distribution coefficients in the copper-Kelex 100 system. 1In tﬁeir
~model derivation, they iﬁc]ude the aqueous phase cupric sulfate complex stoi-
chiometric stability constant expressed in terms of -the degree of formatjon.
It is also assuméd that the quotient of the activity coefficients of the chem-
ical species varies slightly with concentration and can be considered a con-
stant. The survey of these articles indicates that although much work has
been done on the equilibria studies of copper extraction by Kelex 10C or/and the
LIX qmtem,few works consider the:aqueous phase equilibria. In
addition, the composition of.impurities contained in the organ-
ic extractant has also been neglected by most of the authofs. These two omis-
sions may result in bias éonclusions fﬁr the data analysis or the models re-
ported. The objective of this paper is to extend previous works and develop a
thermodynamic equilibrium model for the copper-sulfate-Kelex-100-xylene system
which overcomes. these deficiencies. This objective is accomplished by equili-

brium experiments with appropriate modelling and analysis.

THEORY

Two Phase Chemical Equilibria

The wechanism of copper extraction by Kelex 100 involving a chelating

reaction may be expressed by the stoichiometric equation

Keq .
—_— N ’
cu™ + nHR = TuR, + nH* [1]

where HR represents the bure Kelex 100, Eﬁﬁh is the metal complex formed in

"~ organic phase, Cu++ and H are copper ion and hydrogen ion existing in aque-
ous phase. The above mechanism is suggested by many authors (7,8,9) by assign-
.ing n equal to two in the analysis of experimental equilibrium data. In this

work, no éSsumption will be made concerning the stoichiometry of the reaction.
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The stoichiometric coefficient will be determined through statisfica] fif of
the equilibrium data.

The thermodynahic equilibrium constant, Keq’ of reaction equation [1]
can be represented as the activity quotient or the product of concentration

and activity coefficient quotieht,

aCUR an+
) H
Keq = —“—‘::f——-—— . [2]
ACu aﬁﬁ'
or o "
[CGR I Yo, YW

= [3]
=N ++ n +
[HR] [CU ] YHR YCU
where a; represents the activity, the bracket represents the concentration,
and Y; represents the activity coefficient.
In the aqueous phase, since the copper sulfate does not dissociate com- -
pletely into copper ions (10), the total copper existing will be the summation

of copper ion and copper.sulfate. Hence,

[Cu]lq [cu't ]+ [Cus0,]

= [cu*) (1‘ + 2L [soZ]) [4]
C

"where KC is the dissociation constant of copper sulfate in the aqueous solu-
tion. In the organic phase Eﬁﬁn is the only metal complex formed, which was also

assumed by other authors (5-8), thus

rcull = [GR,1 - [5]

org

Substituting equations [4] and [5] into equation [3] and assuming the
unity activity coefficient of Kelex 100 (HR) and CuRy,, equation [3] can be .

rewritten as
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Da : l \.
n (——fiL- = B, *+ 8 Gr- %9 + 8,In (Eﬁ£?$11)‘ | (6]
You ++ S \ H
where D = [Cu]Torg/fCu]Zq ' | (7]
and o = (]}+ %Z-[SQZ]) | . [8]

BO, B] and 82 are important parameters which can be obtained through

statistical regression analysis. The definitions of these parameters are

_ASO  AHO
Bo =R RT 5]
0 : o
o oo I 103
By = (1] |

where T is reference temperature. The thermodynamic parameters of the entropy
change AS® and the enthalpy of the reaction AH® for this extraction system can

be estimated from the above relations.

~ The assumption of unity aﬁtivity.coefficients for HR and EUﬁ; can be re--
laxed by incorporating these activity coefficients in the distribution term

on the left hand side of equation [6]. Estimates of the activity coefficients
for species in the organic phase can be made using thevso1ubility parameter
theorylof Scotchard and Hildebrand (11,12).

‘ Equation [6] can bg'applied to the ana]ysi; of two phasé extraction
equilibria data to obtain values of the parameters Bo, B], and 62. However,
first the compositions of the aqueous phase has to be calculated. In the aqueous
phase, the concentration of copper and hydrogen ijons are complicated by the

ionic equilibria. The species considered to be presented in the aqueous phdase
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are Cu++, H+, HSO& s 504= and CuSO4. Higher associations cof copper bisulfate
interactions are neglected. Hence, only two equilibrium relations are con-

sidered in the aqueous phase:

K
C . o . :
Cuso, ~—— Cu'" + S0, | [12]
___K_A_S + = . A '
HSO, ~—— H' + S0, - [13]

Herg.Kc and K, are the dissociation constants. The approach for model-
1ing the aqueous phase equilibria follows that of Freeman and Tavlarides (13).
The dissociation constants can be related to the ionic strength, and the

thermodynamic equi]ibrium constants. For Kc’ the correlation of Nasenan (10)

gives
log (]/KC) = log Ko C_._Q;Qéfi___ + 0.052 1 [14]
C vy e18vT
where K is the thermodynamic equilibrium constant for the formation of

eq,C
CuSO4. I is the ionic strength which for .this system is given by

1 v,
I ‘2—22. C1

i=1 !

¥ (4Lcu™1 + [H'] + [HS07] + 4 [50;]) o [15]

~Similarly, the correlation of Hsuch and Newman (14) provides the relation for
Kp

Lk ) 5.29/T |
n (A/K - —5.2071 [16]
" eq, A 1 + 0.56/T

The equilibrium relations of eqns. [12] and [13] can be combined with the

total sulfur balance in the aqueous phase
[s]] - [so;] + [Cus0,] + [HS0,], | | [17]

the total copper balance.in the aqueous phase (eqn [4]), and species electru-



neutrality

' to give a cubic equation for cobpef ion concentration. The cubic equation can
be solved for [cu**] which permits calculation of all species in the aqueous
phase. Iterative calculations are performed until the species concentrations
satisfies the jonic strength relation of egn [15].

The activity coefficients of copper and hydrogen ions can be estimated by

use of the equations from Debye—Hﬁcke] theory as presented by Pytkowicz (15).

Here
Iny; = _(g_)lzlzz {11/2/ (‘] + BDaDI]/Z) + 2/Bpay °
In (]’+ BDaDI]/Z) } H . X =2 [19]
or |
v = ~(4Ap/a) |zyz,| (2178135 x> 2 [20]
or
R 1/2 172
1n Yi = _AD |Z'|22| 17, {] + O.SBDaDI }/ [2]:'
: ) ‘ ,
(1 + Bpapl!’/ ) } X <2

- 1/2
wherg X = BDaDI .

Temperature dependent values of the constants AD and BD of the Debye-

Huckel theory and the parameter a, are given by Pytkowicz (15). The estimated

D
values of activity coefficients are valid at low ionic strength (I < 0.1M).
For this work, ‘the system is not always at these low ionic strength and a

small error is expected.

Organic Phase Aggregation

The aggregation of the extractant in the organic solution is reported for

the oxime extraction system (16-18). Komasawa (11) reports that for L1X65

2 ety iy =2 [s0, 1+ [Hso;j - e 18]

A7
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oxime system, the degree'of aggregation depends on the nature of the diluent
and is small for aromatic solvents but large fof aliphatic solvents. Ashbrook-
(19) suggests that aggregation in the oxime system is mainly due to the pre-
valence of intermolecular hydrogen bonding potential. In the g-alkenyl-8-
hydroxyquinoline (Kelex 100) system, Ashbrook indicates that the intermolecu-
lér hydrogen Bond is not important; however, the intramolecular hydrogen bond
is prevalent. Therefore, the degree of aggregation is not important. Based
on these consjderations, aggregation of the Ke]exA100 is not considered impor-
tant and neglected in this work. -

The purity of commercial grades Kelex 100 is reported'to be (20) 77.7%
wth a molecular weight of‘3]1. In the analysis of the equilibrium data the
fraction of the impurity js considered a parameter and is determined by re-

gression analysis of the data.

EAPERIMENTAL

Kelex 100 was supplied by Ashland Chemical Company in commercial grade
quality and used as the organic extractant. This extractant is highly viscous
and contains impurities which should be removed or quantified. The tréathent
given here is to wash the desired solution of Kelex 100-xylene three times
.with 1 normal sulfuric acid and then the solution is washed with distilled
water until the pH of the raffinate does not change. The copper sulfate, sul-
furic acid and xylene are reagent grade quality and used without further puri-

fication.

Experimental Grid

The chemical equilibrium data from the two phase extraction were generated
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by varying the initial copper concentration, total sulfur concentration,

Kelex 100 concentration, and temperathre (20, 35 and 50°C). Initial Kelex
100, fota] copper, and total sulfur concentrations ranged from [0.02M to
0.06M], [0.005M to 0.02M], ahd f 0.05M to 0.2M] respectivéiy. These ranges
were selected to correspond. to kinetic experiments in progress for multiple
metal extraction. It should be nbted that the upper limit of Kelex 100 con-
centration is low, the range of copper concentration falls below most commer-
cial leach solutions (v 0.015M the lowest used), and the aqueous phase is com-
paratively acidic. Figure 1 shows the structure of the experimenta} plan for
the 64 experiments conducted. Thirty-three are replicates used to determine

the experimental error.

Experimental Technique

Equal volumes (25 m]) of aqueous phase solution cgqﬁqiqing copper ion and
Kelex 100 in xylene ére mixed. The extraction is conducted in a temperature
contrb]]ed E]erbath model 6250 shakerbath (T + 1°C) for 12 hour; after which
equi]ibrfum is reached. The mixture is permitted to disengage completely and
the two phases are separated carefully. In the aqueous phase, hydrogen ion
concentration is measured roughly via a pH meter. Total copper is measured
‘with a Perkin Elmer model 460 Atomic Absorption spectrophotometer by dilution.
Total copper ana]yéis in the organic phase is measured by a stripping technique
consisting of the following steps: (a) Several drops of concentrated sulfuric -
acid (v 18M) are mixed with the organic raffinate to precipitate a copper com-
plex; (b) Sufficient Vo]ume of (v 1.5M) sulfuric acid is added to dissolve the
precipitate, whereupon the phases are separafed (c) Repeated washing (2 or 3
times) with 1.5M sulfuric acid minimizes residual copper in the funnel; (d) the

combined aqueous phase.of (b) and (c) is anlyzed via AA spectroscopy. Complete



stripping of the organic phase-iS'checked by a UV-visible spectrophotometric

scan.

Organic Extractant Composition : ‘ . e

The coﬁpoéition of impurify contained in the organic extractant is esti-
_mated by using ultimate Toading method. This method has been uéed by pre-
vious authors (20,21) to determine the impurity composition for LIX system.
Here the aqueous copper sulfate concentration (OfSM) and the pH value are
(v~ 3.65) selected such that it is assured that all the active extracant HR is
complexed to CuR,. Total organic copper can be measured-as described above -
" and éctive organic extractant calculated assuming the complex confains 2
moles of extractant per mole of copper. The fraction of active Kelex 100

found to be 0.83 ¥ 0.066.

MODEL bISCRIMINATION AND ANALYSIS

The general model derived for analysis of the chemical equilibrium data
is given by eqn.[6]. From the chemjca] equilibrium data and the aqueous
phase composition modelling, all the variables can be éstimated. A modified
nonlinear sﬁatistical regression method is employed to determine the best
values of the parameters Bo, B] and 82. The nonlinearity is introduced by
substitution for AR the term HR(1-X) where X is the-fraction of impurity and
is considered as another mbde] parameter. Other models of a simpler nature
can be generated from egn [Gj if further assumptions are made (22). These
mddéls are also correlated with the knowﬁ'variables and the experimental daté
to estimate the best values of the parameters. The goodness of fit of the

various models is determined by analysis of variance (23). The regression
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variance due to the model lack of. fit is compared to the experimental variance
by use of the F statistic test. Results of this analysis indicates that eqn.
[6] best d scribes the data. The F ratio is 1.61 as compared to the tabulat-

ed valueof 1.66 :for 90% cqnfidenceflevel; The~fvinal  correlation obtained is '+

D , _
0 1 1
In ( ) = 3,83 + 642 (T —5—)

ch+
+21n )
([H 1y

The entropy change and the entha]py of the reaction can be determ1ned since

[22]

(]
857 AW . 3.3

Thus, one obtains AS® = 3.46 cal/g-mo1°K and AH® = -1275 cal/g-mol.

DISCUSSION OF'RESULTS.AND'CONCLUSIONS
A thermodynamic equilibrium model is obtained for the copper -HZSO4 -

Kelex 100-xylene system from a statistical analysis of the equilibrium data.

" ‘The results of aqueous phase model1ing “Tndicatesthat the" percent dissocia-

tion of copper sulfate is inverse]y proportional to the concentrations of

both total copper and total sulfate as shown in Figure 2. These results are
consistant with those presented elsewhere (13). The activity coé%ficient for
copper and hydrogen ions were calculated using equations [19] - [21] based on -
the Debye-Huckel theory. Over the range of experimental conditions, the_

actfvity coefficient ratio y2H+/YCu++ is approximately constant and equal to

'1.17. This value is regarded as the.activity coefficient constant KY for this



- system as YER and YcuRn 2T€ assumed unity.

b]ots of equation [22] at various temperatures are compared with experi-
mental data in Figure 3. There is good agreement over the range studied.
Temperature does not affect the value of the distribution coefficient signifi-
cantly oVer the range studied. The variations in D calculated are within the
experimental error of the data."It is also interesting to note that the active
composition of extractant iﬁ Ke]e* 100 determined by the statistical analysis
gives a value of 77.5%. This valﬁe is within the &rror range of experimentai’
" data of 83% determinéq by the method of ﬁ]timate.]oading and is considered
reasonable. Further, it agrees with the value reported by Ashbrook (20).

The values of the entroéy change and neat of reaciibn are AS° = 3.46 cal/
g-ino1°K and AH® = -1275 ca1/g-mo]., These values indicate'a slightly exothermic
reaction and a spontanebus reaction. |

A thermodynamic equi]ibrium model useful for the estimation of copper
disfribution between aqueous and organic phases is obtained for the system
copper sulfate-sulfuric acid-Kelex 100-xylene. The model accounts for the
aqueous‘phase species equi]ibria; the activities of the aqueous phase species,
and the impurities present in the Kelex 100. The best fit statistical model
is given by equation [éz] which applies over the range of experimental varia-

bles of [Cu]l (0.005-0.02M), [S]T (0.05-0.2!1), extractant (0.02-0.06i), and

q,i

temperature (20-50°C). The thermodynamic equilibrium constant, Ke , is given

q
by .
In K = 3.827 + 642 (‘—‘—
eq L - T 308
The stoichiometric coefficient is correlated to be 2 for this extraction and
is_in agreement with earlier inve;tigators. The enthalpy of the reaction and

the entropy change are determined to be -1275 cal/g-mol and 3.46 cal/g-mol.°K
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respectively. These results are themodynam%ca]]y consistent and indicate a
slightly exothérmit reaction.

The modelling approach presented have is based on the thermodynamics of
. both the aqueous phase and.interphase’chgmica]-equilibrium%. Therefore, a vt e
sound basis is presented for extrapolation of the model to regions outside

the bounds of the data. This can be generalized and applied to other similar

syétems.
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Fig. 1. Structure of Experimental Grid for Equilibrium Measurement.
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NOTATION

[quT , [cul!

T
[Cu]Org

D

AH®

Subscripts
A.

.

T

-Superscripts

aq i

total copper in the aqueous phase at phase equ111br1um,.and
initially

total copper in the organic phase at phase equilibrium
distribution coefficient
enthalpy change at standard state, cal/g-mole

thermodynamic equilibrium constant
dissociation constant of copper sulfate
dissociation constant of bisulfate

thermodynamic formation constant for copper sulfate; the value is
125.6 (mole/1)? at 25°C

thermodynamic dissociation constant for bisulfate; the va]ue is
0.0104 mole/1 at 25°C

entropy change at'standard state, cal/g mole-°K
ideal gas constant = 1.987 cal/ g‘mole-°K

temperature, °K

aqueous phase
organic phase

total concentration

organic -phase species



Greek letters '
@, o defined by equation 8
Bys By> 82 parameters in the model

Yi activity coefficient

AIs
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