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A METHOD FOR PREDICTING EQUILIBRIUM VALUES IN THE SOLVENT
EXTRACTION OF COPPER IN AMMONIACAL SYSTEMS

By D. N. Nilsen,! J. H. Russell,2 and R. L. Rickel?

ABSTRACT

A mathematical modeling method was developed by the Bureau of Mines
for the prediction of the principal equilibrium species 1in the solvent
extraction of copper. The use of models for predicting the amount of
metal extracted can reduce the amount of experimental work required to
characterize a system for purposes such as optimization studies. Models
were developed for the extractlon of copper from ammoniacal sulfate and
carbonate solutions with commercially available extractants commonly
used by industry. Results from laboratory shakeout -tests compared well
with predictions of the equilibrium concentrations of copper and pH val-
ues. For example, the loadlng of copper onto the solvent was predicted
for most cases within #*5 pct of the measured values, and the pH to with-
in #0.1 pH unit 1in sulfate systems and *0.2 pH unit in carbonate sys-—
tems. Both mechanistic and empirical extraction equations were devel-
oped from laboratory data for copper and ammonia. The empirical~based
models were slightly more accurate than were the mechanistic~based mod~
els. Industrial-level concentrations of the aqueocus and organic con-
stituents were used in this work. 1Independent variables included copper
concentration, donic strength, and dinitial pH of the aqueous phase;
extractants, diluents, and their concentration in the organic phase; and
temperature.

1Supervisory chemical engineer.
2Research chemist.
Albany Research Center, Bureau of Mines, Albany, OR.



INTRODUCTION

The development of more selective ex-—
tractants in recent years has greatly
expanded the consideration of and the use
of solvent extraction in metal recovery
processes., However, in many cases, the
full capability of the extractant is not
known and a great deal of experimental
work is requlred to produce the necessary
data so that process evaluation and opti-
mization studies can be made. Solvent
extractlon processes are conventionally
designed by carrying out many labori-
ous shakeout tests, producing data for
McCabe—~Thiele and other diagrams, for
evaluation of performance at each set of
operating conditlions. An easy to use
mathematical solvent extraction model
that 1s applicable to practical systems,
covers a wide range of conditions, and is
accurate, would be very useful.

Chelating reagents of the hydroxyoxime
type have been used commercially for
vears for the extraction of copper from
acidic solutions. Several relatively
successful attempts have been made at
proposing extraction wmechanisms and at
predicting metal extraction with hydroxy-
oximes from acidic solutions. For exam-
ple, theoretical-based models (1-2),3
three-dimensional plots (3), and an empi-
rical approach (4), were developed for
prediction of copper extraction from
acidic solutions. In recent years, con-
siderable interest has been shown in us-—
ing hydroxyoximes and other extractants
for extracting metals from ammoniacal
solutions. Ammoniacal-based  processes
have been proposed for metal recovery
from low-grade laterites (5-6), from man—
ganese nodules (7), from scrap (8), from
sulfides (9), and from waste catalysts
(10). The subject of this report relates
to the modeling of copper extraction from
ammoniacal solutions.

Some progress has been made at estab-
lishing extraction mechanisms and at pre-
dicting metal extraction from ammoniacal
solutions; however, most of the models
reviewed were limited in some important

Sunderlined numbers in parentheses re-
fer to items in the list of references
preceding the appendixes.

respects. Two similar papers used sta~
tistical techniques to develop empirical
equations for the solvent extraction of
copper. The first paper (l1), dealt with
copper extraction from sulfuric acid and
from ammoniacal sulfate solutions with
mixtures of LIX 64N and SME 529 extrac—
tants. The second paper (12), dealt with
extraction of copper and/or mnickel with
LIX 64N or SME 529 extractants from ammo-
niacal sulfate solutions.

Based wupon information  provided in
these papers, it appears that industrial-
level concentrations of components were
used in both investigations; however, the
pH range of the solutions was not given.
Empirical equations were presented for
the calculation of the percentage of cop-
per extracted, but not for any other
equilibrium quantity. The majority of
the data that served as the basis for
these empirical equations represented the
case where the ratio of metal in the sys—
tem was very high compared to the amount
of extractant(s) present. Thus, the data
corresponded primarily to conditions of
maximum metal loading on the organic
phase and relatively low extraction per—
centages from the aqueous phases. Sev-
eral equations were developed to prediect
copper extraction. The Jlowest standard
error for one of these equations was 1.66
pct for the Cu~NH3-S04~-(SME 529 and LIX
64N) system (11). The average error in
the predicted percentage of copper ex-
tracted was 3.9 pct for the Cu-NH3-504-
SME 529 sgystem and 6.0 pct for the Cu-
NH3 -S04 -LIX 64N system (12).

Theoretical-based equations were pre-
sented (13) that predicted the extent of
hindrance of metal extraction (Cu, Co,
and Ni) that was due to the formation of
ammine complexes in the aqueous phase.
However, the experimental work dealt only
with extractant concentrations in the
organic phase that were greatly in excess
of the concentrations of metal ions pres-
ent. Therefore, unlike most industrial
situations of interest, the free extrac-
tant concentration remained relatively
unchanged during extraction in this in-
vestigation. 1In another paper, a mecha-
nism was proposed for the extraction of



copper with Versatic 10 (14); however, a
model or algorithm to allow wutilization
of the mechanism was not presented. Ad-

ditionally, the mechanism was developed
from data that were obtained from tests
conducted under idealized conditions of

constant ilonic strength (l.O‘g ammonium
nitrate solution) and at very moderate pH
levels.

Another theoretical-based equation was
developed (15) that described metal
extraction from ammoniacal solutions.
This equation, which depended upon prior
knowledge of certain equilibrium data,

showed good agreement with some nickel
data in an ammoniacal sulfate system.
However, idealized conditions were em—

from which the equa-
tion was developed: very low metal load-
ing on the organic phase was used, only
one concentration of nickel in the aque-
ous phase, and one concentration of
extractant in the organic phase were in-
vestigated. Application of this equation
to the extraction of copper was not de-
scribed in the paper. However, a rigor-
ous method for predicting copper and
nickel extraction in an ammonium carbon-
ate system was described in another paper
(7). Unfortunately, the algorithm used
for the predictions was only briefly out-
lined and the coefficients for the ex~-
traction expressions were not supplied.
Industrial—~level concentrations of compo-
nents were used in this investigation,
but only one level of extractant concen-
tration was considered (40 vol pet LIX
64N). Results predicted with this method
were compared with experimental results
and average errors of 10 to 15 pct were
obtained (Z).

ployed in the tests

Since a need was recognized for an im-
proved solvent extraction model for ammo-
niacal systems, fundamental research into
the equilibrium modeling of the solvent
extraction of metals was pursued by the
Bureau. As the first part of this re-
search, the extraction of copper from
ammoniacal solutions with commonly used
extractants, LIX 64N% and P5100, was in~
vestigated. The primary goal of this
research was to develop a mathemetical
model that could predict the equilibrium
loading of copper on the solvent to with-

in 5 pet of the actual concentrations.
Additional goals of this effort were to
develop a model that required only lim-

ited initial condition parameters and
could accurately predict equilibrium val-
ues in practical situations, i.e., rela-
tively high metal loading from high-ionic
strength solutions such as might be ob-
tained in industrial leaching processes.
This report describes a systematic lab-

oratory study of the extraction of cop~-
per from ammoniacal sulfate and carbon-
ate solutions with LIX 64N and P5100

extractants. Models were developed us-
ing both empirical- and theoretical-based
extraction equations. The methodology
for developing the data and the corre-
sponding mathematical models are com-
pletely described so that application of
this methodology can be made to other
solvent extraction systems. The effects
on the models of many variables were
investigated, such as the effect of
different extractant concentrations and
different concentrations of aqueous phase
components. Extraction equations were
developed for two different extractants,
kerosene diluents, and temperatures.

EXPERIMENTAL

REAGENTS AND SOLUTIONS

copper systems were
laboratory work,

Two ammoniacal
investigated 1in the
copper—ammonia-sulfate (Cu-NH3-504) and
copper—ammonia-carbonate (Cu-NH3-C03).
The solutions were prepared with reagent-
grade chemicals and de-ionized distilled
water and were enclosed in plastic bot~-
tles for storage when not 1n use. The
concentrations of the constituents iIn

the feed liquors were chosen based upon
available industrial data and the physi-
cal constraints of the systems (table 1).
Because of solubility constraints, copper
carbonate solutions required higher pH
levels than did copper sulfate solutions.
Solution pH levels for the various tests

4Reference to specific products does
not imply endorsement by the Bureau of
Mines.



TABLE 1. - Ranges of concentrations
of feed liquors

Cu—NH; ""304 CU“"NH'_I, “"003
Constituents,
mol/L:
CUeeveeronarees ] 0.002-0.251 0.04-0.24
"NHgoenennns 0.2-7.8 1.2-8.1
S04 easesacocnas 0.1-2.4 NAp
ZC0p o vuossenn NAp 0.7-2.2
3 Huueeeeeosannes| 7.23-9.78| 7.89-10.22
NAp Not applicable.
"Equivalent total ammonia in solution
(NHs + NH4* + XCu(NHs)Z').
Equivalent total carbon dioxide din
solution (COp + CO032~ + HCO3~ + NHpCOO™
+ etce).

pH measured at 40° C.

were adjusted to the desired level by
sparging ammonla gas into the solution or
by the addition of ammonium hydroxide.
Because of the volatility of the aqueous
solution components, particular care was
taken to keep contalner opening at a min-
imum, especially when test conditions
called for elevated temperatures. In
addition, each feed liquor was sampled
and analyzed to determine the concentra-

tion of the constituents at the time of
each test.

Two commonly used commercial extrac-
tants were used 1n this study, LIX 64N
and P5100. The extractants were used
as-received without purification, to
simulate iIndustrial practice. Solvents

were mixed as required to nominal concen—
trations of 1, 10, and 25 vol pect extrac-—
tant. Dilutions were made with either
Kermac 470B® or Solvesso 100° kerosenes.
As recommended by Ritcey (16), the sol-
vents were conditioned before use in the
tests., This simulated the use of re-
cycled solvent and helped remove any
aqueous—soluble impurities from the sol-
vents. The conditioning consisted of
the following steps: (1) the solvent was

SKermac 470B is a commercial-grade ker-
osene that contains 10 to 15 pct aromat~
ic, 50 pct naphthenes, and about 35 pct
paraffin components.

6solvesso 100 is a commercial-grade
kerosene that contains about 99 pct aro-
matic and 1 pct paraffin components.

loaded to near its maximum loading capac-
ity with a Cu-NH3-S04 solution pH ~8.5,
{(2) the loaded solvent was stripped with
a 160-g/L H;S50; solution, and (3) the
stripped solvent was washed with dis—
tilled water.

All of these steps were conducted at
an organic (0) to aqueous (A) ratio of 1
(0/A = 1). It was necessary to strip the
P5100 solvents twice in order to bring
the residual copper concentration to low
levels. The conditioned solvents were
then analyzed to determine the extent of
impurities remaining. Usually at this
stage, the solvents contained very low
copper concentrations (several parts per
million) and only minute traces of other
impurities.

Following dilution and conditioning of
the solvents, the effective concentration
of extractant within each solvent was
determined through an ultimate-loading
capacity determination with copper. This
type of determination is often used in
commercial  copper solvent  extraction
plants (17). The ultimate-loading capac-
ity was determined by repeatedly contact-
ing an aliquot of solvent with fresh ali-
quots of a Cu-NH3z-SO04 solution at pH
~7.5 until the raffinate analyses showed
no further copper extraction. To avoid
phase separation problems during the
loading tests, the 10~ and 25-vol pct
solvents were diluted with an appropriate

kerosene to a concentration of approx-
imately 1 vol pct. After the loading
tests, the solvents were analyzed for
copper; the extractant concentrations

were calculated from that result and the
assumption that 1 mol of copper combined
with 2 mols of extractant. Dilution fac~
tors were also taken into account in cal-
culating the extractant concentration.
The loading determinations were conducted
with solutions contalning about 2.5 g/L
Cu, 58 g/L S04, and 20 g/L NHy (total)
and were at O/A = 1 and 40° C.

TESTS AND PROCEDURES

Shakeout and 1loading curve
conducted using only conditioned sol-
vents. The concentration ranges of met-
als and anions of the aqueous solutions

tests were




were derived from industrial data and
were shown 1in table 1. The tests were
arranged so that copper concentrations in
the feed liquors ranged from about 25 pct
up to 120 pct of the theoretical maximum

loading capacity of the solvent being
contacted. Thus, the data and resultant
models bracketed the range of solvent

loading that is most often used by indus-
try (25 pct up to essentially 100 pct of
maximum capacity). 1In order to reduce
the number of variables to be considered,
the 0-A ratio was held constant at 1 in
all tests. Thus, the models in their
present form are limited to situations
where an 0~A ratio of 1 1is used. How-
ever, many industrial operations using
solvent extraction for metal recovery
operate at 0-A ratios around 1.

Shakeout Tests

Shakeout tests were performed in sepa-
ratory funnels that were shaken mechani-

cally in a thermostatically controlled
apparatus. Aliquots of feed liquor and
conditioned solvent were equilibrated

for a period of 30 min, which was found
to be more than sufficient to reach chem—
ical and thermal equilibrium. During the
shakeout tests, the separatory funnels
were periodically vented to maintain es-
sentially atmospheric pressure. A small
loss of ammonia and possibly some carbon
dioxide from the carbonate systems was
experienced, but this was 1inevitable.
The amount of volatiles lost was consid-
ered to be insignificant compared with
the amounts present in the solutions.
After the shakeout contact, the phases
were separated. The solvent phase was
filtered through phase separation paper
(Whatman—~1PS) to remove any traces of
aqueous entralnment. The raffinate was
filtered (S and S-Black Ribbon) to aid in
removal of any organic entrainment. The
phases were then sampled for analysis
and further testing. The raffinates were
brought back to the appropriate tempera-—
ture (25° or 40° C) for measurement of
the final pH.

The feed liquors and raffinates were
analyzed for Cu, 804 or COQT, NH4 |, and
in the sulfate system for NH3z (total).

The COy. corresponded to the equiv-
alent total COp in solution ([CO2]
+ [C0327] + [HCO3™] + [NH2C007] + etc).
The NH4, corresponded to the equivalent
total NH4 in solution ([NH3] + [NHa4l?
+ x[Cu(NH3) «2*]). 1In addition, the feed
liquor and the raffinate pH's were mea-
sured and spectrographic analyses were
made to determine the average copper-—
ammonia coordination numbers (described
later in this report). It was possible
to determine the NH3z (total) concentra-
tion 1in the aqueous solutions of the
sulfate system through titration of the
solutions with a standardized H 504 solu-
tion (0.14N). The NH3 (total) value,
coupled with the spectroscopically deter-
mined average coordination number and the
measured copper concentration, allowed
calculation of the free NH3z concentra~
tion of the aqueous solutions.

In the carbonate system, titration
methods could not accurately differen-
tiate between neutralization of NH3z and
€032~ and related compounds. Therefore,
it was not possible to determine the

free NH3 concentration in the carbonate
solutions wused in this investigation.
An aliquot of the 1loaded solvent was

stripped with a 150 g/L H2504 solution.
The resulting strip solution was analyzed
for NH4" ion, and based upon that value,
the NH3 loading on the solvent was cal-
culated. The remaining portion of the
loaded solvent was analyzed for copper.
Copper was analyzed in the solvent by
wet-ashing the solvent, dissolving the
wet ash in an acidic solution, and final
analysis for copper either through atomic
absorption (for levels <0.l1 g/L) or ti-
tration with ethylenediamine tetracetic
acid (EDTA). Aqueous copper analyses
were made either directly through atomic
absorption or EDTA titration depending on
the copper concentration, Total NH4 con-
centrations were determined by a modified
Kjeldahl method and sulfate by a grav-
imetric BaS04 method. A Leco carbon-
sulfur analyzer was used to analyze for
COy by igniting aliquots of aqueous sam—
ples and reading the resulting infrared
spectrum. In all cases, analytically
determined equilibrium copper concen-
trations were checked by determining



material balances, and analyses of liquor
components (e.g., Cu, S04, and NH4T) were
checked with an ionic balance.

The models included equations for mate~
rial balances and the calculations could
not be expected to converge well 1if the
analytical results did not balance well,
In the majority of cases the errors in
material balances were less than 5 pct.

However, in the cases where the errors
were greater than 5 pct the analytical
data were adjusted to allow closure of

the balances. These data and unadjusted
data were then used both to develop the
extraction equations and to test the re-
sultant complete models.

The shakeout tests were designed to
cover a wide range of practical condi-
tions. Feed liquors were used that con-—

tained nominal copper concentrations cor-
responding to 50, 75, 100, and 120 pct of
the maximum copper loading capacity of
the particular solvent used in the tests.
In several tests, ranges as low as 25 pct
were used. For each range, conditions
corresponding to medium and high anion
concentrations were investigated at pH
levels of about 7.5, 8.5, and 9.5.
Therefore, each shakeout series investi-
gated the effects on copper extraction of
the following wvariables: aqueous copper
concentration, total ammonia concentra-
tion, anion concentration, and initial
pH. 1In addition, most shakeout series
were conducted at several extractant con-
centrations (1, 10, and/or 25 vol pct).

Loading Curve Tests

Loading curve tests were performed us-
ing many of the same general conditions
and procedures as in the shakeout tests.
A loading curve was developed through a

series of 1individual shakeout tests. An
attempt was made 1in each dindividual se-
ries of tests to hold all parameters con-
stant except for the copper concentration
of the feed liquor. The parameters for
each individual series were arbitrarily
chosen based wupon available industrial

data (i.e., S04 concentration, NH4, con-
centration, extractant concentration, and
pH). The tests were conducted so that
the pH of the raffinates were all about
8.8%0.1 pH unit. Any raffinate outside
of this range necessitated a repeat test
with readjustment of the feed liquor pH.

Some parameters were varied, such as
S04 and NHg concentrations, from one
loading curve series to another. This

produced a family of curves demonstrating
the effect those parameters had on copper
extraction. The loading curve series was
generally developed from data where the

feed 1liquors contained mnominal copper
concentrations corresponding to 25, 50,
70, 90, 100, and 120 or 140 pct of the
maximum copper loading capacity of the

particular solvent used.
PRECISION

Duplicate, and in some cases, tripli-
cate, tests were made on numerous shake-
out tests and analyses. The estimated
standard, deviation for replicate tests
was about 2 pct for Cu and S04 and 17 pct
for NH4,. The repeatability of pH mea-
surements was estimated to average #0.05
pH unit. The accuracy of the pH measure-
ments was estimated to average 10.02 pH
unit. The analytical laboratory accuracy
and repeatability were found to be equal
to or better than other measured parame-
ters used in the model development.

MATHEMATICAL BASIS FOR MODEL

CHEMICAL REACTIONS

The extraction of divalent cations from

ammoniacal solutions by hydroxyoximes has
often been represented simply by the re—
action equation

M(NH3)x2*(aq) + 2 RH(org) %} MR 2(org)
+ 2 H*(aq) + x NH3z(aq), (&)

where M = divalent metal, such as

copper,



RH = extractant in the solvent

phase,
X = average coordination number
of the metal ion,
and K1 = equilibrium constant for the
reaction.
This simplified reaction equation ig-
nores the possibilities of dimerization

or higher polymerization of the extrac-
tant and complexation of the extractant
complex by additional extractant mole-

cules or by aqueous phase ligands. How-
ever, it does show the possible influence
that hydrogen ions and free ammonia have
on the extraction equilibrium. Since
this study was carried out under basic
conditions, the hydrogen 1ion liberated
from the extractant is immediately re-
acted with ammonia to form ammonium ions,
and can than be essentially ignored as
far as reaction A is concerned. However,

have a significant effect on the extrac-
tion of metals (7).

The loading behavior of the Cu-NH3-S04-
LIX 64N system was investigated in the
initial studies. Shakeout test data are
shown in figure 1, along with the ideal-
loading curve and the theoretical maxi-
mum loading capacity of the solvent. The
ideal-loading curve represents the case
where essentially all of the copper that
enters the system 1s extracted by the
solvent until the solvent's maximum load-
ing capacity 1is reached, - at which point

the amount of copper extracted remains
constant.

Analysis of these and other data indi-
cated that the ideal-loading curve was

followed until the solvent was about 80
pct loaded; the extraction data then de-
viated from the ideal curve. The extent
to which the data deviated from the

ideal-loading curve and the theoretical
maximum loading capacity was a function
of the conditions, such as the concen-

(NH4) 2S04, the pH of the

the concentration of free ammonia can tration of
0.24 T [ T T | T |
o Maximum loading capacit
3 //' 9 P y
. .20f =
> @]
o e O=== T L
£ |6_ ‘:—' A-A—A N )
0} A
Z
2 21— Ideal-loading —
@) curve
- ////
KEY
— | ]
=z .08 A O Raffinates: 1.3M SO,4, 2.8M NHyp, pH=~9,0
'-‘>J A Raffinates: 2.2M SO,, 5.0M NH,4y, pH=~9.0
_
O - /X |
S 04
! | | | |
0] 0.08 0.16 0.24 0.32 0.40

TOTAL Cu IN SYSTEM, mol/L

FIGURE 1.--Loading characteristics of Cu-NH3-SO4-LIX 64N systems (25 vol pct solvent, 40° C).



raffinate, etc. The extraction of cop-
per seemed to be suppressed by the free
ammonia concentration in the raffinate.
The free ammonia concentration of these
solutions was generally higher in the
solutions with higher (NH4)2504 concen-
trations and higher pH. These and other
data indicated that complex interactions
in the aqueous phase were affecting the
extraction of copper. Given this back-
ground, it was felt that a chemical-
equilibrium approach would 1likely re-
sult in the most accurate predictive mod-
el for the Cu-NH3-504 and Cu-NH3-COj3
systems.

The aqueous chemistry in the ammonium
sulfate solutions can be represented by
the following equilibria:

NH4* Iéz NH3 + HY, (B)
Cu?* + NH3 %3 Cu(NH3z) 2+, (¢)
Cu(NH3)2* + NH3 34 Cu(NH3) 2, (D)

Cu(NHZ,)g* + NH3 K5 Cu(NHz) 2%, (E)
Cu(NH3)2* + NH3 1\%6 Cu(NH3)2*, (F)
and

Cu(NH3) 2* + NH3 %7 Cu(NH3)5%*.  (G)

When considering ammonium carbonate solu-

tions, additional equilibria must be
considered:

H* + co2- Iis HCO3~ (1)
and

HCO3~ + NH3 %9 NH2CO0™ + H 0 (1)

The amount of free carbon dioxide dis-
solved in aqueous carbonate solutions has
been estimated (7) to be about 0.6 pct at
pH 8.5, and decreases at higher pH. Dis-
solved carbon dioxide has been ignored in
this work. Ignored also were complica-
tions caused by the formation of Cu~NH=z-Y
complexes, where Y may be HCOz~, NH,CO00~,
or similar 1ligands. Some of the data
suggested that this type of complex for—
mation may have taken place, but specific
complexes could not be identified.

A complicating reaction  that takes
place between the solvent phase and the

aqueous phase is the extraction of ammo-
nia. The following reaction has been

proposed (18):
K
NH3(aq) + RH(org) 1}0 RH*NH 3(org), (J)

but other reactions might also occur. A
secondary objective of this research has
been to determine the mechanism of ammo-

nia extraction.
EQUILIBRIUM CONSTANTS AND EXPRESSIONS

Numerical equilibrium constants or ex-
pressions are necessary before solution
of the equations is possible. In several
cases, literature values were adequate,
but in some cases it was necessary to de-
velop empirical expressions to describe
equilibria 1n the  high-ionic~strength
solutions of this investigation.

An empirical equation for the effective
equilibrium constant was developed for
the dissociation of ammonium ion in ammo-
nium sulfate solutions at 20° C. The
equation was developed from data obtained
from solutions with ionic strengths rang-
ing from 0.5 to 6.0. The equation was
extended to other temperatures by using
the van't Hoff equation with enthalpy
values from reference 19. The resulting
equation, with concentrations expressed
in moles per liter, is

0.1774 + 2,727/(273 + t)

-log(K2)

+ 0.2985 (up /2, (1)

where log = logarithm to base 10,

t = temperature, °C,

I

and b1 = the ionic strength.

Literature values (19) were used for
the copper-ammine complex instability
constants, First, a uniform adjustment
for temperature (t) and ionic strength
(u1) was calculated,

adj = 0.10u1 - 1,201(1/298

- 1/(273 + t)), (2)




where t = temperature, °C.

(adj) was used to
of the equilib~

Then, the adjustment
calculate the logarithms
rium constants:

log(K3) = 4.04 + adj, (3)

log(Ky4) = 3.42 + adj, (4)

log(Ks) = 2.79 + adj, (5)

log(Ke) = 2.01 + adj, (6)
and

log(Ky) = -0.75 + adj. (7

Although these values were measured in
nitrate solutions, they were applied in
this research to both the sulfate and the
carbonate systems. The mean coordination
numbers were calculated from these con-
stants and thelr equilibrium equations,
and compared with experimentally measured
coordination numbers, Experimentally,
the coordination number was determined
from the wavelength of the spectrophoto~
metric absorption peak wusing the empi~
rical relationship plotted in figure 2.
The comparison, shown in figure 3, is
fairly good.

The carbonate~bicarbonate equilibrium
was Investigated as part of this re~
search, and the results indicated small
but nonlinear effects of the ionic
strength and the carbonate-bicarbonate
ratio on the effective equilibrium con-
gstant. A mathematical equation was not
fitted to these data, but weighted aver-
age values were selected and an empiri-
cal equation was developed to adjust the
equllibrium constant for temperature
effects:

1n(Kg) = 17.69 + 1,501/¢t, (8)

the logarithm to base e

where 1n

I

and t temperature, K.

An equation was obtalned from the litera-
ture (20) for the equilibrium constant
for carbonate formation at different
temperatures:
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FIGURE 2.--Experimental measurement of mean coordina-
tion number.
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FIGURE 3.--Comparison of calculated and experimental co-
ordination number.

1n(Kg) = -8.6 + 2,900/t, (9)
where t = temperature, K.
EXTRACTION EQUATIONS

A major objective of this research was
to develop a mathematical model of the
extraction of copper from ammoniacal so-
lutions that could be applied to solvent
extraction systems over a broad range of

conditions. Either of the two general
classes of model would be acceptable:
empirical or mechanistic. A combined

model, where some parts were mechanistic
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and some were empirical, would also be
acceptable.

The empirical extraction model ignores
the actual reaction mechanism, and simply
finds an equation that fits the experi-
mental data. Usually the form of the
equation selected 1s one that is mathe-
matically tractable. The advantage of
the empirical extraction model 1is that
useful results can be obtained with rela-
tively little effort. The disadvantages
of the empirical extraction model are
that the model reveals nothing of the re-
action mechanism and that the resultant
equation is usually applicable only to a
limited range of conditions.

The mechanistic extraction model as~—
sumes a set of reaction equations that is
supposed to describe the actual reaction
mechanism. The set of mass—action equi-
librium equations appropriate to the re-
action equations can be solved simultane-
ously with the appropriate mass balance
equations to determine the equilibrium
conditions from a limited set of start-
ing conditions. 1If the correct reaction
mechanism is selected, the set of mecha-
nistic equations should describe the ex-
traction over the full range of possible
conditions. However, the complete and
correct reaction mechanism 1is not known.
Sometimes simplifying assumptions can be
applied successfully, but often they can-
not. The procedure then becomes a matter
of trial-and-error applied to dintuition
about the chemistry of the extraction.

Empirical Extraction Equations

The empirical extraction equation for
copper relates the concentration of the
extracted copper in the solvent to the
concentration of the extractant and the
concentrations of the components 1in the
raffinate. The form of the equation
selected is that of a mass—action equi-
librium expression, but with nonintegral
exponents, e.g., [Culorg)] = a[Culaq)]®
[NHz(aq)]®.... The equation 1is a series
of products, so the logarithm is a series
of sums for which the coefficients can be
estimated by multiple linear regression
analysis.

The calculations were made using com—
mercially available statistical programs

on a microcomputer., The list of indepen-
dent variables included the concentra-
tions of the aqueous copper, the ammoni-
um ion, the free ammonia, the ionic
strength in the aqueous phase, the total
extractant, and an estimate of the free
extractant 1in the solvent. The regres—
sion program produces an estimate of the
probability for each coefficient that the
coefficient 1is equal to zero. If that
probability for any independent varlable
were greater than 0.05, that variable was
removed {(in a backwards stepwise proce-
dure) from the set of independent vari-
ables and the regression was recalcu-
lated. As might be expected, different
data sets often have very different equa-
tions. In some cases several different
equations seem to fit the same data set
almost equally well. The intermediate
results obtained with the individual sets
of trial extraction equations are given
in appendix A.

The most accurate empirical-based equa-
tions for copper and ammonia extrac—
tion that were developed in this research
are

In([CuAl/[Cu(org)])
= Ay + Ay (In[NHs*])
+ Az (In[NH3z ]) + Az (1n[RHT])
+ Aq (In([RHT] - 2[Cu(org)])

+ As (In[Curl), (10)
and

In([RH*NHs ]/[NH5]) = By + By (1n[NHs*])

-+

Bz(ln[NH3])

+

B3(1H[RHT])

+

By (1n( [RH7 ]

2{Cuforg) 1)

+

Bs(In[Curl), (11)

where Ap to As and By to Bs are empiri-
cal coefficients. Values for the coeffi-
cients for the systems investigated are
listed in appendix A (table A-3).




Mechanistic Extraction Equations

When all the chemical reaction mecha~-
nisms are known, with their reaction con-
stants, the extraction can be calculated
within experimental error for all experi-

mental conditions. The procedure fol-~
lowed to find a suitable mechanistic
extraction model was to wuse first the

most obvious mechanisms, and then add
other reactions wuntil the model fit the
data within experimental error. A non-
linear least-squares technique was used
to evaluate reaction parameters. The
procedure used was to minimize the
weighted sum of the copper error squared
plus the extracted ammonia error squared,

with the weights proportional to the
reciprocals of the respective variances.

The most obvious extraction reactions
are

+
Cu? (agq) + 2 NH?’(aq) + 2 RH(org)

1 +
§» CuRz ., + 2 NHg (x)

g) (aq)

and
NH3 + RH(orq) 10 RH*NH3 (L)
(aq) orgl ¢ {org)

where CuRjy = copper-extractant complex in
solvent phase, mol/L.

The concentrations of the ammonia spe-
cies and the solvent copper were ana-
lyzed, and the free aqueous copper was
estimated from the system of reactions;

2+
Cu(NH;)‘ (ag) + NH}(aq)

3 oun T (g (M)
with i ranging from O to 4. Equilibrium
constants for these reactions are avall-
able in the literature (19). The concen-
tration of free RH was then estimated
from the

material balance for the
extractant:

[RHT] = [RH] + 2[CuRp]

+ [RH*NH3]. (12)

11

The following additional reactions were

also considered reasonable, and were
tested in various combinations:

CURZ(Org) -+ RH(org)

K

Z“ CuR2*RH (6 rg) (N)
and X
12
4 RH(org) 7 (RH)4(orgP (0)

where CuR;*RH and (RH)4 represented ex-
tra complexation and polymerization of
extractant 1in the solvent phase. These
reactions (K-L, N-0) fit the data well
and were used in the mechanistic-based
models. The intermediate results ob-
tained with the individual sets of trial
extraction equations are given in appen-

dix B. Values for the equilibrium con-
stants are listed in appendix B {(table
B-1).

The equations for the extraction of
copper and ammonia (empirical and mecha-
nistic) were developed frgm data 1in the
sulfate system. Models containing these
equations were applied to data from both
the sulfate and carbonate systems.

SUPPLEMENTAL EGUATIONS

A model based upon the preceding rela-
tionships must deal primarily with equi~
librium values, which in practical appli-
cations wusually are not avallable. A
reasonable approach for solving such a
model involves the simultaneous solution
of all the pertinent equations. A sub-
routine (ZSPOW) from the IMSL, 1Inc.,
library (21) was selected to solve these
nonlinear systems. However, additional
equations were necessary to balance the
number of unknowns In the sulfate and
carbonate systems.

Sulfate System

The set of additlonal equations for the
Cu-NH3~804 system (empirical-based model)
included the following equations,
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Ionic balance:
2[804%71 = [NHg*] + 2([Cu®"]
+ [Cu(NHz)2* ] + [Cu(NHz )p2*]
+ [Cu(NH3)32* ] + [Cu(NHs)42* ]
+ [Cu(NH3)52* 1), (13)

where [OH"] and [H'] were not included
because of their low concentrations.

Total ammonia balance:
[NmT]=[Nm+]+[mg]+ [RH*NH5 ]
+ [Cu(NH3)?* ] + 2[Cu(NHs)p2%]
+ 3[Cu(NH3)32* | + 4[Cu(NHs)42* ]
+ 5[Cu(NHz )52* 1. (14)
Copper balance:
[Cur] = [CuRp] + [Cu?*] + [Cu(NH5)?*]
+ [Cu(NH3)22% ] + [Cu(NH3)52* ]
+ [Cu(NHz)42* ]

+ [CU(NH3)52+]. (15)

Extractant balance:
[RHr] = 2[CuRp] + [RH*NHsz]
+ [RH]. (16)

The mechanistic—based model used the same
supplemental equations except it required
one additional term in the copper bal-
ance, [CuR;*RH], and two additional terms
in the extractant balance, 4[(RH)4] and
3{CuR, *RH].

Carbonate System

In the carbonate system, some modifi-
cations to the Dbalances of the sulfate
system were necessary to reflect the dif-
ferent chemistry involved. The 1onic
balance was modified by replacing the
2[8042°]1 term with the terms 2[C0s27],
[HCOs~ ], and [NH,CO0”]. - The total ammo-
nia balance was modified by adding an
[NH;COO™ ] term. A supplemental equation
was needed in the carbonate system to
balance the number of unknowns.

Total carbon dioxide balance:
[COQT] = [0032"] + [HCO}’]

+ [NHC00™ ] (17)

MODEL ALGORITHMS

Solving nonlinear equations or nonlin—-
ear optimization problems is something of
an art; convergence 1is often dependent
upon the subroutine used and the initial
parameter estimates. The ZSPOW subrou-
tine selected for this purpose uses a
variation of Newton's method, which uses
a finite difference approximation to the
Jacobian matrix (21). The method of
solution used in the ZSPOW subroutine 1s
a local method; therefore, a successful
solution depends on a good starting
point. An initial estimate section was
developed for the model, which provided
estimated values for the required equi-
librium variables from limited-initial-
parameter inputs. Detalls of the initial
estimate and other sections of the algo~—
rithm are given in the appendix.

FLOW CHARTS

A composite flow chart for the sulfate
and carbonate computational models is
shown in figure 4., The information shown
in this figure pertains to the models
that used the empirical-based copper and
ammonia extraction equations. However,
very similar models were used with the
mechanistic~based extraction equations.

Sulfate Model

As previously stated, the initial esti-
mates section provided estimated values
for the required equilibrium variables
from limited-initial-parameter  inputs.
The required inputs to the computation-—
al models included the aforementioned
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initial parameters, the temperature of
the system, and the coefficients for the
extraction equations. In the sulfate
system, the ionic strength of the raffi-
nate was calculated based upon results
from the initial estimates section. The
aqueous phase equilibrium constants were
then adjusted taking into account the
ionic strength and the temperature of the
system. Scaling factors for the vari-
ables were used so that the convergence
criteria of the ZSPOW subroutine would
function properly. The wvalues for the
scaling factors were based upon the esti-
mates of the wvariables that were gener-
ated in the initial estimates section.
The scaled variables from the initial
estimates section, adjusted equilibrium
constants, and the scaling factors were
transferred to the ZSPOW subroutine for
solution of the equation-set. The fol-
lowing were wused in the equation~-set to
describe the sulfate solvent extraction
system: reactions B-G and equations 10-
11, 13~16. Results from the subroutine
were adjusted (scaling factors removed)
and then printed.

Carbonate Model

The model for the carbonate system was
very similar to the sulfate model, and
only the major differences will be dis~-
cussed 1in this report. Based solely on
initial parameters it was difficult to
accurately estimate the ionic strength

of the raffinate. This was caused by
the complexity of the possible anion
reactions producing CO0s%™, HCO3~, and
NH,CO0". Therefore, an additional step
was necessary to estimate the concentra-
tion of the various species present in
the aqueous phase. The equations that
pertained only to the aqueous phase were
solved simultaneously (first ZSPOW sub-
routine call) to provide refined esti-
mates for the aqueous phase wvariables.
The reactions and equations used in this
section were B-I, 15, 17, and 13 and 14
after conversion to the carbonate system.

Literature values (7) were used for the
equilibrium constants din this iteration.
The regults from this first dteration
were used to calculate the ioniec strength
of the raffinate. As in the model for
the sulfate system, the ionic strength
was then used to adjust the values of the
equilibrium constants that were subse-
quently wused for the solution of the
entire system (second ZSPOW subroutine
call). The following reactions and equa-—
tions were used to describe the entire
carbonate solvent extraction  system:
B-I, 10-11, 15-17, and 13 and 14 after
conversion to the carbonate system. Be~
cause of the 1lack of literature data for
concentrated carbonate solutions, the
same equations that were used in the sul-
fate system for adjustment of the equi~-
librium constants for Cu~NHz coordination
and the dissociation of NH4* were used in
the carbonate system.

RESULTS AND DISCUSSION

As explained in this report, four re-
lated but somewhat different mathematical
models were developed to predict copper
extraction from ammoniacal solutions.
Models were developed for the two princi-
pal ammoniacal systems that have been
used in the hydrometallurgical processing
of ores, ammonlacal sulfate and ammonia-
cal carbonate. Models for these systems
used elther empirical- or mechanistic~—
based equations to describe copper and
ammonia extraction. The majority of re-
sults presented in this report correspond
to the extraction of copper at 40° C with

solvents containing LIX 64N and Kermac
470B; however, some Iinvestigations were
made with P5100 extractant, Solvesso 100
diluent, and at 25° C. Although models
that used empirical-based equations to
describe copper and ammonia extraction
were emphasized in this work, some re-
sults from models that used mechanistic-
based equations were also included.

For a model to be truly successful it
must be able to converge on reasonable
results the majority of the time. In
this work, two criteria had to be ful-
filled before the model was considered




to have converged with a given data set.
The first criterion was a message from
the subroutine that convergence was
reached (IER=0). The second criterion
was that the composite of the equation
residuals yielded a low value (FNORM
€0.1). Details of the convergence crite-
ria are given in appendix D.

LIX 64N EXTRACTANT

Results from operation of the appropri-
ate models with essentially all of the
LIX 64N data sets at 40° C and with Ker-
mac 470B are shown in table 2. In most
cases, the average errors in the predic-
tion of copper loading on the solvent
were lower with models that wused the
empirical-based extraction equation ver-
sus the models that used the mechanistic-
based approach. The errors in the pre-
dicted equilibrium pH values were quite
similar for both systems. The latter was
to be expected because both approaches
used the same equations and equilibrium
constants to describe the aqueous phase
equilibria.

The models
the average errors

were compared in terms of
of the predicted cop-
_ per loading on the solvent and the equi-

librium pH of the raffinate Dbecause of
the importance of these two quantities in

characterizing solvent extraction sys-
tems. The overall average errors in pre-
dicted copper loading and equilibrium
pPH for the empirical and mechanistic
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3.09 pct and 0.14 pH
unit, and 4.57 pet and 0.13 pH unit, re-
spectively. In almost all cases, models
using either approach converged without
problems. Models based upon both ap-
proaches produced overall average errors
in the predicted copper loading that were
within the target range of <5 pct error;
however, the models that used the empi-
rical-based extraction equations usually
appeared to be more accurate. For this
reason, the empirical-based approach for
the extraction of copper and ammonia was
emphasized in the models over the mecha-
nistic approach.

It should be noted

approaches were

that the copper and

ammonia extraction equations, equation
coefficients, and equilibrium constants
for the empirical- and mechanistic-based
models were developed from data in the
sulfate system. These models were ap-
plied to both the sulfate and carbonate
systems with essentially the same accu-
racy (table 2). The application of the

models to data that were not used in the
model development demonstrates the accu-
racy and flexibility of the extraction
equations.

Empirical-Based Approach

The errors in the predicted copper
loading on the solvent for the Cu-NH3S04
and Cu-NH3-CO3z models are shown on fig-
ure 5. In the majority of cases the mod-
els predicted the copper loading to with~
in 5 pct of the measured values. Of the

TABLE 2. - Comparison of average errors produced by models
using empirical and mechanistic extraction equations

(40° C and Kermac 470B diluent)

LIX 64N Equations and average errors
System concentration, Empiricall Mechanistic?
vol pet CuR2, pet | A pH | CuR2, pct | A pH
Cu-NH3~504¢¢4¢00 25 2.51 0.10 3.66 0.09
10 2.53 .09 2.21 .07
1 9.19 .21 12.79 .19
Cu-NH3~CO3zZeecee 25 3.03 .20 2.90 .20
10 3.28 .20 6.35 .21
Model converged with 130 out of 132 data sets (98.5 pet

convergence).

Model converged with all 132 data sets tested.
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separate 123 shakeout tests that were
made with the 10- and 25-vol-pct extrac-
tants, the predicted values for copper
loading exceeded the target range of <5
pct in only 18 cases. Errors in the pre-
dicted copper loading tended toward the
positive side 1in the sulfate system and
toward the negative side in the carbonate
system. The errors 1in the predicted
equillibrium pH tended toward the negative
side in both systems. A detailed compar-
ison of predicted results versus measured
results 1s given in appendix F for a sul-
fate and a carbonate data set.

The results obtained from comparing the
model predictions for copper loading and
equilibrium pH against the observed re-
sults in the sulfate and carbonate sys—

For informational purposes, the
were divided into groups that
corresponded to different ratios of the
amount of copper 1in the system relative
to the maximum copper loading capacity of
the solvent. For the majority of cases,
each individual group represented at
least six separate shakeout tests.

The test serles were conducted at con-
ditions of both high and medium anion
concentrations and at three different
pH levels (details discussed previous—
1ly). In almost all cases, the average
errors were within the target range of <5

3 and 4.
results

pet error for the solvent loading. The
exception was the data sets for the 1-
vol-pet extractant. The errors in the

l-vol-pct extrac-
high as 19 pct; however,

copper loading on the

tems are categorized and shown in tables

tants ranged as
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FIGURE 5.--Comparison of predicted results of copper loading versus observed results
{empirical-based models, Kermac 470B diluent, 40° C).



considering the relatively low value for
the copper loading on the solvent {(typi-—
cal value was 0.004 mol/L), this was con-
sidered to be an insignificant error.
The average errors for the predicted cop-
per loading in the sulfate and carbonate
systems with 10- and 25-vol-pct extrac-
tants were 2.51 pct and 3.17 pct, respec—
tively. The average errors in the pre-
dicted pH of the raffinates were 0.10 for
the sulfate system and 0.20 for the car-
bonate system.

The slightly reduced accuracy of the
carbonate system model was likely caused
by the previously mentioned aqueous phase
complexities that were not accounted for
in the model., These complexities in-
cluded the formation of Cu-NHz—-Y com-
plexes (where Y may be HCO3z~, NHoCO0™, or
similar compounds) and ignoring the ef~-
fect of anion type on the values for the
equilibrium constants. Generally, the
models were more accurate at predicting
copper loading at the lower loading lev-
els (e.g., 50-80 pct) than at the higher
levels. This was true in most of the
systems investigated.

Coefficients were also developed for
the emplrical-based extraction equations
with a solvent containing LIX 64N and
Kermac 470B at 25° C, and with a solvent
containing LIX 64N and Solvesso 100 at
40° C. The Cu-NH3-804 model was tested
with data sets from these two systems
(table 5). The accuracy of this model
with the data sets used was excellent.
With the 25° C data sets, the average
error in the predicted copper loading was
0.96 pct, and the average error in the
predicted pH was 0.04 pH unit. With the
Solvesso 100 data sets, the average error
in the predicted copper loading was 1.44
pct, and the average error in the pre-
dicted pH was 0.10 pH unit.

Mechanistic—Based Approach

Models were developed that used mecha-
nistic-based equations to describe copper
and ammonia extraction. The results ob-
tained from comparing these model predic-
tions for copper loading and equilibrium
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TABLE 3. = Accuracy of results produced
by Cu-NH3~504 model using empirical
loading equations

(40° C and Kermac 470B diluent)

LIX 64N |[Relative amount

concen-— of Cu in Average errors

tration, system,1 pct CuR,, pct | A pH

vol pct

250 cannn 50 0.56 0.07
80 1.85 .09
100 3.76 .12
120 3.69 .11

100e0sss 50 .16 .09
80 4.83 .11
100 2.61 .06

) 50 .20 .20
70 9.32 «20
100 12.06 21

"Nominal amount of copper 1in system
related to the maximum copper loading

capacity of the solvent.

NOTE.~~All data sets

converged except

for 1 vol pet LIX 64N with 50 pct Cu data

sets,

where

only 2 out of
(33.3 pct convergence).

6 con

verged

TABLE 4. - Accuracy of results produced
by Cu-NHz~COz model using empirical
loading equations

(40° C and Kermac 470B diluent)

LIX 64N |Relative amount

concen~ of Cu in Average errors

tration, system,' pct CuRy, pct | A pH

vol pct

25¢ss0es 80 1.87 0,22
100 3.58 W21
120 3.64 .18

10cecses 50 .76 21
75 2.68 «21
100 4,72 .20
120 4.97 .18

'Nominal amount of copper in system
related to the maximum copper loading

capacity of the solvent.

NOTE.--All data sets converged.
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TABLE 5. ~ Accuracy of results produced by Cu-NHz-504
model using empirical extraction coefficients
corresponding to 25° €, and Solvesso 100 tests

System parameters Relative amount | Average errors
Temp, °C Solvent' of Cu in CuRy, pet | A pH
system,2 pct
250e00es | Kermac 470Beasss 50 0.31 0.08
75 .66 .03
100 94 .01
120 1.91 .05
404 eeeces | Bolvesso 100.... 50 1.65 .11
75 1.44 .18
100 1.72 04
120 .94 .05

"Includes 25 vol pct LIX 64N.

’Nominal amount of copper in system related to the maximum
copper loading capacity of the solvent.

NOTE.--All data sets converged.

TABLE 6. — Accuracy of results produced
by Cu-NH3z~504 model using mechanistic
extraction equations

(40° C and Kermac 470B diluent)

TABLE 7. — Accuracy of results produced
by Cu~NH3~COz model using mechanistic

extraction equations

(40° C and Kermac 470B diluent)

LIX 64N |Relative amount LIX 64N |Relative amount

concen— of Cu in Average errors concen— of Cu in Average errors

tration, system,1 pet CuRy, pet | A pH tration, system,1 pect CuRg, pct | A pH

vol pct vol pct

25¢ueaes 50 0.40 0.05 25¢e0nes 80 0.13 0.23
80 1.21 .09 100 5.12 .18
100 5.93 .11 120 3.45 .20
120 7.46 .11 10scsaes 50 +95 .21

100 seess 50 W27 .08 75 67 .21
80 2.60 .10 100 10.30 .21
100 3.77 04 120 13.47 .19

leseeees 50 .00 .18 'Nominal amount of copper in system
70 9.37 .18 related to the maximum copper loading
100 29.00 .20 capacity of the solvent.

'Nominal amount of copper 1in system
related to the maximum copper loading NOTE.-—All data sets converged.

capacity of the solvent,

NOTE.—-All data sets converged.




pH against the observed results in the
sulfate and carbonate systems are shown
in tables 6 and 7. With the Cu~NHz-504

model, the overall average errors in the
predicted copper loading and in the equi-
1ibrium pH with the 10~ and 25-vol-pct
extractants were 3.64 pet and 0.09 pH
unit, respectively (table 6). Generally,
the errors in the predicted copper load~-
ing increased as the amount of copper in
the gsystem was increased. This trend was
also observed 1in the models that used
the empirical-~based extraction equations.
The results shown in table 6 correspond
to 90 separate shakeout tests.

The Cu-NH3-504 model was also tested
with data from tests with a 1-vol-pct
extractant. The average errors 1n the

copper loading and in the equilibrium pH
were 12.79 pct and 0.19 pH unit, respec~
tively. As with the previously desecribed
empirical-based model, the result for
copper loading exceeded the error target.
However, as prevlously stated, consider-
ing the vrelative size of the value for
copper loading on a l-vol-pct extractant,
this represented an insignificantly small
error. The l-vol-pct extraction system
was outside of what industry would likely

consider to be an economical range, but
was only included in this report as a
test of the models to demonstrate their

useful range.

The Cu~NH3-CO03 model produced overall
average errors in the predicted copper
loading and in the equilibrium pH of 4.87
pcet and 0.20 pH units, respectively (ta-

ble 7). The overall average error in the
copper loading was within the target~
range error of <5 pct. However, as in

the sulfate system, the average errors of
the predicted copper loading were lower
for the models that wused the empirical-
based extraction equation. The Cu-NH3-
CO03 model with the mechanistic-based
equations did not accurately predict
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copper loading for the 10-vol-pct ex-
tractant at conditions where relatively
large amounts of copper were present in
the system. The reason for poor predic-
tion 1n this particular situation is not

known.
P5100 EXTRACTANT

Models for the sulfate and carbonate
systems were developed for the P5100
extractant with empirical-based extrac-
tion equationg., Based upon .previous ex~

perience 1in the LIX 64N system, it was
decided to concentrate the modeling
effort in the P5100 system only on

the empirical-based extraction equations.
Coefflcients were developed for these
equations with solvents containing P5100
and Kermac 470B at 40° C 1in the Cu-NHz-
504 system. Results from operation of
the Cu-NH3-804 and Cu-NH3-CO3z model with
appropriate P5100 data-sets are shown in
table 8.

The accuracy of the Cu~-NHz-504 model
with coefficients and data from the P5100
extraction system was reasonably good.
The results from the 10~ and 25-vol-pct
extractants were combined and the overall
average errors 1in the predicted copper
loading and in the equilibrium pH were
3.95 pet and 0.12 pH unit, respectively.
The accuracy of the Cu~-NH3~CO3 model with

coefficients and data from the P5100
extraction system was better than that
experienced in the sulfate sytstem. This

is somewhat surprising since the extrac-
tion coefficients were developed in the
sulfate system and then applied to the
carbonate system. The results from the
10~ and 25-vol-pct extractants were com—
bined and the overall average errors
in the predicted copper loading and in
the equilibrium pH for the carbonate
system were 1.24 pct and 0.15 pH unit,
respectively.
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TABLE 8. — Accuracy of results produced by models using
empirical extraction equation coefficlients for P5100

(40° C and Rermac 4708 diluent)

P5100 concen— Relative amount | Average errors and converg’ences2
tration, vol pct of Cu in CuRjp, pct Convergence, A pH
system,l pct pct

Cu~NH3-S04 SYSTEM
250 ieeassenscnnsennes 25 NA 0.0 NA
50 0.00 100.0 0.13
75 1.38 83.3 .09
100 1.07 83.3 .11
120 3.10 100.0 «25
100 esoeessocassenenns 50 15.51 83.3 .09
75 1.22 100.0 09
100 1.44 83.3 09
120 6.52 100.0 .10

Cu~NH3~COzx SYSTEM
250 eenesesacosocencss 50 A4 100.0 09
75 43 100.0 .09
100 1.25 100.0 «15
120 2.07 6647 .12
10acetessssssconsenns 50 .72 100.0 .15
75 71 100.0 .20
100 1.00 100.0 223
120 3.57 100.0 «13

NA Not available.
'Nominal amount of copper 1in system vrelated to the maximum copper

loading capacity of the solvent.

“Fraction of data sets that converged is given as percent.

33 cases were tried
cases the FNORMS were too high.

the two models using empi-
rical-based extraction equations were
very accurate in the P5100 system. Some
problems with nonconvergence and/or rela-
tivity large errors in the predicted cop~-
per loading were experienced with the Cu-
NHz—-304 model at some of the low solvent
loading levels (25- and 50-pct levels).

Generally,

that corresponded to these conditions, and 1in all

However, low solvent loading levels such
as these would 1likely be considered by
industry to be below economical levels.
Therefore, it is unlikely that the prob-
lems mentioned would severely 1limit ap-
plication of that model in practical
situations.

SUMMARY

A mathematical modeling method was
developed by the Bureau of Mines for the
prediction of copper extraction from am-
moniacal solutions. The research proto-
col that was used for determining the
coefflcients and equilibrium constants
for the equations used in the models
is presented. These coeffilclents and
equilibrium constants were  developed

from data in the Cu-NH3~S04 system. Var-
iations of the models were successfully
applied to the Cu-NH3-504 and Cu-NH3-CO3
systems with LIX 64N and P5100 solvents.
Both empirical- and mechanistic-based
equations were developed to describe cop-

per and ammonla extraction. The models
depended upon the simultaneous solution
of equation sets for the nonlinear




Industrial-level concentrations
in the 1nvestigations for the
various constituents to allow direct
application of the models to practical
systems. The models were developed and/
or tested with data that represented a
wide range of copper loading levels on
the solvent (25 pct to essentially 100
pct of maximum capacity). The models
required only limited initial solution
parameters in order to accurately predict
the extraction of copper as well as other
associated equilibrium quantities.

The overall average errors 1in the pre-
dicted copper 1loading on the solvents
were within the target-range error of <5
pcet for all models described. The models
had acceptable accuracles for most of
the industrial-level conditions studied.

systems.
were used
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However, models that used the empirical-
based extraction equations were slightly
more accurate in predicting copper load-
ing than their mechanistic~based counter—~
parts. The overall average errors in the
predicted copper loading and equilibrium
pH for models in the sulfate and carbon-
ate systems using the empirical extrac-
tion equations were 3.09 pct and 0.14 pH
unlit, respectively. These results per-
talned to copper extraction with solvents
containing LIX 64N and Kermac 470B at
40° C. Systems with P5100 extractant,
Solvesso 100 diluent, and at 25° C were
also investigated and modeled with equal
or better accuracies. Coples of the com-
puter programs used can be obtalned from
the Bureau.
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APPENDIX A.-—-ACCURACY OF INDIVIDUAL COPPER
EXTRACTION EQUATIONS (EMPIRICAL)

Preliminary to the evaluation of the
empirical extraction equations, the ex—
perimental reproducibility was deter-
mined, and some modified ideal extraction
equations were evaluated. A total of 26
duplicate extraction tests were run over
a broad range of conditions. The average
error (actually the average of the abso-
lute values of the relative errors) was
2.0 pct. Therefore, an equation with an
accuracy of <5 pct (the stated goal of
the research) should be possible. The
ideal extraction equation, represented by
the ideal 1loading curve 1in figure I of
the main text, 1is extraction of all the
copper until the extractant is saturated
at two molecules of extractant per copper
ion, and no further extraction as more
copper is added. This ideal equation was
overly optimistic, with an average error
of 13.5 pct (table A-1). The -equation
can be modified by recognizing that ex-
traction of ammonia also uses some of the
exXtractant. Further modification used
an empirical effective saturation value

(less than the stoichiometric value).
These modified ideal equations are shown
mathematically and evaluated in table
A-1. Thus by these rather simple means
the average error is reduced to 4.1 pct.
Not all the empirical extraction equa-
tions fit the data better than the modi-
fied dideal equations, The empirical
equations usually did not <calculate di-
rectly the extracted copper, so addi~
tional calculations were made to evaluate
the fit of the equations. First an ini-
tial value of the copper extraction was
estimated, and the equilibria and mate-
rial balances were calculated. Then the
copper extraction was adjusted and the
results recalculated; this process was
repeated until the results were consis-
tent. In a few cases the calculations
did not converge. Table A-2 shows some
of the better empirical extraction equa-
tions, the percent of the tests for which
the calculations converged, and the aver-
age error for those tests. The best
equations had about a 3-pct error.

TABLE A-1. - Evaluation of ideal and near ideal copper

extraction equations

Equation:‘ [Cuorg)] = smaller of [Cuy] or—— Error, QCEEL
O.S[RHT]onocntoaoccaocc0.o00000ocoo00ioooooo-coooooooo.c’a;c‘oo 1305
O¢5([RH.T] - [NHBRH])!'DOO0000000'0-00..uo.!'o'oooto.ooooloootoo 908
00382[RHT]oooo';qcocooooooooooo---ao-aooca-oo..-...-oco.ooo'ooco 7.1
Oo&l?([RHT] -~ [NH}(Org)])cocoooocnonooooonoo-oo-oocooooooaoooec Z}-l

'Notations:
Cutr = total copper 1n system,

includes both phases, mol/L.
total extractant concentration in solvent, includes CuRp + RH*NH3

calc extraction — exp extraction

RHT =
+ RH etc., mol/L.
Org = organic or solvent phase.
2grror = mean (:absolute value (100

NOTE.--All data sets converged.

exp extraction j)
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The most accurate emplrical extraction
equation from table A-2 was rewritten as
equation 10 (main text) and a corollary
for ammonia extraction was developed
(equation 11). Based upon the preferred
equations, coefficients were determined
for several systems (table A-3). The
methods outlined were used to determine
the most appropriate coefficients for the

various systems. In this report, models
that wused the empirical approach used
equations 10 and 11 and the coefficients
from table A-3 to describe copper and
ammonia  extraction. The coefficients
were determined from data in the sulfate
system. Models using these coefficients
were applied to data from both the sul-
fate and carbonate systems.

TABLE A-2. - Comparison of some empirical copper extraction equations

Equation‘ Convergence,2 Error,
pet pet?
In[Culorg)] = -0.709 - 0.0361n[CuA] + 0.4261n[RH; ]
- 0.1171n([RH;] - 2[Cu(org)] ~ [NHzRH])
+ 0.7541n[Cur]eceeceeccececcosnsccscaconnscosnens 71 5.0
1n[Culorg)] = =2.172 - 0.0261n[Culd] + 0.1331n[NHs*]
+ 0.0741n[NHs] + 1.561n[RH;] - 0.5941n( [RHy ]
=~ 2[Cu(0rg)])ecceecccancrarscecrsrccnnscancennns 89 3.0
in[Cu(org)] = -1.34 - 0.0391n[CuA] + 0.0671n[NHz* ]
+ 0.0421n[NH5] + 0.8631n[RH;] + 0.4921n[Cur]
= 0.3411n([RHr] — 2[Cuforg)])ececeerecnnncananns 83 4.1
In([CuAl/[Culorg)]) = -8.351 + 0.9571n[NHs*] + 1.491n[NHs]
- 3.061n([RH;] - 2[Cu(org)])
+ 1.51n[Cur]eeececensoaceseonoscnanannns 100 3.1

"Notations: CuA = total aqueous copper concentration, mol/L.
ZFraction of data sets that converged is given as percent.

3Error = mean | absolute value 100 calc extraction - exp extraction .
exp extraction

et . o e
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TABLE A-3., - Coefficients for empirical extraction equations
Coefficient' Cu-LIX~-40° €~ | Cu-LIX-25° C- | Cu-LIX~40° C~ | Cu~-P5100-~40° C~
Kermac Kermac Solvesso Kermac
AQssessssssossannsceosces ~8.3514 -16.1821 -13.129 ~9.475
Alvsecesssnssesssncncnss .9566 1.6459 2.889 .986
Agresseonessesraasosnns 1.4891 1.4655 2.787 1.065
Aevvesennnsareeonnnnes 0 20 20 0
Afdovovesasneascnanssoasa -3.0615 -5.0032 -3.035 ~1.950
ABeeessosarnsssnsasssnes 1.4956 0 0 1.035
Bveeoosenssononsennnsns ~2.5419 -5.1920 -4.,103 -2.861
Bleseoesesssssenanacnnea 0 4108 439 .383
Boecesesossnssssnscsnonns 4585 -.3653 -.191 -.217
B3euseoeennsoonnaononns 3119 20 20 2.294
Bhsossssassassssnsesnns . 3689 0 262 -.161
Beoesassnsessssssssnsas o ~-.6618 -.529 =911

"For use with equations 10 and 11 of the main text.

2The effect of varying RHy was not investigated in these tests;
were used for the appropriate coefficients. However, values other than
appropriate with other data.

therefore, zeros
zero may be
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APPENDIX B.-~ACCURACY OF INDIVIDUAL COPPER
EXTRACTION EQUATIONS (MECHANISTIC)

As previously stated, a mechanistic ex-
traction model assumes a set of reaction
equations that is supposed to describe
the actual reaction mechanism. Evalua-
tion of possible extraction reactions
started with reactions K and L (main
text). In certain conditions these reac~
tions fit the data fairly well (fig.
B-1). However, when all the data were
used, the fit was not good enough.
Therefore, some additional reactions were
possibly occurring (reactions N and 0).
Estimates of the concentrations of the
various species were made by equilibrium
expressions, with constants to be de-
termined, and material balances. The
equilibrium constants were estimated by
several methods, with different methods
often giving different wvalues. Some of
the results, and their associated errors,
are shown in table B~-]l. These results
corresponded to the Cu-NH3-804-LIX 64N
system with Kermac 470B as the diluent

0.25
.20
<
)
£ o
S‘ A5
i Calculated
O
<
a2 10
> o]
d
5 i /,/// Model [CuR2] = 6.3 X 10%[CuA]
O .05 o [0.346-2(CuR5)12
t

1 | i I I
8] 0.05 0410 015 0.20 0.25 0.30 0.35
TOTAL Cu IN SYSTEM, mol/L

FIGURE B-1.--Calculated copper extraction at specific con-
ditions.

and at 40° C. The lowest average error
for the predicted copper extraction was
12.5 pet with the indicated equation set
and equilibrium constants (trial 5).

TABLE B-1. — Accuracy of mechanistic copper extraction equation sets
with calculated equilibrium constants

Trial number’ Equilibrium constants Error,

K1 Kig K11 K2 pet ?

Leooeseonaanennannasassee| 1a7x1017 0.484 5 0 24.1
Dt snncsacenssasnasennnes | 2.0x10'8 484 0 0 15.0
Fesrsoencensasscaossnneas | 6.0x10'8 484 4.3 0 13.6
Beseesenennasennassnnnass | 3.0x10'9 484 50 0 12.7
S e eeesenaccccnsvenannanne | 3.0x10'° 484 50 8,000 12.5

'The following chemical reactions were used in the equation sets for each

trial:

CuZ* + 2 RH + 2 NH3 5! CuRp + 2 NHg

NH3 + RH §‘° RH*NH 5,
K11
CuRz2 + RH ba CuR2°RH
4 RH %_’2 (RH) 4

Cu?* 4+ i NH3 1-{;_‘ Cu(NH3) 2*

2Error = mean (ébsolute value (lOO

calc extraction - exp extraction ) .
exp extraction

NOTE.~~All trials resulted in convergence with the data sets tested.
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APPENDIX C.—-INITIAL ESTIMATES SECTION

Initial parameters that were used for
estimating the starting point values for
the variables in the sulfate system were
initial copper concentration in the feed
liquor, initial copper concentration in
the solvent, extractant concentration in
the solvent, initial free ammonia con-
centration 1in the feed liquor, concen-
trations of sulfate and total ammonia in
the feed 1liquor, and temperature. In
the carbonate system, the initial pH of
the feed 1liquor was substituted for
the initial free ammonla concentration
parameter, and total carbon dioxide was
substituted for the sulfate concentra-
tion. Empirical correlations, conven-
tional equilibrium expressions, and mate-
rial balances were used to estimate the
starting point. Only the most important

correlations and assumptions that were
used 1in the 1initlal estimates section
will be presented here; complete detalls

are contained in computer programs that

are avallable from the Bureau.

SULFATE SYSTEM

The maximum possible copper loading
capacity of the solvent was estimated
through consideration of the extractant
concentration (input parameter) and the
stolchiometry assumed in reaction A of
the main text. The estimated copper
loading on the solvent was calculated
through a material balance based on the
total initial concentration of copper
(input parameters for the aqueous and
solvent phases) and the assumption of 100
pct copper extraction. One of two op-
tions was then followed based upon a com-
parison of the maximum possible copper
loading capacity and the estimated copper
loading on the solvent. If the estimated
copper loading was <80 pct of the maximum
possible capacity, the first option was
taken and essentially complete extrac-—
tion of copper was assumed at that point.
This assumption related to data presented
in figure 1 of the main text, and it was
found to be generally correct for most
conditions investigated. The equilibrium
concentration of free ammonia was esti-
mated using material balances and the

asgumptions that the average coordination
number of copper with ammonia was 4, and
the stoichiometry of reaction A was cor-
rect, The copper concentration of the
raffinate after extraction was then cal-
culated with the following equation:

Cul = efle«23INHg! = 7,103 (c-1)
The value of CuA then served as the basis
for calculating the other equilibrium
variables for the starting point based
upon appropriate material balances.

If the estimated copper loading was >80
pct of the maximum possible capacity, the
second option was taken and the following
equation was used to calculate the equi-
librium copper loading on the solvent:

RH
CuR, = E‘% (-0.032[NHy ] + 1.00). (C-2)

For the industrial-level concentrations
of NH4* and NHsz used in this investiga-
tion, equation C-2 was accurate enough to

serve as a basls for the starting-point
estimations for this option. The other
equilibrium wvariables were then cal-

culated using appropriate material bal-
ances. Both options then followed the
same procedure. The extraction of NHx by
the solvent was calculated with the fol-
lowing equation:

RH+NH3 = 0.022[NH3] + 0,007 [RHT]. (c~3)

Material balances and equilibrium equa-
tions were used to estimate the values
of the other variables. Values for the
appropriate variables were used to esti-
mate the ionic strength of the raffinate
after extraction of copper,

pr = 0.5 (4.0 [S042~ + CuA?*]

+ [NH4' 1), (C-4)
and the temperature
(an input parameter) of the system were
used to adjust the values for all of the
aqueous phase equilibrium constants (de-
scribed in the main text in this report).
The concentrations of the individual

The donic strength
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Cu-NHz species were calculated using the
estimated CuA and the NH3 concentrations,
and the adjusted equilibrium constants.
The estimated equilibrium starting-point
values for all of the variables, as well
as the adjusted aqueous phase equilibrium
constants, were transferred to the ZSPOW
subroutine for calculation of the final
equilibrium values.

CARBONATE SYSTEM

The same general procedures that were
followed in the sulfate version of the
initial estimates section were followed
in the carbonate version. Only the sig-
nificant differences are mentioned in
this section. For feed liquor solutions
with pH >7.8, the initial free NHz con-
centration was estimated with the follow-
ing equation:

NH3 = 3.60 - 1.19 (PHy)
+ 0.09 (PHy)?, (¢-5)

where the subscripts (1) refer to initial
condition parameters. For feed 1liquor
solutions with pH <7.8, the initial free
NHz concentration was estimated at 0.0l
mol/L.

In the first option of the carbonate
version of the initial estimates section,
the copper concentration of the raffinate
after extraction was calculated with the
following equation:

CuA = ef1.53 [NH3] - 10.25). (C"G)

In the second option, the equilibrium
copper loading on the solvent was calcu-
lated with the following equation:

[RHT]

CuRyp = 570

(-0.017[NH4T] + 0.99). (C-7)

To simplify the estimation of NHy*,
NHz, etc., in the initial estimates sec~
tion, the following assumptions were made
concerning the raffinate solution: the
concentration of 0032" was 0.01 mol/L,
the concentration of HCO3z™ and NHC00~
were equal, and the average coordination
number of the Cu-NHxz complexes was 4.
The concentrations of the individual Cu-
NHz species were then recalculated using
literature values for the appropriate
equilibrium constants (7)1 and the esti-
mated CuA and NHz concentrations. The
estimated equilibrium starting-point val-
ues for the aqueous phase variables were
transferred to the ZSPOW subroutine for
calculation of intermediate wvalues for
the aqueous phase. The remaining details
pertaining to the carbonate system model
are presented in the main text of this
report.

Tunderlined numbers in parentheses re-
fer to items in the list of references
preceding appendix A.
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APPENDIX D.—-VARIABLE SCALING AND CONVERGENCE

The set of equations that described the
solvent extraction systems (sulfate and
carbonate) were written in a form such
that all the equations equaled zero. The
ZSPOW subroutine wused iterative tech-
niques to find wvalues for the variables
that allowed the equations of the entire
system to approach zero. The iteration
was terminated according to wuser-speci-
fied stopping criteria. The stopping
criteria were supplied through input pa-
rameters of ITMAX and NSIG. ITMAX speci-
fied the maximum number of iterations and
function evaluations allowed during the
iteration process, and NSIG specified the
number of significant digits of accuracy
desired in the components of the solu-
tion. The specified NSIG also affected
the time it took the computer to reach a
solution (increasing NSIG resulted in
increased computer run times). Consider-
ing the accuracy of the input data and
the desirability for short computer run

times, this work used 3 as an input for
NSIG. The stopping criteria wused by
ZSPOW subroutine (21)1 was:
"Let xK=1 = (x k=1, xk=1 ..., UL
and xK = (x1%, x2K, .00, xh)
denote two successive points in the se-

quence of approximate solutions. If

S Thall
max - < 10-NSIG
1<i<N Mex (|xT|, |XIk Ila 0.1) ’
then the process is considered to have

converged to NSIG digits.

Because of the stopping criteria, it was
advisable to scale the variables so that
they had values »0.1.
The values for the
were estimated in the

variables that
initial estimates

Tunderlined numbers in parentheses re-
fer to items in the list of references

preceding appendix A.

section were used in developing the scal-
ing factors for use 1n the ZSPOW subrou-

tine. In a loop, the values for the var-
iables were checked to see 1if any were
<1.0. For variables that had values of
<1.0, an appropriate scaling factor was
generated (a multiple of 10). The appro-
priate factor was applied to each vari-
able before transfer to the subroutine.

The set of equations that described the
complete solvent extraction system (used
by the subroutine) were in a form such
that the scaling of the variables did not
alter the value of the equations. The
scaling factors were then removed from
the values of the variables before print-
ing of the results. An example of the

method is shown below:

n

scaling, X(1) = X(1)°*PAR(1),

X(2)

X(2)°PAR(2),

where PAR(1) and PAR(2) are scaling fac-
tors; subroutine equation,

X(1)

4x(2)  _ 0:
PAR(1) ’

PAR(2)

and removal of scaling,

X(1) = X(1)/PAR(1),
X(2) = X(2)/PAR(2).
Problems with nonconvergence of the

or convergence on results that
represented physically impossible situa-
tions (i.e., negative values for system
components) can be experienced with non-
linear techniques. IMSL has observed
that there 1is no such thing as a fool-
proof nonlinear technique. If a conver-
gence problem was experienced with a par-
ticular data set, an error message was
transferred from the subroutine to the
output sections of the models. Tf the
model converged, the message TER=0 was
transferred from the subroutine.

models
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A measure of the success of the subrou-
tine in finding solutions to the equa-
tions was the FNORM value. The FNORM was
calculated by the subroutine and repre-
sented the sum of the squares of the re~
siduals for all of the equations in the
equation set. It was a measure of how

far the equations were from zero. In
this report, two criteria had to be ful-
filled before a result from a model was
considered to be acceptable: (1) conver-—
gence indicated by the subroutine (IER=0)
and (2) the FNORM < 0.1.
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APPENDIX E.-~CHECKING MODEL PREDICTIONS

In most cases when the amount of copper values being reported for some of the
present in the system (initial aqueous aqueous copper specles., To avold report-
and solvent phases) was much 1less than ing negative values, the reported values
the potential loading capacity of that for the wvariables from the subroutine
solvent, the resultant raffinate usually were checked, and any negative values
contained a negligible amount of copper. were adjusted to zero. The output of the
In those cases, the models would occa~ models then reported both the adjusted
sionally converge with small negative and unadjusted values for the variables.
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APPENDIX F.--COMPARISON OF RESULTS (EMPIRICAL-BASED MODELS)

Predicted results are compared to mea-
sured results for a typlcal data set in
the Cu~-NH3-504~LIX 64N system and are
shown in table F-1. For the test shown,
the error 1in the predicted copper loading
on the solvent was 1.9 pet and the error
in the predicted equilibrium pH was 0.14
pH unlt. Results from a typlcal compari-
son test in the Cu-NHz-COz-LIX 64N system
are shown in table F-2, ZErrors 1In the
predicted copper loading and equilib-
rium pH were 3.9 pet and 0.14 pH unit,
respectively. One of the advantages of
predictive models such as described in

TABLE F-1. - Typical comparison of
predicted results using empirical
extraction equations and measured

this report 1is the ability to predict
values for components in the equilibrium
system which are otherwise difficult or
impossible to measure directly (e.g.,
free NHxz, HCOz™, NH2C00~, and CO32~. The
difficulty of directly measuring these
aqueous phase components, such as through
titration methods, was the reason that
analytical data were not available for
gome of the components ghown in table
F-2.

TABLE F~2. — Typical comparison of
predicted results using empirical
extraction equations and measured
data for Cu-NHz-C0z model (LIX 64N
extractant)

data for Cu-NHz-504 model {(LIX 64N Predicted|Observed
extractant) Principal equilibrium
constituents, ! mol/L:
Predicted|Observed NHs eooooanoonennnns 2.08 NA
Principal equilibrium NH3z freeesssoescenes 0.31 NA
constituents,’ mol/L: RH NHzZeoesosesnessss| 0.009 0.01
NH2  eeenveroseranans bbb 24,4 HCO3 eessuvanenannas 1.26 NA
NHz fre€eeascssscssss 0.53 0.5 NH2COO eeeesconnsses 0.76 NA
RH*NHZesonosoennsans 0.017 0.02 CO32 i iiennnnnssanns 0.05 NA
CURZesvsessnsnnsones 0.157] 0.16 CuURZssssassnsannsass| 0,173 0.18
RH freesssssosecesns 0.07 20.06 RH freessessssseeess 0.031 20.02
CUA.vevovanoannanaas| 7.0x10734.2x1073 CUAesovssnnsssnnsnee 30,023 0.02
XO..O‘Q.'Q.OO....‘OOO. 4021 4.05 X."O..OCO‘OO'.‘O'..OO &002 N_A
PHe eosavvonsnovenesons 8.73 B8.87 PHeveessssvsavssacnnas 8.49 8.63
Ynitial parameters {(mol/L): solvent, NA Not available.
RHT1 = 0.40, CuRp, = 2.0x10~%; liquor, "Initial parameters (mol/L): solvent,
CuAy = 0.16, 80477 = 2.2, NH4y = 5.0, RHyr = 0.39, CuRz, = 5.0x107%  1liquor,

NH3I = (.3. Temperature of the system
was 40° C and Kermac 470B was the
diluent,
’Determined by difference calculations.
3predicted results for the raffinate
copper concentration 1Included values for
the 6 principal aqueous copper specles.
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CuAy = 0.20, COgT = 2.1, NHg, = 3.3, pHt
= 8,48, Temperature of the gystem was
40° € and Kermac 470B was the diluent,
2Determined by difference calculations.
3predicted results for the raffinate
copper concentration included values for
the 6 principal aqueous copper species.
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