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Evaluating a Dynamic Model for the Competitive
Elution of Gold and Base Metals from Activated
Carbon

S. P. LIEBENBERG and J. S. J. VAN DEVENTER*
DEPARTMENT OF CHEMICAL ENGINEERING

THE UNIVERSITY OF MELBOURNE

PARKVILLE, VICTORIA 3052, AUSTRALIA

ABSTRACT

During the past fifteen years significant progress has been made on carbon-in-
pulp (CIP) technology for the extraction of gold. Most research on the mechanisms
and kinetics of CIP subprocesses has focused on the adsorption step only; auxiliary
unit operations such as elution have received less attention. Mathematical models
have been developed for the elution of gold and can be used for design and process
optimization. The adverse effect of high loadings of a base metal such as copper
on carbon during the desorption of gold is known, but not yet fully understood.
A multicomponent Freundlich equilibrium model was used for the simulation and
evaluation of the elution of gold and base metals from activated carbon. This
model was incorporated in a material balance for a series of well-mixed reactors
simulating the effects of an elution column, and was related to the elution of
spectator cations such as potassium via an empirical expression. The model suc-
cessfully simulated the elution profiles, but it was found that base metals, and
especially copper(l). complicate the modeling of the base metals due to the con-
sumption of cyanide and the possible formation of polymeric gold-copper species
on the carbon surface. The competition coefficients are parameters which indicate
the extent to which the base metals affect the elution of gold. At high copper
loadings the desorption behavior of copper and gold changed, and an increased
adsorptivity was detected. It was postulated that this was mainly due to the forma-
tion of copper-goid polymeric chains.

* To whom correspondence should be addressed.
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INTRODUCTION

The carbon-in-pulp (CIP) process is widely used and accepted around
the world as a method of extracting gold. During the past years research
has helped considerably to understand the different processes in the CIP
circuit. It is only recently that some attempts have been made to model
the elution step in the CIP process, but most efforts have concentrated
on the elution (desorption) of gold only. The effect of base metals such
as copper on the elution of gold is well-known in industry, but has not
been considered in modeling before. The aim of this paper is therefore to
develop and evaluate a dynamic model that will account for the interactive
effects of different metal cyanides.

This study is based on the AARL (Anglo American Research Labora-
tory) elution procedure. In essence, this procedure consists of a pre-
soaking step in the elution column with a caustic cyanide solution, where
the aim is to convert any AuCN to Au(CN); and to decrease the adsorptiv-
ity of the activated carbon surface. Subsequently, hot deionized water is
used to elute the metal cyanides. A few models have been developed to
simulate the elution of gold, most of which were developed for either the
Zadra (1) or the AARL (2) elution process. Van der Merwe and Van
Deventer (3) proposed a generalized model for simulation of both the
Zadra and AARL elution processes which involves the use of a shifting
equilibrium isotherm. This is caused by a change in conditions such as
the cation and cyanide concentrations. Stange and King (2) and Stange
(4) also used the concept of a changing equilibrium isotherm in simulating
AARL gold elution profiles.

Van der Merwe and Van Deventer (3) concluded that the mass transfer
at industrial elution conditions is very fast and showed that under strong
desorption conditions (high temperatures and cyanide pretreatments) the
elution of gold is independent of flow rate so that an equilibrium model
can be used as a special case of the more complex surface diffusion model.
When diffusivities are high, the surface diffusion model will approach the
equilibrium model.

EXPERIMENTAL

The experiments were performed using Kopcarb ANK 11 which is a
coconut shell activated carbon. Conditioning of the carbon was done by
performing an acid wash followed by rinsing the carbon in deionized
water. The carbon was loaded with metal cyanides over a period of 48
hours at a pH of 8.5. Carbon with a particle size between 1.4 and 2.36
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mm was used and had a pore volume of 8.0 x 10~* m3*-kg ! and a bulk
density of 490 kg-m ™3,

The elution studies were conducted at 110°C and a pressure of 200
kPa(gauge). A small stainless column was used with an enclosing jacket.
Hot oil was circulated in the jacket, and the temperature was controlled
using a feedback controller. The empty volume of the column was 26.5
cm?® with a height/diameter ratio of 10 and a height of 15 cm. While the
column was being heated, the pretreatment was performed using a 20 g
KCN/L solution. The AARL elution procedure was used in all the experi-
ments with an eluant flow rate (deionized water) of 3.60 bed volumes/h.
The experimental elution profiles are independent of flow rate under
strong desorption conditions (5), and therefore a change in flow rate will
not affect the simulation results.

The free cyanide concentration in the eluate was determined by AgNO;
titration, where the end point of the reaction was white to yellow and
potassium iodide (KI) was used as indicator. The metal and potassium
concentrations in solution were determined using an atomic absorption
spectrophotometer.

FACTORS AFFECTING THE ELUTION OF METAL
CYANIDES

There are various factors affecting the elution of gold cyanide (6), of
which cyanide loading (QOn), temperature (T), pH, and cation (Ck) and
cyanide (Cn) concentrations are the most important. The equilibrium can
be described by the Freundlich isotherm (Q = AC") relating the metal
loading [Q] to the metal concentration [C] under all process conditions.
It was shown by Van der Merwe (5) that the A value can be written as a
product of the following functions:

A = Ao [1(ON)2(Cn) f5(pPH) f4(Ck ) f5(T) (1)

In the AARL elution procedure the effect of free cyanide carried over

from the pretreatment step is of little significance and is therefore not

incorporated in the modeling. At a specific elution temperature the pH

stays constant. At a constant cyanide loading and temperature these ef-

fects can be incorporated into the Ao value. With pretreatment done at
industrial temperatures, the A value can be approximated by

A = Ay (Cx + 1Y 2)
where p is the dependency of the metal cyanide on the cation concentra-

tion. From this it is evident that the AARL gold elution profile is depen-
dent on the removal of the cation, which is potassium in this case. To
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simulate the Zadra elution procedure, Eq. (2) could be adapted to incorpo-
rate factors such as the cyanide concentration and the cyanide loading of
the carbon (5). Potassium adsorbs weakly onto the carbon surface, and
if not associated with an anion adsorbed as an ion pair on the carbon
surface, it is present mainly in the pore liquid of the carbon (7). Electroneu-
trality is maintained by the presence of cyanide, its degradation products,
and hydroxyl ions. Although potassium and cyanide are eluted simultane-
ously, and earlier than the metal cyanides, the potassium and cyanide
profiles are not identical due to the fact that a multitude of anions are
associated with the potassium. Only a small fraction of the potassium
is associated with the metal cyanides through ion pair formation. The
potassium profiles are modeled by a modified nonideal flow model ac-
counting for both macropores and micropores where the pores are repre-
sented as two interconnected deadwater regions per section (5). The incor-
poration of the macropores and micropores enables the modeling of
potassium retained through adsorption and that trapped in the pores. Po-
tassium profiles were determined separately for each elution experiment.

All of the above-mentioned factors have an effect on the base metals
as well, but they may not be as sensitive to them. For instance, gold
cyanide is more sensitive to the removal of the cations than is copper.
The base metals are modeled using the same principles that apply to gold
cyanide. Modeling the elution of base metals has an added complexity
due to the formation of different ratios of metal cyanide complexes, espe-
cially with copper. The stability of the different metal cyanide complexes
at plant conditions will determine the dominant complexes. In the case
of nickel only Ni(CN)Z ™ is stable at plant conditions, whereas with copper
there exist three different stable cyanide complexes. Copper is mostly
adsorbed as Cuw(CN); (8), and with the availability of cyanide via the
pretreatment solution, new copper complexes are formed [Cu(CN)3 ~ and
Cu(CN)3~ ]. Their ratios are dependent on the copper-to-cyanide ratio and
the pH of the solution. These complexes have different adsorption charac-
teristics due to the difference in anionic charge (9).

MATHEMATICAL MODELING OF COMPETITIVE ELUTION

The ideal adsorbed solution (1AS) theory is used in many cases to pre-
dict multicomponent equilibrium data. However, the mathematical and
computational effort is substantial and thus limits its applications. How-
ever, Fritz et al. (10) stated that the IAS theory does not hold for partially
dissociated solutes. Van Deventer (11) showed that the IAS theory is not
applicable to metal cyanides. Empirical formulas have been developed to
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predict multicomponent data like the general multicomponent Freundlich
isotherm as derived by Sheindorf et al. (12):

k
Qi = ACA 2 b,C; ) 3)
=1
For a single component system (b; = 0), the above equation will simplify
to the Freundlich isotherm:

Q = AC” (4)

The effect of the different sorbates is introduced by the use of competition
coefficients (5;) and will result in the following for a bicomponent system:

01 = AC(C, + bpCyyn! 5)
0, = ACy(b2Cy + Cyp )=t (6)

The assumption was made that equilibrium exists between the solution
and the adsorbent. Van der Merwe and Van Deventer (13) found that the
Freundlich-type multicomponent isotherm yielded reasonable approxima-
tions of the competitive equilibrium adsorption of gold and silver cyanide.
Nieuwoudt (14) also found that Eq. (3) adequately describes the simultane-
ous adsorption of metal cyanides and, consequently, Eq. (3) was incorpo-
rated into the dynamic equilibrium model for competitive elution. Parame-
ter estimation of this multicomponent isotherm is simple compared with
that of other isotherms and can be of practical use in industry.

The elution column is modeled as a series of N continuous stirred tank
reactors (CSTRs) with a Oth section which represents the inlet concentra-
tions, i.e., the concentrations in the eluant. The column is divided into N
sections with height A /. A mass balance for a single component over the
xth section gives (variables refer to the xth section) the following:

d

d
VIC,.y —C)=aAhp(l - e)-—cg +{a-AhpV,(1 —e¢) + a-Ah-e}g[—

(7)

The following symbols are defined for the equations: Vis the volumetric
flow rate, C is the concentration of the metal cyanide, ¢ is the flow area
of the column, p is the apparent density of the carbon, Q is the metal
loading on the carbon, ¢ is the time variable, e is the void fraction in the
carbon bed, and V, is the specific pore volume of the carbon.

In order to simplify and apply Eq. (7), the time derivative of Eq. (3)
must be determined. The result is complicated, because A and n change
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with time due to equilibrium changes:

in — dA’ ni—1 & ni—1 ni—1 Edﬁ
W = TC,'Si + dr -A st + ACs! dr In(s; ); + 8)
[y = 1){dC; k dc;
Csri—ny— - it
AL, { S; <dt " j=§j#l by dt )}
where
k
si =(Ci + X byC) 9
J=1,j#1

where { = specific component, j # i and &k = number of components.

The solution (Eq. 8) can now be substituted back into Eq. (7) which
will result in a set of k differential equations with nonlinear terms. These
equations must be solved simultaneously by using linear algebra. To use
matrices, Eq. (7) must be rewritten in a structured manner which results
in the following equations:

X, = AsF + ACsE - D+ oy (10)
X =ACSH *(n; — 1) an
_ _ di ni—1 _ 7i— 1 ﬂ
Xz = 22(Cix—y Ci) dr Cis! AC:s! dt In(s) (12)
where
€
a =Ve + 0Ty (13)
|

2 = ke =9 (4
On combining Egs. (10), (11), and (12), the following matrix equation
can be obtained for each component:

dc; c,
ar ) = X; (15)

k
+ Z (X, bijd—t

J=1,ji

Xi

For k components, k matrix equations will be obtained, which can be
solved by matrix inversion where the result is 2 number of simple differen-
tial equations. The simple differential equations can be solved using the
fourth-order Runge-Kutta method. In each step of the Runge-Kutta
method the calculated concentration of each component is substituted
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back into Eq. (15) which must again be solved by matrix inversion before
calculation of the following Runge—Kutta step.

NUMERICAL SOLUTION OF MODEL

It has been shown by Van der Merwe (5) that a linear relationship exists
between A and » in Eq. (3) for gold cyanide, and the same linear relation-
ship was assumed for the base metals. From this the following simplifica-
tions can be made to Eq. (15) for component i:

n=bA + B (16)
dn dA
xT - bd_t a7

The value of A is dependent on the removal of the cation as indicated
by Eq. (2), and therefore at each time step and height increment the A
value is known from the potassium profile. Equations (16) and (17) can
be used to calculate n and dn/dt. This is done by approximating dA/dt by

dA A' — AT
@ T A 19
Initial values are needed for the Runge-Kutta method where the initial
A value is calculated by the initial concentrations of potassium in the
column. Thereafter it is calculated from the values produced by the potas-
sium model which is solved before the equilibrium model at a specific
time step. The initial metal loading on the carbon (Qo) and the initial
concentration of the metal cyanide in the pretreatment solution (Cy) are
not in equilibrium. From the following mass balance the initial equilibrated
concentration of metal cyanide (C.q) can be approximated:

Ang + Zlceq = QO + (ZI - p)CO + VpCpo (19)

The initial concentration is approximated by a single component isoth-
erm instead of the multicomponent isotherm, due to the fact that the multi-
component isotherm will result in a set of complex equations which will
make its simultaneous solution difficult.

With all the initial conditions known, the model can be solved starting
at the bottom of the column and sequentially stepping through the sections
using the results of the previous section and ending at the top (section
N). The equilibrium multicomponent equations for each section are solved
by matrix inversion and the differential equations by the Runge-Kutta
method. The time is increased by At (time step), and the model is solved
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again starting from the bottom of the column. This procedure is followed
until the desired time has been reached using sequential time steps.

RESULTS

It is well-known that some base metals such as copper have a detrimen-
tal effect on the elution of gold. The multicomponent model was used to
simulate the effect of different copper loadings on the elution of gold
during an AARL elution.

The experimental data and model simulations are illustrated in Figs.
1-3. In the simulations, N = 5 was used, which indicates some backmix-
ing and channeling in the column. Model parameters were kept constant
for the simulations and were determined by fitting the model to experimen-
tal data. The model parameters are stated in Table 1. The simulated gold
and copper elution profiles were modeled using the same competition
coefficients for all three simulations, i.e., the value of 0.02 for copper on
gold (bau.cu) and 0.2 for gold on copper (bcu.au)- The following relation-
ship between n and A was used in the simulations for gold and copper:

Auw n = —0.0052-A + 0.34 (20)
Cu: n = —0.0075-A + 0.46 (21)

The data in Table 1 show a decline in the elution efficiency of the gold
with an increase in the copper loading. This tendency is well known in
industry. It is often believed that with an increase in the copper loading,
the cyanide available in the pretreatment step for the elution of gold de-

500+
— 400
S Model
E * Au (4.85 g-kQ
, 300 + Cu (1.16 gskq@
£
o
V)
_, 200
J
v
=

100

x*
+ X F3

0 3.0 6.0 S.0 12.0 15.0
Bed Uolumes

FIG. | Simulation of gold and copper elution profiles at low copper loadings.
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FIG. 2 Simulation of gold and copper elution profiles at medium copper loadings.

creases. The same pretreatment was performed, and it can be reasoned

that due to the limited amount of cyanide

available, the ratio of

Cu(CN)j ™ to Cu(CN);i~ will increase with an increase in the copper load-
ing, which will lead to a lower free cyanide concentration in solution. The
cyanide levels were monitored and, as illustrated in Fig. 4, there was an
excess of cyanide with no significant decrease in cyanide levels with an
increase in copper loading. It is thus possible that the decrease in gold
recovery may be due to increased copper—gold surface interactions at
higher copper loadings and not to the cyanide deficiency.

2000

*
+

800

Metal conc.

400

ry

Model
Au (5.25 g/kgd
Cu (8.37 g/k

F3

0 3.0 6.0 3.0
Bed Uolumes

12.0 15.0

FIG. 3 Simulation of gold and copper elution profiles at high copper loadings.
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TABLE 1
Parameters Used in Model Predictions
Figure no.
1 2 3
Au:
Qo (g/kg) 4.85 4.30 5.25
D 0.32 0.32 0.32
Ao 0.079 0.096 0.104
Recovery (%) 86 79 75
Cu:
Qo (g/kg) 1.16 5.16 9.37
p 0.19 0.19 0.19
Ao 0.01 0.027 0.044
Recovery (%) 100 100 100
2,500 500
-+ CN(low Cu) > Cu(low Cu)
~®= CN(high Cu) =4~ Cu(high Cu)
-E 2,000 400 g
g k=
§ 8
% 1500 3/ ®
€ €
: \ \\ :
2 c
S 8
O 1,000 200
[, [}
g_ B
8 g
o &)
500 \ 100
0 0
0 1 2 3 4

Bed Volumes

FIG. 4 Copper (Cu) and cyanide (CN) elution profiles with (flow Cu) = 9.37 g Cu/kg and
(high Cu) = 14.61 g Cu/kg.
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There is an increase in the A, value of copper and gold with an increase
in the copper loading (Table 1). This phenomenon can be explained by
two mechanisms, i.e., first, most of the free cyanide is eluted before the
copper, and the absence of high levels of free cyanide leads to the forma-
tion of the Cu(CN);~ complex rather than the Cu(CN);~ complex, with
Cu(CN);~ having a higher adsorption affinity than Cu(CN)3~. Second,
copper-gold compounds or polymeric chains may form at high copper
loadings. This will lead to higher adsorption levels and an increase in the
Ap value. De Kock and Van Deventer (15) proposed the formation of a
copper-gold surface compound at high copper loadings to explain the sorp-
tion equilibria where copper and gold are involved. The surface compound
had higher adsorption characteristics than either the copper or the gold.

Kongolo et al. (16) investigated the formation of different gold species
by Mossbauer studies and concluded that under conditions of low pH
and high temperature, polymeric —CN—Au—CN—Au—CN- chains are
formed. Under acid wash conditions these chains can form at adsorption
sites with lower binding energies. The possibility exists that
—CN—Au—CN—Cu—CN— chains can form if the species were loaded
at adjacent sites. These formations will vary from site to site and will
depend on the adsorption energy of the site. It is known that copper(I)
has a catalyzing effect on the oxidation of cyanide (17), and there exists
the possibility that copper can have an influence on the stability of the
Au(CN)3 complex. However, the results indicate that both copper and
gold complexes have undergone changes on the carbon surface. These
changes lead to the formation of irreversibly adsorbed species.

EVALUATION OF MODEL

From the mass balance (Eq. 19) the equilibrated initial concentration
is calculated where the initial pore concentration (C,o) as well as C, are
normally zero (no metal cyanides present in pretreatment reagent) and
results in the following equation:

Ang + ZlCeq = QO (22)

Equation (22) is solved by using the single component Freundiich isoth-
erm (Eq. 4) and not the multicomponent isotherm, due to the fact that this
will complicate the simultaneous solution of the resulting set of equations.
Approximating the initial values by the multicomponent isotherm will lead
to higher initial gold values in solution due to the competitive effect with
bAu,Cu = 002

A higher concentration of the competitive metal (Cc,) Will lead to a
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lower loading of gold (Qa.) due to the competitive effect described by
the multicomponent isotherm. Theoretically (and mathematically), when
desorption is predicted by the multicomponent isotherm and there is a
high Cc, in solution, there should be a higher concentration of gold in
solution than would be the case in a single solute system to predict the
same loading. This means that copper in solution enhances the elution
of the gold, which is not the case due to chemical changes during the
pretreatment step. When looking at the experimental initial values of gold
in solution at different copper loadings (Fig. 5), it is clear that a higher
copper loading (and subsequently higher equilibrated initial copper values)
leads to a lower initial gold value in solution, which is in contradiction to
what could be expected from the multicomponent isotherm prediction.
The relative initial gold desorption in Fig. 5 was determined by dividing
the initial gold concentration in solution by the initial gold loading on the
carbon. If copper in solution does enhance the elution of gold, it is rela-
tively unimportant compared to other factors such as the cation concentra-
tion, concentration of the pretreatment reagent, and the chemical changes
that take place on the carbon surface during pretreatment.

From the above explanation it is evident that the initial metal concentra-
tions calculated with the single component isotherm are closer to the ex-
perimental value than those calculated with the multicomponent isotherm.
Although the multicomponent isotherm was used in the modeling of the
elution profiles, the single component isotherm was used for calculating
the initial values. This will lead to a lower effective gold loading. This
effect is simulated in Table 2 where the single component determined
initial equilibrated gold concentration (43 mg/L) is used in the single and
multicomponent equilibrium isotherms to predict the loading. The multi-

[e0]
T

Relative initial gold
desorption
~

6 i i bl 1
0 3 6 9 12 15

Copper loading (g/kg)

FIG. 5 Relative experimental initial gold desorption vs the copper loading on the carbon.
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TABLE 2
Prediction of Initial Conditions
A Q(),Au Comp.
Ceu.eq Ck Cau.eq value Oeq.Au (predicted) coef. (by)
1720 4000 43 1.48 5.18 5.25 0 (single)
1720 4000 43 1.48 3.50 3.57 0.02 (multi)
1720 4000 83 1.48 5.11 5.25 0.02 (multi)

component predicted equilibrium loading is lower (3.50 g/kg) than that
predicted with the single component isotherm (5.18 g/kg). The multicom-
ponent isotherm simplifies to the single component Freundlich isotherm
when the competition coefficient is zero. Thus. by using initial values
predicted by the single component isotherm and using the multicomponent
isotherm for further elution predictions, the effective loading is lowered.

The values in Table 2 were taken from the experimental values of Fig.
3 where the Qo au = 5.25 g/kg. For the Qo au to be 5.25 g/kg in the equili-
brated solution with b; = 0.02, the initial gold concentration in solution
must be 83 mg/L.. In using the value predicted by the single component
isotherm (43 mg/L), the effective loading is lowered by the competition
coefficient. The difference between the experimental values and the single
component predicted values was small enough to simulate the elution
profiles successfully. This strategy approximates a gradual shift in the
competition coefficient from zero or perhaps negative values to positive
values as copper is eluted.

The complexity of the chemical changes that take place during the pre-
treatment step was thus successfully modeled by mathematical manipula-
tion, but emphasizes the poor understanding of the interactions between
the species. In this case the competition coefficient is rather a parameter
indicating the extent to which copper influences the recovery of gold. The
higher the competition coefficient the stronger the detrimental effect of
the base metal on the recovery of gold. It is clear that the metal cyanide
interactions during the elution procedure are of minor importance com-
pared with the chemical changes that take place during the pretreatment
stage. Although a fundamental approach was followed, the result was a
semiempirical model for the prediction of competitive elution.

SENSITIVITY ANALYSIS

The effect of some of the operating parameters on the elution profiles
has been studied by Van der Merwe (5), but only for a single component
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FIG. 6 Prediction of the effect of competition coefficients (bay.cu) of Cu and Au on elution
profiles.

system. The incorporation of the multicomponent isotherm and subse-
quently the competition coefficients results in additional variables for the
system which makes the simulations more difficuit due to the interaction
between metal cyanides. The effect of the competition coefficients
(bau.cu) Of copper on gold on the elution profile of gold is illustrated in
Fig. 6 with the modeling parameters given in Table 3. From the simulations
it is evident that the competition coefficient is a parameter that indicates
the degree to which the base metal influences the gold recovery. The
competition coefficients will change with a change in pretreatment condi-
tions such as cyanide concentration and pretreatment temperature.

The elution of gold and the base metals is dependent on the removal
of the cations present. In this case most of the cations (potassium) and
cyanide are eluted simultaneously and before any appreciable gold elution.
The dependency of the metal is indicated by parameter p in Eq. (2), and
experimental data have shown that gold is more sensitive to the removal
of cations than is copper. The cation inhibits the elution of metal cyanides

TABLE 3
Parameters for Model Prediction in Fig. 6
Au Cu
Qo (g/kg) 4.5 3.5
Ag 0.07 0.06

14 0.32 0.2




11: 34 25 January 2011

Downl oaded At:

ELUTION OF GOLD AND BASE METALS 1801

750

600

[mg-11

300

Metal conc.

e —
0 3.0 6.0 8.0 12.0 15.0

Bed Uolumes

FIG. 7 Prediction of effect of cation dependency (p) on elution profile.

that adsorb stronger onto carbon. This is due to the formation of neutral
ion-pairs (K* Au(CN); ) on the negatively charged carbon surface where
the high concentration of potassium ions inhibits the elution of gold. De-
sorption would only be favored once the concentration of the cations is
lowered, and the effect of the negative charge density increases on the
ion-pairs. The cation dependency (p) is determined by fitting the model
to experimental data. The effect of the cation dependency (p) on the
elution profiles is illustrated in Fig. 7 with an initial metal loading of 4.0
g/kg and an A, value of 0.07.

CONCLUSIONS

It was shown that a multicomponent isotherm can be introduced into the
equilibrium elution model. The model satisfactorily predicted the elution
profiles in a binary system of copper and gold. Competition coefficients
in a multicomponent model can be used to simulate the effect of base
metals on the elution of gold and indicates the degree to which the base
metals affect the recovery of gold. The competition coefficients must be
regarded as an empirical fitting, so that assumptions made in the original
derivation of the multicomponent equilibrium isotherm may not hold. In
areal system it may be necessary to lump together more than one competi-
tive species.

Chemical changes on the carbon surface and changes to the different
adsorbed metal cyanide complexes during pretreatment may shed some
light on the suspected interactions of the species and aid in the formulation
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of a more fundamental model. Factors such as the cyanide concentration,
pH, pretreatment temperature, and base metal loading will determine the
structure of the metal cyanide or combinations of different metal cyanides
on the carbon surface. The identification of the surface-loaded species
will greatly aid in the understanding of the effect of base metals on gold
sorption. The experimental results support the theory that at high copper
loadings a fraction of the gold and copper forms copper-gold surface com-
pounds, and it is further postulated that these species might be polymeric
chains on the carbon surface. Further research is required to quantify
the interactions of the different metal cyanides and the existence of the
postulated polymeric chains.

SYMBOLS

parameter in Freundlich and isotherm

constant in Freundlich isotherm

flow area of column (m?)

constant in isotherm expression, Eq. (16)
competition coefficient

constant in isotherm expression, Eq. (16)

liquid phase concentration (g-m~*)

column height (m)

number of components present

number of height sections in column

exponent in Freundlich isotherm

parameter describing the effect of potassium on the equi-
librium

concentration of adsorbent on carbon surface (g-kg ')
parameter as described in Eq. (9)

temperature (K)

time variable (s)

value of time increment

flow rate (m*s ')

b specific pore volume (m*kg™")

X1, Xz, X parameters as described in Eqs. (10), (11), and (12)
21, 22 constants in Eqgs. (13) and (14)

VI ZzFEITARIT TR > >

J<kPT N2

Greek Symbols

void fraction in carbon bed
apparent density of carbon (kg-m~3)
increment

o m
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Subscripts

Au gold

eq equilibrated

Cu copper

i refers to specific metal cyanide sorbate

J refers to competing metal cyanide sorbate (running
variable)

K potassium

N cyanide

0 initial value

p pore

X index referring to section x of the column

REFERENCES

M. D. Adams and M. J. Nicol, ‘““The Kinetics of the Elution of Gold from Activated
Carbon,” Gold 100: Proceedings of the International Conference on Gold, Vol. 2 (C.
E. Fivaz and R. P. King, Eds.), South African Institute of Mining and Metallurgy.
Johannesburg, South Africa, 1986, pp. 111-121.

W. Stange and R. P. King, ‘*The Optimization of the CIP Process."” Proceedings, 22nd
International Sympasium APCOM, Berlin, Germany, 1990, pp. 371-382.

P. F. Van der Merwe and J. S. J. Van Deventer, "Generalized Simulation of Zadra
and AARL Elution Columns,”’ Proceedings, 14th Congress of CMMI, Edinburgh, Scot-
land, Institute of Mining and Metallurgy, 1990, pp. 161-171.

W. Stange, '‘The Optimization of the CIP Process using Mathematical and Economic
Models,”” Miner. Eng., 4(12), 1279-1295 (1991).

P. F. Van der Merwe, ‘‘Fundamentals of the Elution of Gold Cyanide from Activated
Carbon,” Ph.D. Thesis, University of Stellenbosch, South Africa, 1991.

J. S. J. Van Deventer and P. F. Van der Merwe, ‘‘Factors Affecting the Elution of
Gold Cyanide from Activated Carbon,”” Miner. Eng., 7(1), 71-86 (1994).

N. Tsuchida and D. M. Muir, ‘‘Potentiometric Studies on the Adsorption of
Au(CN); and Ag(CN); onto Activated Carbon,” Metall. Trans., B, 17B, 523-528
(1986).

A. S. Ibrado and D. W. Fuerstenau, **Adsorption of the Cyano Complexes of Ag(l),
Cu(l), Hg(ID), Cd(Il) and Zn(1l) on Activated Carbon,”” Miner. Metall. Process., 6(1),
23-28 (1989).

R. J. Davidson, V. Veronese, and M. V. Nkosi, “*The Use of Activated Carbon for
the Recovery of Gold and Silver from Gold-Plant Solutions,”” J. S. Afr. Inst. Min.
Merall., 79(10), 281-297 (1979).

W. Fritz, W. Merk, and E. U. Schliinder, **Simultaneous Adsorption of Organic Solutes
in Water by Activated Carbon,”” Int. Chem. Eng., 21(3), 384-398 (1981).

J. S. J. Van Deventer, *‘Competitive Equilibrium Adsorption of Metal Cyanides on
Activated Carbon,” Sep. Sci. Technol., 21(10), 1025-1037 (1986).

C. H. Sheindorf, M. Rebhun, and M. Sheintuch, ‘A Freundlich-Type Multicomponent
Isotherm,”’ J. Colloid Interface Sci., 79(1), 136-142 (1981).

P. F. Van der Merwe and J. S. J. Van Deventer, *‘The Influence of Oxygen on the



11: 34 25 January 2011

Downl oaded At:

1804

14.

15.

16.

LIEBENBERG AND VAN DEVENTER

Adsorption of Metal Cyanides on Activated Carbon,”” Chem. Eng. Commun., 65,
121-138 (1988).

1. Nieuwoudt, ‘‘Dynamic Model for the Competitive Adsorption of Metal Cyanides on
Activated Carbon in Batch Reactors,”” M.Eng. Thesis, University of Stellenbosch,
South Africa, 1989.

F. P. De Kock and J. S. J. Van Deventer, ‘*The Modelling of Competitive Sorption
Equilibria Using Statistical Thermodynamics,’’ Miner. Eng., 8(4/5), 473-493 (1995).
K. Kongolo, A. Bahr, J. Friedl, and F. E. Wagner, ‘*Au Mossbauer Study of the
Gold Species Adsorbed on Carbon from Cyanide Solutions,”” Merall. Trans., B, 21B,
239-249 (1990).

M. D. Adams, ‘‘Removal of Cyanide from Solution Using Activated Carbon,’” Miner.
Eng., 7(9), 1165-1177 (1994).

Received by editor June 10, 1996
Revision received November 1996



